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  Historical Development and  Perspectives 
of the Series   

    Metal Ions in Life Sciences *  

 It is an old wisdom that metals are indispensable for life. Indeed, several of them, 
like sodium, potassium, and calcium, are easily discovered in living matter. However, 
the role of metals and their impact on life remained largely hidden until inorganic 
chemistry and coordination chemistry experienced a pronounced revival in the 
1950s. The experimental and theoretical tools created in this period and their appli-
cation to biochemical problems led to the development of the fi eld or discipline now 
known as  Bioinorganic Chemistry ,  Inorganic Biochemistry , or, more recently also 
often addressed as,  Biological Inorganic Chemistry . 

 By 1970  Bioinorganic Chemistry  was established and further promoted by the 
book series  Metal Ions in Biological Systems  founded in 1973 (edited by H.S., who 
was soon joined by A.S.) and published by Marcel Dekker, Inc., New York, for 
more than 30 years. After this company ceased to be a family endeavor and its 
acquisition by another company, we decided, after having edited 44 volumes of the 
 MIBS  series (the last two together with R.K.O.S.), to launch a new and broader- 
minded series to cover today’s needs in the  Life Sciences . Therefore, the Sigels new 
series is entitled 

    Metal Ions in Life Sciences. 

 After publication of the fi rst four volumes (2006–2008) with John Wiley & Sons, 
Ltd., Chichester, UK, and the next fi ve volumes (2009–2011) with the Royal Society 
of Chemistry, Cambridge, UK, we are happy to join forces now in this still new 
endeavor with Springer Science & Business Media B.V., Dordrecht, the Netherlands, 
a most experienced Publisher in the  Sciences . 

*   Reproduced with some alterations by permission of John Wiley & Sons, Ltd., Chichester, UK 
(copyright 2006), from pages v and vi of Volume 1 of the series  Metal Ions in Life Sciences  
(MILS-1). 
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 The development of  Biological Inorganic Chemistry  during the past 40 years 
was and still is driven by several factors; among these are (i) the attempts to reveal 
the interplay between metal ions and peptides, nucleotides, hormones or vitamins, 
etc.; (ii) the efforts regarding the understanding of accumulation, transport, metabo-
lism, and toxicity of metal ions; (iii) the development and application of metal- 
based drugs; (iv) biomimetic syntheses with the aim to understand biological 
processes as well as to create effi cient catalysts; (v) the determination of high- 
resolution structures of proteins, nucleic acids, and other biomolecules; (vi) the uti-
lization of powerful spectroscopic tools allowing studies of structures and dynamics; 
and (vii), more recently, the widespread use of macromolecular engineering to cre-
ate new biologically relevant structures at will. All this and more is and will be 
refl ected in the volumes of the series  Metal Ions in Life Sciences . 

 The importance of metal ions to the vital functions of living organisms, hence, to 
their health and well-being, is nowadays well accepted. However, in spite of all the 
progress made, we are still only at the brink of understanding these processes. 
Therefore, the series  Metal Ions in Life Sciences  will endeavor to link coordination 
chemistry and biochemistry in their widest sense. Despite the evident expectation 
that a great deal of future outstanding discoveries will be made in the interdisciplin-
ary areas of science, there are still “language” barriers between the historically 
separate spheres of chemistry, biology, medicine, and physics. Thus, it is one of the 
aims of this series to catalyze mutual “understanding.” 

 It is our hope that  Metal Ions in Life Sciences  proves a stimulus for new activities 
in the fascinating “fi eld” of  Biological Inorganic Chemistry . If so, it will well serve 
its purpose and be a rewarding result for the efforts spent by the authors.

   Astrid Sigel and Helmut Sigel  
  Department of Chemistry, Inorganic Chemistry,  

  University of Basel, CH-4056 Basel, Switzerland   

   Roland K.O. Sigel  
  Department of Chemistry,  

  University of Zürich, CH-8057 Zürich, Switzerland   

   October 2005,  
  October 2008,  

  and August 2011       

Historical Development and Perspectives of the Series 
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  Preface to  Volume 16   

    The Alkali Metal Ions: Their Role for Life 

 Sodium and potassium occur widely in the Earth’s crust; they comprise 2.4 % and 
2.6 %, respectively, of the mineral material. The content of sodium in seawater is 
1.08 % (about 11 g/liter), whereas potassium is approximately 30 times less abun-
dant with 0.04 %. Lithium, rubidium, and cesium, which belong to the same group 
in the periodic table, are rare, and the radioactive francium occurs only in traces; it 
is currently of little relevance. All these elements are metals with an ns 1  electron 
confi guration (following a noble gas), and consequently, they occur in nature only 
as monocations. Indeed, Na +  and K +  represent the cationic electrolytes of living 
organisms. In human serum or plasma (extracellular fl uid), the Na +  concentration is 
close to 140 mM and that of K +  amounts to about 4 mM, while in cellular fl uid the 
concentrations are almost reversed, i.e., ca 10 mM for Na +  and 150 mM for K + . 
Potassium is accumulated within cells (in compartments) by the action of the 
sodium pump (Na + /K + -ATPase), which consumes adenosine 5′-triphosphate (ATP), 
that is, Na +  is extruded from the cell during the uptake of K + . The regulation of such 
metal ion fl ows is crucial for life. Such aspects are indicated in  Chapter     1     , where 
also the coordination chemistry of these cations is considered. 

  Chapter     2      provides an overview of the common methods for the determination 
of the alkali metal ions. They are drawn from the three principle branches of quan-
titative analysis and consist mainly of optical atomic spectrometric methods, ion- 
selective electrodes, and the separation methods of ion chromatography and 
capillary electrophoresis. Their main characteristics and performance parameters 
are discussed, and relevant specifi c applications are examined, namely, clinical and 
single cell analysis and the analysis of soil samples and nutrient solutions. 
Concerning the environment, important is the determination of the radioactive 
cesium isotopes  137 Cs and  134 Cs with half-lives of 30 and 2 years, which were 
released during the Chernobyl and Fukushima nuclear reactor disasters. This deter-
mination as well as, e.g., that of the naturally occurring  40 K, is carried out by highly 
sensitive γ-ray spectroscopy, which can detect extreme trace levels. 

http://dx.doi.org/10.1007/978-3-319-21756-7_2
http://dx.doi.org/10.1007/978-3-319-21756-7_1


viii

 Solid-state structures of alkali metal ion complexes formed by low-molecular- 
weight ligands of biological relevance are summarized in  Chapter     3     . These ligands 
include amino acids and small peptides, nucleic acid constituents, simple carbohy-
drates, and naturally occurring antibiotic ionophores. Metal ion coordination and 
structural characteristics are described in detail. These insights are complemented 
in  Chapter     4     , which is devoted to the discriminating properties of alkali metal ions 
toward the constituents of proteins and nucleic acids based on gas-phase and theo-
retical studies. After considering the fundamentals of these techniques, the results 
for the complexes of alkali metal cations formed with amino acids, small peptides, 
and nucleobases are outlined, and periodic trends in how these interactions vary as 
the alkali cations get heavier are highlighted. In  Chapter     5      the situation in (aqueous) 
solution is reviewed, that is, complex formation between alkali metal ions and phos-
phates, nucleotides, amino acids, and related ligands of biological relevance. In gen-
eral, the stability of alkali metal ion complexes of organic or inorganic ligands is 
rather low (usually log  K  < 2) and depends on the charge of the ligand, owing to the 
(mainly) ionic nature of the interactions. However, the size of the cation is also 
important and infl uences the stability, which often follows the trend Li +  > Na +  > K +  
> Rb +  > Cs + . 

 Metal ions are essential cofactors for the structure and functions of nucleic acids; 
next to Mg 2+  monovalent cations are of relevance as is emphasized in  Chapter     6     . For 
example, K +  located in the core of a group I intron is important for folding and cata-
lytic activity of the RNA. However, detection of K +  and Na +  is notoriously problem-
atic, and the question about their specifi city is recurrent. Therefore, the different 
methods that can be applied to detect K +  and Na +  ions in nucleic acid structures, 
namely, X-ray crystallography, nuclear magnetic resonance, or molecular dynamics 
simulations, are reviewed. The specifi c  versus  nonspecifi c binding of monovalent 
cations is also discussed.  Chapter     7      continues with G-quadruplexes that form with 
guanine-rich nucleic acids; these G-tetrads are stabilized by intra-quartet hydrogen 
bonds, inter-quartet stacking, and cation coordination. They are also detectable in 
human cells and are strongly suspected to be involved in important biological pro-
cesses. The focus is on the essential and specifi c coordination of alkali metal cations, 
highlighting cation-dependent dissimilarities in stability, structure, formation, and 
interconversion of G-quadruplexes, considering also the kinetics of their formation. 

 Sodium and potassium ions also play important roles in the chemistry of proteins. 
They are not only nonspecifi c ionic buffering agents or mediators of solute exchange 
and transport. As pointed out in  Chapter     8     , molecular evolution and regulated high 
intracellular (K + ) and extracellular (Na + ) monovalent cation (M + ) concentrations led 
to incorporation of selective Na +  and K +  binding sites into enzymes to stabilize cata-
lytic intermediates or to provide optimal positioning of substrates. The mechanism 
of M +  activation, as derived from kinetic studies along with structural analysis, has 
led to the classifi cation of cofactor-like (type I) or allosteric effector (type II) acti-
vated enzymes. In type I the mechanism substrate anchoring to the enzyme active 
site is mediated by M + , often in tandem with a divalent cation like Mg 2+ , Mn 2+ , or 

Preface to Volume 16
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Zn 2+ . In the allosteric type II mechanism, M +  binding enhances enzyme activity 
through conformational transitions triggered upon binding to a distant site. 

 In dealing with plants, it is recalled in  Chapter     9      that Na +  and K +  have similar 
relative abundances in the Earth’s crust, but display very different distributions in 
the biosphere. In all living organisms, K +  is the major inorganic cation in the cyto-
plasm, where its concentration (ca. 0.1 M) is usually several times higher than that 
of Na + . Accumulation of Na +  at high concentrations in the cytoplasm results in 
deleterious effects on cell metabolism, e.g., on the photosynthetic activity of plants. 
Therefore, Na +  is compartmentalized outside the cytoplasm. In fact, Na +  is not an 
essential element for most plants, except for some halophytes. On the other hand, it 
can be benefi cial by replacing K +  as vacuolar osmoticum. In contrast, K +  is an 
essential element; it is involved in electrical neutralization of inorganic and organic 
anions and macromolecules, pH homeostasis, control of membrane electrical poten-
tial, and the regulation of cell osmotic pressure. K +  is involved in the activation of 
enzymes, protein synthesis, cell metabolism, and photosynthesis; it is taken up by 
roots from the soil solution and then distributed throughout the plant. Three families 
of ion channels and 3 families of transporters have been identifi ed so far as contrib-
uting to K +  and Na +  transport across the plasmalemma and internal membranes. 

 Transport of Na +  and K +  ions across the cell membrane can be carried out by 
specialized pore-forming ion channel proteins, which discriminate with high fi del-
ity between the two competing metal ions, as is described in  Chapter     10     . This strik-
ing ion selectivity of monovalent ion channels is astonishing in view of the close 
similarity between Na +  and K + : Both are spherical cations with the same charge, 
analogous chemical and physical properties, and relatively similar ionic radii. The 
monovalent ion channel selectivity fi lters (SFs), which dictate the selectivity of the 
channel, differ in oligomericity, composition, overall charge, pore size, and solvent 
accessibility. This diversity of SFs raises the intriguing questions addressed in this 
chapter: What factors govern the metal competition in these SFs? Which of these 
factors are exploited in achieving K +  or Na +  selectivity? 

 As pointed out in  Chapter     11     , Na +  has an extraordinary role among the alkali 
cations in living cells since it serves to charge the “battery of life.” To this end, 
sophisticated protein complexes in biological membranes convert chemical energy 
obtained from oxidation of NADH, or hydrolysis of ATP, into an electrochemical 
gradient of sodium ions. Cells use this so-called sodium-motive force stored in 
energy-converting membranes for important processes like uptake of nutrients, 
motility, or expulsion of toxic compounds. The Na +  pumps act in concert with other 
enzymes embedded in the lipid membrane, and together they form the respiratory 
chain. The authors explain why Na +  pumps are important model systems for the 
homologous, proton-translocating complexes and hope to convince the reader that 
studying the Na + -translocating ATP synthase from the unimpressive bacterium 
 Ilyobacter tartaricus  has a big impact on our understanding of energy conversion by 
human ATP synthase. Of equal importance are the insights described in the very 
comprehensive  Chapter     12     , which is devoted to the transmembranal Na + /H +  anti-
porters. They transport sodium (or several other monovalent cations) in exchange 
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for H +  across lipid bilayers in all kingdoms of life. They are critical in pH  homeostasis 
of the cytoplasm and/or organelles. The SLC9 gene family, which encodes Na + /H +  
exchangers in many species from prokaryotes to eukaryotes, is a particularly nota-
ble example. Yet, the most extensively studied Na + /H +  antiporter is from  Escherichia 
coli . A crystal structure determined at acidic pH has provided the fi rst structural 
insights into the antiport mechanism and pH regulation, which is discussed in detail. 
It has enabled the structural modeling of three human plasmalemmal proteins that 
are members of the SLC9 family and which are involved in human pathophysiology. 
Remarkably, no crystal structure of any of the human Na + /H +  antiporters exists. 

 As a physiological phenomenon, acid secretion from the stomach was known 
already at least in the seventeenth century, yet its mechanism was elucidated only 
more recently as described in  Chapter     13     . Gastric H + /K + -ATPase in the parietal cells 
was found to be responsible for the fi nal step of H +  secretion in these cells. Lately, 
several Cl − -transporting proteins for gastric acid (hydrochloric acid) secretion have 
been found. As inhibitors of gastric acid secretion, histamine H 2  receptor antago-
nists (H 2  blockers) were developed in the 1970s. This discovery brought a great 
benefi t allowing now to treat peptic ulcers with a drug. In the 1980s, proton pump 
inhibitors were developed, the target of which is gastric H + /K + -ATPase. In general, 
they exert more potent effects compared to H 2  blockers. Most recently, several K + -
competitive inhibitors of the ATPase are being developed. 

 Inspired by nature, scientists have created artifi cial synthetic transporting structures 
to mimic the natural systems. This is reviewed for Na +  and K +  ion channels in the very 
comprehensive  Chapter     14      .  Amphipathic molecules spontaneously aggregate in water 
to form bilayers in which the polar groups are exposed to the aqueous medium, while 
the nonpolar chains self-organize by aggregating to each other to stay away from water. 
The insulating properties of such membranes are due to the formation of a hydrophobic 
bilayer with hydrophilic phosphate groups at its outer sides. Thus, lipophilic molecules 
can permeate the membrane freely, while charged or very hydrophilic molecules 
require the assistance of other membrane components to overcome the energetic costs 
needed for crossing the nonpolar region of the bilayer. Most of the large polar species 
(like oligosaccharides, polypeptides, or nucleic acids) cross into and out of the cell via 
endocytosis and exocytosis, respectively. For small hydrophilic molecules and ions, 
nature has created a series of systems (carriers and pores) to control the balance. 

  Chapter     15      deals in a sophisticated way with lithium salts in medicine, the pharma-
cology of Li + , and a chemical perspective of its mechanism of action. It is described 
how lithium salts are used to treat mental illnesses, in particular bipolar disorders, but 
also other disease states. The authors highlight the application of chemical methodolo-
gies for the characterization of the cellular targets of lithium salts and their distribution 
in tissues. The concluding  Chapter     16      also dwells on medical problems; it deals with 
Na +  and K +  and their relation to Parkinson’s disease (PD) and traumatic brain injury 
(TBI). Na +  and K +  are plentiful in biological systems, and they are vital, but still there 
is a limit in our understanding regarding their great ability to affect health and disease. 
The renin-angiotensin system, found at both peripheral and central levels, is the cru-
cial regulator for physiological homeostasis. In particular, it displays direct or indirect 
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interactions that are relevant in PD. Furthermore, some recent biochemical and clini-
cal fi ndings are discussed that help to describe the role of Na +  and K +  in the context of 
TBI, which is caused from a heavy striking of the head that strongly impacts ion fl ux 
in the affected tissue (brain) and damages cellular regulation systems.   

      Astrid     Sigel   
      Helmut     Sigel    
     Roland     K.  O.     Sigel       

Preface to Volume 16
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Abstract An overview of the common methods for the determination of the alkali 

metals is given. These are drawn from all of the three principle branches of quantita-

tive analysis and consist mainly of optical atomic spectrometric methods, ion- 

selective electrodes, and the separation methods of ion-chromatography and capillary 

electrophoresis. Their main characteristics and performance parameters are dis-

cussed. Important specific applications are also examined, namely clinical analysis, 

single cell analysis, the analysis of soil samples and hydroponic nutrient solutions, as 

well as the detection of the radioactive 137Cs isotope.
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1  Introduction

For the quantitative analysis of the alkali metal ions practically no suitable classical 

gravimetric or titrimetric procedures are available due to a lack of selectivity. On the 

other hand, these elements are relatively easy to determine by instrumental methods. 

In contrast to their common ionic partners, i.e., the inorganic anions, a variety of 

methods exists, which include techniques from all of the three main groups of quan-

titative instrumental methods, i.e., spectroscopic and electrochemical methods as 

well as the separation techniques of ion chromatography and capillary electrophore-

sis. Usually the requirements on sensitivity are not very demanding, as the concentra-

tions of sodium and potassium are generally high, and the analytical challenge may 

lie in achieving adequate precision. Note, that if concentrations below about 10−6 M 

must be determined, special measures are required to avoid contamination due to the 

ubiquity of the species, especially of sodium. Standard laboratory glassware has to 

be replaced by containers and pipettes made from plastic and the regular deionized 

laboratory water supply might not be adequate.

Sodium and potassium are routinely determined in clinical analysis. Together 

with other blood electrolytes these parameters are a well established diagnostic aid. 

The determination of sodium is of relevance in the food industry as it relates to table 

salt. Potassium as one of the essential growth factors and fertilizer components (the 

K in NPK fertilizers) needs to be frequently determined in soil samples when estab-

lishing their suitability for growing crops. In the life sciences it is sometimes desired 

to carry out the analysis in very small volumes, even inside single cells, and methods 

have been developed for these tasks. A special analytical endeavor is the determina-

tion of radioactive cesium as the main environmental contaminant from the Chernobyl 

and Fukushima disasters.

2  Spectrophotometry

Most metal ions can be determined by spectrophotometry (molecular absorption 

spectrometry in the ultraviolet and visible wavelength region) via the formation of 

colored complexes using chromogenic ligands. However, this is not true for alkali 

metals as ligands are generally not available. The situation improved somewhat with 

the introduction of the crown ethers in the 1960s. The most important examples are 

shown in Figure 1 [1].

12-crown-4 is well suitable for complexation of the lithium or sodium cation, while 

15-crown-5 may preferentially be employed for sodium, and 18-crown-6 for potas-

sium. As these ligands are not perfectly selective for just a single metal ion, 18-crown-6 

as well as larger crown ethers may also be employed for complexation of rubidium and 

cesium. The respective sizes of metal ion and crown ether play a role in the selectivity 

but the crown ethers are not rigid molecules and complexation of a single ion by two 
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rings is also possible. A large variety of derivatives of these basic crown ethers have 

been synthesized in order to alter their solubility properties or selectivity and some of 

these are available commercially. While these complexing agents do not directly induce 

a color for quantification by molecular absorption spectrometry, this can be achieved 

by using ion-pair extraction with an anionic dye into an organic solvent as described for 

example for sodium with 12-crown-4 and picrate into dichloromethane [2]. The selec-

tivity of the method showed a preference for sodium, but Li+, as well as the larger alkali 

ions K+, Rb+, and Cs+ were also extracted to some extent.

The determination of potassium by extraction with dibenzo-18-crown-6 and bro-

mothymol blue into chloroform was also described [3]. This was also not perfectly 

selective, as in particular Rb+ and NH
4

+
 interfered strongly, as did to a lesser extent 

sodium and cesium, as well as alkaline earth and transition metal ions. While Rb+ is 

in practice not a problem, because it is normally not present in samples at high con-

centrations, this is not true for ammonium which generally cannot be ignored when 

employing crown ethers. The authors removed the interference by turning the sam-

ple solution alkaline with lithium hydroxide and boiling off the ammonium as 

ammonia.

The use of derivatives of crown-ethers which incorporate a chromophore or fluo-

rophore, and therefore directly induce a color intensity change on complexation of an 

alkali ion as an analyte, has also been investigated intensively. An early example of 

such a 18-crown-6 derivative [1] reported is also shown in Figure 1. The phenyl 

group of this molecule is deprotonated on complexation of one of the alkali ions 

leading to a pronounced color change. The design of similar probe molecules, not 

just for alkali ions, has been a popular subject and discussions of more recent devel-

opments can be found in Valeur and Leray [4] and Callan et al. [5].
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Figure 1 Structures of the three most common basic crown ethers which may be employed for 

solvent extraction of the alkali ions. The chromophoric crown ether looses a proton on complex-

ation and thus changes color and is extracted as a zwitter-ionic complex [1].
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3  Atomic Spectroscopy

All alkali metals are readily determined by optical atomic spectroscopy. The narrow-

ness of the atomic emission and absorption lines assure high selectivity and a lack of 

mutual interference of the alkali metals in these methods. The intense resonance 

lines, corresponding to the transition between the ground state electronic configura-

tion and the first excited state, are all in the visible or near infrared range (Li: 

670.8 nm; Na: 589.0 nm; K: 766.5 nm, Rb: 780.0 nm; Cs: 852.1 nm) and thus stimula-

tion of light emission requires relatively little energy. Indeed, the flame spectroscope 

was instrumental in the discovery and differentiation of the alkali metals. Flame emis-

sion spectrometry (FES) is still a current method, in particular for the determination 

of Li, Na and K (and Ca as well). The instruments are relatively simple and inexpen-

sive, employing a propane or butane flame, and optical filters for wavelength selec-

tion. A schematic representation of the fundamental arrangement of optical atomic 

spectrometers is given in Figure 2.

Samples are usually introduced in liquid form into a nebulizer. These make use 

of the Venturi effect created by the flow of fuel gas to aspirate the sample through 

a small tubing which on contact with the gas stream breaks up into an aerosol. The 

larger droplets are removed by impact on obstacles in the so-called aerosol cham-

ber before arriving at the flame on the burner head. In the flame, first the solvent 

is evaporated, then the solutes are vaporized and atomized so that the metals end 

up as free and neutral atoms, which are thermally excited, leading to the emission 

of light.

As can be seen in Table 1 [6], limits of detection (LODs) of around 1 μM for 

the three alkali metals are achievable, and the working ranges cover about 3 

orders of magnitude. As for other metals, the temperatures of flames are often not 

high enough to achieve the prerequisite for atomic emissions spectrometry, i.e., 

Atomizer
Hollow-
Cathode
Lamp

Nebulizer

Sample

Mono-
chromator Detector

Figure 2 Block diagram of optical atomic spectrometers for emission and absorption measure-

ments with sample introduction as aerosol. The hollow cathode lamp is only required for absorp-

tion measurement.

Hauser



15

adequate populations in the excited state. Nowadays, atomic absorption 

 spectrometers (AAS) or inductively coupled plasma spectrometers (ICP) are more 

commonly found in the laboratory, as they allow the quantification of almost all 

metals. Therefore, often these instruments will also be employed for the determina-

tion of the alkali metals.

Atomic absorption requires neutral atoms in the ground state which are usually 

obtained in an acetylene flame. The sample is introduced again as an aqueous areosol 

produced from the sample in a similar fashion as in flame emission spectrometry. 

The fact that potassium, rubidium, and cesium are relatively easily ionized has to be 

considered in their determination by atomic absorption spectrometry as this leads to 

a loss of sensitivity and undesired non-linear calibration curves. Commonly an ion-

ization suppressor is added in a relatively high concentration to the sample in the 

form of another easily ionizable alkali ion (e.g., Cs in the determination of K) which 

floods the flame with free electrons and thus reduces the ionization of the analyte. 

The use of propane or butane instead of acetylene in order to obtain a cooler flame 

(about 1900 °C instead of 2200 °C), and thus reduce ionization, is also of benefit. 

Alternatively, a graphite furnace atomizer may be employed, which has the advan-

tage of requiring smaller samples volumes. Both types of instruments are more 

complex than the flame emission spectrometers as for the absorption  measurements 

a monochromatic light source in form of a hollow cathode lamp is required. These 

lamps contain the same metal as the one to be determined in order to produce 

the correct lines, and therefore usually has to be changed when switching to a 

different analyte.

Dual element lamps containing Na and K are available, so that when changing 

between those analytes, which are frequently determined in the same samples, it is 

not necessary to change the lamp. The detection limits for the determination of the 

alkali metals by AAS are also given in Table 1. Note that for the furnace atomizer 

significantly lower detection limits are obtained. An important consideration is the 

limited dynamic range for absorption measurements which covers only about one 

order of magnitude. The reason for this is related to the fact that the absorbance 

parameter can only be obtained indirectly via a comparison of the intensities of the 

light beam before and after passage through the flame. Dynamic ranges at various 

higher levels as may be required for different analytical tasks can be obtained by 

employing different wavelengths.

Table 1 Typical limits of detection (in nM) for the alkali metals achieved with the atomic 

spectroscopy methods [6].

Analyte

Flame 

Photometry Flame-AAS Furnace-AAS ICP-OES ICP-MS

Li 1000 71 7 130 14

Na 40 8.7 2.2 170 2.6

K 300 50 0.5 1280 256

Rb 3500 23 0.6 – 0.2

Cs 3800 60 0.4 – 0.2

2 Determination of Alkali Ions
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The plasma spectrometers based on the ICP work with an argon plasma into which 

the sample is also normally introduced as aqueous aerosol. The ICP reaches tempera-

tures of up to about 10’000 °C and thus all analytes are actually present as ions in the 

atomizer. Consequently, in contrast to flame emission spectrometers it is the emission 

from the ions, rather than the neutral atoms, which is employed in ICP- OES 

(OES = optical emission spectroscopy). Alternatively also ICP-MS (MS = mass spec-

trometry) is frequently employed. In comparison to atomic absorption spectroscopy 

both variants have the advantage of multi-analyte capability, and the mass spectromet-

ric detection has generally much better limits of detection than the optical method. 

Typical values obtained for the alkali metals with both variants of ICP spectrometry 

are also given in Table 1. An advantage of ICP-MS is the fact that it allows the quan-

tification of the isotopes. Both versions have also very wide dynamic ranges which 

cover many orders of magnitude. It has to be borne in mind, however, that the ICP-

instruments are expensive, and as in the determination of the alkali metals the achieve-

ment of ultimate detection limits is not often required, the application of these 

instruments for the sole determination of these elements is usually not warranted.

4  Ion-Selective Electrodes

From the range of electrochemical methods it is potentiometry which provides an 

elegant solution for the determination of all of the alkali metal ions. The potentiomet-

ric determination of the ions is based on ion-selective electrodes (ISE) which employ 

a membrane which selectively takes up ions from the sample solution and thereby 

acquires a charge and hence a potential which is dependent on the activity of the ion 

in the solution. In order to create a defined interface between the backside of the 

membrane and the wire that leads to the electrometer, the ion-selective electrodes 

contain a filling solution. This contains the ion which is sensed by the membrane as 

well as chloride to create an internal silver/silver chloride electrode system of the 

second kind. A reference electrode is required to complete the measuring cell. The 

response behavior of an ion-selective electrode can be described by the Nicolsky 

equation, an extended form of the Nernst equation, which takes into account the fact 

that these electrodes are not perfectly selective. It is shown here in a simplified form:

 
E E s log a a0

x y= + × + ×å( )K
 

(1)

The membrane potential, E, is logarithmically dependent on the activity, ax, not 

the concentration, of the primary ion the membrane is designed for, as well as the 

sum of the products of the activity of any interfering ions, ay, with their specific 

selectivity coefficient K. The activity is related to the concentration, but is also 

dependent on the ionic strength (which is a measure of the total concentration of all 

ions in the solution). The distinction is negligible if the total ion concentration is 

less than about 10−3 M, but becomes more significant for higher ion concentrations, 
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and the activity of an ion is only about 80 % of the concentration for total ion con-

centrations of 0.1 M. In an evaluation, if the selectivity of the membrane is suffi-

cient, the activity of the primary ion can be compared directly with the sum of the 

products of the activities of the interfering ion with their selectivity coefficients to 

obtain the relative error.

Current ion-selective electrodes for the alkali ions are of the polymeric mem-

brane type. The membrane matrix typically consists of one third (by mass) of 

poly(vinyl chloride) (PVC) and two thirds of a plasticizer (such as bis(2-ethylhexyl) 

sebacate). The latter is essentially a water immiscible non-volatile organic solvent 

and allows dissolution of organic materials in the membrane. The selectivity of the 

membranes for the different alkali ions originates from an ionophore added in a 

small amount (approximately 1 % by weight) to the membrane. The potassium ion- 

selective electrode was one of the first polymeric membrane electrodes [7] and is 

based on valinomycin, a natural compound obtained from bacteria which is respon-

sible for the selective transport of potassium through cell walls. Its macrocyclic 

structure is given in Figure 3. As can be seen from Table 2 this electrode has a high 

selectivity for potassium over Li+ and Na+ as well as other ions not shown in Table 2 

(the more negative the log K value, the lower the interference by the species). Its 

response to Rb+ is actually more pronounced than to K+, but this is usually not a 

problem, as this potential interferent is not commonly present.

Ion-selective electrodes for the other alkali ions were developed subse-

quently. Crown-ethers may be employed as artificial ionophores for these ions, 

but higher selectivities are often obtained with other compounds, which notably 

may not be macrocyclic. Some structures and selectivity coefficients are also 

given in Figure 3 and Table 2 [8–10], respectively. Limits of detection of about 

1 μM can be obtained with these ion-selective electrodes in the absence of sig-

nificant interferences.

Based on these ionophores optical chemical sensors have also been developed. 

These generally employ plastiziced PVC membranes, which besides the ionophore 

contain a lipophilic pH-indicator. If the sample is buffered in pH at the appropriate 

value, the analyte cation, on being taken up into the membrane, will displace a proton 

from the membrane in order to maintain charge balance and hence lead to a depro-

tonation and a color change of the membrane. However, this and other types of 

optical chemical sensors have not found as wide use as the potentiometric sensors 

in form of ion-selective electrodes.

5  Ion Chromatography and Capillary Electrophoresis

The separation techniques of ion chromatography and capillary electrophoresis may 

also be employed for the quantification of the alkali metal ions. These methods are par-

ticularly useful when the concurrent determination of more than one of the species is 

required. There are several variants of ion chromatography, but the most common one is 

2 Determination of Alkali Ions
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Figure 3 Structures of ionophores employed in ion-selective electrodes for alkali ions. K+: val-

inomycin, potassium ionophore I; Na+: ETH 157, sodium ionophore II; Li+: ETH 149, lithium 

ionophore I; Rb+: rubidium ionophore I; Cs+: cesium ionophore I. The synthetic ionophores 

which were introduced by the research group of Prof. Simon at ETH Zürich are generally known 

under their ETH-numbers. The ionophore numbers are the designations of Sigma-Aldrich, the 

commercial supplier.
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ion-exchange chromatography which is based on a stationary phase having permanently 

charged sites, such as sulfonate groups, and an eluent containing a cation with appropri-

ate affinity and concentration to obtain controlled distribution equilibra for the analyte 

cations between the stationary and mobile phases. The instruments are simpler and of 

lower cost than HPLC equipment and a separation of inorganic ions, including the alkali 

ions, can be achieved in about 10–15 min. The standard detection method is the conduc-

tivity measurement and detection limits of about 1 μM are achieved.

In capillary electrophoresis (CE) the separation of the alkali metal and other ions 

is usually achieved via the so-called zone electrophoresis, i.e., the separation due to 

their differences in the electrophoretic mobility. This is related to the speed of migra-

tion in the electric field which is dependent on the size of the ion (including the 

hydration sphere) and its charge. The separation has to be carried out in capillaries in 

order to limit the current as due to the high voltages needed otherwise the electrical 

power expansion leads to excessive Joule heating. The small internal diameters of the 

capillaries in the range from 10 to 100 μm lead to a challenge in detection. The alkali 

metal ions are again best quantified with conductivity detection. Due to the small 

dimensions and conflict with the separation voltage its implementation was difficult 

until the introduction of the capacitively coupled contactless conductivity detection 

method (commonly termed C4D), which works with tubular electrodes fitted to the 

outside of the capillary. LODs for the alkali metal ions between about 0.1 to 1 μM are 

possible. Due to the relative simplicity of capillary electrophoresis (essential compo-

nents are the inexpensive capillary and a high voltage power supply module) and C4D 

it is possible to construct field-portable instruments. A further advantage of CE is the 

possibility to work with very small sample volumes down to about 10 μL, which can 

be of benefit for clinical and environmental applications. As illustration an electro-

pherogram for the analysis of a saliva sample by CE-C4D is given in Figure 4, show-

ing prominently the peaks for sodium and potassium.

Ion Ionophore Li+ Na+ K+ Rb+ Cs+

Li+ ETH 149,
lithium ionophore I

0 1.4 2.3 2.2 0.9 [8]

Na+ ETH 157, 
sodium ionophore II

1.7 0 0.4 [8]

K+ valinomycin,
potassium ionophore I

4.0 3.5 0 0.5 0.4 [8]

Rb+ rubidium ionophore I 2.5 2.4 1.0 0 1.2 [9]

Cs+ cesium ionophore I 3.3 2.1 0.7 1.2 0 [10]

Table 2 Logarithmic selectivity coefficients (log K) for the alkali ions of ion-selective electrodes 

based on the ionophores of Figure 3.

2 Determination of Alkali Ions
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6  Clinical Analysis

Sodium and potassium are routinely determined in clinical samples as these are the 

most abundant cations. Most often blood samples are analyzed, less frequently 

other fluids, such as urine, saliva, sweat or cerebrospinal fluid. When taking blood, 

the sampling is important, as differences may be found between venous and arterial 

blood, whether it is taken with a syringe or via a finger prick, and the rate of with-

drawal [11]. In plasma the normal concentrations of sodium are in the range from 

135 to 145 mM and of potassium from 3.5–4.5 mM (while in cellular fluid the con-

centrations are almost reversed, i.e., 10 mM for sodium and 150 mM for potas-

sium). Deviations may be related to a variety of factors such as dehydration, renal 

dysfunction, hormonal problems or dietary deficiencies [12].

Lithium is determined when this is administered as a drug against bipolar disorders 

and some other health problems. During the initial treatment serum concentrations 

from 0.8 to 1.2 mM are recommended, while for long term maintenance levels of 

0.6–1.0 mM are suggested [13]. Above 1.5 mM toxicity sets in [13]. As the thera-

peutic range, e.g., the useful range between effectiveness and poisoning, is thus very 

narrow, therapeutic drug monitoring (TDM) is essential in lithium therapy. Blood 

samples are sometimes analyzed immediately without further treatment, but if stor-

age is required, these are centrifuged and stored at 4 °C or frozen for long term 

storage. Heparin is added to prevent coagulation.

The analysis is usually carried out with highly specialized flow through multi- 

species analyzers available from different suppliers. These systems are either large 

robotic systems designed for use in large hospitals or central service laboratories, or 

smaller instruments used directly at the point-of-care (POC), such as in a medical 

practitioner’s surgery. Besides the alkali ions these robotic analyzers usually deter-

90807060
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Figure 4 Electropherogram of a sample of saliva obtained with contactless conductivity 

detection.
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mine also other electrolytes such as calcium, chloride, phosphate, and pH, as well 

as a number of metabolites such as urea, uric acid, bilirubin, and creatinine. The 

standard method for the determination of the alkali ions in these clinical samples 

used to be atomic emission spectrometry with a flame photometer. However, this 

has largely been replaced by potentiometry, which is more suitable for automation. 

Flame photometers may still be used for occasional non-routine tests.

The ion-selective electrodes generally employ ionophore-doped PVC mem-

branes, note however, that in some older systems glass membrane electrodes are 

used for the determination of sodium. Sodium, potassium as well as lithium ions in 

blood are free (in contrast to Ca2+, of which about 60 % is bound to proteins) so that 

the concentrations for these ions determined by the potentiometric sensors agree 

with the distructive flame emission method. The discrepancy between activity, the 

parameter determined by the sensor, and concentration is eliminated by carrying out 

the calibration with standards matching the ionic composition of the blood samples. 

As the Nernst slope is dependent on temperature, the instrument and samples are 

carefully thermostatted and the instrument frequently calibrated and validated using 

certified samples in order to assure the high precision and accuracy required to give 

meaningful results for the clinical samples with the narrow dynamic ranges.

7  Single Cell Analysis

In the study of the physiological functions of sodium and potassium it is often 

desired to carry out investigations on the cellular level. In particular the transport of 

these ions across cell walls through ion channels under different conditions is of 

interest. The study of the concentrations of these ions on this microbiological level 

is possible by two different means, the use of fluorescent probe molecules or 

microscale ion-selective electrodes.

The structures of two fluorescent probes for intracellular studies, which are com-

mercially available (from Invitrogen), are shown in Figure 5 [14]. Note, the two 

identical fluorophores bind to either a 15-crown-5 or a 18-crown-6 for the probes 

with preference for sodium and potassium, respectively. Cell studies are carried out 

on special fluorescence microscopes fitted with a light source for excitation, optical 

filters and a dichroic mirror to separate excitation and fluorescence wavelengths.

The use of microscale ion-selective electrodes is related to cell electrophysiology 

in which potentials are measured with micrometer-scale needle electrodes. The ion- 

selective microelectrodes are prepared by drawing out a glass capillary to a desired 

tip size of about one micrometer. The ionophore is dissolved in a viscous organic 

solvent (such as a plasticizer) which is then drawn into the tip and held there as the 

glass surface is made lipophilic through silanization with a chlorosilane. The back 

is filled with an aqueous electrolyte and the potential picked up with a miniature 

silver/silver chloride electrode as for a regular ISE. Similarly, miniature reference 

electrodes are employed. Details on this technique can be found in a monograph [8].

2 Determination of Alkali Ions
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8  Environmental Samples

The foremost application of analysis of the alkali metal ions in environmental  

analysis is the determination of sodium and in particular of potassium in soil and 

plant material as the latter is one of the 3 essential nutrients, the K in the common 

NPK fertilizers. Sodium is not a nutrient but in high concentrations, as may occur in 

soils of costal or arid areas, has adverse affects on plants.

Potassium in soil samples is present in three fractions, dissolved, exchangeable, 

and bound [15], and it is usually of interest to determine the proportion which is 

available to the plant. For this reason the samples are commonly treated with an 

appropriate extractant. Frequently used are aqueous solutions of ammonium acetate 

[15]. To determine total potassium, a strong acid, such as HNO3, may be employed 

as extractant [16]. Plant materials require homogenization and digestion with an 

acidic peroxide solution in presence of a catalyst such as Fe3+ or selenium [17]. The 

subsequent quantification may then be carried out by any available method. Both, 

soil and plant matter, is often dried before analysis for standardization.

Hydroponic nutrient solutions contain potassium. As the nutrients are consumed 

by the plants grown, their concentrations have to be determined frequently and the 

concentrations are corrected accordingly by addition of the fertilizer substances. To 

this end automated flow-through analyzers, which are usually based on ion- selective 

electrodes, have been reported (see for example [18]).
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A very specific analysis concerning alkali metals in the environment is the deter-

mination of the radioactive cesium isotopes 137Cs and 134Cs. Due to their relative 

volatility, besides the iodine isotope 131I these are the two main radioactive isotopes 

released into the environment after the Chernobyl and Fukushima nuclear reactor 

disasters. While the iodine isotope has a half-life of only 8 days and therefore does 

not pose a longterm problem, the cesium isotopes with half-lives of 30 years (137Cs) 

and 2 years (131Cs) are persistent. Do to its accumulation in the food chain in parts of 

Europe, 25 years after the event game meat was found to be still significantly con-

taminated with 137Cs from the fallout of the Chernobyl disaster (see for example 

[19]). The determination of the cesium isotopes (as well as, for example, of naturally 

occurring 40K) is carried out by γ-ray spectroscopy. The determination by this method 

is highly sensitive and extreme trace levels can be detected. 137Cs was also produced 

in the nuclear bomb blasts and spread globally. A record of the presence of 137Cs in 

the environment could be obtained by analysis of a series of vintage Bordeaux wines 

as shown in Figure 6 [20]. The graph clearly shows the production of the isotope 

during the bomb tests in the 1950s and 60s as well as the contamination from the 

Chernobyl incident. The data may be used to authenticate the vintage of a bottle of 

wine (the γ-ray spectra can be obtained without needing to open the bottle) and in 

particular detect fakes or resealing of old wines or other old containers as before 

1945 no radioactive 137Cs was present in the environment [20].

Figure 6 Activity of 137Cs in Bordeaux wines of different vintage [20]. The orange squares repre-

sent measurements carried out on intact, unopened bottles. Reproduced with permission from 

Hubert et al., Radioactivity measurements applied to the dating and authentication of old wines. 

C. R. Physique 2009, 10, 622–629. Copyright © 2009, Académie des Sciences, published by 

Elsevier Masson SAS. All rights reserved.
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9  General Conclusions

For the determination of just one of the alkali metals, ion-selective electrodes are 

the most attractive option due to their simplicity, low cost, and the possibility of 

using them for field analysis. However, one has to carefully consider their selectiv-

ity, not just concerning the possible interference from other alkali ions, but from 

other ions present in the sample as well. The natural compound valinomycin as 

ionophore of the potassium electrode shows a low interference by sodium (more so 

by the larger alkali ions, which, however, is less critical), while the sodium elec-

trode based on a synthetic compound is more prone to interference by potassium. If 

the required detection limits are modest, but the selectivity is a challenge, ion chro-

matography or capillary electrophoresis are not too expensive options, or possibly 

flame emission photometry. Capillary electrophoresis is suitable for field analysis as 

well. For high sensitivity, one of the other atomic spectrometric methods is required.

For quantitative analysis, generally the most simple methods available in most 

laboratories are the photometric ones, based on the formation of colored complexes 

with a suitable reagent. Unfortunately this is not readily possible for the alkali metal 

ions due to the lack of selective chromophoric reagents. The extraction with crown 

ethers is certainly a possibility, but a relatively cumbersome manual procedure. It 

also has limited specificity as the crown ethers have limited selectivity, despite their 

availability in different sizes. While their introduction was certainly of significant 

scientific value, unfortunately their analytical usefulness is limited. This also applies 

to the crown ether-based fluorophoric probe molecules for investigations at the sin-

gle cell level, for which the microscale ion-selective electrodes appear to be better 

suited, even though they are perhaps more difficult to use.

Abbreviations and Definitions

AAS atomic absorption spectrometry or spectrometer

C4D capacitively coupled contactless conductivity detection or detector

CE capillary electrophoresis

FES flame emission spectrometry or spectrometer

HPLC high-performance liquid chromatography

ICP inductively-coupled plasma spectrometry or spectrometer

ISE ion-selective electrode

LOD limit of detection

MS mass spectrometry or spectrometer

OES optical emission spectroscopy or spectrometer

POC point-of-care

PVC poly(vinyl chloride)

TDM therapeutic drug monitoring
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   Abstract     This chapter provides structural data, mainly metal binding sites/modes, 
observed in crystal structures of alkali metal ion complexes containing low-
molecular- weight ligands of biological relevance, mostly obtained from the 
Cambridge Structural Database (the CSD version 5.35 updated to February 2014). 
These ligands include (i) amino acids and small peptides, (ii) nucleic acid constitu-
ents (excluding quadruplexes and other oligonucleotides), (iii) simple carbohy-
drates, and (iv) naturally occurring antibiotic ionophores. For some representative 
complexes of these ligands, some details on the environment of the metal coordina-
tion and structural characteristics are described.  

  Keywords     Alkali metal ions   •   Amino acids   •   Antibiotic ionophores   •   Carbohydrates   
•   Crystal structures   •   Nucleic acid constituents   •   Peptides  

1         Introduction 

 Alkali metal ions (Li + , Na + , K + , Rb + , and Cs + ) are involved in a variety of chemical 
and biological systems [ 1 ]. For example, because Na +  and K +  as well as Mg 2+  and 
Ca 2+  ions are present in the body in millimolar concentrations, negatively charged 
nucleic acids and nucleotides occur as complexes coordinated with metal ions [ 2 ]. 
The aim of this chapter is to provide structural information observed in crystal 
structures of alkali metal ion complexes formed with low-molecular-weight ligands 
of biological importance, mainly obtained from the Cambridge Structural Database 
(the CSD version 5.35 updated to February 2014), above all focusing on the metal 
binding sites/modes. 

 Today, single-crystal X-ray diffraction is still one of the most powerful methods 
to provide accurate information on the geometry of metal bonding. In this review, 
among a variety of biological substances, we deal with the ligands classifi ed into the 
four categories: amino acids and peptides, nucleic acid constituents (excluding 
G-quadruplexes, for which see Chapter   7     of this volume), simple carbohydrates, 
and naturally occurring antibiotic ionophores. 

 To our knowledge, this is the fi rst review on crystal structures of alkali metal ion 
complexes with amino acids and peptides, before only those for simple sugars were 
dealt with [ 3 ]. On the other hand, those for nucleic acid constituents [ 4 ] and for 
ionophore antibiotics [ 5 – 8 ] were repeatedly reviewed (containing not only main 
group metal ions but also transition metal ions), thus, the present Sections 3 and 5 
rely heavily on these previous reviews. Here we treat exclusively the direct interac-
tion between the metal ion and the ligand, that is, innersphere coordination, but no 
outersphere one, though hydrated metal ions could play important roles in biologi-
cal systems. For example, metal cations interact with DNA most frequently via 
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water molecules in their primary solvation shell as hydrogen bond donors in 
addition to point charges [ 9 ]. 

 We also searched the Cambridge Structural Database (CSD) for water-soluble 
vitamins, major hormones, and neurotransmitters, but only a small number of alkali 
metal ion complexes were found, and these are not picked up here. For reference, 
they are: a Li +  [CSD code WIKXUJ] and a K +  [WIKYAQ] complex with vitamin B 12  
(cyanocobalamin) [ 10 ], a Li +  complex of isoascorbate (derivative of vitamin C) 
[ZIBFAT] [ 11 ], and a K +  complex of taurine (neurotransmitter) [SANSOQ] [ 12 ]. 

 Alkali metal ions are spherical in shape with ionic radii (Å) of 0.60 for Li + , 0.95 
for Na + , 1.33 for K + , 1.48 for Rb + , and 1.69 for Cs + , and van der Waals radii (Å) of 
the ligating atoms are 1.40 for O and 1.50 for N [ 13 ].  

2     Amino Acid and Small Peptide Complexes 

2.1     Amino Acid Complexes 

 In this section, we are concerned with the twenty standard α-amino acids, which 
occur not only as amino acid residues in proteins but also as free amino acids within 
cells and blood plasma and which perform critical roles in processes such as neu-
rotransmitter transport and biosynthesis. Amino acids are composed of amine (NH 2 ) 
and carboxylic acid (COOH) functional groups, along with a side-chain specifi c to 
each amino acid (H 2 NCHRCOOH, where R is a side-chain). At physiological pH 
(6.7 ~ 7.4), they exist as zwitterions with the amino group protonated (for example, 
p K  a  of 9.8 for glycine (R = H)) and the carboxyl group deprotonated (p K  a  of 2.4 for 
glycine). The twenty amino acids can be classifi ed here for convenience into four 
broad groups according to the properties of the side-chains: Group  1  amino acids 
with nonpolar and electrically neutral (at pH 7.4) side-chains; Group  2 , with polar 
and neutral side-chains; Group  3 , with basic polar side-chains; and Group  4 , with 
polar and acidic side-chains. Table  1  lists the total number of so far reported crystal 
structures of alkali metal ion complexes with the twenty amino acids [ 14 – 51 ]. 
No X-ray structures are available yet for half of the twenty amino acids, none for 
Rb +  ion, and only one [ 39 ] for Cs +  ion. Table  2  summarizes metal binding sites/
modes observed in the individual complexes.

    Group  1  amino acids with nonpolar and electrically neutral (at pH 7.4) side-chains 
are glycine (Gly), alanine (Ala), valine (Val), leucine (Leu), isoleucine (Ile), proline 
(Pro), phenylalanine (Phe), tryptophan (Trp), and methionine (Met). Among the 
group  1  amino acids, a total of thirty-four crystal structures of alkali metal ion com-
plexes are reported but only for Gly, Ala, and Pro; most (twenty) are Gly complexes. 
In most of the complexes, the amino acid ligand takes the zwitterionic form for 
which the carboxyl oxygens are the only choice for metal bonding. When the triply 
protonated ammonium group loses a proton, the amino group becomes a possible 
metal binding site. This is the case for [Li(Gly–H)] [ 14 ], which was synthesized 
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using KOH, but somewhat surprisingly, this is the only case among the 52 com-
plexes in Table  1 . In the complexes in which transition metal ions coexist, the amino 
nitrogen usually coordinates to transition metal ions. Among such complexes, of 
special interest are a series of clusters of the type [NaCu 6 (aa) 8 ] 5+  (aa: Gly–H [ 24 , 
 27 ], Ala–H [ 31 ], Pro–H [ 37 ], and Thr–H [ 40 ]) or of a type [NaCu 5 ( l -Ala–H) 6 ] 5+  
[ 31 ], where the Cu 2+  metal ions of the hexanuclear (or pentanuclear) units are held 
together by eight (or six) chelating aa ligands, through the carboxylate oxygen and 
the amino nitrogen, which in turn provide the remaining eight (or six) oxygen 
donors trapping a Na +  ion in the center (see Figure  1 ), thus the [Cu 6 (aa) 8 ] 4+  and 
[Cu 5 (aa) 6 ] 4+  cages behave as ‘metallacryptates’ [ 40 ]. It has been demonstrated that, 
even under excess of Li +  and/or K + , only the Na +  cluster could be crystallized, 

     Table 1    Total number of alkali metal ion complexes with the standard twenty amino acids in the 
solid state. a,b    

 Amino acid c   Li +   Na +   K +   Rb +   Cs +   Total 

 Glycine (Gly)  8 d  (14)  8 e  (47)  4 f  (27)  0  0  20 (88) 
 Alanine (Ala)  0  5 g  (13)  1 h  (8)  0  0  6 (21) 
 Valine (Val)  0  0  0 (1)  0  0  0 (1) 
 Leucine (Leu)  0  0  0 (3)  0  0  0 (3) 
 Isoleucine (Ile)  0  0  0  0  0  0 
 Proline (Pro)  5 i  (5)  2 j  (9)  1 k  (8)  0  0  8 (22) 
 Phenylalanine (Phe)  0  0 (2)  0 (3)  0  0  0 (5) 
 Tryptophan (Trp)  0  0  0 (1)  0  0  0 (1) 
 Methionine (Met)  0  0 (1)  0 (1)  0  0  0 (2) 
 Serine (Ser)  0  3 l  (3)  0  0 (1)  1 m  (1)  4 (5) 
 Threonine (Thr)  0  1 n  (1)  0  0  0  1 (1) 
 Tyrosine (Tyr)  0  0 (1)  0  0  0  0 (1) 
 Cysteine (Cys)  0  2 o  (16)  1 p  (5)  0  0  3 (21) 
 Asparagine (Asn)  0  2 q  (2)  0  0  0  2 (2) 
 Glutamine (Gln)  0  0  0  0  0  0 
 Histidine (His)  0  0  0  0  0  0 
 Lysine (Lys)  0  0 (5)  0  0  0 (5)  0 (10) 
 Arginine (Arg)  0  0 (1)  0  0  0 (1)  0 (2) 
 Aspartic acid (Asp)  2 r  (2)  0 (3)  3 s  (3)  0  0 (1)  5 (9) 
 Glutamic acid (Glu)  1 t  (1)  1 u  (5)  1 v  (2)  0  0  3 (8) 
 Total  16 (22)  24 (109)  11 (62)  0 (1)  1 (8)  52 (202) 

   a Obtained from the Cambridge Structural Database (the CSD version 5.35 updated to February 
2014). 
  b The number in the parenthesis denotes the sum of the number of the alkali metal ion complexes 
and that of the alkali metal ion salts, where the  complex  involves  direct  metal–ligand bonding 
while the  salt  does not. 
  c  Substituted  amino acids are excluded. 
  d [ 14 – 19 ].    e [ 20 – 23 ].  f  [ 25 ,  28 – 30 ].  g  [ 31 – 33 ].  h  [ 34 ].  i  [ 35 ,  36 ].  j  [ 37 ].  k  [ 38 ].  l  [ 39 ].  m  [ 39 ].  n  [ 40 ]. 
 o  [ 41 ,  42 ].  p  [ 43 ].  q  [ 44 ].  r  [ 45 ,  46 ].  s  [ 45 ,  47 ,  48 ].  t  [ 49 ].  u  [ 50 ].  v  [ 51 ].  
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implying that Li +  is too small to be accommodated in the cluster whereas K +  is 
too large [ 37 ].

   Group  2 , amino acids with polar and neutral side-chains are serine (Ser), threo-
nine (Thr), tyrosine (Tyr), cysteine (Cys), asparagine (Asn), and glutamine (Gln). A 
total number of nine complexes are available: four (three for Na +  and one for Cs + ) 
for serine, one (for Na + ) for threonine, three (two for Na +  and one for K + ) for cyste-
ine, and two (for Na + ) for asparagine. The four Ser complexes form ‘capsules’ of 
tetra- p -sulfonatocalix[ 4 ]arene, in which chiral pairs of l-Ser molecules are confi ned 
in an overall bilayer arrangement, containing differing amounts of Na +  and Cs +  ions. 
The Na +  complex of Thr is the ‘Na + -trapping’ Cu 2+  cluster noted above. The OH 
polar group of Ser and Thr and the CONH 2  of Asn are not involved in metal bonding 
neither to alkali metal ions nor to transition metal ions that coexist in the complexes. 
In each of the three Cys complexes, the SH group is deprotonated and coordinates 
to co-existing transition metal ions but not to alkali metal ions. 

 Group  3  amino acids with basic polar side-chains are lysine (Lys), arginine 
(Arg), and histidine (His) with 10 % basic and 90 % neutral species at pH 7.0 (p K  a  
of 6.0 for the imidazole NH of His). Unfortunately, no complex is reported. 

 Group  4  amino acids with acidic polar side-chains are aspartic acid (Asp) (p K  a  
3.9 for β-COOH) and glutamic acid (Glu) (p K  a  4.1 for γ-COOH). Two Li +  [ 45 ,  46 ] 
and three K +  [ 45 ,  47 ,  48 ] complexes are reported for Asp, and three complexes for 
Glu (each one for Li +  [ 49 ], Na +  [ 50 ], and K +  [ 51 ]). In all the reported complexes, the 
β-carboxyl group of Asp or γ-carboxyl group of Glu, which are deprotonated, are 
always involved in metal bonding, usually in addition to the α-carboxylate oxygens 

  Figure 1    Structure of the [NaCu 6 (l-Ala–H) 8 ] 5+  cluster [ 31 ] shown with color coded atoms ( red , 
oxygen;  blue , nitrogen;  grey , carbon;  purple , alkali metal ion;  ochre , transition metal ion). The 
residues bound to the metal ion are depicted as ‘sticks’. Note that the Na +  ion is trapped in the 
center of the hexanuclear [Cu 6 (l-Ala–H) 8 ] 4+  cage. Analogous clusters of the type [NaCu 6 (aa) 8 ] 5+  
(aa: amino acid; Gly–H [ 24 ,  27 ], Pro–H [ 37 ], and Thr–H [ 40 ]) or of a type [NaCu 5 (l-Ala–H) 6 ] 5+  
[ 31 ] are reported. Similar color codes are also used in subsequent diagrams of molecular 
structures.       
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except for one case, [K(l-Asp)(H 2 O) 2 ]  n   [ 45 ], in which solely β-carboxylate oxygens 
are bound. As an example, Figure  2  shows the K +  bonding in [K(l-Glu)(H 2 O)]  n   [ 50 ].

   In summary, among the four groups of amino acids, the most interesting amino 
acids, from the viewpoint of coordination chemistry and their possible interactions 
with metal ions as amino acid residues of proteins, are those that belong to group  4 , 
followed by group  2 . Though the data are still limited, it may be concluded about 
the alkali metal ion binding sites at physiological pH that the polar functional 
groups, OH of Ser, Thr, and Tyr, SH of Cys, CONH 2  of Asn and Gln, which belong 
to the group  2  amino acids, are little signifi cant, whereas the β- and γ-COO −  groups 
of Asp and Glu, respectively, which belong to group  4 , are of major importance. It 
is noticeable that alkali metal ion binding to the neutral amino group NH 2  is observed 
only once in the Li + –Gly complex [ 14 ].  

2.2     Small Peptide Complexes 

 For peptides, possible ligation sites are the amide oxygen and the nitrogen (but only 
when deprotonated) within the peptide backbone, polar functional groups on the 
side chains of the amino acids belonging to the groups  2  and  4  in Section 2.1, and 
the amino terminal nitrogen and the carboxy terminal oxygens. Table  3  lists the total 
number of alkali metal ion complexes with small peptides and Table  4  summarizes 
metal binding sites/modes on the peptide ligands for each complex [ 14 ,  52 – 56 ]. 
Antibiotic ionophore peptides are not involved here but are separately dealt with in 
Section 5.2.1.

    Unfortunately, only eight crystal structures are available: three complexes [ 14 , 
 52 ] for Li + , three [ 53 – 55 ] for Na + , one each for K +  [ 53 ] and Rb +  [ 56 ], and none for 

  Figure 2    A view showing the plural types of metal bonding to glutamate in the [K( l -Glu)(H 2 O)]  n   
complex [ 50 ], where a K +  ion forms an intramolecular bridge between the γ-carboxylate oxygen 
and one of the two α-carboxylate oxygens, the second ion binds to the same α-carboxylate oxygen, 
and the other two metal ions simultaneously attach to the other α-carboxylate oxygen, the gluta-
mate molecule behaving as a pentadentate ligand. Hydrogen atoms are drawn in mint color.       
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Cs + . Above all, peptide ligands of interest that contain polar residues belonging to 
groups  2  and  4  are only  N -substituted glycyltyrosine [ 54 ] and a cyclic pentapeptide, 
cyclo(− d -Trp- d -Asp-l-Pro- d -Val- l -Leu-) [ 55 ] (known as BQ123, a potent 
 endothelin- 1 inhibitor). BQ123 possesses a high, intrinsic affi nity for Na +  ion [ 57 ]. 
The Na +  complex of BQ123 is reported [ 55 ]: there exist four independent Na +  ions 
(Na1-Na4) and four independent ligand molecules (L1-L4), among which two Na +  
ions (Na1 and Na2) each are sandwiched between two peptide molecules (L1 and 
L2 for Na1 and L3 and L4 for Na2), forming cage-like structures, and the other two 
Na +  ions (Na3 and Na4) form a cluster composed of water ligands and peptides 
(L1- L4). 

 In ‘sodium-cagedʼ structures, as shown in Figure  3 , the octahedral coordination 
sites of Na1 and Na2 are fully occupied by d-Asp and d-Val residues from two pep-
tide ligands (L1 and L2 for Na1, and L3 and L4 for Na2) through two amide oxy-

   Table 3    Total number of alkali metal ion–small peptide complexes in the solid state. a,b    

 Peptide c   Li +   Na +   K +   Rb +   Cs +   Total 

 Glycyl d   3 e  (5)  2 g  (20)  1 j  (6)  1 k  (2)  0  7 (33) 
 Alanyl  0 (2)  0 (2)  0 (3)  0  0  0 (7) 
 Valyl  0 (1)  1 h  (2)  0  0  0  1 (3) 
 Leucyl  0  1 h  (2)  0 (2)  0  0  1 (4) 
 Isoleucyl  0  0  0  0  0  0 
 Prolyl  1 f  (2)  1 h  (5)  0  1 l  (1)  0  3 (8) 
 Phenylalanyl  0 (0)  0 (1)  0 (3)  0  0  0 (4) 
 Tryptophanyl  0  1 h  (1)  0  0  0  1 (1) 
 Methionyl  0  0  0  0  0  0 
 Seryl  0  0  0  0  0  0 
 Threonyl  0  0 (1)  0  0  0  0 (1) 
 Cysteinyl  0  0  0  0  0  0 
 Tyrosyl  0  1 i  (1)  0  0  0  1 (1) 
 Asparaginyl  0  0  0  0  0  0 
 Glutaminyl  0  0 (1)  0  0  0  0 (1) 
 Histidyl  0  0 (1)  0  0  0  0 (1) 
 Lysyl  0  0 (1)  0  0  0  0 (1) 
 Arginyl  0  0 (1)  0  0  0  0 (1) 
 Aspartyl  0  1 h  (1)  0  0  0  1 (1) 
 Glutamyl  0  0 (1)  0  0  0  0 (1) 
 Total  4 (10)  8 (41)  1 (14)  2 (3)  0  15 (68) 

   a Obtained from the Cambridge Structural Database (the CSD version 5.35 updated to February 
2014). 
  b The number in the parenthesis denotes a total number of alkali metal ion  complexes  and alkali 
metal ion  salts  that have no direct metal–peptide bonding. 
  c A peptide that contains more than two kinds of amino acid residues is overlappingly counted into 
the item of individual amino acid residues: for example, a peptide ‘GlyPro’ is counted in both 
‘Glycylʼ and ‘Prolylʼ. 
  d ‘Glycyl’ denotes Gly residue containing peptides. 
  e [ 14 ,  52 ].  f [ 52 ].  g [ 53 ,  54 ].  h [ 55 ].  i [ 54 ].  j [ 53 ].  k [ 56 ].  l [ 56 ].  
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gens and two β-carboxylate oxygens of Asp and two amide oxygens of Val. Na3 and 
N4, which are connected to each other by a bridging water ligand, are each ligated 
by three or four water ligands and a peptide ligand: for Na3, through two amide 
oxygens of Trp and Leu residues while through two amide oxygens of Pro and Leu 
of L3 for Na4, and  via  these water ligands peptide ligands L2 and L4 are further 
connected, forming a ‘two sodium-embedded’ cluster.

   The observed data, though they are quite limited, show that the amide carbonyl 
oxygen is the most preferred metal binding site, followed by the terminal carboxyl 
oxygens (observed in the two Li + –GlyGly complexes [ 14 ] and a Na + –GlyTyr com-
plex [ 54 ]). This is also the case for antibiotic ionophore peptides, as described later 
in Section 5.2.1. The β-carboxylate oxygen of the Asp side-chain in an Asp- 
containing peptide is also involved in metal coordination in the Na +  complex, where 
Asp plays a crucial role in forming the Na +  complex [ 55 ].   

3     Nucleic Acid Constituent Complexes 

 There are three potential metal binding groups on nucleic acids: phosphate, sugar, 
and base moieties. Extensive X-ray studies of metal ion interactions with nucleic 
acid constituents reveal [ 4 ,  75 ] that the phosphate groups of the mono-, di-, tri-, and 
oligonucleotides are good ligands for alkali and alkaline earth metal ions as well as 
transition and heavy metal ions. Sugar hydroxyl groups are good ligands for alkali 
and alkaline earth metal ions but not for transition and heavy metal ions. Ring nitro-
gens of bases are good targets for all types of metal ions, particularly for transition 
and heavy metal ions. Coordination to the ring nitrogens is favored over binding to 
the exocyclic amino and keto groups: the N7 site is the most preferred metal binding 
site for purine bases and the N3 site for cytosine. Keto substituents at O2 of cytosine 
and O2 and O4 of thymine and uracil are usual metal binding sites for alkali and 

  Figure 3    Structure of the 
Na +  complex [ 55 ] of 
cyclo(− d -Trp- d -Asp- l - Pro-
 d -Val- l -Leu-), an opioid 
peptide. The Na +  ion is 
sandwiched between two 
peptide molecules, forming 
a cage-like structure.       
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alkaline earth metal ions. As a rule, amino substituents at N6 of adenine, N2 of 
guanine, and N4 of cytosine become good ligands only when they are deprotonated, 
with the sole exception observed in the [Ru(9-methyladenine)(trithiacyclononane)-
(DMSO)] 2+  complex [ 76 ] by accompanying the N7–Ru–N6(NH 2 ) chelation. 
Nomenclature and chemical structure of the common nucleotides are presented in 
Figure  4 . For the conformational terms of the nucleotide structures see [ 77 ].

3.1       Nucleobase Complexes 

 Table  5  gives the total number of alkali metal ion complexes with nucleobases and 
Table  6  summarizes metal binding sites/modes for each complex [ 58 – 74 ]. 
Substituted nucleobases are not involved except for N9-substituted purine bases and 
N1-substituted pyrimidine bases.

  Figure 4    Nomenclature and chemical structure of the common nucleotides. The nucleotides are 
shown in the  syn  conformation (to save space) even though they mostly occur in the  anti  form.       
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     Adenine complex : Only one complex is available, [K(9-Et-azacrown-Ade)] · PF 6  
[ 58 ], where the K +  ion is captured by the N9-tethered azacrown chelator and this 
enables the metal ion to bind to N3, which is the rare metal binding site for 
N9-substituted purine bases. On the other hand, in the corresponding Na +  complex 
[ 58 ], such a trapped Na +  ion binds  indirectly  to N3 via an O–H (aqua ligand) · · · N3 
hydrogen bond. 

  Guanine complexes : In the Na +  complex, [Na(H 2 O) 2 {Pt(9-MeGua) 2 (1-MeCyt)-
(NH 3 )}] · 3ClO 4  · 0.5H 2 O [ 59 ], the Na +  ion binds to the exocyclic keto substituent O6 
of the guanine ligand (the Pt 2+  ion binds to the ring nitrogen N7). On the other hand, 
in the K +  complex, [K 6 (H 2 O) 6 {Pt(9-MeGua)(MeNH 2 ) 2 }{Pt(CN) 4 } 3 ]  n   [ 60 ], one of 
the three independent K +  ions binds to O6 of one ligand, while the other K +  ion 
binds to the same ligand through the fi ve-membered N7–M–O6 chelation and addi-
tionally to the other ligand by forming a quite rare M–NH 2  (N2) bonding or a π 
interaction with the C2–N2 bond (the Pt 2+  ion binds to the deprotonated N1). 

  Hypoxanthine complex : None. 
  Cytosine complexes : Five Na +  complexes [ 59 ,  61 – 64 ] and a K +  complex [ 59 ] are 

reported. In [Na(H 2 O) 2 {Pt(9-MeGua) 2 (1-MeCyt)(NH 3 )}] 3+  [ 59 ] (which is the same 
compound as that described above in the guanine complexes) and [Na(NO 3 ){Pt(1- 
MeCyt–H) 4 Co(H 2 O)}] 2  · 2NO 3  · 4H 2 O [ 61 ], the Na +  ions bind to the exocyclic O2 of 
the cytosine ligand (the Pt 2+  ion binds to the ring N3 in both compounds; the Co 2+  
ion binds to the deprotonated amino N4 [ 61 ]). Two analogous Na +  complexes, 
{[Na 3 (Cyt) 3 (H 2 O) 4 (ClO 4 )] · 2ClO 4 }  n   [ 62 ] and {[Na 3 (Cyt) 3 (H 2 O) 3 (ClO 4 ) 2 ] · ClO 4 }  n   
[ 62 ] are of interest in that each O2 of three independent cytosine ligands is coordi-
nated simultaneously to three different Na +  ions (Na1-Na3), in a μ 3 -coordination 
mode; Na1 is bound by four ligand molecules, Na2 by three ligands, and Na3 by two 

   Table 5    Total number of alkali metal ion–nucleobase complexes in the solid state. a,b    

 Nucleobase c   Li +   Na +   K +   Rb +   Cs +   Total 

 Adenine  0  0  1 d  (1)  0  0  1 (1) 
 Guanine  0  1 e  (3)  1 f  (2)  0  0  2 (5) 
 Hypoxanthine  0  0  0  0  0  0 
 Cytosine  0  5 g  (5)  1 h  (2)  0  0  6 (7) 
 Thymine  0  5 i  (7)  5 j  (6)  1 k  (1)  1 l  (1)  12 (15) 
 Uracil  0  4 m  (4)  3 n  (3)  0  2 o  (2)  9 (9) 
 Total  0  15 (19)  11 (14)  1 (1)  3 (3)  30 (37) 

   a Obtained from the Cambridge Structural Database (the CSD version 5.35 updated to February 
2014). 
  b The alkali metal ion–nucleobase complexes are those that contain  direct  metal bonding to nucleo-
bases. The number in parenthesis denotes the total number of alkali metal ion-containing com-
pounds of nucleobases, involving alkali metal ion–nucleobase complexes. 
  c Substituted nucleobases are not involved except for N(9)-substituted purine bases and N(1)-
substituted pyrimidine bases. 
  d [ 58 ].  e [ 59 ].  f [ 60 ].  g [ 59 ,  61 ,  62 ].  h [ 59 ].  i [ 63 – 67 ].  j [ 67 – 69 ].  k [ 67 ].  l [ 67 ].  m [ 63 ,  70 – 72 ]  n [ 73 ,  74 ].  o [ 59 , 
 72 ].  
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ligands, each through O2. In the K +  complex, {[K{Pt(1-MeCyt) 2 (NH 3 ) 2 }
(PF 6 ) 3 ] · H 2 O}  n   [ 59 ], the K +  ion chelates to two O2 oxygens of the head-to-head 
oriented two cytosine ligands within the  trans -[Pt(1-MeCyt) 2 (NH 3 ) 2 ] 2+  unit (N3–
Pt 2+ –N3 coordination). 

  Thymine complexes : Five complexes for Na +  [ 63 – 67 ] have been reported, fi ve for 
K +  [ 67 – 69 ], and one each for Rb +  [ 67 ] and Cs +  [ 67 ]. In all of the twelve complexes, 
the O2 site participates always and the O4 site mostly (in nine complexes) in metal 
coordination. There seems to be a trend that, when the metal ion is highly hydrated, 
it binds to O2 rather than O4, and this is also the case for [Na(1-MeThy)(H 2 O) 4 ] +  
[ 63 ] and [K(Thy–H)(H 2 O) 3 ] [ 68 ], in which the metal ion binds only to O2. The 
failure of metal bonding to O4 but O2 in [Na(1-Pr-azacrown-Thy) 2 ] [ 64 ] is clearly 
due to the metal trapping in the N1-tethered azacrown chelator. A series of com-
plexes, [M(1-EtThy) 4 ] +  (M: Na +  [ASACOM], K +  [ASABIF], Rb +  [ASABOR], and 
Cs +  [ASACEC]), which were intended to be mimics for thymine quartet structures, 
provide a variety of structural motifs having an exclusive metal coordination to 
exocyclic O2 and O4 of thymine bases. The authors show that K +  has the ideal size 
to fi t either in the plane of a quartet or between two quartets [ 67 ]. 

  Uracil complexes : Four Na +  complexes [ 63 ,  70 – 72 ], three K +  complexes [ 72 , 
 74 ], and two Cs +  complexes [ 59 ,  72 ] are available. In these nine complexes, the O2 
or O4 sites are commonly involved in metal bonding with an equal frequency of 
appearance. In a series of uracil complexes, [(Na + , K + , Rb + , or Cs + ) 2 {Pd(1- 
MeUra–H) 4 }] (Na +  [WIQYEA01], K +  [LUKWOD], and Cs +  [LUKWIX]) [ 72 ], 
[K 2 {Pt(1-MeUra–H) 4 }] [SIYMIX] [ 74 ], [Na 2 {Pd(willardiine) 4 }] (willardiine: 
1-(2-amino-2-carboxyethyl)uracil, a naturally occurring amino acid) [ 71 ], the alkali 
metal ions are captured in the cavities constructed by the assembly of four carbonyl 
O2 and O4 oxygens of the [M(1-MeUra–H or willardiine) 4 ] structure, thus, those 
behaving as ‘metallacryptates’. 

 In summary, alkali metal ion complexes of purine bases provide rare metal bind-
ing modes, M–N3 bonding for adenine [ 58 ] and fi ve-membered N7–M–O6 chela-
tion, and even more uncommon M–NH 2  (N2) bonding or π interaction with the 
C2–N2 bond for guanine [ 60 ]. For pyrimidine bases, exocyclic carbonyl oxygens, 
O2 for cytosine, O2 and O4 for thymine and uracil, are preferred metal binding sites 
for alkali metal ions. Thymine and uracil bases, which have a wealth of carbonyl 
oxygens, are fascinating as building blocks for constructing ‘metallaionophores’ 
with a variety of building architectures [ 67 ,  72 ].  

3.2     Nucleoside Complexes 

 A nucleoside provides, in addition to the base moiety, the sugar part that has three 
hydroxyl oxygens (O2’, O3’, and O5’) as possible metal binding sites. Table  7  lists 
the total number of alkali metal ion complexes with nucleosides and Table  8  sum-
marizes metal binding sites/modes for each complex [ 78 – 91 ].

     Adenosine complex : A sole adenosine complex is [Na(H 2 O){Sb(Ado–2H) 2 }]  n   
[ 78 ], where the Sb 3+  ion is coordinated by two adenosinato ligands each through the 
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1,2-diolato group of the sugar moiety of the nucleoside. The Na +  ion bridges 
between two [Sb(Ado–2H) 2 ] −  entities by forming two intramolecular O3’–M–O5’ 
chelations, one chelation with one Ado–2H ligand in one [Sb(Ado–2H) 2 ] −  and the 
other chelation with the other Ado–2H ligand of the other [Sb(Ado–2H) 2 ] − . 

  Guanosine complex : No guanosine but an isoguanosine (isoGuo) complex of Cs +  
is reported, [Cs(O2’,O3’,O5’-substituted isoGuo) 10 (CH 3 CN) 2 ] 2

2+
   [ 79 ]. Isoguanosine, 

a guanosine isomer with transposed carbonyl and amino groups, selfassociates in 
the presence of cations [ 82 ]. This isoGuo derivative extracts cesium salts from water 
into CHCl 3  with an affi nity and selectivity rivaling that of covalent macrocycles 
[ 83 ]. As shown in Figure  5 , the crystal structure of the Cs +  complex [ 79 ] reveals that 
the isoGuo derivatives selfassociate to give a hydrogen-bonded, planar cyclic 
isoGuo-pentamer and the Cs +  ion is sandwiched between the two isoGuo-pentamers 
by forming ten M–O6 bondings.

    Inosine complex : In the [Na(Ino–H)(H 2 O) 2.5 ] complex [ 80 ], the N1-deprotonated 
inosinate ligand adopts an uncommon  syn  conformation about the glycosidic bond, 
which is stabilized by an intramolecular O5’–H · · · N3 hydrogen bond, and the Na +  
ion binds to O3’ and O5’ hydroxyl oxygens, one each from two different ligands, but 
it does not bind to the hypoxanthine moiety. 

  Cytidine and Thymidine complex : None. 
  Uridine complex : A Na +  complex is available, [Na 8 Cu 8 (Urd–3H) 8 ] · 5NaClO 4  · 48

H 2 O [ 81 ]. The triply deprotonated Urd ligand is three-coordinated toward three Cu 2+  
atoms by deprotonated N3, O3’, and O2’, this last oxygen atom bridging two Cu 2+  
atoms, which are related to each other by a twofold symmetry (space group  P 432, 
 Z  = 3; the asymmetric unit includes one each for Na +  and Cu 2+  ions and the uridine 
ligand). The further operation by a crystallographic fourfold symmetry creates a 
cage-like octamer of the formula [Cu 8 (Urd–3H) 8 ] 7− . Interestingly, this species incor-
porates the fully hydrated [Na(H 2 O) 6 ] ion into the center of the octamer by forming 
a total of eight hydrogen bonds between the water ligands and O2 oxygens of the 

   Table 7    Total number of alkali metal ion–nucleoside complexes in the solid state. a,b    

 Nucleoside (Abbreviation)  Li +   Na +   K +   Rb +   Cs +   Total 

 Adenosine (Ado)  0  1 c  (2)  0  0  0  1 (2) 
 Guanosine (Guo)  0  0  0 (1)  0  1 d  (1)  1 (2) 
 Inosine (Ino)  0  1 e  (1)  0  0  0  1 (1) 
 Cytidine (Cyd)  0  0  0  0  0  0 
 Thymidine (Thd)  0  0  0  0  0  0 
 Uridine (Urd)  0  1 f  (1)  0  0  0  1 (1) 
 Total  0  3 (4)  0 (1)  0  1 (1)  4 (6) 

   a Obtained from the Cambridge Structural Database (the CSD version 5.35 updated to February 
2014). 
  b The alkali metal ion–nucleoside complexes are those that contain  direct  metal bonding to 
 nucleosides. The number in parenthesis denotes the total number of alkali metal ion-containing 
compounds of nucleosides, involving alkali metal ion–nucleoside complexes. 
  c [ 78 ].  d [ 79 ].  e [ 80 ].  f [ 81 ].  
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base moiety with the water–O2 distance of 2.95 Å. One of the other Na +  ions binds 
to two uridine ligands each through O4. 

 In summary, in the alkali metal ion complexes of nucleosides, the metal bonding 
to sugar hydroxyl oxygens O3’, and O5’, and exocyclic carbonyl oxygens, O6 of 
guanine and O2 and O4 of uracil is observed.  

3.3     Nucleotide Complexes 

 We deal here with mono- and dinucleotides but do not cover quadruplexes (see 
Chapter   7     and [ 121 ]) and other oligonucleotides. X-ray crystal structures of oligo-
nucleotide complexes involving alkali, alkaline earth, and transition metal ions 
before 1996 were reviewed in [ 122 ,  123 ] and those after 1996 and before 2009 in 
[ 4 ]. Because of the anionic nature of nucleotides due to the phosphates, a relatively 
large number of metal ion complexes of mononucleotides has been reported, most 
of which are Na +  complexes. Though the crystal structures of most of these com-
plexes were once reviewed or tabulated [ 4 ,  123 ,  124 ], in order to give original data 
from which some general aspects on the metal binding sites of nucleotides are 
derived, noted in the beginning of this section, they are briefl y described here once 
again, together with new data. 

3.3.1     Mononucleotide Complexes 

 Table  9  lists the total number of alkali metal ion complexes with mononucleotides 
and Table  10  summarizes the metal binding sites/modes for each complex 
[ 84 – 120 ].

     Adenosine nucleotide complexes : Six complexes for AMP (two for 5’-AMP [ 86 , 
 87 ], one for 3’,5’-cyclicAMP [ 88 ], and three for 2’-AMP [ 84 ]) have been reported, 
three complexes for ADP [ 85 ,  91 – 93 ] involving the NAD complex [ 85 ], and two 
complexes for ATP [ 89 ,  90 ]. Two 5’-AMP complexes, Na 2 [(Mo 5 O 15 )(5’-AMPH) 2 ] 

  Figure 5    A side view of 
the structure of the Cs +  
complex with a substituted 
isoguanosine (isoGuo), 
[Cs(O2’,O3’,O5’-
substituted 
isoGuo) 10 (CH 3 CN) 2 ] +  [ 79 ], 
showing the sandwiched 
Cs +  ion between the two 
isoGuo-pentamers.       
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[ 86 ] and Na 8.5 [U 3 O 7 (5’-AMP) 3 ] [ 87 ], involve the phosphate-only metal bonding. A 
3’,5’-cyclicAMP complex, Na 2 (3’,5’-cyclicAMP) 2  · 8H 2 O [ 88 ], is unique in that a 
Na +  ion binds to the ring nitrogen N1 of one ligand (Mol.1), in addition to phosphate 
oxygens from two other ligands (Mol.2 and Mol.3); the second Na +  ion binds to 
Mol.2 through phosphate only. In all the three 2’-AMP complexes, M 2 (2’-
AMPH) 2  ·  n H 2 O (M: Li +  [ 84 ], Na +  [ 84 ], and K +  [ 84 ]), the 2’-AMP molecule adopts 

   Table 9    Total number of alkali metal ion–mononucleotide complexes in the solid state. a,b    

 Nucleotide  Sugar c   Phosphate d   Li +   Na +   K +   Rb +   Cs +   Total 

 AMP  R  5’  0  2 g  (2)  0  0  0  2 (2) 
 R  3’,5’  0  1 h  (1)  0  0  0  1 (1) 
 R  2’  1 e  (1)  1 i  (1)  1 k  (1)  0  0  3 (3) 
 D  5’  0  0 (1)  0  0  0  0 (1) 

 ADP  R  5’  1 f  (1)  0  1 l  (1)  1 m  (1)  0  3 (3) 
 ATP  R  5’  0  2 j  (2)  0  0  0  2 (2) 
 GMP  R  5’  0  3 n  (4)  0  0  0  3 (4) 

 R  3’,5’  0  0 (1)  0  0  0  0 (1) 
 D  5’  0  1 o  (1)  0  0  0  1 (1) 

 IMP  R  5’  0  6 p  (6)  0  0  0  6 (6) 
 CMP  R  5’  0  4 q  (4)  0  0  0  4 (4) 

 R  3’  0  0  0  0  0 (1)  0 (1) 
 R  2’,3’  0  1 r  (1)  0  0  0  1 (1) 
 D  5’  0  0 (2)  0  0  0  0 (2) 

 CDP  R  5’  0  2 s  (3)  0  0  0  2 (3) 
 TMP  0  0  0  0  0  0 
 UMP  R  5’  0  2 t  (2)  0  0  0  2 (2) 

 R  3’  0  1 u  (1)  1 x  (1)  0  0  2 (2) 
 D  5’  0  1 v  (1)  0  0  0  1 (1) 

 UDP  R  5’  0  1 w  (1)  1 y  (2)  0  0  2 (3) 
 Total      2 (2)  28 (34)  4 (5)  1 (1)  0 (1)  35 (43) 

   a Obtained from the Cambridge Structural Database (the CSD version 5.35 updated to February 
2014). 
  b The alkali metal ion–nucleotide  complexes  are those that contain  direct metal bonding  to nucleo-
tides. The number in parenthesis denotes the sum of alkali metal ion-nucleotide  complexes  and 
alkali metal ion–nucleotide  salts , the latter having  no direct metal bonding  to nucleotides. 
  c Abbreviations for sugars: R = ribose; D = deoxyribose. 
  d Abbreviations for phosphates: 5’ = 5’-phosphate; 3’,5’ = 3’,5’-cyclic phosphate; 2’ = 2’-phosphate; 
3’ = 3’-phosphate; 2’,3’ = 2’,3’-cyclic phosphate. 
  e [ 84 ]. 
  f A salt of nicotinamide adenine dinucleotide [ 85 ]. 
  g [ 86 ,  87 ].  h [ 88 ].  i [ 84 ].  j [ 89 ,  90 ].  k [ 84 ].  l [ 91 ,  92 ].  m [ 93 ].  n [ 94 – 97 ].  o [ 98 ,  99 ].  p [ 100 – 105 ].  q [ 106 – 109 ]. 
 r [ 110 ]. 
  s Complexes of cytidine diphosphocholine [ 111 ] and cytidine diphosphoethanolamine [ 112 ]. 
  t [ 113 – 115 ], containing a complex of the phosphate group-methylated 5’-UMP [ 115 ]. 
  u A complex of dihydrouridine 3’-monophosphate [ 116 ]. 
  v [ 117 ]. 
  w A complex of uridine diphosphoglucose [ 118 ].  x [ 119 ].  y [ 120 ].  
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an uncommn  syn  conformation, which is stabilized by the formation of an intramo-
lecular O5’–H · · · N3 hydrogen bond, and metal ions commonly bind to hydroxyl 
O3’ and phosphate oxygens. In addition, in the Na +  and K +  complexes, the ether 
oxygen O4’ of the sugar ring is involved in metal bonding. 

 The Li +  complex of NAD, which possesses the ADP entity, Li(NAD) · 2H 2 O 
[ 85 ], is of particular interest because the tetrahedral Li +  ion forms the intramolecu-
lar N7–M–O(β-phosphate) chelation which stabilizes the  anti  conformation of the 
nucleotide molecule, and  vice versa , and additionally forms an intramolecular 
O(α- phosphate)–M–O(β-phosphate) chelation with the second ligand. The K +  and 
Rb +  complexes of ADP, K(5’-ADPH2) · 2H 2 O [ 91 ,  92 ] and Rb(5’-ADPH2) · H 2 O 
[ 93 ], which are isostructural to each other, also exhibit an interesting metal binding 
mode, that is, the Rb +  ion bridges O2’ and N3 of the same ligand molecule that 
assumes the  anti  conformation. 

 Two humidity-dependent polymorphic Na +  complexes of ATP, Na 2 (ATPH2) · 3H 2 O 
[ 89 ] and Na 2 (ATPH2) · 2H 2 O [ 90 ], provide an additional, valuable example in which 
the metal ion bridges N7 of the base and the phosphate oxygen (of γ-phosphate) of 
the same ATP molecule with the  anti  conformation. 

  Guanosine nucleotide complexes : Four Na +  ion complexes of GMP are available, 
among which three are those of 5’-GMP, Na 2 (5’-GMP) · 7H 2 O [ 94 ], [Na(H 2 O) 4 {Cu(5’-
GMP)(5’-GMPH)(H 2 O) 3 }] · MeOH · 6H 2 O [ 96 ], and Na 2 [Pt(Me 4 dae)(5’-GMP) 2 ] · 
7D 2 O [ 97 ], and one is the complex of 5’-dGMP, Na 2 (5’-dGMP) · 4H 2 O [ 98 ,  99 ]. The 
three 5’-GMP complexes commonly involve the intramolecular O2’–M–O3’ chela-
tion. Interestingly, metal bonding to N7 or O6 of the base are observed in the Na +  
complex [ 94 ] and the Na + /Pt 2+  complex [ 97 ], respectively. Metal bonding to the 
phosphate group occurs only in the Na + /Pt 2+  complex [ 97 ]. In the 5’-dGMP complex 
[ 98 ,  99 ], the base O6, the sugar O3’, and phosphate oxygens are all involved in 
metal bonding. 

  Inosine nucleotide complexes : Six Na +  ion complexes of 5’-IMP are reported, 
Na(5’-IMPH).8H 2 O [ 100 ], Na 2 (5’-IMPH) 2 .20H 2 O [ 101 ], Na 2 [Cu(5’-
IMP) 2 (imidazole) 0.8 (H 2 O) 3.2 ] · 12.4H 2 O [ 102 ], Na 2 [Pt(5’-IMP) 2 (en)] ·  n H 2 O [ 103 ], 
Na 2 [Pt(5’-IMP) 2 (NH 3 ) 2 ] 0.86  · (5’-IMP) 0.28  · 16H 2 O [ 104 ], and Na 2 [Cu(5’-
IMP) 2 (dien)] · 10H 2 O [ 105 ]. Four complexes [ 102 – 105 ] have the common structural 
unit [M(5’-IMP) 2 ] (M: Cu 2+  or Pt 2+ ) in which the metal ion binds to two nucleotide 
ligands each through N7. Somewhat surprisingly, in all the 5’-IMP complexes 
(except for the Na + /Pt 2+ /en complex [ 103 ] for which a Na +  ion binding site is not 
mentioned), the intramolecular O2’–M–O3’ chelate formation is commonly and 
solely observed. Lack of a participation of phosphates in the direct metal ion inter-
action is, at least in part, due to extensive hydration around the phosphate oxygens. 

  Cytidine nucleotide complexes : Out of seven Na +  complexes reported, four are 
5’-CMP complexes [ 106 – 109 ], one is a 2’,3’-cyclicCMP complex [ 110 ], and the 
other two are complexes of 5’-CDPcholine [ 111 ] and 5’-CDPethanolamine [ 112 ]. 
Five humidity-dependent polymorphic complexes of 5’-CMP, Na 4 (5’-CMP) 2  · 13H 2 O 
(space group  P 2 1 2 1 2 1 ) [ 106 ], Na 4 (5’-CMP) 2  · 13H 2 O (space group  P 2 1 ) [ 107 ], 
Na 4 (5’-CMP) 2  · 12.14H 2 O · 0.54MeOH [ 108 ], Na 8 (5’-CMP) 4  · 32.5H 2 O [ 107 ], and 
Na 8 (5’-CMP) 4  · 37H 2 O [ 107 ], commonly involve the intramolecular O2’–Na + –O3’ 
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chelation and further exhibit two types of humidity-dependent metal binding modes, 
that is, (i) when the extent of hydration is not so large (this is the case for the former 
three complexes), the phosphate O atoms provide a ligand for the coordination and 
the base moiety is also involved in metal coordination to form the intramolecular 
N3–M–O2 chelation or the single M–N3 bonding, and (ii) when the extent of hydra-
tion is large (for the latter two complexes), the Na +  ions interact with the phosphate 
only indirectly through water bridges, and the N3 site of the base is also hydrated so 
that the metal ions bind only to O2. As an additional and extreme case, in the Na +  
salt of 5’-dCMP, Na 2  · (5’-dCMP) . 7H 2 O [ 125 ], not only N3 and the phosphate but 
also O2 is hydrated, thus preventing the access of metal ions to these sites. In the 
two Na(5’-5-bromo-CMPH) · 1.25H 2 O [ 109 ] and Na 2 (2’,3’-cyclicCMP) 2  · 4H 2 O 
[ 110 ] complexes, the Na +  ions bind to the phosphates, and N3–M–O2 chelation or 
single M–O2 bonding are observed, but the metal binding mode to the sugar moiety 
is different, namely none in the former complex and O5’ bonding in the latter com-
plex. The two 5’-CDP complexes, Na(5’-CDPcholine) · 5H 2 O [ 111 ] and Na(5’-
CDPethanolamine) · 7H 2 O [ 112 ] involve the three sets of metal binding modes, 
namely N3–M–O2 chelation, O2’–M–O3’ chelation, and M–phosphate bonding. 

  Thymidine nucleotide complex : None. 
  Uridine nucleotide complexes : These include two Na +  complexes of 5’-UMP, 

Na 2 (5’-UMP) · 7H 2 O [ 113 ,  114 ] and Na(5’- O -Me-UMP) · MeOH [ 115 ], a Na +  com-
plex of 3’-UMP, Na 2 (3’-UMP) · 4H 2 O [ 116 ], a K +  complex of 3’-dihydroUMP, 
K(3’-dihydroUMPH) · 0.5H 2 O [ 119 ], a Na +  complex of 5’-dUMP, Na 4 (5’-
dUMP) 2  · 10H 2 O [ 117 ] and a Na +  complex of 5’-UDPglucose, Na 2 (5’-
UDPglucose) · 2H 2 O [ 118 ], and a K +  complex of 5’-UDP, K 4 (5’-UDPH) 2  · 6H 2 O 
[ 120 ]. Metal bonding to O2 or O4 of the base, the hydroxyl oxygens of the sugar, 
and to the phosphates are a rule for uridine nucleotides with a few exceptions [ 113 , 
 116 ,  118 ]. The crystal structure of Na 2 (5’-UMP) · 7H 2 O was fi rst determined by 
X-ray diffraction [ 113 ] and later redetermined by neutron diffraction [ 114 ] to reveal 
that the O2 and O4 sites as well as the phosphate are fully hydrated and only 
O2’–M–O3’ chelation occurs. In the case of Na 2 (3’-UMP) · 4H 2 O [ 116 ], O2 and O4 
participate in the formation of hydrogen bonds between the two UMP ligands them-
selves in the crystal lattice. The other one which deviates from this rule is the Na + –
5’-UDPglucose complex [ 118 ] in which the metal–sugar bonding is missing. 

 In summary, for the fi ve kinds of mononucleotides examined (no data are avail-
able for thymidine nucleotides), the functional groups on the base moiety, the 
hydroxyls of the sugar, and the phosphates all provide preferred metal binding sites 
for alkali metal ions. The potential sites on the bases for metal coordination are N7 
and N1 of adenine, N7 and O6 of O6-oxo purines, N3 and O2 of cytosine, and O2 
and O4 of uracil. Intramolecular N3–M–O2 chelation is dominant in the cytidine 
nucleotide complexes (of Na + ). Metal bonding to the sugar moiety by forming the 
O2’–M–O3’ chelation is the most frequently observed metal binding mode in mono-
nucleotide complexes (of Na + ) (three complexes of 5’-GMP, four of 5’-IMP, seven 
of 5’-CMP and 5’-CDP, and three of 5’-UMP). Interestingly, the M–O2’ bond dis-
tance is always longer than that of the M–O3’ bond, that is, the metal ion binds more 
strongly to the hydroxyl O3’ than to O2’, as observed in a total of twelve complexes 
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for which the M–O distances are available, with the exception of the Na + –5’-O-
MeUMP complex (where the Na + –O2’ and –O3’ bond distances are 2.332(5) and 
2.382(5) Å, respectively) [ 115 ]. 

 Additional interesting metal binding modes include the intramolecular N7–M–O 
(β-phosphate) chelation in the Li + –NAD complex [ 85 ], the N7–M–O (γ-phosphate) 
chelation in the Na + –5’-ATP complexes [ 89 ,  90 ], and the intramolecular N3–M–O2’ 
chelation in the K +  [ 91 ,  92 ] and Rb +  [ 93 ] complexes of 5’-ADP. Uncommon but 
important metal binding sites include the ring ether oxygen O4’ of the sugar [ 84 ] 
and the phosphate ester oxygens (of 3’-phosphate [ 116 ]). Finally, it should be noted 
that the identifi cation of the sodium ion is still problematic because of the mixed 
occupancy of Na +  and water molecules (the sodium ion and the water molecule 
carry the same number of electrons): this is the case for the Na + –5’-ATP [ 89 ,  90 , 
 126 ], and the Na + –5’-UMP complex [ 113 ,  114 ].  

3.3.2     Dinucleotide Complexes 

 Table  11  summarizes the metal binding sites/modes in alkali metal ion complexes 
with dinucleotides [ 127 – 132 ].

   A total of six Na +  ion complexes are available and none for K + , Rb +  and Cs +  ions. 
[Na 2 (ApU) 2 (H 2 O) 6 ] · 6H 2 O [ 127 ] and [Na(GpC)(H 2 O) 3.5 ] · 5.5H 2 O [ 128 ] had received 
much attention because self-complementary ApU and GpC dinucleotides form 
Watson–Crick-type mini-double helices with structural features reminiscent of 
A-RNA. In the ApU complex, one of the two Na +  ions occupies a position on the 
pseudodyad and is ligated by both uracil O2 atoms located in the minor groove. The 
other Na +  ion binds to two phosphate groups through both the adenosine O3’ ester 
oxygens and the non-esterifi ed phosphate oxygens. On the other hand, in the GpC 
complex, the Na +  ion binds only to the phosphate groups, indicating a discrimina-
tion of the Na +  ion between base sequences at the dinucleotide level. 

 Such a direct metal ion bridge has also been observed in crystal structures of a 
[d(CGCGAATTCGCG)] 2  duplex (Dickerson–Drew dodecamer), a single monova-
lent metal ion is located in the minor grove at the 5’ApT3’ step for Na +  (1.40 Å reso-
lution) [ 133 ], K +  (1.2 Å) [ 134 ], Rb +  (1.2 Å) [ 135 ], and Cs +  (1.8 Å) [ 136 ], where an 
octahedral [M(H 2 O) 2 ] +  ion makes  inner sphere contacts with two O2 oxygen atoms 
of T7 and T19 and two O4’ ether oxygen atoms of T8 and T20. [Na(CpG) 2 (H 2 O) 5 ] · (acri-
dine orange) · 20H 2 O [ 129 ] and [Na{d(CpG)d(C + pG)}] · 7H 2 O [ 130 ] also form 
Watson–Crick-type miniduplexes. The Na +  ion binds only to the O2’ hydroxyl of 
the cytidine nucleotide in the CpG complex [ 129 ], whereas the Na +  ion shows mul-
tiple binding to the guanine O6 of one ligand molecule and to both the guanine N7 
and the cytidine hydroxyl O5’ of the other molecule in the d(CpG) complex [ 130 ]. 

 In Na 2 (pTpT) · 13.25H 2 O [ 131 ], one of the two Na +  ions binds to three different 
pTpT molecules through interactions with a non-esterifi ed oxygen of the bridging 
phosphate group and with O2 on two thymine bases. The other Na +  ion is disordered 
at three positions, one of which is coordinated to the terminal phosphate group and 
also has a weak interaction with the thymine O2 of a different molecule. 
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 Finally, in [Na 4 (Ap 4 A)(H 2 O) 7 ] · 5H 2 O [ 132 ] (for biological activities of Ap 4 A see 
[ 137 ]), the two adenosine entities in the Ap 4 A molecule, which are connected by the 
four-phosphate chain, are folded back to form a stack between the two adenine base 
moieties. Four independent Na +  ions exist, two of which bind to the sugar moieties 
of both adenosines of the Ap 4 A molecule, each by forming the O2’–M–O3’ chela-
tion. The third Na +  ion plays a role to stabilize the folded A (1) p (1) p  (2) p  (3) p (4) A (2)  struc-
ture and also connects two Ap 4 A molecules, by bridging N7 of the adenosine A (2)  
and a phosphate oxygen of the second phosphate group p (2)  in the same ligand mol-
ecule and additionally by bridging N7 of A (1)  and a phosphate oxygen of p (3)  in the 
second ligand. The forth Na +  ion attaches to phosphate oxygens over the three phos-
phate groups in the same molecule. 

 In summary, sodium ion exhibits all of the three M–base, −sugar, and –phosphate 
binding modes. The observed, predominant metal binding sites on the bases are N7 
of adenine, N7 and O6 of guanine, and O2 of uracil or thymine.    

4     Simple-Carbohydrate Complexes 

 Carbohydrates are ubiquitous molecules in both living organisms and an inexhaust-
ible source of raw material for chemical industry. As possible metal ligation sites, 
they possess polyhydroxyl oxygens and the ring ether oxygen for monosaccharides, 
and additionally the ether oxygen that bridges between the two sugar residues for 
polysaccharides. As simple carbohydrates, we survey here only selected saccharides 
that are biologically of special relevance, including monosaccharides (fi ve- 
membered ribose, ribulose, and xylulose; six-membered glucose, mannose, galac-
tose, and fructose and a few of their phosphate or sulfate esters) and disaccharides 
(sucrose, maltose, and lactose). Oligosaccharides (α-, β-, and γ-cyclodextrins) are 
excluded. Table  12  lists the total number of alkali metal ion complexes formed with 
these carbohydrates and Table  13  summarizes metal binding sites/modes for each 
complex [ 138 – 156 ]. Nomenclature and chemical structure of the representative sac-
charides are presented in Figure  6 .

     The CSD search provided three complexes only for glucose among the six- 
membered monosaccharides examined, four for glucose 1- and 6-phosphates, one 
for galactose 1-phosphate, one for fructose 1-phosphate, four for disaccharides, and 
none for the fi ve-membered monosaccharides. The three glucose complexes, 
{[Na( d -Glc) 2 ] · Cl}  3n   [ 138 ], {[Na(α- d -Glc) 2 ] · Cl · H 2 O}  3n   [ 139 ], and {[Na(α- d - 
Glc) 2 ] · Cl · 0.78H 2 O}  n   [ 140 ], have a common [Na( d -Glc) 2 ] structural unit, where the 
Na +  ion is coordinated by six hydroxyls originating from four separate glucose mol-
ecules. The observed interaction of Na +  and glucose is relevant to the mechanism of 
action of the glucose · Na +  cotransporter in biological systems [ 157 ]. 

 Three complexes of glucose 1-phosphate, one for Na +  [ 141 ,  142 ] and two for K +  
[ 118 ,  143 – 145 ] and a Na +  complex of glucose 6-phosphate [ 146 ,  147 ] are available. 
No structural details are given in the fi rst report [ 141 ] of the Na +  complex, Na 2 (α- d - 
Glc-1-phosphate) · 3.5H 2 O; later, the same authors mention that the Na +  ion binds to 
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the ring ether O5 and the hydroxyl O6 of the same ligand and additionally to phos-
phate oxygen O(P) of a different ligand [ 149 ]. The crystal structure of the same 
compound was redetermined by another author [ 142 ] and the above mentioned 
argument is confi rmed. This coordination mode is also observed in the two K +  com-
plexes, K(α- d -Glc-1-phosphate) [ 143 ] and K 2 (α- d -Glc-1-phosphate) · 2H 2 O [ 118 , 
 144 ,  145 ]. On the other hand, the Na +  complex of glucose-6-phosphate, Na(α- d - 
Glc-6-phosphate) [ 146 ,  147 ] is of interest in that O5, O6, and an O(P) of the same 
ligand are simultaneously involved in metal coordination. 

 Glucose 6-sulfate is a component of sulfated polysaccharides (for example, 
chondroitins). There is evidence that cations associated with sulfate groups play an 
essential role in the mechanism of polysaccharide gelation [ 158 ]. In the K +  com-
plex, K(β- d -Glc-6-sulfate) [ 148 ], the K +  ion binds to four sulfate oxygens from four 
ligand molecules in addition to two hydroxyl oxygens from two ligands. 

 The K +  complex of galactose 1-phosphate, K 2 (α- d -Gal-1-phosphate) · 5H 2 O 
[ 149 ], where galactose is an epimer (at C4) of glucose, performs simultaneous, 

   Table 12    Total number of alkali metal ion–carbohydrate complexes in the solid state. a,b    

 Carbohydrate c   Li +   Na +   K +   Rb +   Cs +   Total 

 Ribose  0  0  0 (1)  0  0  0 (1) 
 Ribulose  0  0  0 (1)  0  0  0 (1) 
 Xylulose  0  0  0  0  0  0 
 Glucose  0  3 d  (3)  0  0  0  3 (3) 
 Mannose  0  0  0  0  0  0 
 Galactose  0  0  0  0  0  0 
 Fructose  0  0  0  0  0  0 
 Ribose-phosphate  0  0  0  0  0  0 
 Glucose 1-phosphate  0  1 e  (1)  2 f  (2)  0  0  3 (3) 
 Glucose 6-phosphate  0  1 g  (1)  0  0  0  1 (1) 
 Glucose 6-sulfate  0  0  1 h  (1)  0  0  1 (1) 
 Galactose 1-phosphate  0  0  1 i  (1)  0  0  1 (1) 
 Fructose 6-phosphate  0  1 j  (1)  0  0  0  1 (1) 
 Fructose 1,6-diphosphate  0  1 k  (1)  0  0  0  1 (1) 
 Sucrose  0  2 l  (2)  0  0  0  2 (2) 
 Maltose  0  1 m  (1)  1 n  (1)  0  0  2 (2) 
 Lactose  0  0  0  0  0  0 
 Total  0  10 (10)  5 (7)  0  0  15 (17) 

   a Obtained from the Cambridge Structural Database (the CSD version 5.35 updated to February 
2014). 
  b The alkali metal ion–carbohydrate  complexes  are those that contain  direct metal bonding  to car-
bohydrates. The number in parenthesis denotes the sum of alkali metal ion-carbohydrate  com-
plexes  and alkali metal ion–carbohydrate  salts , the latter having  no direct metal bonding  to 
carbohydrates. 
  c Only selected saccharides that are biologically of special relevance are surveyed. 
  d [ 138 – 140 ].  e [ 141 ,  142 ].  f [ 143 – 146 ].  g [ 147 ,  148 ].  h [ 149 ].  i [ 150 ].  j [ 151 ].  k [ 152 ].  l [ 153 – 155 ].  m [ 156 ]. 
 n [ 157 ].  
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intramolecular O5–, O6–, and O(P)–M bonding. On the other hand, in the Na +  com-
plex of fructose 6-phosphate, Na 2 (α- d -Fru-6-phosphate) · 7H 2 O [ 150 ], highly (four-
fold) hydrated Na +  ions bind to the sugar ligands through only one or two hydroxyl 
oxygens and besides there exists no direct interaction with phosphate oxygens, 
which are surrounded by one or two water molecules for each of three oxygens by 
forming hydrogen bonds. The Na +  complex of fructose 1,6-diphosphate, Na 2 (α- d - 
Fru-1,6-diphosphate) · 8H 2 O [ 151 ], is quite unique in that it involves the intramo-
lecular O1 (phosphate ester oxygen)–M–O5 (ring ether oxygen) chelation. 

 Two sucrose complexes are reported: Na(sucrose) · Br · 2H 2 O [ 152 ,  153 ] and 
Na 3 (sucrose) 2  · 3I · 3H 2 O [ 154 ]. The former Br complex (metal:ligand = 1:1) exhibits 
a simple metal coordination environment: three ligand molecules are arranged 
around the Na +  ion by ligating each through a hydroxyl oxygen (i.e., two hydroxyl 
oxygens from the Glc residue and one from the Fru residue). The latter I complex 
(metal:ligand = 3:2) includes three independent Na +  ions (Na1, Na2, and Na3), each 
of which is trapped between the two ligand molecules by forming fi ve Na + –oxygen 
bonds for both the Na1 and Na2 and eight bonds for Na3. The coordination mode is 
the same for Na1 and Na2: among the four ligation sites from one ligand molecule, 
two each are from Glc and Fru residues (a hydroxyl and a ring ether oxygen from 
Glc and two hydroxyl oxygens from Fru), and the fi fth ligation site is occupied by a 
hydroxyl oxygen of Fru of the second ligand. Na3 is fully occupied by eight oxy-
gens, four each from the two ligand molecules with the same set of the ligation sites, 
that is, for each ligand, a hydroxyl oxygen and a bridging ether oxygen O1 from Glc 
and two hydroxyl oxygens from Fru. 

 Two maltose (to be exact, its derivative) complexes are reported: [Na 2 (1,6-
anhydro- β-maltose) 2 (H 2 O) 3 ] · O 2  [ 155 ] and [K 2 (1,6-anhydro-β- 
maltose) 3 (NCS) 2 (MeOH)]  n   [ 156 ]. In both the Na +  and K +  complexes, the metal ions 
are trapped among the ligand molecules, thus this maltose derivative behaves as 
‘carbohydrate ionophore’. The Na +  complex contains two independent Na +  ions 
(Na1 and Na2), which show similar metal coordination mode/sites: four oxygens 
from one ligand (a hydroxyl oxygen and a ring ether oxygen of the 1,6-anhydro-Glc 
residue and a hydroxyl oxygen and a bridging ether oxygen O1 of the Glc residue) 
and two hydroxyl oxygens of the Glc residue from the other ligand. The K +  complex 
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  Figure 6    Nomenclature and chemical structure of representative simple carbohydrates.       
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exhibits essentially the same coordination mode for two independent K +  ions 
(see Figure  7 ).

   In summary, it is quite certain that the three ligation sites of carbohydrates, 
hydroxyl oxygens and the ring ether oxygen for monosaccharides and additionally 
the bridging ether oxygen for disaccharides, are commonly preferred in alkali metal 
ion coordination in the solid state. Sugars having phosphate or sulfate groups pro-
vide the phosphate and sulfate oxygens as additional, major ligation sites, including 
the phosphate ester oxygens [ 151 ].  

5     Naturally Occurring Antibiotic Ionophore Complexes 

 Ionophores can be characterized as receptors which form stable, lipophilic com-
plexes with charged hydrophilic species such as Na + , K + , Ca 2+ , etc., and thus are able 
to transport them into lipophilic phases, for example across natural or artifi cial 
membranes. There are two types: mobile ion carriers and channel-forming iono-
phores. Ion carrier ionophores are further classifi ed into three types: depsipeptides, 
macrotetrolides, and polyether antibiotics. Figure  8  presents chemical structures of 
some representative ionophores.

  Figure 7    A view showing the trapping of a K +  ion among the three ligand molecules in the 
[K 2 (1,6-anhydro-β-maltose) 3 (NCS) 2 (MeOH)]  n   complex [ 156 ]. Ligation sites are: four oxygens 
from one ligand (a hydroxyl oxygen and a ring ether oxygen of the 1,6-anhydro-Glc residue and a 
hydroxyl oxygen and a bridging ether oxygen O1 of the Glc residue), two oxygens from the second 
ligand (a hydroxyl oxygen and a ring ether oxygen of the 1,6-anhydro-Glc residue), and two oxy-
gens (a hydroxyl oxygen and a ring ether oxygen of the Glc residue) from the third ligand. The 
ninth site is occupied by a NCS solvent ( yellow : sulfur atom).       
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   Good reviews on X-ray structures of metal complexes with depsipeptides [ 6 ], 
macrotetrolides [ 6 ], and polyether ionophore antibiotics [ 6 ,  7 ] reported prior to 
1982 and, most recently, those for polyether antibiotics [ 8 ] are available. Table  14  
lists the total number of crystal structures of alkali metal ion complexes with natu-
rally occurring antibiotic ionophores, including their chemical derivatives [ 161 – 190 , 
 193 – 240 ], containing those cited in [ 6 – 8 ]. Uncomplexed structures are not consid-
ered here. We also do not deal with synthetic ionophores, such as crown ethers, 
cryptands, or synthetic polyethers, though they could mimic natural ionophores in 
the sense that some of them display similar selective complexation and transfer as 
naturally occurring ligands (for a review on crystal structures of synthetic polyethers 
and their metal complexes prior to 1982, refer to [ 6 ]).
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  Figure 8    Nomenclature and chemical structures of representative antibiotic ionophores.       
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    Table 14    Total number of alkali metal ion–natural ionophore complexes in the solid state. a    

 Antibiotic b   Li +   Na +   K +   Rb +   Cs +   Total 

  1. Channel-type ionophore  
 Gramicidin  0  1 c   2 d   1 e   3 f   7 
  2. Carrier-type ionophores  
  Depsipeptides  
 Antamanide  2 g   1 h   0  0  0  3 
 Enniatin B  0  1 i   3 j   2 k   0  6 
 Prolinomycin  0  0  0  1 l   0  1 
 Valinomycin  0  1 m   4 n   1 o   1 p   7 
  Macrotetrolides  
 Nonactin  0  1 q   1 r   0  1 s   3 
 Tetranactin  0  1 t   2 u   2 v   1 w   6 
 Boromycin  0  0  0  1 x   1 y   2 
  Polyether antibiotics  
  Class 1a: Monovalent polyethers  
 Alborixin  0  1 z   1 aa   0  0  2 
 CP-54838  0  0  0  1 ab   0  1 
 Kijimicin  0  0  0  1 ac   0  1 
 Monensin  3 ad   20 ae   2 af   2 ag   0  27 
 Mutaromycin  0  0  3 ah   0  0  3 
 Nigericin  0  1 ai   1 aj   0  0  2 
 Noboritomycin  0  0  0  1 ak   0  1 
 Salinomycin  0  3 al   0  0  0  3 
  Class 1b: Monovalent glycoside polyethers  
 A204A  0  1 am   0  0  0  1 
 CP-80219  0  0  0  1 an   0  1 
 CP-84657  0  0  0  1 ao   0  1 
 Dianemycin  0  1 ap   1 aq   3 ar   0  5 
 Endusamycin  0  0  0  1 as   0  1 
 K-41  0  2 at   0  0  0  2 
 Septamycin  0  0  0  1 au   0  1 
  Class 2a: Divalent polyethers  
 Lasalocid A  0  4 av   0  0  0  4 
  Class 2b: Divalent glycoside ionophore  
 None 
  Class 3: Divalent pyrrole ether ionophore  
 Cezomycin  0  2 aw   0  0  0  2 
  Class 4: Acyl tetronic acid ionophore  
 Tetronasin  0  1 ax   0  0  0  1 
 Total  5  42  20  20  7  94 

   a Obtained from the Cambridge Structural Database (the CSD version 5.35 updated to February 
2014) or Protein Data Bank (January 2015) for gramicidin. 
  b Synthetic analogs are included. 
  c [ 161 ].  d [ 162 ,  163 ].  e [ 164 ].  f [ 165 – 167 ].  g [ 169 ,  170 ].  h [ 171 ].  i [ 172 ].  j [ 173 – 175 ].  k [ 176 ,  177 ].  l [ 178 ]. 
 m [ 179 ].  n [ 180 – 183 ].  o [ 184 ].  p [ 185 ].  q [ 186 ].  r [ 187 ].  s [ 188 ].  t [ 189 ].  u [ 189 ].  v [ 184 ,  189 ].  w [ 188 ].  x [ 190 ]. 
 y [ 190 ].  z [ 193 ].  aa [ 194 ].  ab [ 195 ].  ac [ 196 ].  ad [ 197 – 199 ].  ae [ 200 – 214 ].  af [ 205 ,  215 ].  ag [ 216 ,  217 ].  ah [ 218 ]. 
 ai [ 219 ].  aj [ 220 ].  ak [ 221 ].  al [ 222 – 224 ].  am [ 225 ].  an [ 226 ].  ao [ 227 ].  ap [ 228 ].  aq [ 229 ].  ar [ 226 ,  230 ,  231 ]. 
 as [ 232 ].  at [ 233 ].  au [ 234 ].  av [ 235 – 237 ].  aw [ 238 ,  239 ].  ax [ 240 ].  
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5.1       Channel-Forming Ionophore Complexes 

 This class of ionophores includes gramicidins and peptaibols (alamethicin, zer-
vamicin, suzukallin, trichotoxins, etc. [ 159 ]). Among these, no crystal structures of 
metal ion complexes have been reported except for those of gramicidins, which are 
described here. 

 Gramicidin is a linear pentadecapeptide antibiotic composed of hydrophobic 
amino acids with alternating  l - and  d - confi gurations, HCO- l -Val 1 -Gly 2 - l -Ala 3 - d -
Leu 4 - l -Ala 5 - d -Val 6 - l -Val 7 - d -Val 8 - l -Trp 9 - d -Leu 10 - l -Trp 11 - d -Leu 12 - l -Trp 13 - d - Leu  14    - l -
Trp 15 -NHCH 2 CH 2 OH. Naturally occurring gramicidin D (gD) is a mixture of 
isoforms differing in amino acid composition at position 1, Val1/Ile1, and position 
11, Trp11(gA)/ Phe11(gB)/Tyr11(gC) (gA, gB, gC: gramicidin A, B, C). It forms 
membrane channels that are specifi c for the transport of monovalent cations, with 
no measurable permeability to anions or polyvalent cations; ions and water move 
through a pore whose wall is formed by the peptide backbone; and the single- 
channel conductance and cation selectivity vary when the amino acid sequence is 
varied, even though the permeating ions make no contact with the amino acid side 
chains [ 160 ]. 

 Seven alkali metal ion complexes have been reported: one Na +  [ 162 ], two K +  
[ 162 ,  163 ], one Rb +  [ 164 ], and three Cs +  [ 165 – 167 ] complexes. In each of 
[Na 1.26 (gramicidin D) 4 ] · I 1.21  · 18.5H 2 O · 2MeOH [PDB code 3L8L] [ 161 ], 
[K 1.1 (gramicidin D) 4 ] · I  x   ·  n H 2 O [2IZQ] [ 163 ], [Rb 2.8 (gramicidin D) 4 ] · Cl 2.6  ·  n H 2 O · EtOH 
[1W5U] [ 164 ], and [Cs 2 (gramicidin A) 4 ] · Cl 2  ·  n H 2 O [1AV2] [ 165 ], four polypeptide 

  Figure 9    Structure of the 
Na +  complex of gramicidin 
D, [Na 1.26 (gramicidin 
D) 4 ] · I 1.21  [ 161 ], showing 
the formation of the two 
pairs of  right -handed 
double-stranded β-sheets 
(channels 1 and 2) 
intertwined in an 
antiparallel fashion and the 
therein incorporated Na +  
ion positions. The peptide 
chains and the Na +  ions are 
depicted as ‘wires’ and 
‘spheres’, respectively.       
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monomers form two pairs of  right -handed double- stranded β-sheets (the two 
β-helical double-strands: channels 1 and 2) intertwined in an antiparallel fashion, 
where the two peptide backbones form the wall of the channel with the carbonyl 
groups directing inward and the hydrophobic side chains outward (Figure  9  shows 
the Na +  complex [ 161 ]).

   The number of the metal binding sites within each channel (each gramicidin 
dimers) and the sum of the partial occupancies (the total number of metal ions) per 
two channels (two dimers) vary: two sites with 1.26 occupancies for Na +  [ 161 ], 
three sites with 1.10 occupancies for K +  [ 163 ], seven sites with 2.81 occupancies for 
Rb +  [ 164 ], and three sites with 2.0 occupancies for Cs +  [ 165 ]. Each ion makes more 
than two contacts to the π clouds of the carbonyl and peptide bonds: three contacts 
(from 2.3 to 3.3 Å) for Na + , 2–4 contacts (from 2.6 to 3.7 Å) for K + , 3–5 contacts 
(from 3.1 to 3.8 Å) for Rb + , and six contacts (from 3.6 to 4.5 Å) for Cs + . On the other 
hand, the formation of the  left -handed, anti-parallel, double-stranded β-helix was 
also reported in crystal structures of [K(gramicidin A)] · NCS [1GMK] [ 162 ] and 
[Cs(gramicidin A)] · Cl [1C4D] [ 166 ], but these structures have been claimed to be 
incorrect [ 165 ,  168 ].  

5.2     Ion Carrier Ionophore Complexes 

 Table  15  summarizes alkali metal ion binding sites/modes on ion carrier ionophore 
antibiotics in the solid state [ 169 – 240 ].

5.2.1       Depsipeptide Ionophore Complexes 

 Depsipeptide ionophores are cyclic compounds constructed by sequences of amino 
and hydroxy carboxylic acids (usually α-amino and α-hydroxy acids), commonly 
but not necessarily regularly alternating. These involve antamanide, enniatins, beau-
vericin, prolinomycin, and valinomycin (though, strictly speaking, antamanide is 
not a depsipeptide but a peptide, yet it is conventionally classifi ed in this class of 
ionophores). A total number of so far reported crystal structures of alkali metal ion 
complexes are: three [ 169 – 171 ] for antamanide, six [ 172 – 177 ] for enniatin B, zero 
for beauvericin, one [ 178 ] for prolinomycin, and seven [ 179 – 185 ] for valinomycin 
(Table  15 ). 

 Commonly in these complexes, the polar moieties of the ionophore molecule are 
turned toward the interior while the exterior surface contains the hydrophobic side 
groups. Interestingly, metal binding sites/modes are different among these iono-
phores: For the antamanide ionophore, cyclo(−Val-Pro-Pro-Ala-Phe-Phe-Pro-Pro- 
Phe-Phe-), four amide oxygens are commonly involved in metal coordination in 
three complexes with Li +  [ 169 ,  170 ] and Na +  [ 171 ] ions. For enniatin B, cyclo(− l - 
MeVal- d -HyIv-) 3 , (i) three amide and three ester oxygens are involved in a discrete 
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[K(ionophore)] complex [ 175 ], (ii) six amide oxygens (three each from each of the 
two ionophore molecules) in a discrete [K(ionophore) 2 ] complex [ 174 ], and (iii) in 
infi nite [−(K +  or Rb + )-ionophore-]  n   “sandwich”-type complexes [ 173 ,  176 ], (iii-1) 
six amide oxygens (three from the upper molecule and three from the lower mole-
cule) and six ester oxygens (three each from the upper and the lower molecule) in 
the K +  complex [ 173 ], or (iii-2) two amide (one each from the upper and the lower 
molecule) and three ester oxygens (two from the upper and one from the lower 
molecule) in the Rb +  complex [ 176 ]. For valinomycin (refer to Figure  8 ), cyclo(− d -
HyIv- d -Val- l -Lac- l -Val-) 3 , six ester carbonyl oxygens are always involved in metal 
bonding in Na +  [ 179 ], K +  [ 180 – 183 ], Rb +  [ 184 ], and Cs +  [ 185 ] complexes, as shown 
in Figure  10 , while six amide oxygens are involved in the Rb +  complex with proli-
nomycin [ 178 ], cyclo(− d -Val- l -Pro- l -Val- d -Pro-) 3 , a synthetic proline analog of 
valinomycin.

5.2.2        Macrotetrolide Ionophore Complexes 

 Macrotetrolide ionophores are 32-membered cyclic tetralactones which are built up 
by four ω-hydroxycarboxylic acid subunits of alternating enantiomerism bound to 
each other by esterifi cation, including nonactin, monactin, dinactin, trinactin, and 
tetranactin (refer to Figure  8 ). Among these, X-ray structures of alkali metal ion 
complexes are available only for nonactin and tetranactin. Commonly in all of these 
complexes, four ester carbonyl oxygens and four ether oxygens from the tetrahydro-
furan moieties are all directed toward the interior of the ionophore molecule to form 
eight coordination bonds with the metal ion (Na +  [ 186 ], K +  [ 187 ], and Cs +  [ 188 ] ions 
for nonactin and Na +  [ 189 ], K +  [ 189 ], Rb +  [ 184 ,  189 ], and Cs +  [ 188 ] ions for tetran-
actin), with the periphery of the complex molecules being highly hydrophobic, a 
favorable feature for an effective alkali metal ion transport, as shown in Figure  11 . 
Boromycin is a  d -valine ester of a Böeseken complex of boric acid with a macrodi-
olide. Unfortunately, limited information is given on metal bonding in its Rb +  as 
well as Cs +  complexes [ 190 ].

  Figure 10    Structure of the 
K +  complex of valinomycin 
(refer to Figure  8 ), 
[K(valinomycin)(picrato)-
(H 2 O)] [ 180 ]. Six ester 
carbonyl oxygens are 
involved in the metal 
bonding. The picrato and 
the aqua ligands are 
omitted for clarity.       
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  Figure 11    Structure of the 
K +  complex of nonactin 
(refer to Figure  8 ), 
[K(nonactin)] · NCS [ 187 ]. 
Four ester carbonyl 
oxygens and four ether 
oxygens from the 
tetrahydrofuran moieties 
are involved in metal 
bonding.       

5.2.3        Polyether Ionophore Complexes 

 Polyether ionophores, also designated as ‘carboxylic acid ionophores’, are linear 
and contain a terminal carboxyl group and one or two hydroxyl groups at the other 
end of tetrahydrofuran and tetrahydropyrane rings. According to Westley [ 191 ], 
they fall into four broad classes: monovalent (class  1a ), monovalent glycoside (class 
 1b ), divalent (class  2a ), and divalent pyrrole ether (class  3 ). Monovalent ionophores 
are those that are not able to transport divalent cations, including monensin and 
nigericin as representatives; monovalent glycoside ionophores include dianemycin, 
septamycin, and the antibiotic A204A; divalent ionophores include lasalocids A-E, 
iso-lasalocid, lysocellin, and ionomycin; and divalent pyrrole ether ionophores con-
tain antibiotic-A23187 and X-14547A. Structures and properties of polyether iono-
phores were repeatedly reviewed [ 5 – 8 ,  192 ]. 

 A large body of crystal structures of alkali metal ion complexes with polyether 
ionophores are available, most of which belong to classes  1a  or  1b  ionophores 
(Table  14 ), while much fewer exist for classes  2a  and  3  ionophores. A common 
structural feature characteristic of these polyether ionophore complexes is that the 
ionophore molecule is wrapped around the metal ion and held in this conformation 
by one or two head-to-tail hydrogen bonds between the carboxylate group and the 
one or two hydroxyls or pyrrole functions of the terminal moiety. A large number of 
ring ether oxygens (from two to four) always participate in metal bonding (with one 
exception in the cezomycin–Na +  complex [ 238 ]). Characteristic metal binding sites/
modes for representative ionophores are described below. 

  Class 1a, monovalent polyether ionophores : For monensin, which exhibits a 
high metal ion selectivity for Na + , it seems a rule that the metal ion is coordinated 
by four ring ether oxygens, one hydroxyl oxygen, and one CH 2 OH oxygen, as 
observed in three Li +  complexes [ 197 – 199 ], twenty Na +  complexes [ 200 – 210 ], three 
K +  complexes [ 203 ,  205 ,  215 ], and two Rb +  complexes [ 216 ,  217 ] (see Figure  12 ). 
The involvement of the CH 2 OH oxygen in metal coordination is unique for monen-
sin among class  1a  ionophores. As exceptions, carboxylate oxygen (or oxygens) 
instead of CH 2 OH oxygen is (are) involved in metal bonding in two Na +  complexes 
with monensin substituted at the CH 2 OH group by CH 2 O-urethane [ 208 ] or methyl 
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[ 214 ] residues. (Refer also to a recent review on structures and properties of monen-
sin A, where many crystal structures of monensin complexes are drawn [ 241 ]). For 
nigericin, metal binding sites are three ether oxygens, one carboxylate oxygen, and 
one methoxy oxygen in Na +  [ 219 ] and K +  [ 220 ] complexes. Ionophores that contain 
the carbonyl functional group have the common metal–O = C bonding in a Na +  
 complex of CP54838 [ 195 ], a Rb +  complex of noboritomycin [ 221 ], and three Na +  
complexes of salinomycin [ 222 – 224 ].

    Class 1b, monovalent glycoside ionophores : For structurally related dianemycin, 
endusamycin, and CP-80219, which have a deoxysugar substituent at different posi-
tions, four ether oxygens, one (for Na +  and K +  ions) or two (for Rb +  ion) hydroxyl 
oxygens, and one CH 2 OH oxygen are common metal binding sites, in Na +  [ 228 ], K +  
[ 229 ], and Rb +  [ 226 ] complexes of dianemycin, a Rb +  complex of endusamycin 
[ 232 ] and a Rb +  complex of CP-80219 [ 226 ]. On the other hand, in Na +  complexes 
of A204A [ 225 ] and K-41 [ 233 ], which belong to a group of antibiotics similar to 
septamycin, three ether oxygens, one methoxy oxygen, and two carboxylate oxy-
gens are common metal binding sites. 

  Class 2a, divalent polyether ionophores : Crystal structures of alkali metal ion 
complexes with class  2a  ionophores are quite limited, only four Na +  complexes of 
lasalocid A or its derivatives are available [ 235 – 237 ]. Lasalocids are unique in that 
their backbones are considerably shorter than those of the other polyether iono-
phores, making it diffi cult for the ionophore molecule to fully shield the complexed 
metal ion from the solvent. This diffi culty is overcome by forming ionophore:metal 
2:2 complexes as observed in three Na +  complexes [ 235 ,  236 ]. In this dimeric struc-
ture, one of the two metal ions (Na1) binds to one ligand (L1) through two ether 
oxygens, two hydroxyl oxygens, and a carbonyl oxygen, and the sixth position is 
occupied by one carbonyl oxygen of the other ligand (L2), and the second metal ion 
(Na2) binds to the L2 ligand through two ether oxygens, two hydroxyl oxygens in 
[Na(lasalocid A)(H 2 O)] 2  [ 236 ] (see Figure  13 ) or additionally a carbonyl oxygen 
from the L1 ligand in [Na(5-Br-lasalocid)] 2  [ 235 ]. As a minor case, the simple 

  Figure 12    Structure of the 
Rb +  complex of monensin 
(refer to Figure  8 ), 
[Rb(monensin)] · H 2 O 
[ 217 ]. Four ring ether 
oxygens, one hydroxyl 
oxygen, and one CH 2 OH 
oxygen are involved in 
metal bonding.       
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  Figure 13    Structure of the 
Na +  complex of lasalocid 
A (refer to Figure  8 ), 
[Na(lasalocid A)(H 2 O)] 2  
[ 236 ]. Because of the small 
size of the ionophore 
molecule, in order to 
overcome the diffi culty for 
the ionophore molecule to 
fully shield the metal ion 
from the solvent, the 
ligand:metal 2:2 complex 
is formed.       

  Figure 14    Structure of the 
Na +  complex of cezomycin 
(refer to Figure  8 ), 
[Na{demethyl(C-11)-
cezomycin} 2 ] · 3H 2 O [ 238 ]. 
Because of the small size 
of the ionophore molecule, 
in order to fully shield the 
metal ion from the solvent, 
the ligand:metal 2:1 
complex is formed.       

ligand:metal 1:1 complex is also formed in [Na(lasalocid)(MeOH)] [ 237 ] in which 
the Na +  ion is coordinated to the same fi ve ligand oxygens as in the dimer structure, 
but it is capped by the oxygen of a methanol molecule. This monomeric structure is 
assumed to be a model for cation uptake and release in polar media, whereas the 
actual cation transport process is achieved by the lipophilic dimer [ 237 ].

    Class 2b, divalent glycoside ionophore : Antibiotic 6016. No X-ray structure of 
any alkali metal ion complex is reported. 

  Class 3, divalent pyrrole ethers ionophores : These include A-23187 (calcimy-
cin), A-83094A (16-deethylindanomycin), AC7230, cezomycin, CP-61405 (routien-
nocin), and X-14547A (indanomycin), each of which contains a pyrrole-2- carbonyl 
chromophore. Among these, only two X-ray structures of alkali metal ion com-
plexes are known for cezomycin [ 238 ,  239 ]. Because of the small size of the iono-
phore molecule, in order to fully shield the metal ion from the solvent, ligand:metal 
2:1 or 4:4 complexes are formed in [Na{demethyl(C-11)-cezomycin} 2 ] [ 238 ] 
(Figure  14 ) and [Na(cezomycin)] 4  [ 239 ], respectively, where the octahedral Na +  ion 
binds to a carboxylate oxygen, a carbonyl oxygen, and a benzoxazole nitrogen of 
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  Figure 15    Structure of the 
Na +  complex of tetronasin 
(refer to Figure  8 ), 
[Na(4-Br-dinitrobenzoyl-
tetronasin)(H 2 O)] [ 240 ]. 
Two ether oxygens, one 
methoxy oxygen, and two 
carbonyl oxygens are 
involved in metal bonding.       

one ligand and to the same set of the three sites from the other ligand in the former 
2:1 complex, while each of four Na +  ions binds to the same set of the three sites 
noted above from one ligand and two carboxylate oxygens (one from the second 
ligand and the other from the third ligand) in the tetrameric latter complex. No ether 
oxygen is involved in metal coordination.

    Class 4, acyl tetronic acid ionophores : Tetronacin (M139603) and tetronomycin 
are unique in that they contain a tetronic acid moiety instead of the essential carbox-
ylic acid function. The octahedral Na +  ion is coordinated by two ether oxygens, one 
methoxy oxygen, two carbonyl oxygens, and a water solvent in [Na(4-Br- 
dinitrobenzoyltetronasin)(H 2 O)] [ 240 ] (Figure  15 ).

   In summary, extensive X-ray crystallographic studies have revealed that the 
remarkable selectivity of some ionophores is attributed to the size of the cage. Only 
cations with an appropriate radius fi t the cavity perfectly, larger ones have to deform 
it, while smaller ones fi nd a nonoptimal coordination geometry. Over 120 naturally 
occurring ionophores are known [ 192 ] and still new antibiotic ionophores are 
reported every year. Just as the early works of antibiotic ionophores as selective 
alkali cation carriers originated the synthesis of so-called polyether ligands such as 
crown ethers and led to the rapid development into the fi elds of host–guest chemis-
try and supramolecular chemistry, it is hoped that the discovery of the new types of 
antibiotic ionophores will continue to play such a role.    

6     Concluding Remarks and Outlook 

 In this chapter, by surveying hitherto reported X-ray studies, we have tried to pres-
ent a summary of the state of our knowledge regarding alkali metal ion interactions 
with biologically important ligands, that is, amino acids and small peptides, nucleic 
acid constituents, simple carbohydrates, and naturally occurring antibiotic iono-
phores. X-ray studies have revealed some trends or certain general aspects on metal 
ion binding sites/modes toward these ligands and their structures or functions, espe-
cially for antibiotic ionophores. However, somewhat surprisingly, there is still quite 

 

Aoki, Murayama, and Hu



93

limited knowledge of interactions of amino acids and peptides and carbohydrates 
with alkali metal ions, in particular from the viewpoint of structural chemistry. 
Because these substances possess a wealth of functional groups with ‘hard’ nature 
preferred by ‘hard’ alkali meal ions, it is hoped that further X-ray studies will add 
new observations, for example, the formation of novel ‘carbohydrate ionophores’ or 
‘metallacryptands’ with novel architectures, with one of the ultimate goals being 
directed towards the design of more highly ion-selective hosts. 

 Though not treated here, it is clear that comparative studies of the complexes 
involving alkaline earth metal ions and transition metal ions are needed, in order to 
enhance our understanding of the nature and the biological relevance of the alkali 
metal ion complexes. Of course, such studies have to be complemented by solution 
studies.     

 Abbreviations 

  Regarding the abbreviations of amino acids see Table  1 . 
  aa    amino acid   
  Ade    adenine   
  Ado–2H    adenosinate dianion   
  ADP    adenosine diphosphate   
  ADPH2    diprotonated adenosine diphosphate   
  Ala–H    alaninate monoanion   
  AMP    adenosine monophosphate   
  AMPH    monoprotonated adenosine monophosphate   
  AppppA (Ap 4 A)     P  1 , P  4 -bis(5’-adenosyl)tetraphosphate   
  ApU    adenylyl-3’,5’-uridine   
  ApT    adenylyl-3’,5’-thymidine   
  ATP    adenosine 5’-triphosphate   
  ATPH2    diprotonated adenosine 5’-triphosphate   
  C +     cytosinium monocation   
  CCDC    Cambridge Crystallographic Data Centre   
  CDP    cytidine diphosphate   
  CDPcholine    cytidine diphosphocholine   
  CDPethanolamine    cytidine diphosphoethanolamine   
  Cha    cyclohexylalanyl   
  CMP    cytidine monophosphate   
  CMPH    monoprotonated cytidine monophosphate   
  CpG    cytidylyl-3’,5’-guanosine   
  CSD    Cambridge Structural Database   
  Cyt    cytosine   
  d    deoxyribose   
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  d    dexter (optical isomer named after Latin)   
  dCMP    deoxycytidine monophosphate   
  d(CpG)    deoxycytidylyl-3’,5’-deoxyguanosine   
  dien    diethylenetriamine   
  dGMP    deoxyguanosine monophosphate   
  DMSO    dimethylformamide   
  en    ethylenediamine   
  9-Et-azacrown-Ade    16-(2-(9H-adenin-9-yl)ethyl)-16-aza-1,4,7,10,13-pentaoxa-

cyclooctadecane   
  1-EtThy    N1-ethylthymine   
  Fru    fructose   
  gA, gB, gC, gD    gramicidin A, B, C, D   
  Gal    galactose   
  Glc    glucose   
  GlyGly    glycylglycine   
  Gly–H    glycinate monoanion   
  GlyTyr    glycyltyrosine   
  GMP    guanosine monophosphate   
  GMPH    monoprotonated guanosine monophosphate   
  GpC    guanylyl-3’,5’-cytidine   
  Gua    guanine   
  HyIv    hydroxyisovalerate   
  Hyp    hypoxanthine   
  IMP    inosine monophosphate   
  IMPH    monoprotonated inosine monophosphate   
  Ino–H    inosinate monoanion   
  iPr    isopropyl   
  isoGuo    isoguanosine   
   l     leavus (optical isomer named after Latin)   
  L    ligand   
  Lac    lactic acid   
  M    metal ion   
  1-Me-Cyt    N1-methylcytosine   
  1-MeCyt–H    N1-methylcytosinate monoanion   
  Me 4 dae     N , N , N ’, N ’-tetramethyl-1,2-diaminoethane   
  9-MeGua    N9-methylguanine   
  1-MeThy    N1-methylthymine   
  1-MeThy–H    N1-methylthyminate monoanion   
  1-MeUra–H    N1-methyluracilate monoanion   
  MeVal    methylvalyl   
  NAD    5’-nicotinamide-ribosyl-5’-adenyl-pyrophosphate   
  O(P)    oxygen atom of the phosphate group   
  1-Pr-azacrown–Thy    (3-(1-thyminyl)propyl)-4,13-diaza-18-crown-6   
  Pro–H    prolinate monoanion   
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  pTpT    5’-phosphoryl-thymidylyl-3’,5’-thymidine   
  THF    tetrahydrofuran   
  Thr–H    threonate monoanion   
  Thy    thymine   
  Thy–H    thyminate monoanion   
  TMP    thymidine monophosphate   
  UDP    uridine 5’-diphosphate   
  UDPglucose    uridine diphosphate glucose   
  UDPH    monoprotonated uridine diphosphate   
  UMP    uridine monophosphate   
  UMPH    monoprotonated uridine monophosphate   
  Ura    uracil   
  Urd–3H    uridinate trianion    
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   Abstract     Quantitative insight into the structures and thermodynamics of alkali 
metal cations interacting with biological molecules can be obtained from studies in 
the gas phase combined with theoretical work. In this chapter, the fundamentals of 
the experimental and theoretical techniques are fi rst summarized and results for 
such work on complexes of alkali metal cations with amino acids, small peptides, 
and nucleobases are reviewed. Periodic trends in how these interactions vary as the 
alkali metal cations get heavier are highlighted.  

  Keywords     Amino acids   •   Collision-induced dissociation   •   Infrared multiple pho-
ton dissociation   •   Nucleobases   •   Peptides  

 Please cite as:  Met. Ions Life Sci.  16 (2016) 103–131 

1        Introduction 

 Alkali cations interact with biological molecules via noncovalent, predominantly 
electrostatic interactions that are non-directional. In real biological systems, this 
means that the ion can interact with many components of its surroundings simul-
taneously. As a consequence, it is diffi cult to quantitatively characterize the 
strengths of such interactions. One means to overcome the lack of thermodynamic 
data on these systems is to examine models in the gas phase, where pairwise inter-
actions between individual components of biological systems can be quantita-
tively measured with accuracy and precision. This can be achieved both for simple 
systems and for more complex interactions that evolve with larger systems. 
Coupled with an understanding of the detailed structure of these model com-
plexes, such pairwise interactions can be used to provide estimates of the energet-
ics of actual biological systems that can include subtle thermodynamic aspects of 
these complex systems. We have previously discussed the development of such a 
thermodynamic “ vocabulary ” for metal ion interactions in biological systems [ 1 ], 
which leads to the “ phrases, sentences, paragraphs, and book chapters ” that com-
prise real biological systems. 

 One strength of the relatively small gas-phase systems explored in this chapter is 
that the quantitative experimental information can be directly compared with high 
level theoretical results. Such comparisons play two equally important roles. First, 
they elucidate subtle features in the periodic trends in the metal cation affi nities and 
how these vary with the properties of the biological molecules. It is the trends in 
these features (elucidated below) that transcend the gas-phase and allow application 
to condensed phase systems. Second, these comparisons provide important bench-
marks to which levels of theory are useful approaches to describe such interactions 
and with what degree of accuracy.  
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2     Experimental and Theoretical Methods 

 Because alkali cations are naturally charged, their interactions with biomolecules 
are readily studied using a range of mass spectrometric (MS) techniques, which 
provide specifi city regarding the identity of the complexes being studied. More 
advanced methods must be combined with MS in order to elucidate structure and 
thermodynamic information. In this section, we introduce the gas-phase experimen-
tal and theoretical methods that have been used to quantitatively explore the interac-
tions of alkali metal cations with biomolecules. This section is designed to provide 
an overview of the methods along with appropriate literature references leading to 
more detailed expositions for the interested reader. The focus of this chapter is two 
experimental techniques, namely infrared multiple photon dissociation (IRMPD) 
and threshold collision-induced dissociation (TCID) utilized by the authors, but 
these approaches legitimately provide much of the available quantitative informa-
tion on the systems of interest. Other useful experimental methods are also 
introduced. 

2.1     Infrared Multiple Photon Dissociation Experiments 

 One means of providing structural information regarding gas-phase ions is to mea-
sure their infrared (IR) spectrum, either in the fi ngerprint region of 500 – 2000 cm −1  
or in the hydrogen stretching region from 2800 – 3600 cm −1 . The diffi culty with 
acquiring the desired IR spectrum for ions is that the concentrations of ions cannot 
easily be raised to the level needed for absorption measurements. Unlike solution 
phase species, where the concentration can be easily adjusted over a very wide 
range, the concentration of gas-phase ionic species is limited by the Coulombic 
repulsion between the ions. To overcome this limitation, several “action” spectros-
copies have been developed in which the absorption of a photon (or multiple pho-
tons) induces dissociation, which is easily monitored using mass spectrometers. In 
a “tagging” infrared photodissociation experiment, a weakly bound species (usually 
a rare gas atom) is attached to the ion of interest. For such a molecular ion, absorp-
tion of a single IR photon is generally suffi cient to cleave the noncovalent interac-
tion with the tag. 

 Generation of such tagged molecules usually requires cryogenic conditions and 
the tagging atom may perturb the absorption spectrum. Alternatively, the ion can be 
probed directly if multiple photons are absorbed in an infrared multiple photon dis-
sociation experiment. IRMPD requires only routine ion production methods but 
necessitates the use of higher powered lasers to provide suffi cient fl uence to allow 
absorption of multiple photons. Thus, the use of free electron lasers (FELs) has been 
commonplace in such studies, with facilities in the Netherlands (the Free Electron 
Lasers for Infrared eXperiments, FELIX) and France (Centre Laser Infrarouge 
d’Orsay, CLIO) being used extensively for such work. 
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 Furthermore, the need for the absorption of multiple photons can distort the spec-
trum (often to the red to compensate for anharmonicity of vibrational modes). IRMPD 
generally relies on effi cient intramolecular vibrational redistribution (IVR) [ 2 ,  3 ], 
which allows the ion to absorb a photon into a specifi c vibrational mode and then 
transfer that energy into other vibrational modes such that absorption of additional 
photons at the same photon frequency can occur again and again [ 4 ,  5 ]. IVR works 
best for larger ions with higher state densities. IRMPD studies of ions as small as four 
atoms have been conducted [ 6 ], but these required an intracavity laser (the Free 
Electron Laser for IntraCavity Experiments, FELICE, at the FELIX facility), where 
the photon fl ux is orders of magnitude higher than for an externally coupled laser. 

 Structural information for ions is generally obtained from IRMPD results by 
comparing the experimental spectrum with that generated from quantum chemical 
calculations (see Section  2.4 ). A major caveat is that the latter provides a prediction 
for absorption of a single photon, generally in the harmonic limit (although explicit 
anharmonic calculations are increasingly performed) [ 7 – 9 ]. Because of the multiple 
photon nature of the IRMPD spectrum, bands can be shifted according to the anhar-
monicity of the vibrational mode and intensities can vary appreciably (with weak 
bands showing little or no intensity because insuffi cient photons are absorbed to 
induce fragmentation). Nevertheless, the agreement between IRMPD and theoreti-
cal spectra is often suffi cient for unequivocal identifi cation of the conformation of 
the ion involved, even when multiple low-energy conformations may be present.  

2.2     Collision-Induced Dissociation Experiments 

 Collision-induced dissociation (CID) experiments, also known as collisional activa-
tion (CA) or collision activated dissociation (CAD), take advantage of the fact that 
ions are charged and therefore easily accelerated to hyperthermal kinetic energies 
using electric fi elds. If these accelerated ions collide with an unreactive species 
(usually one of the rare gases but other gases or even surfaces can be used), transla-
tional to internal energy transfer occurs and provides suffi cient internal energy to 
induce fragmentation. The extent of dissociation observed depends on the amount 
of energy transferred, the complexity of the ion, and the time scale over which the 
fragmentation is detected. In analytical applications, CID can be used to sequence 
complicated biomolecules (peptides, proteins, DNA, and RNA) simply by measur-
ing the masses of fragment ions. Cleavage of various peptide (or phosphate ester) 
bonds along the backbone leads to a sequence of fragment ions that, if complete 
enough, enable the original primary structure of the biomolecule to be elucidated. 

 CID can also be used more quantitatively to measure the thermodynamics 
associated with the dissociations, so-called threshold CID experiments (TCID) 
[ 10 ]. In this application, ions are subjected to single collisions with an inert gas 
with the collision energy varied from zero through the energies needed to induce 
fragmentation. Analysis of the resultant kinetic energy-dependent processes 
reveals the threshold energy for the observed fragmentation pathways, which can 
be related to the heights of the rate-limiting transition states. Although tandem 
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mass spectrometers such as triple quadrupole MS (QQQ) can be used to provide 
such kinetic energy-dependent data, the best quantitative information is obtained 
using specialized instrumentation, notably a guided ion beam tandem mass spec-
trometer (GIBMS) [ 11 ]. This instrument is specifi cally designed for such quanti-
tative studies and enables very low and well controlled collision energies and 
excellent collection of product ions. 

 Determination of the threshold energy in TCID experiments requires consider-
ation of several experimental parameters including effects of multiple collisions 
[ 12 ], internal energy distributions [ 13 ], translational energy distributions [ 11 ], life-
times for dissociation [ 14 ], competition between reaction channels [ 15 ], and 
sequential dissociations [ 16 ]. Methods for modeling all of these effects are detailed 
in the literature [ 17 ] and have proven to provide accurate thermodynamic informa-
tion. Comparison of TCID results to quantities determined using equilibrium mea-
surements (Section  2.3.1 ) of these quantities are generally in good agreement 
[ 18 – 24 ], although TCID has been applied to many systems where equilibrium 
methods are simply inaccessible. For such systems, comparison with theoretical 
information generally confi rms the accuracy of TCID results. 

 It has also been realized that the thermochemistry derived from TCID measure-
ments can be used for structural identifi cation of fragment ions [ 25 – 30 ]. As for 
IRMPD studies, this is generally achieved by comparison of the experimental results 
with those derived from theory. TCID thermochemistry is insuffi ciently precise to 
distinguish between isomers or conformers that are relatively close in energy 
(whereas IRMPD can be very sensitive to such differences), but can be applied to 
fragment ions, which may not be generated in suffi cient quantity to interrogate 
using IRMPD methods. Although different conclusions from these two approaches 
have been found [ 28 ,  31 ], they can be attributed to the harsher source conditions 
needed to generate suffi cient ion intensities for IRMPD studies. In contrast, TCID 
is sensitive to the structure of the species formed at threshold, which is often but 
may not be the thermodynamically most favorable isomer.  

2.3     Other Experimental Approaches 

2.3.1      Equilibrium Methods 

 The classic means of determining thermochemistry is to measure the equilibrium 
concentration of reactants and products as a function of temperature and then con-
vert to enthalpies and entropies using the van’t Hoff equation. This method can 
provide the most rigorous thermodynamic determinations and, in the gas phase, can 
be achieved at both low and high pressures in the presence or absence of buffer 
gases, but is subject to perturbations associated with sampling the equilibrium zone 
and uncertainties in the absolute temperature. This method has been used to mea-
sure the relative binding energies of alkali cations to a wide range of ligands [ 32 ], 
albeit few biological systems partly because of their limited volatility.  
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2.3.2     Kinetic Method 

 The kinetic method was fi rst developed by Cooks and coworkers as a simple method 
to estimate thermodynamic values from easily performed experiments [ 33 ,  34 ], 
namely the relative intensities of products resulting from dissociation of a proton (or 
cation or anion) bound dimer. It has been revised to attempt to include important 
entropic effects [ 35 ,  36 ], and has been discussed thoroughly [ 37 – 39 ]. Ultimately, it 
cannot provide true thermodynamic values because the temperature of the evalua-
tion is ill-defi ned, but does provide useful relative information in the absence of 
more defi nitive data.  

2.3.3     Blackbody Infrared Radiative Dissociation 

 Blackbody infrared radiative dissociation (BIRD) allows ions to reach equilibrium 
with their thermal surroundings by absorption of infrared radiation [ 40 ,  41 ]. 
Quantitative assessment of the extent of dissociation observed as a function of the 
temperature of the surroundings allows thermodynamic information to be extracted.  

2.3.4     Ion Mobility 

 In ion mobility studies, ions are dragged through a viscous medium (usually He and 
more recently N 2 ) by an electric fi eld [ 42 – 44 ]. The rate at which the ions move in 
this environment depends on their interaction cross section with the gas, such that 
larger ions move more slowly than compact ions. Using this technique, the size of 
ions can be assessed, and by comparison with theoretical structures, the structures 
of ions can be inferred.   

2.4      Theoretical Calculations 

 Experimental studies of the interactions of alkali metal cations with biological 
molecules rely on quantum chemistry calculations to provide structural informa-
tion and molecular parameters useful for interpreting the data. Although some 
results could be achieved in the absence of theoretical input, the synergy between 
experiment and theory provides much more robust and detailed results. In this 
chapter, we focus on theoretical results that provide such synergistic information 
to experiment, and do not include theoretical results for which there are no comple-
mentary experimental data. 

 Specifi c computational approaches to alkali metal cation complexes of biomol-
ecules vary nearly as much as the number of investigators that have investigated 
these systems, but in the laboratories of the authors, the relatively small systems 
that have been studied have led to an approach that appears to provide accurate 
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structural and thermodynamic information. For systems where all-electron calcu-
lations can be performed, structures and harmonic vibrational frequencies are typi-
cally calculated using the hybrid density functional B3LYP coupled with a double 
or triple zeta basis set, 6-31G(d), 6-31+G(d,p), or 6-311+G(d,p) being common. 
This is followed by single point energy calculations performed using a larger basis 
set, 6-311+G(2d,2p), needed to yield accurate energetics, again using B3LYP as 
well as MP2(full) and sometimes B3P86 or M06 approaches. For calculations of 
metal- ligand bond dissociation energies (BDEs), basis set superposition error 
(BSSE) corrections at the full counterpoise level are applied [ 45 ,  46 ]. We generally 
use multiple computational approaches because different levels of theory often do 
not agree on the relative energies of low-lying conformations and calculated metal 
cation-ligand binding energies generally exhibit a spread comparable to experi-
mental uncertainties. These disparate results properly refl ect the uncertainties in 
the computational results. 

 For the heavier Rb and Cs alkali metal systems, basis sets that utilize effective 
core potentials (ECPs) are generally used. Extensive testing has demonstrated that 
even when augmented by additional polarization functions [ 47 ], the commonly used 
LANL2DZ basis set [ 48 ] does not provide accurate thermodynamic information 
[ 49 ,  50 ]. Accurate energetics are provided by using def2-TZVP (or def2-TZVPPD) 
basis sets, which are balanced basis sets on all atoms at the triple-ζ level including 
polarization (P) and diffuse (D) functions that use ECPs on rubidium and cesium 
developed by Leininger et al. [ 51 ]. These basis sets are used along with B3LYP for 
structure and vibrational frequency calculations followed by single point energy 
calculations using B3LYP, MP2(full), B3P86, or M06 levels. 

 For the lightest alkali cation, Li + , we have found that strongly bound ligands are 
suffi ciently close to the 1 s core electrons of the cation that repulsive interactions 
play a role [ 52 ]. Larger basis sets cannot compensate for this repulsion, which 
requires that the core electrons be permitted to polarize away from the ligand. This 
can be accomplished using the correlation consistent polarized core/valence basis 
sets (cc-pCVnZ where n = D, T, and Q) of Woon and Dunning for lithium [ 53 ]. For 
consistency, cc-pVnZ or aug-cc-pVnZ basis sets are used on all other atoms. This 
approach has been found to yield good thermodynamic values with reasonable com-
putational cost [ 52 ]. The def2 and cc-pCVnZ basis sets can be obtained from the 
Environmental Molecular Sciences Laboratory basis set exchange library [ 54 ,  55 ]. 

 Theory is also used to provide the isotropic molecular polarizabilities of neutral 
molecules needed for thermochemical analysis of TCID data as well as examination 
of periodic trends as discussed below. The PBE0/6-311+G(2d,2p) level of theory 
has been shown to provide polarizabilities that are in good agreement with mea-
sured values [ 56 ]. 

 As the biological molecules considered increase in size, the methods noted above 
become increasingly cumbersome largely because a thorough exploration of the 
enormous conformational space of such molecules becomes expensive. More 
advanced techniques such as replica exchange molecular dynamics (REMD) [ 57 , 
 58 ] or various approximations [ 59 – 62 ] can then be used.   

4 Discriminating Properties of Alkali Metal Ions Towards Bio-Ligands



110

3     Alkali Metal Cations Interacting with Amino Acids 

3.1     Structure 

 Unlike in solution, amino acids in the gas phase are generally not zwitterionic 
because there is no solvent to support the separated charges. Although alkali cations 
can yield such zwitterionic structures in a salt-bridge confi guration, most alkali 
metal cation–amino acid complexes, M + (AA), involve charge solvated structures in 
which the cation is solvated by the various heteroatoms of the amino acid. For most 
naturally occurring amino acids and alkali metal cations, the structures of these 
complexes have been examined in extensive IRMPD spectroscopic studies [ 63 – 82 ]. 
In the case of proline (and several related molecules), these spectroscopic results 
have been augmented by structural assignments from TCID studies [ 83 ]. In both 
cases, structures are assigned on the basis of comparison to computational results, 
IR spectra or BDEs (see next section), respectively.

   The results of this work are compiled in Table  1  where it can be seen that the 
structures evolve as the metal ion changes. For the smallest alkali metal cation, Li + , 
the higher charge density leads to tridentate structures in which the metal binds to the 

    Table 1    Structures of M + (AA) complexes of alkali metal cations with amino acids.  a     

 AA  Li +   Na +   K +   Rb +   Cs +  

 Gly  b    NO 
 Pro  c    ZW  d    ZW  b,d    ZW, OX  e    ZW, OX  OX, ZW 
 Ser   f    NOS  NOS  NOS, OX  NOS, OX  NOS, OX, ZW 
 Thr   g    NOS  NOS  NOS, OX  NOS, OX  NOS, OX, ZW 
 Cys   h    NOS  NOS  OX, NOS, ZW  OX, NOS, ZW  OX, NOS, ZW 
 Met   i    NOS  NOS  NOS, ZW, 

OX(S)? 
 NOS, ZW, 
OX(S)? 

 NOS, ZW, OX(S)? 

 Phe   j    NOS  NOS  NOS  j    NOS, OS  NOS, OX, OS 
 Tyr   k    NOS 
 Trp   l    NOS  NOS, OS  NOS, OS  OS, NOS  OS, NOS 
 Asp   m    NOS  OXS, NOS  n   
 Glu   m    NOS  OXS, OS, NOS  n   
 Asn   o    NOS  NOS  NOS, OXS  NOS, OXS  NOS, OXS 
 Gln   p    NOS  NOS, OS, OXS?  NOS, OS, OXS?  OXS, OS, NOS 
 Lys   q    NOS  NOS  OS, NOS, ZW 
 Arg   r    NOS  ZW, NOS  ZW  ZW  ZW 
 His   s    NOS  NOS   t    OS, NOS, OX  OS, NOS, OX  OS, OX, NOS 

    a  Isomers are given in order of approximate relative population, ? = may be present. SC = side-chain 
heteroatom or aromatic ring, NO = bidentate [N,CO], NOS = tridentate [N,CO,SC], OS = bidentate 
[CO,SC], OX = bidentate carboxylic acid [COOH], OXS = tridentate carboxylic acid [COOH,SC], 
ZW = bidentate zwitterion [CO 2  

 ], OX(S) = OX or OXS or both. 
   b  [ 63 ].   c  [ 78 ].   d  [ 83 ], TCID.   e  [ 69 ].   f  [ 71 ].   g  [ 72 ].   h  [ 79 ].   i  [ 76 ].   j  [ 77 ].   k  [ 64 ].   l  [ 65 ].   m  [ 70 ].   n  [ 81 ].  o  [ 75 ].   p  [ 73 ]. 
  q  [ 68 ].   r  [ 66 , 67 ].   s  [ 80 ].   t  [ 74 ].  
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amino nitrogen and carbonyl oxygen of the backbone along with the heteroatom or 
aromatic ring of a functionalized side-chain. This gives a tridentate metal ion coordi-
nation of [N,CO,SC] as illustrated for the sulfur side-chain of methionine in Figure  1 . 
The single exception is proline, where the unique secondary nitrogen stabilizes a 
bidentate zwitterionic structure [CO 2   ] in which the metal ion binds to both oxygens 
of the carboxylate anion, which is hydrogen bonded to the protonated amino group 
forming a salt-bridge structure. For Na + , this structural motif is largely maintained 
although tryptophan and glutamine exhibit bidentate structures that bind only to the 
backbone carbonyl and the side-chain aromatic ring or carbonyl of the amide group, 
[CO,SC]. The basic amino acid, arginine, also switches to having predominantly a 
zwitterionic structure, although the tridentate species is still observed. Glycine, 
where the cation binds to the amino nitrogen and carbonyl oxygen [N,CO], is also 
not tridentate, but only because it has no functionalized side-chain.

   Because of the lower charge density on the heavier alkali cations, K + , Rb + , and 
Cs + , these M + (AA) complexes exhibit several different isomers, with the tridentate 
[N,CO,SC] structures still present but can be dominated by the bidentate [CO,SC] 
structures or by bidentate or tridentate structures where the ion binds to the oxygens 

  Figure 1    Structures of M + (Met) and Na + (Cys)(H 2 O) 4  showing types of metal coordination (dashed 
lines). Dotted lines indicate hydrogen bonds.       
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of the carboxylic acid group, [COOH] and [COOH,SC], respectively, instead of to 
the amino nitrogen. Even for these metal cations, the only amino acids exhibiting 
dominant zwitterionic structures are proline and arginine; however, such structures 
are also observed for Ser, Thr, Cys, and Met. In these cases, the [CO 2   ] structures 
are accompanied by [COOH] and it can be realized that these two species differ 
only in whether the proton has transferred to the amino group [CO 2   ] or remains on 
the oxygen of the carboxylic acid [COOH] (see Figure  1 ). In both cases, this proton 
is shared between the backbone amino and carboxyl moieties and the metal cation 
binds to both carboxyl oxygens, thereby providing the driving force for moving the 
proton away from the oxygen. As such, these two structures actually lie in a single 
double-well potential that favors [CO 2   ] when the metal charge density is high (e.g., 
for metal dications, Li +  and Na + ) and favors [COOH] when the metal charge density 
is low (Rb +  and Cs + ) [ 71 ,  80 ]. Interestingly, computations indicate that the zero 
point energy of this proton motion generally lies above the bottom of both wells, 
meaning that the wavefunction associated with the ground vibrational level samples 
both [COOH] and [CO 2   ] potential wells. This allows simultaneous observation of 
the CO stretches characteristic of the carboxylate and carboxylic acid groups. 
Zwitterionic structures are not observed for Li +  and Na +  because the [N,CO,SC] 
structures are strongly favored, whereas the [COOH] (and accompanying [CO 2   ]) 
structures become competitive for Rb +  and Cs +  (and sometimes K + ). 

 In all of these cases, the structures found are generally in good agreement with 
computational results of the relative stabilities of the different isomers, although 
this requires that all accessible conformations are located. For example, assign-
ments for the structure of Cs + (Glu) were revised after locating a lower energy tri-
dentate [COOH,SC] conformation [ 70 ,  81 ]. In addition, the computed ground 
isomer can vary substantially with the level of theory used. In many of our own 
results, we have found that the relative stabilities predicted by single point energy 
calculations at the MP2 level are preferred compared to B3LYP results. Finally, it 
has been shown that the conditions used in the source can infl uence the structures 
observed, kinetically trapping excited isomers [ 84 ].  

3.2      Thermodynamics 

 The evolution of the structures of alkali metal cation-amino acid complexes in the 
gas-phase as elucidated by IRMPD spectroscopy is fruitfully understood by consid-
ering the strength of the interactions with the simplest amino acid, glycine, and 
molecules representing its various functional components, specifi cally, 1-propyl 
amine, 1-propanol, methyl ethyl ketone, propionic acid, and ethanol amine [ 85 ,  86 ]. 
For Na +  complexes [ 85 ], the molecules having only one functional group bind in the 
order OH < NH 2  < CO. Computations indicate that Na +  binds to both oxygens of 
propionic acid, which increases the BDE relative to 1-propanol (by 5 kJ/mol experi-
mentally), but decreases the BDE compared to methyl ethyl ketone (by 13 kJ/mol 
experimentally). This difference can be attributed to a better orientation of the metal 
cation in the ketone (which prefers a ∠NaOC bond angle of 180°) coupled with an 
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inductive effect of the hydroxyl group. Compared with the ketone, glycine binds 
Na +  more strongly by 33 kJ/mol, a result of the bidentate binding to both the amino 
group and the carbonyl, [N,CO]. Interestingly, ethanol amine binds Na +  more tightly 
than Gly by 11 kJ/mol because the sp 2  hybridization of the carboxylic acid group of 
Gly leads to greater conformational restrictions, whereas the sp 3  carbon in ethanol 
amine provides more fl exibility and better overlap of the heteroatom lone pairs and 
the metal cation. 

 When a similar analysis is conducted for potassium ion complexes [ 86 ], the rela-
tive results are similar although the absolute BDEs are 74 ± 4 % of those for Na + . 
The most notable difference between the metals lies in the observation that the 
molecules with single functional groups have BDEs to K +  in the order NH 2  < OH < CO, 
i.e., the amino group binds less strongly (67 % compared to the Na +  complex). 
Because of the poorer binding to the amino group, most levels of theory indicate 
that K + (Gly) has a [COOH] ground structure, with [N,CO] (corresponding to the 
ground conformer for Na + (Gly)) lying 1 – 7 kJ/mol higher in energy. One driving 
force for this change is that the larger potassium cation prefers to bind to the ground 
structure of glycine, which is stabilized by a OH•••N hydrogen bond, whereas the 
smaller sodium cation binds suffi ciently strongly that it preferentially binds to a 
higher energy conformer of Gly. Results comparable to those of K +  are expected for 
the larger alkali metal cations, Rb +  and Cs + . 

 Given these results, the trends in Table  1  are clearer. The alkali metal cations 
prefer to bind to carbonyl groups, which are always available along the backbone. 
The smaller cations also like to bind to the amino group and then augment these 
interactions by binding to the side chain. As the metal cation gets larger, the prefer-
ence for binding to the amino group in the [N,CO,SC] isomers decreases compared 
to [COOH,SC] and [COOH] isomers. The larger metal cation also makes it more 
diffi cult to maintain strong binding to all three functional groups in the tridentate 
[N,CO,SC] structure such that the bidentate [CO,SC] structure is competitive.  

3.3     Periodic Trends 

 The interactions of amino acids and alkali metal cations in the gas phase are largely 
dictated by electrostatics. Table  2  includes a comprehensive listing of the known 
M + –AA BDEs measured by TCID [ 49 ,  50 ,  52 ,  81 – 83 ,  85 – 96 ], along with a more 
complete set of values for sodium complexes obtained using the kinetic method [ 97 , 
 98 ]. For all AAs, experimental and theoretical results for M + (AA) BDEs decrease 
down the periodic table, Li +  > Na +  > K +  > Rb +  > Cs + . This is primarily a refl ection of 
the increasing radius of the metal cation: 0.70, 0.98, 1.33, 1.49, and 1.69 Å, respec-
tively [ 99 ]. The larger cation radius necessarily increases the M + –AA bond dis-
tances, thereby reducing the electrostatic interactions. Experimentally, it is found 
that BDEs decrease approximately linearly with the inverse of the ionic radius, as 
shown in Figure  2  for AA = Gly, Pro, and His, with similar plots obtained for other 
AAs. (Although this inverse dependence seems to suggest a long-range Coulombic 
potential, the true short-range interactions must comprise combinations of 
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    Table 2    Bond dissociation energies (kJ/mol) at 0 K of M + (AA) complexes of alkali metal cations 
with amino acids and small peptides and their polarizabilities (α).  a     

 AA  α (Å 3 )  Li +   Na +   Na + b    K +   Rb +   Cs +  

 Gly  6.2  220.0 (8.0)  c    164.0 (4.8)  d    161 (8)  121.4 (4.8)  e    108.7 (7.0)  f    93.3 (2.5)  g   
 Ala  167 (8) 
 Val  173 (8) 
 Leu  175 (8) 
 Cys  11.2  255.8 (11.9)  h    176.9 (5.0)  h    175 (8)  120.7 (3.1)  h    102.5 (2.8)  h    96.8 (4.2)  g   
 Ile  176 (8) 
 Pro  10.8  254.7 (6.8)  i    186.2 (4.8)  j    196 (8)  143.5 (4.5)  j    125.2 (4.5)  f    107.9 (4.6)  g   
 Asp  10.4  194.9 (5.8)  k    201 (8)  l    147.6 (6.8)  m    126.1 (6.8)  n    108.9 (6.7)  n   
 Glu  12.2  198.8 (4.8)  k    203 (8)  l    152.4 (6.8)  m    134.2 (7.7)  n    112.6 (6.5)  n   
 Ser  8.6  280.8 (12.5)  o    199.7 (7.7)  o    192 (8)  144.7 (6.8)  o    115.7 (4.9)  f    102.3 (4.1)  g   
 Met  14.6  292.0 (12.2)  p    201.7 (10.6)  p    141.8 (10.6)  p    121.0 (7.0)  q    102.8 (6.6)  q   
 Thr  10.5  284.6 (13.5)  o    203.6 (9.6)  o    197 (8)  148.6 (9.6)  o    122.1 (4.6)  f    105.4 (4.3)  g   
 Phe  18.1  205.5 (6.8)  r    198 (8)  150.5 (5.8)  r    123.8 (7.2)  q    112.9 (5.5)  q   
 Tyr  18.8  209.4 (9.6)  r    201 (8)  155.3 (8.7)  r    125.8 (7.4)  q    115.6 (6.9)  q   
 Asn  11.2  209.4 (5.8)  k    217 (8)  l    156.3 (6.8)  m    138.4 (7.1)  n    115.3 (6.9)  n   
 Gln  13.0  213.2 (5.8)  k    222 (8)  l    161.1 (7.7)  m    144.2 (9.2)  n    128.1 (8.5)  n   
 Trp  22.0  217.1 (7.7)  r    210 (8)  165.0 (5.8)  r    138.1 (7.5)  q    125.0 (6.8)  q   
 Lys  <376 (10)  r    219.0 (10.0)  s    >213 (8)  l    155.3 (10.0)  s    127.4 (8.8)  s    111.0 (10.0)  s   
 His  15.2  222.5 (11.0)  t    228 (8)  l    163.5 (8.5)  t    137.4 (5.7)  t    118.2 (6.4)  t   
 Arg  242 (8)  l   
 Gly 2   11.3  209 (13)  u    203 (8)  v    149 (7)  u   
 Gly 3   16.2  240 (17)  u    237 (9)  v    183 (15)  u   
 Gly 4   21.1  261 (11)  v   

    a  Uncertainties in parentheses.   b  [ 97 ] Kinetic method. 
   c  [ 52 ].   d  [ 85 ].   e  [ 86 ].   f  [ 49 ].   g  [ 50 ].   h  [ 89 ].   i  [ 94 ].   j  [ 83 ].   k  [ 88 ].   l  [ 98 ].   m  [ 87 ].   n  [ 81 ].   o  [ 96 ].   p  [ 92 ].   q  [ 91 ]. 

   r  [ 93 ].   s  [ 82 ].   t  [ 90 ].   u  [ 116 ].   v  [ 133 ].  

ion- dipole (r −2 ), ion-quadrupole (r −3 ), and ion-induced dipole (r −4 ) forces along with 
complex chelation effects.) The slopes of the lines shown in Figure  2  for Gly, Pro, 
and His complexes are 158 ± 6, 190 ± 8, and 214 ± 15 Å kJ/mol, respectively, and 
properly refl ect the relative strength of the interactions of different AAs with the 
metal cations in that Gly is the weakest binding AA and His is the strongest binding 
AA measured to date. Direct comparison of the BDEs shows that relative to Na + (AA) 
complexes, BDEs for Li + (AA) are 144 ± 11 %, K + (AA) are 74 ± 3 %, Rb + (AA) are 
56 ± 21 %, and Cs + (AA) are 46 ± 21 %.

    It can be seen in Figure  2  that the BDEs for Rb + (His) and Cs + (His) lie below the 
linear correlation line, whereas those for Na + (His) and K + (His) lie above it, i.e., the 
larger metal cations show a smaller enhancement in binding associated with the His 
side chain. Similar effects are also observed for Ser, Thr, Cys, Asp, Glu, and Asn. 
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These trends can be explored more thoroughly by examining the M + (AA) BDEs as 
a function of the polarizability of the AA, as shown in Figure  3  for Na +  and Cs + .

   Originally, it was found that the BDEs for Gly and the aromatic amino acids 
(Phe, Tyr, and Trp) exhibited a good correlation with polarizability [ 93 ], and this 
correlation was later extended to include Cys, Met, and Pro [ 1 ], as shown in 
Figure  3  in blue. In both cases, the lines are regression analyses of the data shown. 
For all alkali metal cations, Asp, Glu (in green), Ser, Thr, Asn, Gln, and His (in red) 
all exhibit enhanced binding compared to values predicted from the original polar-
izability correlation [ 90 – 92 ]. For Na +  (as well as K + ), BDEs to Ser, Thr, Asn, Gln, 
and His form series that parallel those for the aliphatic AAs. The average enhance-
ment for these fi ve AAs is ~28 and 24 kJ/mol for Na +  and K + , respectively [ 90 ,  92 ]. 
Asp and Glu form a separate series with enhancements of ~15 kJ/mol for both Na +  
and K + . Compared to Asn and Gln, the carboxylic acid side chains of Asp and Glu 
bind less tightly because the inductive effect of the hydroxyl group removes elec-
tron density from the carbonyl, as noted in Section  3.2  above. It can also be seen 
that Glu and Gln bind more tightly than Asp and Asn, respectively, because the 
longer side chain allows more fl exibility in the orientation of the side-chain bind-
ing. The magnitude of these enhancements has been related to the local dipole 
moment of the side-chain coordinating site, small for Met, Phe, Tyr, and Trp, rela-
tively large for Ser, Thr, Asn, and Gln, and intermediate for Asp and Glu. Thus, 
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  Figure 2    Experimental 0 K bond dissociation energies (in kJ/mol) for M + (Gly) (blue diamonds), 
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even though His has a polarizability (15.2 Å 3 ) comparable to Met (14.6 Å 3 ), it 
binds to the alkali cations much more tightly, even exceeding Trp, which has a 
much higher polarizability (22.0 Å 3 ). The local dipole moment can be quantifi ed 
by considering molecules similar to the side chains. Specifi cally, acetamide (mim-
icking Asn and Gln) and imidazole (His) have dipole moments of 3.68 and 3.8 D, 
whereas the 1.70 D dipole moment of acetic acid (Asp and Glu) is about half as 
large [ 100 ]. Methanol (mimicking Ser and Thr) also has a dipole of 1.70 D, which 
suggests that the side- chain enhancements are infl uenced by the alignment of the 
dipole as well as its magnitude. This alignment is infl uenced by the length of the 
side-chain, with the two atom lengths (from backbone C α  to coordinating atom) of 
Ser and Thr being more restrictive than the three atom (Asn, Asp, His) and four 
atom (Gln, Glu) lengths. 

 For Cs +  (as well as Rb + ), the polar side chains of Ser, Thr, Asp, Asn, Glu, Gln, 
and His also lead to enhanced binding. For Cs + , Ser and Thr lie ~7 kJ/mol above the 
trend line [ 49 ,  50 ], Asp, Glu, and His lie ~10 kJ/mol above the trend [ 90 ], and Asn 
and Gln are 15 and 24 kJ/mol higher, respectively. For Rb + , these same AAs show 
enhancements of 5 – 7, ~15 kJ/mol, and ~24 and ~24 kJ/mol, respectively. The 
changes in these side-chain enhancements relative to the smaller cations can be 
understood in part on the basis of the length of the side chain. For Ser and Thr, 
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where the side chain is only two atoms long, the enhancement drops from 28 to 24 
to 10 to 7 kJ/mol for Na +  to K +  to Rb +  to Cs + . This decrease is a consequence of the 
increasing metal cation radius and the fact that larger cations cannot take advantage 
of binding in a tridentate conformation as well as the smaller cations [ 49 ,  50 ]. Gln 
has a side-chain length of four atoms and an enhancement that is largely indepen-
dent of the metal, 24 – 28 kJ/mol, suggesting that the longer side chain allows better 
tridentate binding for the strongly binding carbonyl group of the carboxamide. For 
Asp, Glu, and His, with three, four, and three atom side-chain lengths, the enhance-
ments drop from 28 (Na + ) to 24 (K + ) to 15 (Rb + ) and 15 (Cs + ) kJ/mol. This is again 
consistent with better tridentate binding than the short side chain AAs, but less 
effective binding than with Gln because the side chain moieties of Asp, Glu, and His 
do not bind as tightly as the carboxamide. Asn also possesses this carboxamide 
group but a shorter side-chain than Gln and it shows a trend of 28 (Na + ), 24 (K + ), 24 
(Rb + ) and 15 (Cs + ) kJ/mol, intermediate between the strong effect of Gln and the 
weaker effects of Asp, Glu, and His.  

3.4     Effects of Hydration 

 For several of the sodiated amino acids, Gly, Pro, and Cys, TCID and theoretical 
studies have examined the effects that hydration exerts on the structure and binding 
[ 101 – 103 ]. In the gas-phase, hydration effects can be studied for the sequential 
addition of water molecules, in these cases from one to four. Experimental results 
(matched by theory) show that the sequential binding energies for losing one water 
molecule and the amino acid from Na + (AA)(H 2 O)  x   decrease monotonically with 
increasing  x . Increasing ligand-ligand repulsion and decreasing effective charge on 
the sodium cation explain this simple trend. 

 In the case of Na + (Gly)(H 2 O)  x  ,  x  = 1–4, theory fi nds that hydration changes the 
coordination site for Na +  on glycine from [N,CO] for  x  = 0 and 1 to [CO] coordina-
tion where one water molecule bridges to the hydroxyl group for  x  = 2 – 4 [ 101 ]. 
Theory indicates that zwitterionic structures are destabilized by the addition of up 
to four water molecules because solvation of the Na +  charge center reduces the abil-
ity of the complex to support the charge separation. Interestingly, as additional 
water molecules are added, zwitterionic structures can become the overall ground 
structures because solvation of both the Na +  and –NH 3

+

   charge centers can occur. 
 Similar conclusions have been reached in an extensive set of experiments by 

Williams and coworkers for M + (Val)(H 2 O)  x  ,  x  = 1 – 6 and M +  = Li + , Na + , and K + . 
These results include kinetic data for all systems [ 104 ,  105 ], hydration energies for 
 x  = 1 – 3 for Li +  and  x  = 1 for Na +  obtained using BIRD [ 106 ,  107 ], and the only 
spectroscopic results for hydrated alkali metal cationized amino acids [ 108 ]. The 
kinetic results indicate a change in metal cation coordination from [N,CO] to 
[COOH] at  x  = 3 for Li +  and  x  = 2 for Na + . Comparison of the hydration BDEs to 
related molecules were used to suggest that Li + (Val)(H 2 O) 3  has a zwitterionic struc-
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ture, however, the more sensitive spectroscopic probe indicates that this complex 
retains a charge-solvated structure through  x  = 4. 

 For Na + (Pro)(H 2 O)  x  ,  x  = 1 – 4, the addition of a single water molecule again does 
not change the sodium cation coordination from zwitterionic proline [CO 2   ] [ 102 ]. 
Additional waters keep the zwitterionic proline but change the binding to [CO − ] 
coordination with one of the water molecules bridging to the second carboxylate 
oxygen. Theory suggests that the third water added can bind to either cationic site, 
Na +  or –NH 3

+

  , with comparable energies. Four waters are suffi cient to completely 
solvate both cationic sites. Similar conclusions were drawn for proline methylated 
at different positions coordinated to Li +  and Na +  and one and two waters in kinetic 
and BIRD studies [ 109 ]. 

 For Na + (Cys)(H 2 O)  x  ,  x  = 0 – 2, theory indicates that the sodium ion binds in the 
[N,CO,S] tridentate confi guration with the waters attaching directly to the sodium 
ion [ 103 ]. Some levels of theory suggest that, similar to Gly and Pro, it is isoener-
getic for Na +  to bind to the carbonyl [CO] with one of the water molecules bridging 
to the hydroxyl oxygen. The third water can bind to Na + , −NH 3

+

  , or –OH with 
 equivalent BDEs and at  x  = 4, the Na +  and –NH 3

+

   groups are completely solvated 
(Figure  1 ), in part because there is a strong intramolecular S•••HN hydrogen bond. 
This effect allows the ground structures of Na + (Cys)(H 2 O) 4  and Na + (Pro)(H 2 O) 4  to 
be very similar, i.e., the fi rst hydration shells are complete with four water mole-
cules and the AAs are both zwitterionic. Similar trends are expected for other AAs 
with functionalized side chains. 

 BIRD has also been used to examine the fi rst and second hydration energies of 
Li + (Gln) and Na + (Gln) [ 110 ,  111 ] and the fi rst hydration energies of Li + (Lys) [ 112 ]. 
In all cases, hydration is not found to affect the coordination of these metal cations 
to the amino acid, which retain charge-solvated structures in all cases. In contrast, 
IRMPD spectra of M + (Arg)(H 2 O) where M +  = Li +  and Na +  indicate that the coordi-
nation of Li +  changes from charge-solvated tridentate [N,CO,N] to a zwitterionic 
[N,CO − ] coordination, whereas Na +  maintains its zwitterionic [CO 2   ] coordination 
upon hydration [ 113 ]. Kinetic studies indicate that a second water binds to the metal 
cation, whereas the third likely binds to the cationic guanidinium side chain. 

 When comparing the hydration energies from system to system, BDEs for los-
ing water from Na + (Pro)(H 2 O)  x   are 9–12 kJ/mol smaller at each  x  compared to 
Na + (Gly)(H 2 O)  x   [ 102 ]. This result simply refl ects the stronger binding of Na +  to 
proline compared to glycine. This inverse correlation has been further substanti-
ated by thermodynamic studies of additional AAs. Using high pressure equilibrium 
methods, Wincel measured hydration energies for  x  = 1 – 3 of Na + (AA) where 
AA = Val, Pro, Met, Phe, and Gln [ 114 ] (with good agreement with BIRD results 
for Val and Gln and reasonable agreement with the TCID studies for Pro). He has 
also documented a similar trend for hydration of K + (AA) where AA = Gly, Ala, Val, 
Met, Pro, and Phe [ 115 ].   
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4     Alkali Metal Cations Interacting with Peptides 

4.1     Structure 

4.1.1     Di- and Tripeptides 

 The simplest peptides, di- and triglycine, complexed with sodium cations have been 
examined using theory and IRMPD spectroscopy [ 116 ,  117 ]. The IRMPD results 
clearly show that the metal cation coordinates with all carbonyl groups but cannot 
distinguish whether the N-terminal amine group is also coordinated, in agreement 
with theory which shows both structures are low-lying. Similar results are obtained 
for complexes of Li +  [ 118 ], Na +  [ 117 ], K +  [ 118 – 120 ], and Cs +  [ 118 ] with di- and triala-
nine. Theory indicates the same is also true for potassiated di- and triglycine [ 116 ]. 

 When the peptides are functionalized, the side chain can also participate in the 
metal coordination. IRMPD results for PheAla and AlaPhe demonstrate that sodium 
and potassium cations coordinate with the phenyl ring of the side chain (SC) in 
either a [CO,CO,SC] or [N,CO,SC] geometry [ 121 ]. Similar coordination is 
obtained for the double-π system PhePhe bound to Li + , Na + , K + , and Cs +  [ 122 ], 
although alkaline earth dications move to an intercalating [CO,CO,SC,SC] coordi-
nation. Potassiated HisGly is similar with an apparent [CO,CO,SC] geometry being 
favored [ 123 ]. Comparison of the spectra of potassiated AlaAla, AlaAlaAla, PheAla, 
PhePhe, and PheGlyGly also reveal extensive similarities with four major peaks 
near 1750, 1650, 1520, and 1150 cm −1  [ 120 ]. These correspond to the C-terminal 
carboxylic carbonyl stretch mediated by metal coordination, the amide I (CO stretch 
of amide linkages) and amide II (NH bend plus CN stretch, also metal mediated) 
bands, and the free COH hydroxyl bending mode, respectively. 

 IRMPD results for GlyArg and ArgGly indicate more profound differences 
resulting from the sequence inversion [ 124 ,  125 ]. For M + (GlyArg) where M +  = Li + , 
Na + , and Cs + , the metal cation coordination is [CO,CO − ] where there is a salt-bridge 
between the carboxylate anion and protonated guanidine side chain, a geometry 
favored by a nearly linear arrangement of formal charge sites. In contrast, for 
M + (ArgGly) where M +  = Li + , Na + , K + , and Cs + , the [CO,CO − ] salt-bridge geometry 
is maintained for the larger cations, whereas Li +  has a [CO,CO,SC] coordination 
and Na +  shows a mixture of this and the salt-bridge structures.  

4.1.2     Larger Peptides 

 The Ohanessian group has systematically examined the structures of Na +  complexes 
of polyglycine (Gly  n  ) for  n  = 2 – 8 using IRMPD [ 117 ,  126 ,  127 ]. For the smaller 
peptides,  n  = 2 – 5, all peptidic carbonyls coordinate to the metal cation in globular 
structures. At  n  = 6, the peptide is suffi ciently long that hydrogen bonding interac-
tions between the termini may occur. Larger peptides can no longer tightly chelate 
the metal cation with all carbonyls, but rather coordinate with six carbonyls and 
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stabilize the complex by hydrogen bonding interactions, mainly between the ter-
mini. Although calculations suggest the zwitterionic structure in which the proton 
has transferred is low in energy, the experimental spectra support the presence of 
only the charge solvated structure. 

 Dunbar et al. used IRMPD to explore the effect of the metal cation identity [ 128 ] 
on the conformations of pentaalanine (Ala 5 ), fi nding that Na +  could bind fi ve carbon-
yls whereas the larger K +  and Cs +  cations prefer structures in which fewer carbonyls 
coordinate the metal cation allowing the C-terminal carboxyl group to hydrogen 
bond (as identifi ed by very weak carbonyl bands at 1750 cm −1 ). This occurs because 
the weaker binding of these metal cations allows the intramolecular hydrogen bond-
ing to become thermodynamically competitive and infl uence the coordination. 

 Larger peptides allow more extensive hydrogen bonding, leading to the familiar 
helices and sheets in the secondary structures of proteins. However, the conforma-
tional space that can be explored for these large peptides is suffi ciently large that 
theoretical calculations are challenging. Nevertheless, IRMPD studies have exam-
ined the transition from the globular structures noted above to helices in the case of 
Na + (Ala  n  ) complexes for  n  = 8 – 12 [ 129 ] (see Figure  4 ). The spectrum for the octa-
peptide indicates that both globular and helical structures contribute, the  nonapeptide 
also has features of both types, and the larger oligopeptides switch to the helical 
form. Theory indicates the helical form is the lowest in energy for all of these pep-
tides with the globular structures having accessible relative free energies. These 
results agree with previous ion mobility measurements that demonstrate helical 
forms for Ala  n   where  n  = 12 – 20 complexed with all fi ve alkali cations [ 130 ,  131 ]. 
Deviations from helicity may occur for smaller peptides (especially lithiated and 

  Figure 4    Structures of Na + (Ala 8 ) for the lowest energy globular structure ( a ) and α-helical structure 
(lowest energy, part  b ) as calculated at the M06/6-311 + G(d,p)//M06/6-31 G(d,p) level of theory. 
Bond lengths (Å) for metal coordination and hydrogen bonds are indicated by green dashed lines. 
Reproduced from [ 129 ] with permission from the American Chemical Society; © copyright 2012.       
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sodiated) where experiments extend down to  n  = 6, but the mobility measurements 
cannot defi nitively distinguish the two forms.

4.2         Thermodynamics 

 Thermodynamic studies of metal cations interacting with small peptides are less 
extensive than for isolated amino acids and IRMPD studies. At this writing, TCID 
work includes only Na +  and K +  bound to glycylglycine (Gly 2 ) and glycylglycylgly-
cine (Gly 3 ) [ 116 ], which supercedes earlier studies by Klassen et al. [ 132 ]. The 
TCID values for the two sodiated peptides agree nicely with kinetic method results 
(Table  2 ), which also examined the sodium cation affi nities of tetraglycine (Gly 4 ) as 
well as many other di- and tripeptides [ 133 ]. These experimental BDEs agree rea-
sonably well with theoretical values [ 133 – 137 ] (see also [ 116 ]).

   The experimental BDEs for sodiated and potassiated Gly, Gly 2 , Gly 3 , and Gly 4  
increase with the size of the peptide, which can be related to the increasing number 
of carbonyl groups as well as the increasing polarizability of the peptide (Figure  5 ). 
As for any other ligand, the sodium cation affi nities are greater than the potassium 
cation affi nities. All levels of theory predict charge-solvated structures for 
M + (peptide). As noted above, the metal cations prefer to bind in [CO,CO] bidentate 
or [N,CO,CO] tridentate confi gurations in M + (Gly 2 ), [CO,CO,CO] tridentate con-
fi guration in M + (Gly 3 ), and [CO,CO,CO,CO] or [N,CO,CO,CO,CO] structures in 
M + (Gly 4 ). Notably, the increasing BDE with increasing residues begins to level off 
at Gly 4 . This is expected on the basis of decreasing charge density on Na +  with 
increasing coordination number and with increased steric constraints [ 1 ]. 
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 As for the amino acids (Figure  3 ), the BDEs correlate nicely with the polariz-
ability of these peptides (Figure  4 ). Notably, this correlation differs from that shown 
in Figure  3 , which can be appreciated by noting that the BDEs of Gly 2  and Asn 
(isomers of one another and having similar polarizabilities) are similar for both Na +  
and K + . As for the side-chain enhancements in Figure  3 , the local dipole moments 
of the coordinating carbonyl sites of the peptides must play a role (again consistent 
with the similarity between Gly 2  and Asn). Although theory does fi nd that the local 
dipole moments of the peptides are aligned with the metal ion in these complexes 
[ 116 ,  137 ], there is no direct correlation between the BDEs and calculated dipole 
moments of Gly, Gly 2 , and Gly 3  in their ground complexed geometries (3.2, 5.8, and 
5.2 D for Na + , respectively, and 6.2, 5.9, and 7.8 D for K + , respectively [ 116 ]). Not 
surprisingly, this indicates the cation affi nities of complex species like peptides 
must involve a superposition of electrostatic and steric effects. 

 Using the kinetic method, sodium cation binding energies to nineteen peptides 
containing 2 – 4 residues have been determined and compared favorably to theoreti-
cal values [ 133 ]. These studies conclude that sodium cation coordination involves 
all available carbonyls in the most stable structures and that functionalized side 
chains augment the binding as well. In a comparison of three isomeric pairs of 
dipeptides (GlyPhe and PheGly, AlaTrp and TrpAla, and GlyHis and HisGly), locat-
ing the functionalized side chain at the N-terminus augments the cation affi nity 
more than when it is at the C-terminus by 3 – 12 kJ/mol.   

5     Alkali Metal Cations Interacting with Nucleobases 

5.1     Structure 

 Because of the aromaticity of the heterocyclic rings of the nucleobases, there is much 
less conformational fl exibility compared to the amino acids. Theoretical studies indi-
cate that metal cation-nucleobase complexes are nearly planar, with π-bound com-
plexes lying considerably higher in energy. For adenine (A), IRMPD spectroscopy 
near 3500 cm −1  indicates that Li + , Na + , K + , and Cs +  all bind to A at the N3 and N9 
positions [ 138 ] (see Figure  6  for the nomenclature used). This tautomer, which dif-
fers from the canonical form shown in Figure  6  by moving the H9 hydrogen to N7, 
is less relevant biologically because the sugar attaches to N9 in nucleosides and 
nucleotides. Addition of a single water left this binding mode unchanged. In the case 
of cytosine (C), IRMPD spectroscopy of complexes with all fi ve alkali metal cations 
yield similar spectra, although the Rb +  and Cs +  complexes are richer in spectral 
details [ 139 ]. Although small changes in the positions and shape of the bands are 
observed to correlate with the size of the metal cation, all fi ve spectra can be explained 
by a single isomer in which the cation binds to the O2 and N3 atoms of the canonical 
cytosine structure shown in Figure  6 , in agreement with computations.
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   In the case of uracil (U), IRMPD spectroscopy unambiguously shows that Li +  
and Na +  bind at the O4 carbonyl [ 140 ,  141 ]. For thymine (T = 5-methylura-
cil = m 5 U), addition of water, or addition of another base (U or T) to the lithiated 
complex leaves this binding motif unchanged. If sulfur is substituted at the 2 
position (S 2 U) without or with methyl substitutions at the 5 and 6 positions 
(m 5 S 2 U and m 6 S 2 U), this binding mode is also retained. In contrast, substitution 
at the 4 position (in both S 4 U and S 24  2 U) induces tautomization in which the N3 
hydrogen moves to S4 and Na +  binds at the O2N3 (or S2N3) positions. Likewise, 
the sodium cation complexes of 5-halogenated uracil retain the O4 binding site 
for all four halogens (F, Cl, Br, and I), with chelation to the halogen substituent 
providing additional stabilization [ 142 ]. In contrast, Na + (cl 6 U) is found to have 
multiple isomers present, although the O4 binding site remains a major contribu-
tor. For both the U and C studies, various tautomeric structures were also care-
fully considered in these studies, however, the binding sites observed are 
biologically relevant because the sugar in nucleosides and nucleotides binds at 
N1 of uracil and cytosine. 

 For larger complexes, the number of studies is limited. The effect of sodiation 
on the conformers of all possible dinucleotides (single-strands, duplexes, and 
triplexes) was examined using ion mobility [ 143 ]. Three types of structural 
motifs were found: base stacking, perpendicular bases, or coplanar bases with 
small barriers (4 – 8 kJ/mol) between them. Duplexes and triplexes showed con-
siderably less structural diversity than the single-strand complexes with only one 
conformer observed for all duplexes except dTG, dGT, and dTT and for all tri-
plexes (where dTG, dGT, and dTT are the DNA dinucleotides possessing T and 
G = guanine nucleobase residues).  

  Figure 6    Structures of adenine, cytosine, guanine, and uracil.       
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5.2     Thermodynamics 

 Early TCID studies of M + (nucleobase) where M +  = Li + , Na + , and K +  and nucleo-
base = U, T, and A determined the metal cation binding energies for all nine sys-
tems [ 144 ] (Table  3 ), which agree reasonably well with theory and also with 
prior kinetic method results [ 145 ] except for Na + (A). The latter work also 
includes guanine (G) (Table  3 ). Subsequent TCID work has extended this work 
to nucleobase = C [ 146 ], where the value for Na + (C) is again in agreement with 
kinetic method results [ 147 ]. This study also includes the fi rst (and as yet only) 
extension to Rb +  and Cs +  complexes, fi nding bond energies of 148.0 ± 3.6 and 
137.2 ± 4.3 kJ/mol, respectively.

   As for amino acids and peptides, the BDEs decrease as the metal cation gets larger. 
Comparison of experimental BDEs with theoretical results (along with the IRMPD 
results noted above for U and C) show that the metal cations bind preferentially at the 
N7 site coupled with chelation to the amino group for A, at the O2 carbonyl and N3 

     Table 3    Bond dissociation energies (kJ/mol) at 0 K of alkali metal cations with nucleic acid bases 
and their sites of attachment (SA).  a     

 Nucleobase  SA  Li +   Na +   K +  

 A  b    N7NH 2   226.1 (6.1)  139.6 (4.2)  95.1 (3.2) 
 C  O2N3  c   

 235.2 (7.0) 
 209.5 (5.0)  161.5 (4.5) 

 N1O2  d    177.6 (5.4) 
 G  e    O6N7  239 (8)  182 (8)  117 (8) 
 U  b    O4  211.5 (6.1)  134.6 (3.4)  104.3 (2.8) 
 m 1 U  f    O4  234.0 (7.2)  150.7 (4.1)  110.9 (2.7) 
 m 3 U  f    O4  220.9 (6.7)  143.6 (3.8)  107.5 (3.3) 
 m 5 U (= T)  b    O4  210.1 (7.0)  135.3 (3.8)  104.0 (3.8) 
 m 6 U  f    O4  222.3 (6.6)  136.6 (5.8)  108.8 (5.4) 
 m 13  2 U  f    O4  239.8 (7.8)  153.6 (4.7)  118.9 (3.3) 
 m 56  2 U  f    O4  233.8 (6.5)  136.8 (5.1)  113.2 (3.2) 
 fl  5 U  g    O4F5  198.9 (4.8)  149.0 (4.3)  110.2 (3.8) 
 cl 5 U  g    O4Cl5  242.9 (8.2)  141.4 (3.4)  104.1 (2.7) 
 cl 6 U  g    O4  229.6 (7.8)  139.5 (4.4)  97.8 (2.2) 
 br 5 U  g    O4Br5  235.9 (5.3)  142.3 (4.8)  109.8 (2.3) 
 io 5 U  g    O4I5  147.5 (5.7)  117.6 (4.7) 
 S 2 U  h    O4  216.2 (5.7)  139.8 (3.3)  103.2 (2.6) 
 m 5 S 2 U  h    O4  213.3 (5.5)  142.3 (5.5)  101.2 (2.8) 
 m 6 S 2 U  h    O4  222.0 (6.2)  143.6 (3.8)  106.6 (3.5) 
 S 4 U  h    O2  213.1 (5.0)  125.8 (4.7)  97.3 (5.5) 
 S 24  2 U  h    S4  175.1 (4.5)  100.2 (5.8)  80.8 (2.8)  i   

    a  Uncertainties in parentheses. A = adenine, C = cytosine, G = guanine, U = uracil, m = methyl, 
fl  = fl uorine, cl = chlorine, br = bromine, io = iodine, S = sulfur. Superscripts indicate the position of 
the substitution. 

   b  [ 144 ].   c  [ 146 ].   d  [ 149 ].   e  [ 145 ] kinetic method.   f  [ 151 ].   g  [ 152 ].   h  [ 153 ].  
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site of C, at the O6 carbonyl and N7 site of G, and at the O4 carbonyl of U and T. Note 
that the assignment for A differs from that from the IRMPD work [ 138 ], which can be 
attributed to the different ion sources used to produce the  metalized nucleobase. 
(Interestingly, as originally suggested on the basis of theoretical work [ 148 ], earlier 
TCID [ 149 ] and kinetic method work [ 147 ] using different ion source methodology 
appears to have measured thermochemistry for excited isomers of the cytosine com-
plexes, in which the metal cations bind at the N1O2 position, which requires tautom-
erization from the lowest energy isomer shown in Figure  6 . Because the sugar attaches 
at N1, this isomer is less relevant to biological systems.) 

 The bidentating binding of C provides the strongest metal cation BDEs. G is also 
bidentate, but the geometry of the binding sites requires longer metal ligand bonds. 
A is also bidentate but requires rotation of the amino group in order to chelate and 
this is energetically costly because of the loss of π-resonance energy. The monoden-
tate M + (U) and M + (T) complexes are the weakest binders for Li +  and Na + , whereas 
K +  binds A most weakly. Notably, these interactions are suffi ciently large to poten-
tially disrupt hydrogen bonding in A::T (A::U) nucleic acid base pairs. 

 A number of studies have examined the effects of modifi cation on these BDEs. 
Such modifi ed nucleobases are relatively prominent in transfer RNAs, with 
 methylation being most common [ 150 ], and can exhibit both therapeutic and harm-
ful effects. The kinetic method has been used to show that Na +  binds 1- and 5-methyl 
cytosine more tightly than unsubstituted cytosine by 10 and 5 kJ/mol, respectively 
[ 147 ]. A more extensive series of studies on modifi ed uracils have been conducted 
using the TCID approach. Methylation at the 5, 6, and 5 and 6 positions has a rela-
tively small effect on the BDEs with Li + , Na + , and K +  (Table  3 ), whereas methyla-
tion at N3 increases the BDE by 5 ± 2 %, at N1 (where the sugar attaches) by 
10 ± 2 %, and at both sites by 14 ± 1 % [ 151 ]. In contrast, halogenation at the 5 posi-
tion increases the alkali metal cation BDEs, in part because the halogen can also 
chelate with the metal [ 152 ]. Halogenation at the 6 position, where it can no longer 
chelate, introduces a much smaller effect (actually decreasing the BDE for K + ). 
Notably, because halogenation is found to decrease the proton affi nity of U, such 
substitutions should stabilize A::U base pairs, which may provide some insight into 
their use as antitumor and antiviral agents. Thioketo substitution at the 2 position 
slightly increases the metal cation BDEs, whereas 4-thioketo U decreases the BDE, 
especially if both positions are exchanged for sulfur [ 153 ]. The latter substitution is 
predicted to have a marked effect at destabilizing A::SU base pairs. 

 The thermodynamics of hydration of sodiated and potassiated complexes of A, C, 
U, and T by one and two waters have also been measured using equilibrium methods 
[ 154 ]. In concert with the results above, these results suggest that tautomerization of 
cytosine is important in determining the distribution of complexes formed by elec-
trospray ionization. In the case of thiouracils, substitution at the 2 or 4 position has 
little effect on the fi rst and second hydration energy of the sodiated complexes [ 155 ]. 
Results appear to be consistent with direct binding of water to the sodium cation 
without disruption of the alkali metal cation-nucleobase structures noted above.   
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6     Concluding Remarks and Future Directions 

 Gas-phase studies in combination with computational work are capable of provid-
ing considerable detail information regarding how alkali metal cations interact with 
biological systems ranging in size from simple model compounds through the con-
stituents of proteins and nucleic acids up to peptides and nucleotides. The strength 
of these approaches are the quantitative structural and thermodynamic information 
that is afforded. Their weakness is the considerable projection that is needed to 
apply these data to real biological systems. 

 However, the exploration of such larger complexes is a very active area of 
research that promises to bridge the gap between the small molecule chemistry 
reviewed here and real systems. Such studies will not only directly yield more quan-
titative information about how secondary structure infl uences their properties and 
function, but should allow the lessons learned from small molecules to translate 
more effectively to the large complex systems.

  Abbreviations and Defi nitions 

  A    adenine   
  AA    amino acid   
  Arg    arginine   
  Asn    asparagine   
  Asp    aspartic acid   
  BDE    bond dissociation energy   
  BIRD    blackbody infrared radiative dissociation   
  BSSE    basis set superposition error   
  C    cytosine   
  CA    collisional activation   
  CAD    collision activated dissociation   
  CID    collision-induced dissociation   
  CLIO    Centre Laser Infrarouge d’Orsay   
  Cys    cysteine   
  dGT    2’-deoxy-guanine-thymine dinucleotide   
  dTG    2’-deoxy-thymine-guanine dinucleotide   
  dTT    2’-deoxy-thymine dinucleotide   
  ECP    effective core potential   
  EMSL    Environmental Molecular Sciences Laboratory   
  FEL    free electron laser   
  FELICE    Free Electron Laser for IntraCavity Experiments   
  FELIX    Free Electron Lasers for Infrared eXperiments   
  G    guanine   
  GIBMS    guided ion beam tandem mass spectrometer   
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  Gln    glutamine   
  Glu    glutamic acid   
  Gly    glycine   
  His    histidine   
  IR    infrared   
  IRMPD    infrared multiple photon dissociation   
  IRPD    infrared photodissociation   
  IVR    intramolecular vibrational redistribution   
  Lys    lysine   
  Met    methionine   
  MS    mass spectrometer or mass spectrometry   
  Phe    phenylalanine   
  Pro    proline   
  QQQ    triple quadrupole mass spectrometer   
  REMD    replica exchange molecular dynamics   
  SC    side chain   
  Ser    serine   
  T    thymine   
  TCID    threshold collision-induced dissociation   
  Thr    threonine   
  Trp    tryptophan   
  Tyr    tyrosine   
  U    uracil   
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Abstract Alkali metal ions play very important roles in all biological systems, 

some of them are essential for life. Their concentration depends on several physio-

logical factors and is very variable. For example, sodium concentrations in human 

fluids vary from quite low (e.g., 8.2 mmol dm−3 in mature maternal milk) to high 

values (0.14 mol dm−3 in blood plasma). While many data on the concentration of 

Na+ and K+ in various fluids are available, the information on other alkali metal 

cations is scarce. Since many vital functions depend on the network of interactions 

occurring in various biofluids, this chapter reviews their complex formation with 

phosphates, nucleotides, amino acids, and related ligands of biological relevance. 

Literature data on this topic are quite rare if compared to other cations. Generally, 

the stability of alkali metal ion complexes of organic and inorganic ligands is rather 

low (usually log K < 2) and depends on the charge of the ligand, owing to the ionic 

nature of the interactions. At the same time, the size of the cation is an important 

factor that influences the stability: very often, but not always (e.g., for sulfate), it 

follows the trend Li+ > Na+ > K+ > Rb+ > Cs+. For example, for citrate it is: log 

KML = 0.88, 0.80, 0.48, 0.38, and 0.13 at 25 °C and infinite dilution. Some consider-

ations are made on the main aspects related to the difficulties in the determination of 

weak complexes. The importance of the alkali metal ion complexes was also studied 

in the light of modelling natural fluids and in the use of these cations as probes for 

different processes. Some empirical relationships are proposed for the dependence 

of the stability constants of Na+ complexes on the ligand charge, as well as for cor-

relations among log K values of NaL, KL or LiL species (L = generic ligand).

Keywords Empirical relationships • Formation constants • Models • Speciation • 

Thermodynamic parameters

Please cite as: Met. Ions Life Sci. 16 (2016) 133–166

1  Introduction

As already discussed in other chapters of this book, alkali metal ions play very 

important roles in biological systems and some of them are essential for life. 

Therefore, a detailed description in this chapter of all their functions would only 

generate redundant and probably incomplete information. On the contrary, here it is 

necessary to stress that all their activity takes place in “biological” (as well as other 

“natural”) fluids, which are, from a chemico-physical point of view, multielectrolyte 

aqueous solutions in which a wide number of components (metal ions, low, medium, 

and high MW ligands, etc.) is dissolved or dispersed (this last aspect is outside of 

the scope of this chapter) [1–8]. As a consequence, the control of some typical prop-

erties of the aqueous solution, i.e., the “biological fluid”, becomes essential for the 

control of vital functions: we can just cite electroneutrality, osmotic pressure, cell 

potential, and ionic strength, which are mainly maintained by sodium and potas-

sium ions (but not only) [7, 8]. Alkali metal ions other than Na+ and K+ are usually 

“less considered”, resulting in a considerable lower number of studies. They are 
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generally limited to aspects related to the medicinal use of Li+ and Cs+ (including 

radiocesium) or on the possible toxicity of Rb+, though some works support their 

possible “essentiality” [7, 9].

After a brief summary on some general aspects of alkali metal complex forma-

tion in biological fluids, including concentrations in different bio-fluids, this chapter 

will focus on the thermodynamic aspects related to complex formation of the main 

classes of inorganic and organic ligands of biological relevance, paying attention to 

the importance of complexes formed in modelling the speciation of various biologi-

cal fluids. Most relevant literature data on the stability constants of alkali metal 

complexes of phosphates, nucleotides, amino acids, and related ligands of biologi-

cal relevance are critically reviewed together with other thermodynamic parameters 

(ΔG, ΔH, ΔS), where available.

2  Alkali Metal Ion Complex Formation in Biological Fluids

An aspect that is generally neglected, especially by non-chemists, is that also alkali 

metal ions interact with both organic and inorganic ligands in biological fluids, 

forming complexes of medium to low stability, which, however, may significantly 

affect their speciation (and therefore, their activity), since the amount of species 

formed depends not only on the stability constant value, but on the metal (and 

ligand) concentrations as well. We just remind that the chemical speciation (i.e., the 

distribution of an element amongst defined chemical species in a system) influences 

and determines many biological properties of single compounds and whole systems 

[10]. As a consequence, species of low stability (weak species, like those usually 

formed by alkali metal ions) may be formed in higher percentage than stronger 

ones, if the concentration of ions involved in the formation reaction is high (like in 

the case of Na+ and K+ in biological fluids) [3–7]. This aspect is sometimes expressed 

by means of the “uptake factor” (KML · [M]), which controls selectivity and concen-

tration of certain ions at certain “sites” [7]. In this light, prior to any further consid-

eration on alkali metal complex formation in biological fluids, it appears to be useful 

for the reader to recall some basic concepts.

2.1  Alkali Metal Concentration in Different Biofluids

The composition of a given fluid depends on several factors like, e.g., age, sex, 

particular conditions and/or pathologies, kind of organism (for the sake of simplic-

ity we will only refer in this paragraph to “human” fluids). Also the concentration of 

alkali metal ions and other inorganic components in most fluids is very variable and 

affected by different physiological conditions. For example, considering Na+ and 

K+, the most abundant ions, their concentration in human urine depends on its daily 

flow (from total anuria 0 mL d−1 to severe polyuria up to 15 L d−1), renal functional-

ity, age, sex, fast time, daily intake, pathologies [2]: their excretion via urine ranges 
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from 80 and 40 to 560 and 100 mmol d−1, respectively. However, their mean concen-

tration in urine of a group of 2872 healthy people has been recently found to be 

[Na+]T = 95 ± 44 and [K+] = 29 ± 17 (in mmol dm−3, ±95 % confidence interval, 

unpublished data from this laboratory).

Analogously, Na+ and K+ concentrations in sweat and pancreatic juice depend 

also on the kind of secreting gland, as well as saliva, where marked differences are 

observed between stimulated and unstimulated saliva. Stimulation (during fast or 

digestion) is also important for determining their concentrations in gastric juice, 

while difference must be made between hepatic or cholecystic bile. During the first 

half of pregnancy, Na+ and K+ in amniotic fluid are in equilibrium with those of 

maternal plasma, while significant changes are observed in the second half.

Finally, regarding blood, differences must be considered between whole blood, 

plasma, and serum, since the presence of cells during measurements significantly 

alters alkali metal concentration; indeed, the difference between intracellular and 

extracellular concentrations of Na+ and K+ is very well known, with all implications 

for life. Further details on these aspects are available in [2], while some data on 

mean Na+ and K+ concentrations in human fluids can be found in Table 1. Concerning 

other alkali metal ions, a significant number of measurements has only been done in 

the case of human urine and blood plasma. In the former, mean excretion values are 

0.12 mmol d−1, 28 μmol d−1 and 98 nmol d−1, for Li+, Rb+, and Cs+, respectively; 

while their concentration in the latter (same order) is 4.5 μmol dm−3, 1.8 μmol dm−3, 

and 6.4 nmol dm−3.

2.2  Experimental Determination of Alkali Metal Complex 
Formation Constants and Calculation Problems

When looking for alkali metal ion complexes in the most common stability constant 

databases [11–16], at least two points are evident: (i) the amount of available data is 

relatively low (especially if compared to complexes of other cations like, e.g., the 

alkaline earth ions, transition metal ions or lanthanoids); (ii) significant discrepan-

cies are usually found between results reported by different authors. Both aspects 

can be attributed to some objective difficulties related to the experimental determi-

nation of the stability constants (and other related thermodynamic parameters) of 

weak complexes, like (usually) those of alkali metal cations (see, e.g., refs. in [17–

19]). Many classical techniques may be used for this purpose, but ion-selective- H+ 

and -M+ (ISE-H+ and ISE-M+) potentiometries are probably the most common ones, 

for several reasons [17–19]: among them, the cheapness of the instrumentation and 

its simplicity favored their general use, though this was not always followed on by 

the comprehension of the key aspects of both their correct use and data interpreta-

tion, leading to the above cited discrepancies in results obtained [17–20]. For exam-

ple, factors that must be taken into account are: kind of electrode calibration (in 

concentration or activity) [21]; changes of activity coefficients of different species 
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(electrodes are sensitive to “activity”) due to both the different composition of solu-

tions (ionic medium, ionic strength, reagent concentrations) and dilution (during 

titrations); poor temperature control; and, in general, incorrect experimental design 

(metal to ligand ratios, pH, etc.). Moreover, pH- metric titrations (frequently used) 

are based on the measurement of pH changes due to proton displacement from a 

ligand during M+ binding [21]. This means that, since the amount of protons dis-

placed (i.e., the change in pH) depends on both the strength of complex formed and 

the concentration of species involved in the formation reaction (i.e., the ligand and 

the metal cation), the changes in pH may be very small and of the same order as the 

instrumental uncertainty, if experiments are not properly designed [19, 20].

Alternatively, a large number of formation constants of alkali metal complexes 

have been successfully calculated by the so-called Δlog KH or ΔpK method, i.e., by 

measuring the differences of the apparent protonation constants of the ligands of 

interest determined in “non-interacting” (better “very weakly interacting”) aqueous 

media and those obtained using alkali metal salts as supporting electrolytes. A 

Table 1 Concentration of 

alkali metal cations in some 

selected human fluids (in 

mmol dm−3, no particular 

pathologies, adults, mean 

values).

Biological fluid Na+ K+

Urinea 150 70

Urineb 95 ± 44 29 ± 17

Sweatc 46.8 8.6

Salivad 29.3 16.4

Gastric juicee 50.8 14

Pancreatic juicee 125 7.6

Epathic bile 146 4.8

Cholecystic bile 179 24.6

Intestinal juice 142 4.8

Synovial fluid 136 4

Cerebrospinal 

fluid

145 2.96

Aqueous humor 111 3.2

Tears 146 16.2

Seminal fluid 129 20.5

Amniotic fluidf 138.5–123.5 3.9–4.3

Maternal milkg 8.2 13.8

Plasma 140 4.03

Erythrocytes 7.35 99.1

aIn mmol d−1.
bFrom a group of 2872 people (unpublished 

data from this laboratory), ±95 % confidence 

interval.
c17–50 years.
dTotal, flux 2.15 mol min−1.
eBasal.
fRanges from the beginning to the end of preg-

nancy.
gMature milk.

Data compiled from [2].
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detailed description of the basic principles of this approach and some examples can 

be found, for example, in [22–25]. Briefly, for a simple monoprotic acid (HL), the 

lowering effect of the apparent protonation constant in an “interacting” medium 

(log Ki
H *) with respect to a non-interacting one (log Ki

H) can be interpreted in terms 

of complex formation between the deprotonated ligand and the cation of the sup-

porting electrolyte:

 
log log log* logK K K

i
H

i
H M

M= + [ ]( )− 1 10
 

For polyprotic ligands, a slightly more complicated calculus procedure should be 

used, though it starts from a basic assumption, i.e., that the average number of pro-

tons bound to a ligand ( )p  is fixed in given conditions, independently of its expres-

sion. This means that it can unequivocally be calculated using only the apparent 

overall protonation constants (βi
H *, referring to the equilibrium: i H + L = HiL):
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or by the effective protonation constants ( , )β β β0 0i i i
H≡  and the complex formation 

constants:
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The equivalence of the two expressions means that the complex formation constants 

of (weak complexes) can be calculated by minimizing the function

 
U p p= −( )∑ * 2

 

by means of suitable computer programs. To our knowledge, only one program has 

been specifically dedicated to the determination of weak complexes by this method, 

i.e., ES2WC [22]. Worth mentioning is the fact that, in this kind of calculations, the 

molar concentration scale (in mol dm−3) must be used [22, 26, 27].

3  Inorganic Complexes

As known, inorganic ligands are very important, practically in all natural fluids [2–

6]. Even though the stability of alkali metal ion–inorganic ligand complexes is gen-

erally lower than that of species with organic ligands with analogous stoichiometry 
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[11–16], their importance is not negligible, for the same reasons given in previous 

paragraphs for alkali metal cations. The concentration of inorganic ligands in natu-

ral systems is usually higher than that of organic ones.

The inorganic ligands considered in this chapter are: hydroxide (OH−), chloride 

(Cl−), sulfate ( )SO4
2

, carbonate ( )CO3
2

, phosphates ( PO4
3

, P O2 7
4

, P O3 10
5

 and 

phytate (Phy12−). For convenience fluoride (F−), hexacyanoferrate(II) and (III) 

( Fe(CN)6
4 and Fe CN( )6

3
), borate ( ( ) )B OH 4 , and other minor ligands (e.g., SCN−) 

are treated in a separate paragraph (see Section 3.6). A comprehensive data analysis 

on the interaction of alkali (and alkaline earth) metal–inorganic (and organic) 

 complexes is reported in [18]. More recently, the stabilities of many of these sodium 

and potassium complexes (including mixed species) at different ionic strengths 

and temperatures of interest for many biological fluids have been reviewed by 

Crea et al. [28].

3.1  Hydroxide

Daniele et al. [18] reported the formation constants for MOH ion pairs (using the 

ΔpK method, see Section 2.2): log K = 0.53, 0.28, and 0.18 for Li+, Na+, and K+ 

respectively, at t = 37 °C and infinite dilution [29], resulting in reasonable agreement 

with the reference work of Baes and Mesmer [30] (log K = 0.36, −0.18, and −0.46 

for Li+, Na+, and K+ respectively, at t = 25 °C, Cs+ interaction neglected). From the 

dependence of the formation constants on temperature, a ΔH value was also reported 

by Daniele et al. [18] for Na+ (ΔH = 1.3 kJ mol−1, same conditions). There is no 

doubt that alkali metal cations undergo hydrolysis, but the amount of MOH in solu-

tion is too small to be estimated with acceptable error limits [18, 30]. In any case, 

the formation of these ion pairs is generally negligible at the pH of most biological 

fluids. From a pure thermodynamic point of view, worth mentioning is the work by 

Popov et al. [31], who determined the formation constants of the MOH species for 

the whole series of alkali metals (except for Rb+), at 25 °C in (CH3)4 N
+/Cl−/OH− 

solutions at I = 3.4 mol dm−3, obtaining log K = −0.04, −0.93, −0.7 and −0.8 for Li+, 

Na+, K+, and Cs+, respectively, and reporting the last value for the first time.

3.2  Chloride

The concentration of chloride in bio-fluids is quite high and ranges between 

~0.02 mol dm−3 in saliva and ~0.13 mol dm−3 in intestinal juice [2].

Chloride complexes of alkali metal cations are very weak and were studied by 

partial molal volume and potentiometric measurements [32, 33]. De Robertis et al. 
[34] calculated the formation constant (and ΔH values) of NaCl and KCl species at 

different temperatures and ionic strengths, by a careful analysis of literature data. At 

I = 0 mol dm−3 and 25 °C, they proposed for NaCl: log K = −0.30, ΔH = −8 kJ mol−1 
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and for KCl: log K = −0.27, ΔH = −4 kJ mol−1. Other evidence for the formation of 

weak ion pairs of alkali metal chlorides was reported using non-empirical quantum 

chemical methods [35]. In particular two kinds of association models for NaCl were 

observed, namely, contact ion pairs and solvent separated ion pairs. Heyrovská [36] 

showed that the non-ideal thermodynamic properties of strong electrolytes are due 

to partial dissociation.

3.3  Sulfate

The concentration of sulfate in bio-fluids is fairly low. In urine, for example, it may 

reach values of ~0.01 mol dm−3, whereas in saliva its concentration is ~0.001 mol dm−3 

[2].

Many natural fluids contain sulfate or hydrogensulfate (in acidic media), and 

therefore its complexes with alkali metal ions were investigated by several authors 

(see refs in [18, 28]). As for other ligands, only a few ΔH values are reported. 

Generally, the stability of sulfate ion pairs with alkali metal ions is slightly higher 

than that of the corresponding chloride species. Daniele et al. [37] determined the 

formation constants of the entire series Li+, Na+, K+, Rb+, and Cs+ sulfate complexes 

at 37 °C in the ionic strength range 0.03 < I/mol dm−3 < 0.5. At infinite dilution, the 

values of log K = 0.79 (Li+), 0.39 (Na+), 0.52 (K+), 0.60 (Rb+), and 0.69 (Cs+) were 

reported. Righellato and Davies [38] found log K = 0.64 (Li+), 0.70 (Na+), and 0.82 

(K+) at infinite dilution at 18 °C for sulfate [while it is log K = 0.58 (Na+) and 0.91 

(K+) for thiosulfate under the same conditions]. The trend of the stability constants 

shows a sharp minimum (for sodium) which is absent or less evident with other 

ligands, whereas Midgley [39] found the following trend: Cs+ > Rb+ > K+ > Na+ > Li+. 

Evidence for sodium ion pair formation was also obtained with Raman spectros-

copy [40].

3.4  Carbonate

Carbonate and hydrogen carbonate, the most important species at the pH of blood 

plasma, are very important in all biological fluids. However, in some of them (acidic 

urine for example) HCO3  is in equilibrium with CO2(g). The concentration of 

hydrogen carbonate is ~0.01 mol dm−3 in saliva, ~0.09 mol dm−3 in pancreatic juice, 

and ~0.03 mol dm−3 in aqueous humor [2].

Despite their importance, few data are reported in the literature on the interac-

tions of carbonate with alkali metal cations. They have been reviewed in [18, 28], 

including the recent work by Crea et al. [41], who determined the formation con-

stants for sodium carbonate and hydrogen carbonate species by the ΔpK method, 

using the experimental protonation constants determined in (C2H5)4NI as baseline. 

At infinite dilution, they found log K = 1.15, 0.26, and −0.25 for NaCO 3 , Na(HCO3), 
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and Na CO reaction Na NaCO2 3 3( ): + −+ , respectively, while it is log K = 0.97 and 

0.11 for KCO3  and K(HCO3).

3.5  Phosphates

Hydrogen phosphate is, generally, the most important species of inorganic phospho-

rus species in biofluids. Its concentration is commonly ~1 mmol dm−3; in urine it 

may reach ~0.03 mol dm−3 [2].

The chemistry of phosphate in aqueous solutions was widely studied, and data 

on the binding ability of inorganic phosphate towards alkali metal ions have been 

recently reviewed [18, 28]. The stability of dihydrogenphosphate with Na+ and K+ 

is very similar (log K = 0.28 and 0.26, respectively, for the reaction 

M H PO M H PO+ −+ =2 4 2 4( )  [29, 42]). The stability of the alkali metal species with 

hydrogenphosphate (reaction M HPO M HPO+ − −+ =4
2

4( ) , log K = 1.08, 1.02 and 

0.87 for Li+, Na+, and K+, respectively) follows the expected trend for the charge/

radius ratio [29, 42, 43]. Analogously, for phosphate ( )PO4
3

 complexes it was 

found (at infinite dilution and 37 °C): log K = 1.55, 1.34, 1.20 for LiPO4
2

, NaPO4
2

, 

and KPO4
2

, respectively, and log K = 1.17, 1.05, 0.87 for Li PO2 4
2

, Na PO2 4
2

, and 

K PO2 4
2

(stepwise reaction, M + ML = M2L), with an endothermic formation reac-

tion [29, 42].

Alkali metal complexes of pyrophosphate (diphosphate, ( )P O2 7
4

 and triphos-

phate ( )P O3 10
5

 are more stable than the corresponding phosphate ones, and follow 

the same stability trend [44]: log K = 3.71, 2.25, 2.24 for LiP O2 7
3

, NaP O2 7
3

 and 

KP O2 7
3

 and log K = 3.47, 2.33, 2.33 for LiP O3 10
4

, NaP O3 10
4

, and KP O3 10
4

. 

Phosphates also form mixed NaK(HiPO4), NaK(HiP2O7), and NaK(HiP3O10) species 

(i = 0 and 1), whose stability is greater than that of simple Na2HiL and K2HiL species 

[42, 45].

Among the phosphates, a particular class of ligands of biological relevance is 

represented by myo-inositol-n-phosphates (n = 1 to 6). 1,2,3,4,5,6,myo-inositol 

hexakis-phosphate (Phy12−) is the most abundant among them and it is ubiquitous in 

eukaryotic cells, mainly as potassium, calcium and magnesium salts. Their impor-

tance is due to the fact that phytates modify the bioavailability of cations, have 

antioxidant and anticancer activity, reduce kidney stone formation, and are used in 

the treatment of many pathologies (for more information we may refer to refs. in 

[46]). Due to its high charge, Phy12− forms several MiHrL
(12-i-r)– species (M = Li+, Na+, 

K+, Cs+), which show a fairly high stability: for example, the log K values for the 

reaction: 6 M+ + Phy12− = M6Phy6− are 28.1 (Li+), 25.9 (Na+), 24.5 (K+), and 24.0 

(Cs+), while, for the reaction M+ + H6Phy6− = M(H6Phy)5− it is log K = 2.8 (Li+), 2.4 

(Na+), 2.2 (K+), and 3.7 (Cs+) (at I = 0.1 mol dm−3 and 25 °C) [24, 46, 47]. The for-

mation of mixed alkali metal cation species (Li+/Cs+) was also observed [47].

Recently, Veiga et al. [48] reported a quantitative study of the intramolecular 

details of Phy12− protonation and complexation equilibria also in the presence of 
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alkali metal cations (i.e., Na+ and K+). The authors determined the micro- protonation 

constants at physiological pH, reporting that H4(Phy)8− and H5(Phy)7− are the major 

species. In the presence of Na+ and K+ ([M]T = 0.15 mol dm−3), the predominant spe-

cies are M3H4(Phy)5−, M4H3(Phy)5−, M5H2(Phy)5−, M6(Phy)6−. Among them, those 

predominant in cytosol and nucleus conditions are Na3H4(Phy)5−, and Na4H3(Phy)5− 

for Na+ and K3H4(Phy)5− for K+. Cigala et al. [49] reported the solubility of the 

Na12(Phy) salt using the data on the Na+/Phy12− complexes previously determined 

[24], observing that only 7 moles of Na+ per mole of salt dissociate when Na12(Phy) 

is dissolved in NaCl solutions, meaning that Na5(Phy)7− is the totally deprotonated 

species in Na+ solution. The total solubility of Na12(Phy) at infinite dilution is 

log .S0 0 522T = − , and log KS0 = –0.194 at [NaCl]T = 2.036 mol kg−1, relative to the 

reaction:

 
KS Na Phy Na0 5

7 7
= ⎡⎣ ⎤⎦ ⋅ ⎡⎣ ⎤⎦

+( ) −

 

3.6  Other Inorganic Ligands

The stability data of fluoride complexes in aqueous solution were collected by Bond 

and Hefter [50], who reported log K = −0.56 for NaF species at I = 1 mol dm−3 and 

25 °C. Miller and Kester [51] determined the stability of sodium-fluoride ion pairs 

in seawater medium. Ferrocyanide (hexacyanoferrate(II), Fe CN( )6
4

) and its oxi-

dized product ferricyanide (hexacyanoferrate(III), Fe CN( )6
3

) cannot freely pass 

through the plasma membrane. For this reason, ferrocyanide has been used as a 

probe of an extracellular electron receptor in studies of redox reactions in cells [52]. 

Alkali metal complexes of hexacyanoferrate(II) were studied by different tech-

niques, and the following stability trend was found: Li+ < Na+ < K+ < Rb+ < Cs+ [18, 

53–55]. Daniele et al. [18] reported: log KML = 2.0 (Li+), 2.3 (Na+), 2.5 (K+), 2.7 

(Rb+), and 2.9 (Cs+) at 25 °C and infinite dilution. In addition, thermodynamic data 

relative to the formation of the MHL and M2L species are also reported in [54], 

together with an empirical relationship for the estimation of the stability of the M2L 

(as log βM2L, referred to the overall equilibrium 2 M + L = M2L) at infinite dilution 

and 25 °C from the simple ML species:

 
log . . logβM L ML2

0 18 1 27= + K
 

ΔH (and ΔS) values were also obtained from the dependence of the stability 

constants on temperature. For the overall equilibria relative to the formation of ML, 

MHL, and M2L species of Li+, Na+, and K Fe CN+ −/ ( )6
4

 complexes, two mean for-

mation entropy and enthalpy changes can be proposed: ΔH = 15 kJ mol−1 and 

TΔS = 36 kJ mol−1 at infinite dilution and 25 °C. The formation of mixed hetero 

MM’L species was also evidenced by means of experiments in Li+/Na+, Li+/K+,  
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Na+/K+ mixed chloride solutions [54]. The formation constant of the equilibrium 

M2L + M’2 L = 2 MM’L showed a mean value log K = 1.1 for all the mixed systems, 

indicating a significant stabilization for the mixed complexes (the statistical value is 

log K = 0.6 [56]).

Hexacyanoferrate(III)-alkali metal ion complexes are significantly less stable 

(about one log unit) and follow the same trend of hexacyanoferrate(II) species [57]. 

For the sake of completeness, the formation of a Rb+ complex of cobalt(II)-pentacy-

anide is reported, with the average value log K = 0.57 [58]. Boric acid, H3BO3, can 

be treated as a weak acid and in the literature some data are reported on the interac-

tion of the anion, B OH( )4  with alkali metal cations. In particular, the values of 

0.34, −0.15, and −0.18 are given at infinite dilution for the Li+, Na+, and K+ com-

plexes, respectively [59–62]. Among other inorganic ligands, worth mentioning is 

also thiocyanate, which is present up to millimolar concentrations in some biologi-

cal fluids (e.g., in saliva [2]). The stability constants of its NaL and KL species, 

together with their dependence on ionic strength and temperature, have been 

recently reported by Crea et al. [28] (log KML = −0.33 and −0.31 for the formation of 

Na(SCN) and K(SCN), respectively, at 25 °C and infinite dilution).

Finally, also negatively charged hydrolytic species of many cations may form 

fairly stable complexes with alkali metal cations, which is a very important 

aspect when dealing with multicomponent systems (like biological fluids). For 

example, the formation of a quite stable mixed hydrolytic species of 

dioxouranium(VI) and sodium cations is reported by Gianguzza et al. [63], with 

log K = 1.2 for the equilibrium [( ) ( ) ( ) ]( )UO OH Na UO OH Na2 3 7 2 3 7
− ++ =  at 

25 °C and infinite dilution. This relatively high value is not surprising, since the 

“affinity” of Na+ toward dioxouranium(VI) species is very well known (e.g., 

UO2
2

 salts were commonly used in the past in qualitative chemical analysis for 

the selective precipitation of sodium [64]). For example, the stabilization of the 

negatively charged dioxouranium(VI)/oxalate complexes of Na+ is quantified by 

ΔG = −2.6 kJ mol−1 [65].

4  Nucleotide Complexes

Nucleotides are a class of organic compounds in which the molecular structure 

comprises a nitrogen-containing unit bound to a sugar and at least one phosphate 

group; they are the building blocks of nucleic acids (DNA and RNA). The sugar and 

phosphate group make up the backbone of the DNA double helix, while the bases 

are located in the middle. A covalent bond between the phosphate group of one 

nucleotide and the sugar of a neighboring nucleotide holds the backbone together. 

Hydrogen bonds between the bases that are across from one another hold the two 

strands of the double helix together. The nitrogen-containing bases of nearly all 

nucleotides are derivatives of three heterocyclic compounds: pyrimidine (cytosine, 

thymine, and uracil), purine (adenine and guanine), and pyridine (nicotinamide). 

The study of modern genetics also depends on the understanding of the physical and 
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chemical characteristics of DNA and, in turn, on its individual nucleotides. 

Nucleotides play a very important role in all biological systems since they are 

involved in most biochemical and enzymatic processes. These biochemical pro-

cesses require in many cases the presence of essential metal ions that can act as cata-

lysts. Unfortunately, the same biological functions of nucleotides are inhibited by 

the presence of toxic metal ions that can act as competitors with the essential ones. 

When studying biological and environmental processes where these substances are 

involved, the interaction of nucleotides with the metal ions and the corresponding 

binding capacity cannot be neglected [66].

The solution chemistry of nucleotides depends on the binding capacity of the 

phosphate groups in the molecules, where, in particular, the terminal phosphate 

plays a main role. However, also the nitrogen N(7) of the base participates in some 

cases in the complexation of the metal ions, but obviously this is strictly related to 

the pH value of the medium [66].

Owing to the importance of this class of biological ligands, a huge number of 

papers on the interaction of nucleotides with several metal ions have been pub-

lished, especially regarding ATP4− with alkaline earth metal ions (Ca2+ and Mg2+). 

Several general [11, 12, 14–16] and specific [67] compilations containing recom-

mended and tentative protonation and formation constants of the Mn+/nucleotide 

(AMP2−, ADP3−, ATP4−, AQP5−, etc.) systems are available, generally at low ionic 

strength values (I ~ 0.1 mol dm−3 and 25 °C). Nevertheless, data on the interaction of 

nucleotides with alkali metals are not as abundant as those of alkaline earth metals. 

Studies in this field were carried out by some researchers at low ionic strengths, 

generally up to 0.2 mol dm−3, at different temperatures (10 ≤ t/°C ≤ 45) and, in some 

cases, in different ionic media [NaCl, KCl, (CH3)4NCl, (C2H5)4NCl, (C3H7)4NCl, 

etc.] [43, 68–77]. Investigations in tetraalkylammonium salts were done assuming 

initially that these salts do not form complexes with nucleotides, and with ATP4− in 

particular. Independently of the nucleotides and of the ionic medium, the formation 

of simple ML and MHL (M = Na+ or K+) species was generally reported [43, 68–

77]. In some cases, the formation of M2H2L species (M = Na+ or K+) was also 

observed by ISE-M+ investigations [71]. Despite the weakness of alkali 

 metal- nucleotide complexes (generally log K < 2), at pH ~ 7 the ligand is generally 

complexed in high yield, especially if the metal ion is in excess (like Na+ and K+ in 

biological systems). As an example, at I = 0.1 mol dm−3 and low ligand concentra-

tion, more than 70 % of ATP4− is complexed by K+ or Na+ [76]. Further investigation 

on the protonation and alkali (and alkaline earth) complex formation of ATP4− at 

different ionic strengths and in different ionic media was carried out both in alkali 

metal media (Li+, Na+, K+, Rb+, and Cs+) and in different tetraalkylammonium salts 

[77].

For all the systems, the formation of the M(ATP)3− and MH(ATP)2− species was 

observed, while the formation of a binuclear M2(ATP)2− species was reported only 

for Li+, and in excess of cation. Despite its weakness, this species reaches about 

10 % of formation at pH ~7, confirming that it cannot be neglected in a correct spe-
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ciation study in biological fluids. For the simple M(ATP)3− (M = Na+, K+, Rb+, and 

Cs+) species, a fairly constant value of log K = 1.23 was calculated at I = 0.25 mol dm−3 

and 25 °C, while only the Li(ATP)3− is more stable (log K = 1.78). Finally, in the 

same work [77], the dependence of the stability constants of various complexes on 

the ionic strength is similar for the same kind of species formed by different alkali 

metal cations. More recently, the protonation of ATP4− and the ion pair formation 

with Na+ and K+ (together with the modelling of their dependence on ionic strength 

by different approaches) have been investigated in more detail [78] in this labora-

tory. At infinite dilution and 25 °C, log K = 2.10 and 1.95 have been proposed for the 

formation of Na(ATP)3− and K(ATP)3−, respectively. The stability constants of alkali 

metal cation/ATP complexes were also reported by other authors: log K = 2.43 (Li+), 

1.98 (Na+), 1.87 (K+), 1.98 (Rb+), and 1.94 (Cs+) [43, 77, 79] at infinite dilution and 

25 °C. In general, most authors agree that the stability of alkali metal complexes of 

ATP4− is inversely proportional to cation size, following the trend 

Li+ > Na+ > K+ > Rb+ > Cs+ [18].

Smith and Alberty [43] reported the formation constant of the ML species of 

alkali metal cations with different nucleotides in Me4NCl at I = 0.20 mol dm−3 and 

25 °C. These authors proposed log K = 0.98, 0.83, and 0.6 for the AMP2− complexes 

with Li+, Na+, and K+, respectively; log K = 1.71 (Li+), 1.39 (Na+) and 1.29 (K+) for 

ADP3−, and log K = 2.85 (Li+), 2.18 (Na+), and 2.04 (K+) for AQP5−. These stability 

constants for the M(AQP)4− complexes were recalculated by Smith et al. [67] at 

I = 0.10 mol dm−3 in Me4N
+ medium to give log K = 2.22 for Li+, 1.71 for Na+, and 

1.54 for K+. The significant difference between the stability constants of AQP-alkali 

metal ion complexes and other nucleotides can be explained taking into account the 

higher ligand charge [43].

Relatively scarce is also the information on the enthalpic or entropic contribution 

in the formation reaction of nucleotide-alkali metal ion complexes. From calorimet-

ric measurements and from the dependence of the formation constants on tempera-

ture it was possible to calculate the enthalpy change values for both the protonation 

and the complexation of ATP4− [77]. Results show that alkali metal complexes of 

ATP4− are entropically stabilized and low enthalpy changes (~1 kJ mol−1 for the Na+ 

and K+ complexes of ATP4−) are observed: in many cases it holds ΔS > 160 J mol−1 K−1 

at I = 0.25 mol dm−3 and 25 °C [77].

In spite of the high number of collections containing data on the thermodynamic 

aqueous properties of nucleotides in simple electrolyte solutions, literature data in 

mixed or multicomponent media are rare. An example is the study by Crea et al. 
[80] on the speciation and interaction of IMP2−, AMP2−, ADP3−, and ATP4− (proton-

ation and complex formation constants) in a multicomponent solution simulating 

the seawater at different salinities and containing simultaneously different cations, 

as well as mixed NaCl/MCl2 (M = Mg2+ or Ca2+) solutions at different ionic strengths. 

Although Na+ interacts weakly with nucleotides, this interaction cannot be neglected 

when dealing with their chemical speciation in seawater, where Na+ is one of the 

main inorganic components. Some selected stability constants of ATP/alkali metal 

ion complexes are reported in Table 2.
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5  Amino Acid and Peptide Complexes

Amino acids play a central role in many metabolic processes, as well as building 

blocks of proteins. In this context, it is obvious that the biological activity of pro-

teins depends on the chemical properties of the amino acids they contain. Considering 

that the study of the protein structure and stability is an important research area 

since many years, the investigation of the structure and the properties of amino acids 

became necessary.

In aqueous solution (like biological fluids), the acid base properties of amino 

acids determine their behavior, since, at a given pH, the proton moves from the 

carboxylic (COOH) to the amino (NH2) group, generating a zwitterion with a nega-

tive and a positive charge. This neutral zwitterionic form is the most stable form in 

the human body. The amino acids, being simultaneously “amines” and “acids”, have 

intermediate characteristics between the two ligand classes, with the possibility to 

chelate cations through N- and/or O-donor interactions. As an example, Asp2− and 

His− have complexing characteristics between those of Suc2− and Ala−, and Ala− and 

Imid, respectively [81]. On the basis of experimental evidence, another interesting 

Table 2 Selected log K values for the interaction of Li+, Na+, K+, Rb+ and Cs+ with some ligands 

of biological interest (I = 0 mol dm−3, 25 °C).a

Ligand Li+ Na+ K+ Rb+ Cs+

OH− 0.36 −0.18 −0.46

Cl− −0.30 −0.27

SO4
2 0.79 0.39 0.52 0.60 0.69

CO3
2 1.15 0.97

HCO3

0.26 0.11

ATP4− 1.78 1.23 1.23 1.23 1.23

AMP2− 0.98 0.83 0.60

(AA)–b 0.28 0.28

H(AA)b −0.40 −0.40

GSH3− 0.96 0.96 0.96 0.96 0.96

Cit3− 0.88 0.80 0.48 0.38 0.13

EDTA4− 2.85 1.75 0.70

NTA3− 2.50 1.30 0.70

H(DTPMPA)9− 3.71 3.32

HEDP4− 1.80 1.40

Ox2− 1.17 0.85 0.71

Ac− 0.20 −0.12 −0.27 −0.16 −0.12

Lact− −0.11 −0.27

aData collected from different references cited in this chapter.
bAA = generic simple amino acid.
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aspect about the behavior of amino acids in aqueous solutions can be highlighted: 

since they are both O-donor and N-donor ligands, like carboxylates and amines they 

show interesting regularities in the stability of their metal complexes [82–85]. 

However, despite the importance of this class of biologically active molecules and 

their main role in many biochemical processes, thermodynamic data on the interac-

tion with metal ions (and alkaline cations in particular) are relatively few [11, 12, 

14–16]. Fiol et al. [86] investigated the protonation constants of Ala− in NaCl at 

different ionic strengths. The authors determined the interaction parameters between 

Ala− and the ions of the supporting electrolyte by means of different equations, but 

the possible formation of weak Na+/Ala− complexes was not taken into account.

Studying the acid–base properties of amines and amino acids, Casale et al. [87] 

observed that the dependence of the protonation constants on ionic strength is fairly 

constant for all the considered ligands. Some significant deviations in the ionic 

strength dependence parameters were explained by taking into account the interac-

tions of the deprotonated amino acids with the cation of the background electrolyte. 

Analyzing the protonation constants of 18 different amino acids in different ionic 

media (in Na+ or K+ and Cl−, NO3  or ClO4 ), the authors evidenced that the stability 

of the alkali metal ion complexes with amino acids is independent of the type of M+. 

These authors [87] estimated for a generic M(L) and MH(L) complex a mean for-

mation constant at infinite dilution of log K = 0.28 and −0.4, respectively. From the 

data reported by Casale et al. [87] it follows that the formation constants with the 

alkali metal ions are close to the mean value for the reaction with a monocarboxylic 

ligand.

De Stefano et al. [88, 89] and De Robertis et al. [81] studied the acid base proper-

ties of some amino acids (Gly−, Ala−, Ser−, Glu2−, Lys−, Asp2−, His−, and IDA2−) in 

simple and mixed electrolyte solutions. The properties of these amino acids were 

analyzed by grouping the ligands in three different sets on the basis of the side 

chain: the first group, with a neutral side chain, included Gly−, Ala−, and Ser−, the 

second, with a basic side chain (Lys− and His−), and the third, with an acidic side 

chain (Asp2−, Glu2−, and IDA2−). The formation of weak complexes between Na+ and 

the amino acids was observed for all experimental conditions investigated and 

resulted to be independent of the nature of the amino acids but dependent on the side 

chain group. The values of the average formation constants indicate that they mostly 

depend on the number of carboxylate groups, in fact: log K [NaL] = 0, 0 and 0.5 for 

group 1 (neutral), 2 (basic), and 3 (acidic), respectively, and log K [NaHL] = −0.5, 

−0.5, and 0 (same order). Despite the weakness of the alkali metal-amino acid com-

plexes, their formation percentage in multicomponent solutions cannot be neglected. 

For example, in a synthetic seawater solution at a salinity of 35, Asp2− (group 3) 

forms the Na(Asp)− and NaH(Asp) species, whose formation percentages reach 

about 10 % (at pH > 10) and 20 % (pH ~ 6.5–7), respectively, in the presence of 

higher amounts of stronger alkaline earth metal-Asp2− complexes [89]. Similar con-

clusions were reached for Lys−, whose formation constants with Na+ were deter-

mined at different ionic strengths and in different ionic media [89].
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The formation of weak alkali metal species has also been reported for Ccys2− by 

Bretti et al. [90], who determined a stability of log K = −0.40 (at infinite dilution) for 

the reaction Na+ + H2(Ccys) = NaH2(Ccys)+.

An attempt to calculate the enthalpy changes for the complexation of amino 

acids with alkali and alkaline earth metal cations was also carried out by studies at 

different temperatures [81, 89]. Owing to the large errors associated with the 

enthalpy changes, these data are considered by the authors as tentative temperature 

gradients [81, 89]. In this light, some mean ΔH values can be given for the forma-

tion of Na(L) species at 25 °C and infinite dilution: ΔH ~ −3, −7 and 11 kJ mol−1 for 

group 1 (neutral), 2 (basic), and 3 (acidic) amino acids, respectively. In the same 

work, the authors calculated the significance of the various species in terms of the 

concentration of the salt that is needed to reach a value of at least 5 % of the species 

formation.

By means of ab initio calculations, Reddy and Sastry [91] studied the interaction 

energies of cations (Li+, Na+, K+, Mg2+, Ca2+, NH4 , Me4N
+) with the aromatic side 

chains of four amino acids (Phe−, Tyr−, Trp−, and His−). They reported that metal 

ions interact with the aromatic moieties either through cation–π interaction or cat-

ion–heteroatom interaction. Moreover, they did not observe a situation where a 

metal ion is bound covalently to only one carbon of the aromatic ring. If the aro-

matic ring contains a heteroatom, the cation is attracted by its high electronegativity. 

The general trend of interaction energies of the alkali and alkaline earth cations with 

various aromatics is Mg Ca Li Na K NH Me N2 2
4 4

+ + + + + + +> > > > >~ .

Using the data reported by Crea et al. and Cigala et al. [92, 93] for the proton-

ation of GSH3− in the alkali metal chlorides, it is possible to determine the stabilities 

of the alkali metal complexes using suitable computer programs [22]. The values for 

the M+ + L3− = ML2− reaction are very similar for all the alkali metals, although for 

Li+ it is slightly higher. The average value at infinite dilution and 25 °C is log 

K = 0.96, comparable with the stability of a dicarboxylate ligand [for example, for 

Na+ + Ox2− = Na(Ox)−, log K = 0.85]. For the reaction M+ + HL2− = MHL− under the 

same conditions log K = −0.08 ± 0.22 was calculated, which is in turn comparable 

with the stability of the complex of a monocarboxylate ligand.

6  Other Ligands of Biological Relevance

6.1  Amines

The complexing properties of N-donor ligands towards alkali metal cations are very 

weak and were generally neglected. A few evidences about the formation of such 

complexes are reviewed by Daniele et al. [18]. Furthermore, due to the weakness of 

these interactions, salts of alkali metal cations have been generally used in the past 

as baseline (non-interacting) supporting electrolytes for the determination of weak 

complexes of amines with halides and/or tetraalkylammonium cations by the ΔpK 
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method [94–97]. As a consequence, few or no data are reported in the literature on 

alkali metal cation complexes with amines. Only the formation constants of two 

species between Li+ and En were reported in the paper of Casale et al. [98]. In that 

paper, the authors interpreted the differences between the protonation constants 

determined in NaCl and LiCl media in terms of formation of two ion pairs, namely 

Li(En)+ and LiH(En)2+, using the ΔpK method (Section 2.2). The stability of the two 

species is very low; at I = 0.1 mol dm−3 it is log K = −0.20 and −0.65, respectively. 

The determination of these species may lead to the conclusion that other amines can 

interact with alkali metal cations as well, but at the moment no quantitative results 

are published, although a considerable number of papers are available with proton-

ation constants determined in different alkali metal salts.

6.2  Carboxylates

The concentration of carboxylates in biological fluids is very variable. For example, 

the total concentration of organic carboxylates in urine may reach ~0.05 mol dm−3 

[2]. They can be classified as hard ligands and therefore their affinity for alkali 

metal complexes has been extensively investigated [11, 12, 14–16]. Due to their 

anionic nature, carboxylate ligands are favored in the formation of complexes with 

alkali metal ions with respect to other basic uncharged groups (such as nitrogen- 

containing donors). Literature data about some important carboxylates are reported 

in Table 2. A quick look at the table immediately shows that the number of charges 

involved in the complex formation reaction is the most important factor and sug-

gests that the species in solution are mainly formed through ionic interactions. For 

most of the ligands reviewed, the alkali metal cations studied are Li+, Na+, and K+, 

and the formation constants decrease with increasing atomic number, due to the 

lowering of the charge/radius ratio. This trend is not confirmed when data for Rb+ 

and Cs+ are available as well: for example, for Li(Ac), Na(Ac), K(Ac), Rb(Ac), and 

Cs(Ac) log K = 0.20, −0.12, −0.27, −0.16, and −0.12, respectively [99]. Other data 

are reviewed by Daniele et al. [18] for Mala2− and Cit3−. Analyzing protonation data 

of Lact−, reported in various media in the most common stability constant databases 

[11, 12, 14–16], the stability of the Na(Lact) and K(Lact) species can be determined 

and their values at infinite dilution and 25 °C are log K = −0.11 and −0.27 for Na+ 

and K+, respectively.

Many carboxylate ligands are multidentate and it seems reasonable that they can 

form bi- (or poly-) nuclear species with the alkali metal ions. Binuclear species 

were reported for Cit3−, Tca3−, Ssal2−, Btc4−, and Mlt6− [18]. To give an example, the 

values of log K for the reaction M+ + M(Cit)2− = M2(Cit)− are 0.88 (Li+), 0.80 (Na+), 

0.48 (K+), 0.38 (Rb+), and 0.13 (Cs+) [100]. Furthermore, both Btc4− and Mlt6− show 

the tendency to bind more than two alkali metal ions, confirming the importance of 

the charges involved in the complex formation reaction [101, 102]. Berto et al. [19] 

reported a methodological study for the determination of weak Na+ complexes using 

different ion-selective electrodes, taking also into account the variation of the ionic 
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strength during the potentiometric titrations. The weak formation constants of Mlt6−, 

Btc4−, Cit3−, Phtal2−, and Mala2− with Na+, determined by Berto et al. [19] are in 

agreement with those reported in the literature. Midgley [39] found that for 

α-hydroxo-acids, the strength of the complex depends on the number of both car-

boxylate and α-hydroxo groups, thus the order for the most common compounds is 

Cit3− > Tar2− > Mala2− > Glyc− > Lact−, while Pyr− is stronger than all these ligands.

Within carboxylic acids, the polyelectrolytes may be considered separately. 

Katchalsky [103] found that their presence in the cells can cause strong agglutina-

tion, preceded by an adsorption of the poly-ions to the cell surface. This leads to 

numerous biological changes, such as inhibition of growth, lowering of toxicity, and 

hemolysis of erythrocytes. However, in the literature only few data are reported 

about these molecules. De Stefano et al. [104] reported the alkali metal complexes 

of polyacrylic acid (Paa) (2 and 20 kDa) and polymethacrylic acid (Pma) (5.4 kDa) 

with Li+, Na+, and K+. At infinite dilution and 25 °C, the authors found that the sta-

bility of alkali metal complexes is similar to that of Btc4− and it is fairly constant 

varying the MW and the alkali metal cation: for Paa, it is log K = 1.81, 1.84, and 1.83 

for Li+, Na+, and K+, while for Pma, it is log K = 1.82, 1.71, and 1.65 (same order). 

Both polyelectrolytes follow the same stability trend reported above for many other 

ligands. Bretti et al. [105] studied the interaction of Na+ with two acrylic-maleic 

copolymers (Pca) (MW 3 and 70 kDa). The authors found that at infinite dilution the 

values of the NaL species is log KNaL = 1.74 (close to Paa) and 2.56 for Pca 3 kDa 

and 70 kDa, respectively. According to Bretti et al. [105], the Pca 3 kDa can be 

considered in the model as a tri-anion and the 70 kDa as a tetra-anion. Comparing 

the data with those in Table 2 for Cit3−, it is possible to affirm that data for Pca are 

higher than those of the simple carboxylates. It is also reported that the acid–base 

properties depend on the MW [106].

Some data have also been reported in the literature (see, e.g., [107–110]) on 

the behavior of carboxylates in mixed NaCl/KCl media (or LiCl/KCl for Paa). 

Among them, Bretti et al. [110] studied the formation of ternary species with Btc4− in 

mixed media determining, at I = 1.15 mol dm−3 and 25 °C, log K (K+ + NaHiL
(3–i)– =  

KNaHiL
(2–i)–) = 1.41, 1.29, and 0.9 for i = 0, 1, and 2, respectively. These values, 

compared to those of the simple NaHiL species, indicate a significant tendency to 

form mixed alkali metal ion pairs. In other papers, the formation of analogous spe-

cies for Cit3− [107], Paa [108], and Mlt6− [109] may be determined using suitable 

computer programs, such as ES2WC [22], comparing protonation data in mixed 

media (NaCl + KCl) and in pure salts (NaCl or KCl).

6.3  Thiols

With the exception for GSH3−, whose data have already been discussed above, few 

data are reported in the literature about the stability of alkali metal complexes with 

S-donor ligands. To our knowledge only two papers [90, 111] report quantitative 

data. Tac−, Mtac−, Tla2−, Mpa2−, and Tma3− were studied by Bretti et al. [111], in 
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which the interaction with Na+ was modelled at different ionic strengths. The main 

species found by the authors are NaL (for all the ligands), NaHL (for Mpa2−, Tla2−, 

and Tma3−), NaH2L, and Na2L (only for Tma3−). The stability of the NaL species 

increases with increasing charge (z) of the ligand. In fact, the values are log 

KNaL = −0.51, 0.48, 0.74, and 1.45 for Mtac− (z = −1), Mpa2− (z = −2), Tla2− (z = −2), 

and Tma3− (z = −3), respectively. In general, the Na+ ion pairs with thiols are less 

stable than the corresponding carboxylate complexes. However, considering also 

simple carboxylates (Ac−, Mal2−, Suc2−, and Tca3−), the authors found the following 

empirical relationship, valid for various NaHiL
(1+i–z) species, with predictive and test 

purposes: log KNaL = −1.2 + 0.9 · |z–1|, where i is the number of protons of the species 

and z is the charge of the ligand.

6.4  Complexones

Polyaminocarboxylate compounds such as, EDDA2−, MIDA2−, NTA3−, EDTA4−, 

EDDS4−, EGTA4−, DTPA5−, TTHA6−, the so-called complexones, are the most used 

chelating agents for industrial, environmental and biomedical applications, as well 

as for analytical purposes. The chelation therapy is only one example of the use of 

complexones in the medical field, and an important review was published recently 

[112]. Their importance is confirmed by the large number of investigations and 

reviews dedicated to them [113–116]. However, the alkali metal complexes of this 

class of ligands are only little investigated, owing to the difficult determination of 

the stability of these interactions. However, to obtain thermodynamic values of pro-

tonation constants in K+- or Na+-containing media, these weak interactions must be 

considered. Anderegg [113] suggested a positive correction (0.21 log K units) for 

the protonation constants of EDTA4− in 0.1 mol dm−3 KNO3 medium with respect to 

those in Na+. For this reason, some accurate values of protonation constants in vari-

ous media have been reported in the literature for EDTA4− and NTA3− [79, 117–119], 

according to Schwarzenbach et al. [120] and Schwarzenbach and Ackerman [121]. 

The alkali metal complex formation constants with NTA3− and EDTA4− were criti-

cally analyzed by Anderegg [113, 114]. The average log K for Li(NTA)2−, 

Na(NTA)2−, and K(NTA)2− (at I = 0.1 mol dm−3 and 25 °C) are: log K = 2.50, 1.3, and 

0.7, respectively, while it holds log K = 2.85, 1.75, and 0.7 for Li(EDTA)3−, 

Na(EDTA)3−, and K(EDTA)3− under the same conditions. As expected for an ion 

association model, the stability of the species decreases with increasing the ionic 

radius of the cation.

De Stefano et al. [122] studied the interaction of two highly charged complex-

ones, DTPA5− and TTHA6−, with major components of natural waters. Using 

(C2H5)4NI as baseline electrolyte the authors found the presence of many NajHiL 

complex species. For TTHA6−, they determined the stability of the NaL5−, NaHL4−, 

NaH2L
3−, NaH3L

2−, NaH4L
−, NaH5L, Na2L

4−, Na2HL3−, Na2H2L
2−, and Na3L

3− spe-

cies. Owing to a lower number of carboxylic groups, for DTPA NaH5L
+, Na2H2L

−, 

and Na3L
2− were not found. Considering the electrostatic nature of the interaction, 
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the stability of the Na+ ion pairs with TTHA6− is higher than those with DTPA5−: 

for example, at infinite dilution, it is log K = 2.8 and 2.5 for Na(TTHA)5− and 

Na(DTPA)4−, respectively. Analogously, Crea et al. [123] determined six Na+ 

complex species with EGTA4−, namely NaL3−, NaHL2−, NaH2L
−, NaH3L, Na2L

2−, 

and Na2HL−, whose stability at infinite dilution is log K = 2.1, 1.5, 0.5, −1.0, 1.2, 

and 0.2, respectively. Bretti et al. [124] studied the interaction of EDDS4− and 

CDTA4− with Na+, determining three species, namely NaL3−, NaHL2−, and Na2L
2−. 

The stability of these species is log K = 1.68 and 2.26 for the formation of 

Na(EDDS)3− and Na(CDTA)3−; log K = 0.9 and 1.8 for the Na(HEDDS)2− and 

Na(HCDTA)2− species (reaction: Na+ + HL = NaHL) and log K = −0.7 and 1.3 for 

the Na2(EDDS)2− and Na2(CDTA)2− (reaction: Na+ + NaL = Na2L). Midgley [39] 

reviewed the stability of alkali metal complexes with some other aminopolycar-

boxylate ligands, obtaining the following stability trend: CDTA4− > PDTA4− >  

UDA2− > EDTA4− > NTA3− > IDA2−.

6.5  Phosphonates

An important class of organic molecules which interacts quite strongly with alkali 

metal cations is represented by the molecules that contain the phosph(on)ate moiety. 

This class can be divided into two sub-classes depending on the kind of bond 

between the phosphorus and carbon atom. If there is a direct carbon-phosphorus 

bond we have the sub-class of the phosphonates, if there is an O-bridge between the 

carbon and the phosphorus atom we have the sub-class of the phosphates. Due to 

their importance in medical and other fields, the interaction of phosphonates with 

alkali metal cations was studied in many papers (see, e.g., refs. in [125] and other 

papers cited below). Moreover, the interaction of methylphosphonic acid (H3C- 

PO3H2), phosphonoacetic acid (HO2C-CH2-PO3H2), and methylenediphosphonic 

acid (H2O3P-CH2-PO3H2) with Na+ was studied by Alderighi et al. [126] with log 

KML = 0.54, 0.99, and 2.13, respectively. The stability of the NaHL species (reaction: 

Na+ + HL = NaHL) is log K = −0.05, 0.06, and 0.95 (same order) and that for the 

reaction Na+ + H2L = NaH2L is log K = 0.42 for methylenediphosphonic acid. In the 

class of biphosphonates, important ligands for the treatment of osteoporosis [127], 

the alkali metal complexes of the HEDPA4− and Ris4− have been studied in the past. 

In the review by Popov et al. [125] the formation of the ML and MHL species of 

alkali metal cations with HEDPA4− is reported: at I = 0.5 mol dm−3, it holds log 

KML = 3.4, 2.1, 1.8, and 1.6 for Li+, Na+, K+, and Cs+, respectively. At the same ionic 

strength, for the reaction M + HL = MHL, log K = 1.1, 0.5, 0.4, and 0.2 (same order). 

Foti et al. [128] determined the stability of Na+ and K+ complexes with HEDPA4− at 

different ionic strengths and at 25 °C, proposing the formation of six species, 

namely MH3L, MH2L, MHL, ML, M2L, and M2HL. In the literature, some values of 

complex formation enthalpy changes are also reported. In (CH3)4NCl at 

I = 0.5 mol dm−3 Carrol and Irani [129] found the value of ΔHML = 1.7 kJ mol−1 for 

both Na+ and K+, whereas Vasil’ev et al. [130] reported a value of ΔH = 13.3 kJ mol−1 
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for the reaction Na + H2L = NaH2L in [(CH3)4]2SO4 at I = 0.5 mol dm−3. Bretti et al. 
[131] recently reported the formation of Na+ complexes with Ris4− at different ionic 

strengths with the same speciation scheme proposed by Foti et al. [128] in the case 

of HEDPA4−. For a fast comparison, the alkali metal formation constants of 

HEDPA4− and Ris4− with Na+ and K+ are reported in Table 3 at I = 0.1 mol dm−3 and 

25 °C.

Daniele et al. [18] reviewed the interaction of Na+ with CMDPA4−, reporting 

three species in (CH3)4NCl at I = 0.1 mol dm−3, namely NaL (log K = 1.4), NaHL 

(log KNa+HL = 0.3), and Na2L (log KNa+NaL = 0.8). Another important phosphonic acid 

is the DTPMPA10−, which has five phosphonate groups and therefore forms very 

stable complexes with many cations. Cigala et al. [25], considering the totally 

deprotonated ligand as L = H(DTPMPA)9−, reported the formation of seven mono-

nuclear and two dinuclear species, namely, ML8−, MHL7−, MH2L
6−, MH3L

5−, 

MH4L
4−, MH5L

3−, MH6L
2−, M2L

7−, and M2HL6− for both Na+ and K+, whose stability 

for mononuclear MHiL species (at 25 °C and infinite dilution) is a regular function 

of i, according to the following equations:
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6.6  Phenols

The interaction of phenols with alkali metal cations was not thoroughly studied in 

the literature. Demianov et al. [132] reported the interaction with Na+ and K+ of 

several phenols, namely phenol, o-cresol, p-cresol, o-nitrophenol, and p- nitrophenol. 

For all of them, only one species, ML, was determined, and the stability at infinite 

dilution is the same and very similar to that of the Na+/ or K+/Ac− systems: log 

KNaL = −0.05 and log KKL = −0.1.

Bretti et al. [133] studied the formation of Na+ ion pairs with an important class 

of natural ligands, the resorcinols. In particular, two species (NaL and NaHL) were 

Table 3 Values of log K for the interaction of Na+ and K+ with HEDPA4− and Ris4− (I = 0.1 mol dm−3, 

25 °C).

HEDPA4− [128] Ris4− [131]

Reaction Na+ K+ Na+

M+ + H3L
− = MH3L 0.9 0.6 −0.9

M+ + H2L
2− = MH2L

− 1.7 1.21 0.04

M+ + HL3− = MHL2− 2.07 1.56 0.48

M+ + L4− = ML3− 1.8 1.4 1.28

M+ + ML3− = M2L
2− −0.4 −0.1 0.77

M+ + MHL2− = M2HL− 1.4 0.9 −0.17
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determined for the three ligands considered: Res2−, Meres2−, and Clres2−. At infinite 

dilution, the stability constants for the reaction Na+ + L2− = NaL− are log K = 0.494, 

0.350, and 0.356 for Res2−, Meres2−, and Clres2−, respectively. For the reaction Na+ 

+ HL− = NaHL it holds log K = −0.48, −1.15, and –0.88 (same order). The data 

reported here for resorcinols are significantly lower than the corresponding values 

for dicarboxylates, however, it should be remarked that Bretti et al. [133] used 

(CH3)4NCl as baseline electrolyte, whereas in most of the other cases (C2H5)4NI was 

adopted.

The interaction of maltol, ethyl-maltol, and kojic acid with Na+ and K+ was stud-

ied by Bretti et al. [134]. All these molecules are important in many fields. In par-

ticular, kojic acid and its derivatives are often used in pharmacy in the treatment of 

metal overload diseases, such as Wilson’s disease (see, e.g., [135] and refs therein). 

Bretti et al. [134] studied the ionic strength and the temperature dependence of the 

Na+ and K+ complexes with the three ligands, reporting that the alkali metal associa-

tion process at infinite dilution is slightly endothermic, and entropic in nature. In the 

same work, Bretti et al. [134] found that the mean values for NaL and KL com-

plexes of the three investigated maltols are log K = 0.04 and −0.03 at infinite dilution 

and 25 °C, which are in agreement with the stability of a generic mono-charged 

anion predicted by Daniele et al. [18]. On the contrary, the values determined for 

maltols are higher than those of resorcinols [133], for which the mean value for the 

formation constant of Na+ complexes is log K = −0.8 for the neutral NaHL species 

under the same conditions.

6.7  Other Ligands

Midgley [39] reported that macrocyclic compounds exhibit an unusual strong sta-

bility and selectivity towards alkali metal cations due to their hydrophilic cavity 

inside the molecule. Many macrocyclic molecules occur naturally (for example the 

antibiotics valinomycin, monoactin, nigericin, and enneatin), and they can be 

divided into two main classes: (i) crown polyethers and (ii) macrobicyclic diamines. 

Due to the nature of the interaction between the cations and the macrocycle, the 

stability constants are much higher than those of other organic or inorganic ligands, 

and generally the conditional constants for Na+ and K+ are similar. In addition, they 

generally do not depend on the counter anion of the alkali metal cation. The stability 

constants, whose values have been determined mainly by NMR spectroscopy [136], 

can range from 0.5 < log K < 6.0. Some recommended values relative to the thermo-

dynamic formation parameters of alkali metal cations (not only) and crown poly-

ethers (15C5 and 18C6) are given by IUPAC [137] and are summarized in Table 4. 

With respect to other alkali metal ion interactions, the enthalpy change is generally 

high, showing that the main contribution to the stability is enthalpic in nature.

Finally, it is worth mentioning that, besides their importance in biological sys-

tems, very few or even no literature data are available for the stability of alkali metal 

cation complexes with carbohydrate species [11, 12, 14–16].
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7  The Relevance of Alkali Metal Ion Complexes  
in Modelling Biofluids

Biological fluids, like other real systems, are very complex and different from one 

another, both from the chemical and physical point of view. As a consequence, their 

study needs, very often, the use of various “models”. The importance of the alkali 

metal complexes in building models for biological fluids is very high. In fact, almost 

all natural fluids, including biological ones, contain alkali metal cations in high 

concentrations, mostly Na+ and K+. The term “complex” does not imply any particu-

lar kind of bonding in the associated species, which may be an ion pair, a solvent 

separated ion pair or a coordination compound [39]. The typical concentrations of 

these ions in several biological fluids are discussed in Section 2.1. The presence of 

these cations may lead to the following exchange reaction:

 ML Na NaL M+ = +  

Even if the equilibrium constant of the above reaction is generally low (log 

K < 1), very often it is [Na]T >> [M]T, leading to the formation of non-negligible 

amounts of the NaL complex. For this reason some attempts of building models for 

the most important biological fluids were carried out in the past. Three of them were 

proposed by this group, regarding the speciation of particular biological fluids: 

SERPE (SERum sPEciation) to model the blood plasma [138], URSUS (URine 

Speciation and Urine Saturation) for urine [139], and SALMO (SALiva MOdel) for 

saliva [28]. All of them are based on a set of stability constants of species that may 

be formed in the fluid considered, together with their ionic strength and temperature 

dependent parameters. Once the composition of the fluid is fixed (e.g., pH and ana-

lytical concentrations of different components), it is possible with these models to 

determine the amount of species formed together with their errors, calculated from 

the uncertainties associated to the formation constants used. In addition, URSUS 

also determines the degree of saturation of urine related to the possible formation of 

kidney stones.

Table 4 Values of log KML for the interaction of alkali metal cations with crown ethers from 

IUPAC [137] (infinite dilution and 25 °C).

Cation log K –ΔG (kJ mol−1) ΔH (kJ mol−1) TΔS (kJ mol−1)

15C5

Na+ 0.80 4.6 −6.3 −1.7

K+ 0.75 4.3 −17.2 −12.9

Cs+ 0.80 4.6 −5.4 −0.8

18C6

Na+ 0.80 4.6 −11.0 −6.0

K+ 2.05 11.7 −25.0 −13.3

Rb+ 1.51 8.6 −16.0 −7.4

Cs+ 0.96 5.5 −17.0 −12.0
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As a general consideration, two main approaches may be used in modelling 

(multi)electrolyte solutions: (i) the ion pairs approach, and (ii) the variation of activ-

ity coefficients [1, 3–6, 26, 27]. The first is a chemical approach based on the solu-

tion of an adequate number of mass balance equations to determine the exact 

concentration of all the chemical species present in the system, where the deviations 

from the ideality (ideal solutions) are interpreted in terms of formation of com-

plexes and/or ion pairs, whose stability constants depend only on the effective (total) 

ionic strength of the solution. Some examples of computer programs that use this 

approach are Haltafall [140], COMICS [141], Solgaswater [142], ES4EC [143], and 

OLI [144]. The second is mostly a physical approach, where the deviations from the 

ideality are interpreted in terms of ionic interactions, which are “specific” for each 

couple (or more) of ions. Some models based on this approach are, e.g., SIT [5, 

145], Pitzer [146, 147], Bromley [148], and the Mean Spherical Approximation 

[149, 150].

Whether chemical or physical approaches are used, updated databases are 

needed, in order to gather the necessary information about the systems under inves-

tigation. Research in this field must be supported, especially about the knowledge of 

reaction enthalpies, solubility and interaction parameters. At the moment, only few 

data are available on alkali metal ion complexes in the most common equilibrium 

constant databases [11–16].

8  Alkali Metal Ions as Probes in Biological Systems

The presence of alkali metal ions in biological fluids has resulted in the need to 

develop many analytical methods for their determination and different types of 

probes sensitive to their concentration. On the opposite, in some cases, ions them-

selves are used as probes or tracers or, indirectly, in the synthesis of recognition 

systems. Important examples concern the use of Na+ in the synthesis of rotaxanes, 

which consist of a linear species (guest) and cyclic species (host) bound together in 

a threaded structure by non-covalent forces. In these syntheses, Na+ ions template 

the threading of linear molecules to form pseudorotaxane. More recently (e.g., [151, 

152]), it has been observed that a single urea or amide functionality in a dumbbell- 

shaped guest is “clipped” by a macrocycle generated from a diamine and a dialde-

hyde through the templating effect of a Na+ ion.

Lithium ion was used as a probe of Na+ channel activity [153] and, under many 

forms, for the determination of the oxygen concentration in tissues, by electron 

paramagnetic resonance (EPR). Many compounds of lithium such as unsubstituted 

lithium phthalocyanine, lithium naphthalocyanine or tetraphenoxy-substituted lith-

ium phthalocyanine were proposed for this application [154–156].

Potassium (as potassium permanganate) has widely been used in genomic foot-

printing assays to map DNA-protein interactions [157] and to study the DNA distor-

tion [158]. The isotopes of rubidium are widely applied in medicine, in particular in 

positron emission tomography (PET) to evaluate brain function, and in other similar 
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studies of the heart and brain. In other studies, Rb+ was used as potassium tracer 

considering the similarity with K+. More recently, the non-radioactive Rb+ efflux 

assay has largely replaced radioactive 86Rb+ and found widespread application in 

drug discovery and development. It replaced 86Rb+ assays for the analysis of K+ and 

nonselective cation channels in the pharmaceutical industry [159].

9  General Conclusions

In this contribution, the interaction of alkali metal cations with organic and inor-

ganic ligands of biological interest has been reviewed. In the literature, thermody-

namic data on this kind of complexes have always been scarce, due to the weakness 

of these species (rarely log K > 2), which led to problems in their experimental 

determination (mainly performed by potentiometric or conductimetric techniques): 

some of these data are available in the most common databases [11–16]. In 

Section 2.1, the concentration of Li+, Na+, K+, Rb+, and Cs+ in various biological 

fluids has been reported, evidencing that, especially for Na+ and K+, it is high enough 

to lead to the formation of non-negligible amounts of alkali metal complexes. 

Generally, it was found that the stability of the complexes follows the trend 

Li+ > Na+ > K+ > Rb+ > Cs+, which is inversely proportional to the size of the cations. 

For example, for Cit3− it holds log KML = 0.88, 0.80, 0.48, 0.38, and 0.13 (in the pre-

ceding order) at 25 °C and infinite dilution. Some exceptions are observed with 

Fe CN( )6
4

, which shows an opposite trend, and sulfate, for which a minimum is 

observed for the stability of the NaSO4  complexes.

Almost all classes of ligands interact with alkali metal cations. For amines, only 

the complexes of Li+ with En are reported in the literature [98].

The stability of the complexes strongly depends on the number of charges 

involved in the formation reaction: for example, complexones show high stability 

constants (log KML = 2.85 and 1.75 for Li(EDTA)3− and Na(EDTA)3−, respectively).

In Table 3, a summary of the stability of alkali metal complexes of some biologi-

cally relevant ligands is presented, also to show the strength of these complexes. 

Furthermore, one observes how the stability of the species depends to a large part 

on the charge of the ligand. In fact, using the data reported in this chapter for inor-

ganic and organic ligands, it is possible to express the dependence of the association 

constant [Na+ + HiL
z– = Na(HiL)(z–1)–] between Na+ and the ligands as a function of 

its charge (z). The diagram in Figure 1 shows that the formation constant increases 

with increasing “z”, according to a second degree polynomial function, indicating a 

strong electrostatic contribution to the formation of these weak species. The equa-

tion, determined by using a population of 125 data, including protonated species, is 

valid at infinite dilution and 25 °C:

 
log . . . ,KM z z= + ⋅ ⋅− −0 94 0 86 0 036 2
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with a standard deviation σ = 0.06 [please note that z is variable, e.g., z = 1 for 

H2(Cit)−, 2 for H(Cit)2−, 3 for Cit3−, etc.].

Worth mentioning is also the fact that, for a wide series of ligands of different 

classes (inorganic ligands, carboxylates, nucleotides, phosphonic ligands, complex-

ones, amino acids, etc.), there is a significant linear correlation (r = 0.98 on 53 exper-

imental data) between the formation constants of the NaL and KL species (Figure 2):

 
log . logK KKL NaL0 925

 

Similar considerations also hold for Li+ and Na+ complexes

 
log . logK KLiL NaL1 107

 

with r = 0.96 (on 34 experimental data).
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Figure 1 Dependence of 

the stability constant of 

various Na(HiL)(z–1)– 

species [equilibrium Na+ + 

HiL
z– = Na(HiL)(z–1)–] on the 

anion charge “z” at infinite 

dilution and 25 °C.
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Figure 2 Correlation 

between the stability 

constants of NaL and KL 

species of different ligands, 

at infinite dilution and 

25 °C.
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Little knowledge exists on the thermodynamics of the alkali metal ion com-

plexes, for example, the most reliable ΔH data are ΔH = 1.3, −8, 1.0, −3, and 

2.0 kJ mol−1 for the interaction of Na+ with OH−, Cl−, nucleotides, amino acids, and 

HEDPA4−, indicating that generally the main contribution to the stability is entropic 

in nature, except for the crown polyethers. In many cases, it was demonstrated that 

the formation of mixed MM’HiL species is thermodynamically favored. For exam-

ple, Na+/K+ species have been found with Btc4−, Cit3−, and phosphates, while Li+/Cs+ 

mixed species were determined with Phy12−. The absence of further examples is 

mostly due to the lack of experiments in mixed media.

The wide use of models for the dependence on the ionic strength based on the 

variation of the activity coefficients, such as SIT or Pitzer, has resulted in the lack 

of development of specific calculation programs for the determination of weak com-

plexes, which, in fact are predominantly developed by individual research groups. It 

is hoped that, in the future, the problem of the determination of the weak complexes 

will be taken into serious consideration, in accordance with the wide literature on 

this subject and the fact that the cations of the alkali metals are present in large 

amounts in all natural fluids.

Abbreviations and Definitions

Abbreviations of ligands in formulae refer in general to their totally deprotonated form.

ΔG Gibbs energy

ΔH enthalpy change

ΔS entropy change

15C5 1,4,7,10,13-pentaoxacyclopentadecane

18C6 1,4,7,10,13,16-hexaoxacyclo-octadecane

Ac− acetate

ADP3− adenosine 5'-diphosphate

Ala− alaninate

Am general amine

AMP2− adenosine 5'-monophosphate

AQP5− adenosine 5'-tetraphosphate

Asp2− aspartate

ATP4− adenosine 5'-triphosphate

Btc4− 1,2,3,4-butanetetracarboxylate

Ccys2− S-carboxymethyl-L-cysteine carbocysteine

CDTA4− 1,2-diaminocyclohexanetetraacetate

Cit3− citrate

Clres2− 4-chloro-resorcinolate

CMDPA4− dichloromethylenebiphosphonate

DTPA5− diethylenediamine-N,N,N′,N′′,N′′-pentaacetate
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DTPMPA10−  diethylenetriamino-N,N,N′,N″,N″-pentakis(methylenephosphonate)

EDDA2− ethylenediamine-N,N′-diacetate

EDDS4− (S,S)-ethylenediamine-N,N′-disuccinic acid

EDTA4− ethylenediamine-N,N,N′,N′-tetraacetate

EGTA4− ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetate

En ethylenediamine

Et ethyl group

Glu2− glutamate

Gly− glycinate

Glyc− glycolate

GSH3− totally deprotonated reduced glutathione

HEDPA4− 1-hydroxyethylidenediphosphonate etidronate

His− histidinate

IDA2− iminodiacetate

Imid imidazole

IMP2− inosine 5′-monophosphate

ISE ion selective electrode

IUPAC International Union of Pure and Applied Chemistry

KS0 solubility product

L general ligand

L’ general ligand different from L

Lact− lactate

log K or log β equilibrium constant (as logarithm decimal base)

Lys− lysinate

M general metal ion

M’ general metal ion different from M

Mal2− malonate

Mala2− malate

Me methyl group

Meres2− 2-methyl-resorcinolate

MIDA2− methyliminodiacetate

Mlt6− 1,2,3,4,5,6-benzenehexacarboxylate (mellitate)

Mpa2− mercaptopropionate

Mtac− (methylthio)acetate

MW molecular weight

NTA3− nitrilotriacetate

Ox2− oxalate

Paa polyacrylate

Pca acrylate-maleate copolymers

PDTA4− 1,2-diaminopropanetetraacetate

Phe− phenylalaninate

Phtal2− o-phtalate

Phy12− 1,2,3,4,5,6,myo-inositol hexakis(dihydrogen phosphate) (phytate)

Pma polymethacrylate

Pyr− pyruvate
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R alkyl group

Res2− 1,3-benzenediol resorcinolate

Ris4− (1-hydroxy-1-phosphono-2-pyridin-3-yl-ethyl)phosphonate 

risedronate

Ser− serinate

SIT Specific Ion Interaction Theory

Ssal2− 5-sulfosalicylate

Suc2− succinate

Tac− thioacetate

Tar2− tartrate

Tca3− 1,2,3-propanetricarboxylate (tricarballylate)

Tla2− thiolactate

Tma3− thiomalate

Trp− tryptophanate

TTHA6− triethylenetetramine-N,N,N′,N′′,N′′′,N′′′-hexaacetate

Tyr− tyrosinate

UDA2− uramil-N,N-diacetate

[X] free concentration of the component X

[X]T analytical (total) concentration of the component X

Xn– general anion

z charge
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   Abstract     Metal ions are essential cofactors for the structure and functions of 
nucleic acids. Yet, the early discovery in the 70s of the crucial role of Mg 2+  in stabi-
lizing tRNA structures has occulted for a long time the importance of monovalent 
cations. Renewed interest in these ions was brought in the late 90s by the discovery 
of specifi c potassium metal ions in the core of a group I intron. Their importance in 
nucleic acid folding and catalytic activity is now well established. However, 
 detection of K +  and Na +  ions is notoriously problematic and the question about their 
specifi city is recurrent. Here we review the different methods that can be used to 
detect K +  and Na +  ions in nucleic acid structures such as X-ray crystallography, 
nuclear magnetic resonance or molecular dynamics simulations. We also discuss 
specifi c  versus  non-specifi c binding to different structures through various 
examples.  

  Keywords     DNA   •   Hydration   •   K +    •   Monovalent ions   •   Metal binding   •   Molecular 
dynamics simulations   •   Na +  · NMR   •   Potassium   •   RNA   •   Sodium   •   Solvation   •   X-ray 
crystallography  

1         Introduction 

 It is common knowledge that K +  ions are mainly intracellular while Na +  dominates 
in extracellular fl uids [ 1 – 6 ]. This imbalance was secured when the fi rst walled cells 
appeared. Hence, cells required the acquisition of effi cient Na + /K +  transporters 
being able to distinguish between the two cations based on small differences in their 
physicochemical properties and especially in their ionic radii [ 7 – 11 ]. Thus, since 
cellular processes evolved in high K +  environments, K +  became an absolute require-
ment for many cellular functions such as osmotic regulation, protein synthesis, and 
enzyme activation. As a result of this evolutionary process, high Na +  or very low K +  
concentrations in the extracellular fl uids are detrimental and most of the time toxic 
to cells, although an adaptation process exists in K + -defi cient media where increased 
Na +  concentrations enhances growths [ 12 ]. Given these adaptation and other cell 
signaling processes such as the large increase of Na +  (from ≈ 10 to 100 mM) 
occurring in dendrites during neuron synaptic peak activity [ 13 ], intracellular 
monovalent ions are occasionally described as second messengers [ 14 ]. Moreover, 
it is well appreciated that a decrease in the intracellular K +  and Cl −  concentrations is 
witnessed during cell apoptosis [ 15 ]. 

 Please cite as:  Met. Ions Life Sci.  16 (2016) 167–201 
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 Besides monovalent cation channel selectivity, the roles of Na +  and K +  in enzyme 
function are relatively well documented and many enzymes display increased activ-
ity in the presence of monovalent cations [ 16 ]. For most of these systems, measured 
selectivity for a particular cation is low. For some, however, an increase in activity 
is observed in the presence of the larger K + , Rb +  or NH 4

+
   ions. Few enzymes are 

selective for Na + . The thrombin enzyme, associated with blood clotting and local-
ized in Na + -rich extracellular domains, represents an example of a Na + -activated 
protein [ 17 – 19 ]. These enzymes are usually inhibited in the presence of K + , Rb +  or 
NH 4

+
  . Such mutually exclusive ion choices suggest that cationic physicochemical 

properties are determinant for certain enzymatic functions [ 16 ]. 
 Like most enzymes, nucleic acids evolved in K + -rich environments and have 

most certainly fi ne-tuned their structures and functions to these conditions. Yet, 
biomolecular buffers used in  in vitro  experiments do not often refl ect intracellular 
ionic conditions and contain extracellular Na +  rather than intracellular K +  ions. 
The origins of the choice of these experimental conditions are unclear but stem 
partly from the fact that such buffers might have led to the setup of stable experi-
mental conditions that became the standards over time. Due to the handing over of 
lab protocols, most of these experimental conditions became diffi cult to change. To 
 complicate things, apart from a few systems, exchanging Na +  for K +  did not lead to 
quantifi able differences. Such results did not encourage researchers to change their 
procedures and did not prompt them to use the more biologically relevant K +  ion. 
For instance, nearest neighbor studies inferring thermodynamic stability of RNA 
base-pair motifs from melting experiments are generally carried out in 1.0 M NaCl 
buffers for historical consistency [ 20 ,  21 ]. A recent study stated that the nearest 
neighbor effects of Na +  and K +  on duplex stability are undistinguishable [ 22 ]. 
Despite of this, current trends remain in favor of using Na + -containing buffers 
instead of switching towards the more germane K + -containing buffers. 

 In a twenty-year-old study, Freund and Kalbitzer [ 23 ] suggested that, for biomo-
lecular investigations, a key advantage of NMR compared to X-ray crystallography 
relies in its ability to use buffers mimicking the properties of the natural physiological 
solvent. However, NMR spectroscopists are still making sparse use of this advan-
tage, favoring buffers far from physiological conditions such as buffers composed 
of distilled water resulting in abnormally low ionic strength, or buffers with addition 
of sodium chloride, which are inappropriate for intracellular proteins. Freund and 
Kalbitzer [ 23 ] proposed two nearly physiological buffers for NMR spectroscopy of 
biological samples that refl ect intracellular (free K + : 148 mM; free Na + : 8 mM) and 
extracellular (free K + : 5 mM; free Na + : 144 mM) ionic conditions. 

 Since then, much progress has been made in the investigation of the roles mono-
valent cations play in biomolecular systems. The fact that some nucleic acids dis-
play high sensitivity to the type of monovalent cations present in buffers is currently 
better appreciated. For example, several ribozymes display K + /Na + -dependent activ-
ities [ 24 ] and NMR studies demonstrated that DNA structures have different 
sequence-dependent responses to physiological concentrations of K +  or Na +  [ 25 ]. 
In this respect, DNA and RNA quadruplexes represent the best-known example of 
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K + /Na +  ion selectivity in nucleic acid systems [ 26 – 29 ] and quadruplexes are the 
cornerstones of very effi cient K +  detection systems [ 30 ]. 

 In this review, we will address issues related to the roles monovalent cations play 
in  in vivo, in vitro  and also  in silico  conditions for nucleic acid systems and more 
specifi cally focus on monovalent ion dependent effects on structure and function. 
We will discuss some solvent detection issues in biophysical methods and especially 
nucleic acid crystallography. Several reports describe, based on statistical surveys 
of the CSD and the PDB, the geometrical characteristics of ion coordination includ-
ing those of monovalent cations [ 31 – 35 ] as well as other physico-chemical charac-
teristics [ 36 ]. Numerous web sites and servers were also designed to analyze metal 
binding sites in proteins and nucleic acids [ 37 – 47 ]. Further, several reviews focus 
on nucleic acid monovalent ion binding issues [ 36 ,  48 – 56 ].  

2     Identifi cation of Na +  and K +  Ions in Structural Studies 

2.1     X-ray Crystallography 

2.1.1     Na +  Prevalence in Crystal Structures – A Brief Statistical Overview 

 As of April 2015, the PDB embraces 95,000 X-ray structures and holds altogether 
signifi cantly more structures containing Na +  (5,116) than K +  (1,769). For nucleic 
acids, the proportion remains roughly the same: 520 and 339 structures containing 
Na +  and K +  ions, respectively (note that ≈18 % of the latter are related to quadru-
plexes). Thus, ≈7 % of all X-ray structures and ≈15 % of all nucleic acid structures 
contain monovalent cations. These proportions are small and suggest that a certain 
number of technical limitations prevent the effi cient detection of ions that are gener-
ally thought to be present in much higher proportions in biomolecular systems [ 57 ].  

2.1.2     Monovalent Ion Detection Based on Geometrical Considerations 

2.1.2.1    Coordination Distances 

 The most direct path to identify monovalent cations relies on their specifi c water 
coordination distances: 2.42 Å and 2.84 Å for Na +  and K + , respectively. These dis-
tances were derived from a careful analysis of high-resolution crystal structures 
deposited in CSD [ 31 ,  34 ,  58 ]. Note that coordination distances might be somewhat 
“author”-dependent. It has been reported that the Na +  · · · O distance can be close to 
2.30 Å from a CSD survey [ 32 ], a number that signifi cantly contrasts with the above 
reported value. Coordination distances are also slightly ligand-dependent. Thus, 
given the larger covalent radii of N and S compared to O, the coordination distances 
should be augmented by ≈ 0.1 and ≈ 0.2 Å, respectively. Yet, coordination of 
 monovalent cations to imidazole is rare [ 31 ,  34 ], suggesting less frequent coordina-
tion to the imine nucleobase nitrogens with a possible exception for the guanine N7 
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atoms that form a strong electronegative edge in association with the adjacent O6 
atoms. Density peaks that are diffi cult to assign are also frequently observed espe-
cially in medium- to low-resolution structures. In a 2.95 Å resolution structure, K +  
was assigned to electron density peaks with coordination distances far from optimal 
for fi rst and second shell coordination and need probably more insights [ 59 ]. 

 Unfortunately, given identical ≈ 2.8 Å coordination distances, this criterion is 
ineffective for distinguishing K +  ions from water molecules and one has to rely on 
other characteristics such as coordination patterns or density size.  

2.1.2.2    Coordination Numbers and Coordination Geometry 

 Usually, coordination numbers are much better defi ned for the smaller than the 
larger cations. For Na + , six is by far the commonest coordination number with well- 
defi ned octahedral coordination geometry since there is not much space around the 
ion to accommodate more water molecules and to deviate from this geometry 
(Figure  1  [ 62 ,  63 ]). For K + , the coordination number is close to eight, probably 
never six, and the coordination geometry is fuzzier [ 31 – 35 ,  60 ]. Indeed, with the 
exception of quadruplex structures where the K +  coordination is eight and nicely 
defi ned, almost no K +  in nucleic acid structures presents a complete coordination 

  Figure 1    Na +  and K +  coordination spheres. ( a ) A Na +  ion bound to a (G)N7 atom, a phosphate 
group, and four water molecules form a slightly distorted octahedral pattern extracted from a ham-
merhead ribozyme crystal structure [ 62 ]. The average coordination distances are close to 2.4 Å. ( b ) 
A K +  ion in a DNA structure [ 63 ] shows an incomplete coordination pattern involving two base 
carbonyl groups, one O4’ atom, and two water molecules. The average coordination distances are 
close to 2.8 Å.       
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sphere. Molecular dynamics (MD) simulations of this ion in solution revealed that 
the bound solvent molecules are also orientationally more disordered than those 
attached to Na +  ions [ 61 ]. Thus, although Mg 2+  and Na +  share octahedral coordina-
tion geometries, the coordination geometry of Mg 2+  is almost perfect while that of 
Na +  is less optimal.

   For water molecules, the coordination number is usually four. Thus, the coordi-
nation number should help distinguishing between water and K + . Unfortunately, 
complete coordination patterns are rarely observed in medium- to low-resolution 
structures where water molecules are only occasionally detected.   

2.1.3     Direct and Indirect Anomalous Signal-Based Approaches 

2.1.3.1    K +  Anomalous Signals 

 Anomalous diffraction techniques are of no practical use for identifying Na +  ions 
for two major reasons: (i) the sodium “K edge” is far away (11.56 Å) from the 
attainable energy range of macromolecular crystallography synchrotron beam lines 
(0.7 to 1.8 Å) and (ii) the f” anomalous signal is extremely weak (0.2 to 0.1 e − ) and 
unusable in this range. The situation is much more favorable in the case of K +  ions. 
Although the potassium “K edge” is too far for synchrotron beam lines (3.44 Å), its 
weak anomalous signal is appropriate to low-energy wavelength data collections 
(f” ~ 1.5 e −  at 1.8 Å) and several authors used these techniques to directly identify 
K +  ions when high- or medium-resolution diffraction data are available [ 64 – 71 ] 
(Figure  2 ). Observing the K +  anomalous signal is a valuable alternative to its replace-
ment by another monovalent cation since no additional experiment is required. 
Most importantly, it does not rely on the rather  optimistic  assumption that other 
ions are occupying similar binding sites.

2.1.3.2       Detection Based on K + /Tl +  Replacement 

 There is no good substitute for Na +  ions while for K +  the toxic Tl +  or thallium(I) ion 
[ 72 ] was shown to represent an interesting alternative in medium- to low-resolution 
structures [ 66 ,  70 ,  73 – 87 ]. Tl +  has indeed a similar ionic radius and hydration 
enthalpy than K +  and can also adopt a 6-octaedral or 8-coordination geometry [ 51 ]. 
It has also the advantage of being easily detectable either using difference electron 
density maps (Z Tl  - Z K  = 61 e − ), or using its strong anomalous signal. The L-III edge 
of Tl is indeed well suited (0.9795 Å) for data collection on a tunable synchrotron 
beamline. Additionally, Tl is a rather strong anomalous scatterer (f” = 5–10 e −  in the 
usual energy range of the multi-wavelength anomalous dispersion (MAD) beam-
lines) and should be detected even by using a rotating anode X-ray source. Fifteen 
Tl + -containing nucleic acid structures are currently (April 2015) deposited in the 
PDB although Tl +  is certainly more often used during the crystallization and data 
analysis processes. 
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 Interestingly, although Tl +  is considered a good substitute for K +  in crystallo-
graphic and sometimes biochemical studies, in both instances one has to be aware 
that some induced effects are specifi c to Tl + . For instance, there is a tendency of Tl +  
to react with “soft”, b-type electron donors such as those belonging to “thiol” groups 
or the purine N7 atoms. It was noted that growing crystals in Tl + -containing buffers 
rather than soaking it into crystals grown with K +  may have led to additional Tl + -
specifi c binding events [ 88 ]. Besides, effects related to K + /Tl +  substitution in ribo-
somes were noted as particularly complex [ 89 ].  

2.1.3.3    Detection Based on K + /Rb +  or K + /Cs +  Replacement 

 Besides Tl + , crystallographers use sometimes also Cs +  and to a lesser extend Rb +  
ions that produce large anomalous signals to infer the position of K +  ions [ 77 ,  90 –
 92 ]. In recent structures of bacterial riboswitches that control the expression of 
heavy metal transporters, the position of four K +  were modeled into Cs +  assigned 
densities since the authors assumed that Cs +  typically replaces K +  in crystals. 
In structures of RNA duplexes, Rb +  was found to be unable to replace already 

  Figure 2    K +  and Tl +  anomalous signals. ( a ) Anomalous difference map contoured at 5 σ (in red) 
for K +  and a covalently bound Br atom from a crystal structure of a DIS RNA fragment. The 2F o - F  c     
map contoured at 1.4 σ is shown in blue. K +  ligands and some H-bonds are depicted with black 
lines. Reproduced by permission from [ 69 ]; © copyright 2007. ( b ) Tl +  (violet) and phosphorus 
(green) anomalous densities contoured at 2.5 σ around a DNA duplex [ 66 ]. The phosphorus atoms 
are shown to serve as a positive control. Reproduced by permission from [ 66 ]; © copyright 2005, 
American Chemical Society.       
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assigned K +  binding sites [ 65 ]. Yet, this procedure is probably not always effective 
given the larger 3.1 and 3.2 Å coordination distances for Rb +  and Cs + , respectively. 
Furthermore, the differences in hydration properties of these ions compared to K +  
are signifi cant.   

2.1.4     A Word of Caution 

 The recent tremendous increase of large X-ray RNA structures – together with 
advances in the identifi cation procedures of ions has led to signifi cant progress in 
the assignment of ions to solvent density peaks [ 57 ,  93 ,  94 ]. But, as stated before, 
replacement procedures rely on sometimes too optimistic hypotheses. In this 
respect, caution is certainly required with the crystallographic procedures that claim 
identifying Mg 2+  ions but also K +  and Na +  ions in large protein or nucleic acid 
 systems. Surely, collecting direct anomalous signals for K +  is probably the safest 
route for identifying monovalent ion binding sites. In this respect, the new tech-
niques that try to extract signals from noisy data have to make their proofs regarding 
solvent density assignments [ 95 ,  96 ].   

2.2     Nuclear Magnetic Resonance 

2.2.1     Nuclear Magnetic Resonance Detection of Na + /K + -Induced Effects 

 Nuclear magnetic resonance (NMR) techniques are generally unable to directly 
detect alkali cations in biomolecular systems but only to infer their presence by 
measuring induced nucleic acid relaxation property changes [ 97 ].  15 NH 4

+
   was fi rst 

used as a spectroscopic probe to investigate G-quadruplex features [ 98 ]. Indeed, it 
was shown in many instances that K +  and NH 4

+
   properties are close in nucleic acid 

systems [ 99 ,  100 ] and  15 NH 4
+
   remains a very effective NMR probe for inferring K +  

binding sites [ 101 ]. However, despite their clear advantage in NMR spectroscopy, 
these ions are non-physiological and display cell toxicity. Later, using magnetic 
relaxation dispersion,  23 Na +  relaxation was measured for DNA duplexes and it was 
suggested that Na +  binds to these duplexes with correlation times close to 50 ns and 
minor groove occupancies as great as 50 % [ 102 ] although these high values are 
subject to debate [ 103 ]. Numerous other competition experiments were conducted 
that demonstrated that Na +  and K +  share the minor groove with water in the liquid 
state [ 97 ].  23 Na- and  205 Tl-based NMR methods were also used to investigate the 
monovalent binding potential of DNA quadruplexes [ 104 ,  105 ]. 

  31 P chemical shifts were measured for DNA duplexes in order to detect effects 
induced by the presence of Na +  or K +  [ 25 ]. The measured changes in chemical shifts 
demonstrated that each monovalent cation affects in its own way the structure of 
the associated duplexes. A more recent NMR study, revealed also perturbations in 
the NMR spectra of DNA tetraloops that are associated with the presence of one or 
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the other cation in the experimental buffer [ 106 ]. These results demonstrate that 
NMR techniques are able to highlight structural effects induced by the presence of 
one or the other monovalent ions.  

2.2.2     Prevalence of Na +  over K +  in Nuclear Magnetic Resonance Buffers 

 A rapid scan of the experimental conditions used for determining the NMR 
 structures deposited in the PDB confi rms the dominant use of Na +  ions in buffers 
(≈57 % of Na +  and ≈19 % of K + ). These numbers are in agreement with the already 
mentioned prevalence of Na +  over K +  in crystal structures and underline the distance 
between  in vivo  conditions and those used in biophysical experiments [ 23 ].   

2.3     Molecular Dynamics Simulations 

 Molecular dynamics (MD) simulations are able, from a theoretical point of view, to 
provide clues about the location of high occupancy monovalent cation binding sites 
[ 107 – 123 ]. In some instances, monovalent cations were found to bind close to 
experimentally characterized divalent binding pockets in RNA [ 113 ,  124 ]. Na +  
binding sites close to the catalytic pocket of the hepatitis delta virus (HDV) ribo-
zyme [ 125 ,  126 ] were confi rmed by crystallographic experiments conducted in the 
presence of Tl +  ions [ 81 ]. All these studies point to the fact that MD simulations are 
now able to shed some light on important nucleic acid ion-binding features even if 
signifi cant concerns were raised regarding the reliability of the ion parameters used 
in early simulations. Indeed, many of these parameter sets led to the non-physical 
formation of NaCl or KCl aggregates [ 127 – 131 ]. 

 These concerns were recently addressed through the development of improved 
force-fi eld parameters for cations and anions [ 129 ,  132 – 137 ], although one study 
advised the use (if possible) of NaCl instead of KCl since Na +  parameters seemed 
better converged and consequently less prone to generate errors [ 130 ]. These authors 
were putting forward technical rather than biological issues suggesting that more 
parameterization studies have to be undertaken. Interestingly and despite the abun-
dance of new parameter sets, several authors including those from the Ascona 
B-DNA consortium (ABC) that collected microseconds of MD on DNA duplexes 
[ 138 – 141 ] turned to the use of very simple conditions, namely the SPC/E water 
model [ 142 ] and the Dang parameters for the ions [ 143 ]. These parameters were 
fi rst tested in MD simulations of DNA duplexes and were subsequently found to 
avoid the formation of NaCl or KCl salt clusters [ 127 ,  128 ]. For some newly 
 developed ion parameters, it was reported that the cations display an “exaggerated” 
tendency to aggregate with phosphates [ 130 ]. 

 It seems clear that ion parameter issues are central to comparative studies trying 
to understand Na + /K +  binding preferences and how these ions affect the nucleic acid 
structures. Nevertheless, such studies are still rare. Despite a commonly shared view 
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[ 130 ] stating that “ in most cases a change of the force-fi eld and salt conditions 
would have virtually no effect on the qualitative simulation outcome ” [ 144 ], a recent 
set of MD simulations of RNA duplexes demonstrated the opposite. In this study, 
the RNA structures seem to be signifi cantly affected by the ion parameter choice 
(among other parameters such as the used force fi elds or water models; Figure  3  
[ 148 ,  149 ]). If various but relatively similar K +  ion parameters can affect the RNA 
structure it is doubtless that a change from K +  to Na +  can also signifi cantly affect the 
nucleic acid structures [ 145 ]. Future force fi eld improvements will certainly stem 
from the use of polarizable ion models like those described in [ 146 ,  147 ]. The 
authors of these studies claim to have characterized ion-dependent effects that were 
only detectable by using the more sophisticated polarizable models.

  Figure 3    Differences in 
average structures 
(45–50 ns) from MD 
simulations of a RNA 
duplex with three different 
ion models in net- 
neutralized ionic (no 
excess salt) conditions. 
The displayed structures 
were derived from 
simulations using the ion 
parameter sets from Young 
and Cheatham in orange 
[ 132 ], Jorgensen et al. in 
green [ 148 ] and Roux et al. 
in blue [ 149 ]. Reproduced 
by permission from [ 145 ]; 
© copyright 2012, 
American Chemical 
Society.       
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3         Non-specifi c  Versus  Specifi c Binding of Na + /K +  Ions 

3.1     Non-specifi c Binding of Monovalent Cations 
to Nucleic Acids 

 Nucleic acids are polyanions. As such, each of these molecular systems should be 
surrounded by an equivalent number of cations to counterbalance their charge. This 
shielding is provided  in vivo  by a variety of cationic systems including mono- (K + ) 
and divalent cations (Mg 2+ ), charged metabolites including polyamines [ 150 ] and 
nucleic acid binding proteins.  In vitro , non-physiological cations such as small Li + , 
Na +  or large Cs + , Co(NH 3 ) 6

+
   and other hexammines are often used. Because the pre-

cise localization of cations was diffi cult to obtain in the early days of crystallogra-
phy, it has for long been assumed, based on the counterion condensation theory 
[ 151 ,  152 ], that a certain percentage of monovalent cations stay in the vicinity of 
nucleic acids and thereby reduce their effective charge. As an outcome, it was 
assumed that monovalent ion binding is diffuse, highly non-specifi c and concen-
trated in the vicinity of the negatively charged phosphate groups. Consequently, the 
possibility of strong binding of monovalent cations to specifi c nucleic acid sites has 
been overlooked. Nowadays, theoretical calculations reformed this view and it is 
now recognized that sequence-specifi c monovalent binding sites exist, especially in 
major grooves of nucleic acids. These fi ndings led to the conclusion that nucleic 
acid grooves should be considered as ion traps or ionophores [ 153 ]. 

 Several studies pointed to effects related to monovalent cation size without being 
able to relate directly these facts to specifi c binding sites. It was reported that the 
thermal stability of a DNA hairpin increased with cation size although the effects 
associated with Li + , Na +  or K +  are not distinguishable [ 154 ]. Melting studies on 
DNA duplexes suggested that the sequence affects ion-binding properties. Here 
again, effects associated with Na +  and K +  were reported to be similar [ 155 ]. On the 
other hand, measures of folding free energies using optical tweezers reported stabi-
lizing effects of K +  over Na +  [ 156 ].  

3.2     Binding of Monovalent Cations to Nucleic Acid Grooves 

3.2.1     DNA Duplexes 

3.2.1.1    Molecular Dynamics Perspective 

 Interestingly, the fi rst clues about cation binding to DNA came from MD simula-
tions that suggested that DNA grooves do capture monovalent cations at specifi c 
locations in the minor groove [ 157 ]. Subsequently, it was found that monovalent 
cations bind even more strongly to the major groove [ 107 – 110 ,  114 ,  116 – 118 ,  123 ]. 
All these fi ndings were backed up by experimental studies using NMR and 
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crystallographic techniques [ 64 ,  66 ,  76 ,  97 ,  158 – 163 ]. An atomic resolution struc-
ture of the Drew-Dickerson dodecamer derived from a crystal grown in the presence 
of Tl + , Mg 2+  and spermine showed that the sites with highest occupancies (20–35 %) 
were located in the major groove at CpG steps and that most of them did not connect 
to phosphate groups [ 76 ]. Further, this structure suggested that monovalent cations 
do share occupancies with water molecules. It was found that monovalent cation 
occupancies derived from MD simulations follow the same trend although the occu-
pancies for major groove cations (K + ) are calculated to be higher [ 108 ,  110 ,  141 ]. 
Similarly, Na +  and K +  density distributions around canonical B-DNA derived from 
integral equation theories reported ion-specifi c binding profi les [ 164 ]. 

 Recent microsecond long MD simulations using K +  suggested that phosphate 
groups are not attracting cations but that monovalent cation binding is essentially 
concentrated in the major groove at GpC steps (Figure  4 ). The fl anking steps can 
signifi cantly affect the ion binding. It was reported that moving from CpCpGpG to 
ApCpGpT stems reduces the minor groove occupancies by 90 % from 0.48 to 0.06. 
Overall, the maximum calculated major groove occupancy exceeds 0.8 at GpC steps 
and can reach 0.5 at minor groove YpG steps [ 141 ]. These results confi rmed data 
obtained earlier on much shorter MD simulations [ 108 ,  110 ].

   Only a small number of studies investigated the effects of Na +   versus  K +  on DNA 
structures. Some of them reported that simulations are not sensitive to the type of 
ionic conditions that are used, while others mentioned signifi cant differences. For a 

  Figure 4    Examples of sequence-dependent major and minor groove K +  densities derived from 
microsecond long MD simulations of B-DNA duplexes showing cartesian isomolarity surfaces at 
15 M (red) and 5 M (green mesh). Adapted by permission from [ 141 ]; © copyright 2015, Oxford 
University Press.       
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set of simulations of a DNA dodecamer, it was found that, while Na +  binding in both 
grooves is strongly sequence-dependent with the preferred binding site in the minor 
groove, K +  mainly visits the major groove and binds close to the center of the oligo-
mer. Hence, calculations show that the DNA structure is differently affected by Na +  
and K +  [ 116 ]. In another study, where DNA ends were constrained through the use 
of periodic conditions, the DNA structure was not infl uenced by the choice of cat-
ions, although Na +  and K +  binding modes were different [ 117 ]. Moreover, mobility 
of both water and cations in K +  systems is faster than in Na +  systems. Na +  organizes 
and immobilizes the water structure around itself and near DNA while for K +  ,  water 
is less organized and more dynamic [ 117 ]. Other authors reported that Na +  ions 
penetrate the DNA interior and condense towards the DNA exterior to a signifi -
cantly larger extend than K +  ions [ 118 ]. In the presence of K + , the oligomer was 
calculated to be more fl exible. Interestingly, these authors observed a signifi cant 
involvement of Cl −  ions in the process. Cl −  co-ions were observed to provide more 
effi cient screening for the K +  ions than for the Na +  ions contributing, thus, to the 
larger Na +  condensation around DNA. Yet, this effect could also be attributed to a 
KCl clustering artifact observed with older AMBER force-fi eld versions [ 128 ,  130 ]. 

 Recently, a MD study on ion binding to the Drew-Dickerson-dodecamer con-
ducted at different temperatures and with Li + , Rb +  or Cs + , reported that the DNA 
structure becomes more fl exible than with Na +  or K +  and described a widening of 
major and minor grooves at CpG and GpC steps when K +  is present. The authors 
reported, at odds with the preceding study, that the smaller Li +  and Na +  ions prefer 
to interact with the free phosphate oxygen atoms while the heavier ions (Rb +  and 
Cs + ) strongly interact with the base pairs [ 165 ]. These fi ndings are consistent with 
MD simulations suggesting that Na +  favors condensation around DNA compared 
to K + . A study on DNA bending of A-tracts reported a slight bending reduction in 
NaCl and neutral (no-added salt) conditions compared with KCl conditions [ 166 ]. 

 MD studies using sophisticated Drude polarizable models reported that the con-
formational properties of DNA double strands in solution are sensitive to the type of 
monovalent cation. More specifi cally, the minor groove width is smaller for the 
smaller cations. Interestingly, the authors state that these differences are only appar-
ent when polarizable ion models are used and cannot be inferred with more conven-
tional additive force fi elds [ 146 ,  147 ]. These results provide a rational explanation 
as to why ion-dependent conformational effects were up to now diffi cult to charac-
terize theoretically and emphasize that for generating useful MD simulations, 
increasing the simulation length is not enough. More attention has also to be devoted 
to the fi ne adjustments that are needed to improve current force fi elds [ 167 ].  

3.2.1.2    Experimental Views 

 The type of monovalent cations present in experimental buffers can alter DNA con-
formation of, at least, some structures. For example, crystallographic data empha-
sized subtle shifts of monovalent cations toward the fl oor of the minor groove with 
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increasing ionic radii [ 159 ] and a solution neutron scattering study revealed a shift 
from a duplex to a quadruplex structure when Na +  is replaced by K +  at concentra-
tions above 100 mM [ 168 ]. A higher potential in DNA compaction by Na +   versus  
K +  has also been reported [ 169 ] and electrophoretic measurements showed clear 
sequence-specifi c cation dependence for DNA bending [ 170 ]. 

 Moreover, capillary electrophoresis experiments on A-tracts suggested that the 
binding of monovalent cations depends on the cation identity as well as on the DNA 
sequence. Interestingly, some A-tracts were reported not to bind K +  ions [ 171 ]. A 
thorough NMR study based on measurements of phosphorus chemical shifts dem-
onstrated that DNA duplex structures respond differently to physiological concen-
trations of K +  or Na +  by modulating the proportion of backbone conformers [ 25 ].   

3.2.2     RNA Duplexes 

 Fewer studies were devoted to RNA double strands since RNA folds preferentially 
into intricate 3D structures. MD simulations conducted in parallel on the same 
B-DNA and A-RNA duplexes demonstrated that the RNA grooves are also excel-
lent ionophores and that the ion-binding properties are similar for both systems 
although a preference for RNA can be noted [ 108 ,  110 ,  122 ,  172 ]. The binding to 
double strands is certainly dynamic and monovalent ions are expected to exchange 
at a relatively high frequency. MD simulations suggest binding times that can reach 
1–2 ns for K +  and are close for RNA and DNA. Moreover, MD simulations suggest 
shared occupancies of these sites with water molecules. 

 More specifi cally, a recent RNA duplex MD study suggested that K +  tends to 
support more compact structures than Na +  [ 145 ]. However, as already described in 
the MD section, the RNA structures seem to be signifi cantly affected by ion param-
eter choices. If various but relatively similar K +  ion parameters can affect the RNA 
structure it is doubtless that Na +  can also lead to different average structures 
(Figure  3 ).   

3.3     Specifi c Binding of Monovalent Cations to Quadruplex 
Structures 

3.3.1     DNA Quadruplexes – A Perfect K +  Coordination Geometry 

 Quadruplexes comprise stretches of consecutive guanines that aggregate to form 
four-stranded helices. They are probably the best illustration of specifi c binding of 
monovalent cations to nucleic acids. These structures that form in the presence of 
Na +  or K +  are of great biological interest as exemplifi ed by the large guanine-rich 
telomere 3’-end overhang. In an  in vivo  context, it is highly probable that K +  is the 
active cation and indeed DNA quadruplexes display the best affi nity for this cation 
over the smaller Na + . This is further refl ected by the fact that Na +  quadruplexes can 
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adopt two forms where (i) the ion is found in a guanine quartet plane or (ii) sand-
wiched between two of them. Instead, K +  was only found in the latter confi guration 
where it interacts with eight (G)O6 atoms adopting a distorted bi- pyramidal anti-
prismatic geometry (Figure  5a ) [ 71 ,  173 ]. Interestingly, the same distinctions 
between Na +  (in the middle of a plane of four oxygen atoms) and K +  binding modes 
(in the middle of a cage made from two planes of oxygen atoms) were gathered 
from K +  channel protein MD simulations suggesting the existence of a universal 
recognition motif for dehydrated K +  ions (Figure  5b ) [ 11 ].

   Titration experiments showed that for human telomeric structures folding 
requires more K +  ions than its number of G-quartets suggesting that these ions might 
also interact with the loops [ 173 ]. Indeed, G-quadruplexes exhibit a remarkable and 
well-documented cation-induced polymorphism [ 175 – 183 ]. For the d(G 4 T 4 G 4 ) 
sequence, the guanine arrangement between the K +  and Na +  structures is similar 
with, however, strikingly different loop structures that are probably related to differ-
ent cation coordination events at external binding sites [ 173 ,  184 ]. Differences in 
the loop dynamics were also highlighted [ 177 ] and similar cation- induced polymor-
phism was observed for the  Tetrahymena  telomeric repeat [d(T 2 G 4 )] 4  and related 

  Figure 5    K +  coordination in a DNA quadruplex [ 174 ] and in the KcsA ion channel [ 7 ]. ( a ,  b ) Top 
and side view of a K +  sandwiched between two G-quartets and at ≈ 2.8 Å of the oxygen atoms of 
eight guanine carbonyl groups in a distorted bi-pyramidal antiprismatic geometry. ( c ,  d ) Top and 
side view of K +  similarly interacting with eight backbone carbonyl groups in the ion channel, 
with ≈ 2.8 Å coordination distances.       
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sequences such as d(G 2 T 4 G 3 ) and d(G 4 T 4 G 4 ) [ 179 ,  185 ]. G-quadruplexes formed by 
human telomere repeats such as d[A(GGGTTA) 3 GGG] exhibit different conforma-
tions in the presence of Na +  and K +  [ 181 ]. It was reported that the inhibitory throm-
bin-binding aptamer activity is lower in the presence of Na +  with respect to K +  [ 71 ]. 

 Moreover, G-rich DNA sequences can switch between two conformations: a 
hairpin at low K +  concentration and a quadruplex at higher concentrations [ 186 ]. 
However, it was shown that not all G-rich sequences are prone to form quadru-
plexes. Many of the longer repeats generate homoduplexes or hairpins. The most 
stable tetraplexes were formed with d(GGC) n  and the least stable with d(GCG) n , all 
of them in the presence of Na +  or K + . The authors speculated that the formation of 
quadruplex structures in guanine-rich DNA strands of the fragile X chromosome 
repeats is unlikely [ 187 ]. Quite surprisingly a small-angle scattering study of the 
d(AGGGTTAGGGTTAGGGTTAGGG) sequence in the presence of Na +  or K +  
 suggested the formation of quadruplexes with the latter ion and not the former in the 
given experimental conditions [ 168 ]. 

 DNA quadruplexes are still challenging structures in the fi eld of biomolecular 
MD simulations, especially with respect to force-fi eld issues associated with water 
and cation parameters. MD simulations on DNA quadruplexes using both Na +  and 
K +  conditions are relatively rare [ 131 ,  188 ] since most of them take K + -containing 
buffers into account [ 189 ]. Yet, MD simulations reported, in agreement with experi-
mental data that, while the smaller Na +  ions can spend some time in the G-quartet 
plane, K +  ions are too large and are only sandwiched between adjacent planes. The 
authors suggest that subtle binding differences between Na +  and K +  could propagate 
to the loops and explain their polymorphism [ 188 ]. In order to improve their mod-
els, modifi cations of the K +  van der Waals parameters were suggested [ 190 ,  191 ]. 
Simulations using diverse ionic conditions were performed [ 131 ,  188 ,  190 – 192 ], 
including ones with ion parameters that led to the generation of unphysical ionic 
clusters [ 128 ,  131 ]. Through an impressive amount of work, cation- dependent pen-
etration routes in DNA quadruplexes were proposed [ 131 ].  

3.3.2     RNA Quadruplex Switches 

 The fi rst RNA quadruplex structure was solved by NMR in 1992 [ 193 ] and the fi rst 
crystallographic structure in 2001 [ 194 ]. A recent review stressed the numerous 
roles quadruplexes might play in biological systems [ 26 ]. From a structural point of 
view, it was shown that some guanine-rich RNA molecules could switch from a 
hairpin to a G-quadruplex structure in the appropriate K + -containing ionic condi-
tions [ 195 ]. The “Spinach”  in vitro -selected RNA fl uorophore aptamer was crystal-
lized in the 2.2–2.4 Å resolution range and a K +  was assigned to a density observed 
in a G-quartet plane based on coordination distances but not on anomalous diffrac-
tion data (Figure  6 ). It was found that K + , Na + , and NH 4

+
   could enhance fl uorescence 

although K +  appears to be signifi cantly more effi cient [ 27 ]. 
 A K + -dependent RNA switch was reported to regulate human pre-miRNA matu-

ration by possibly involving G-quadruplexes [ 29 ]. The authors found that about 16 % 
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of all pre-miRNAs contain sequences susceptible to form G-quadruplexes and 
that the switch from a hairpin to a quadruplex-containing structure can occur at the 
physiological 100 mM K +  concentration. However, as emphasized by the authors, 
the  in vivo  pre-miRNA formation of G-quadruplexes needs confi rmation. 
Furthermore, the use of RNA quadruplexes in  in vivo  conditions is questioned by 
the fact that, under molecular crowding conditions, RNA quadruplexes are much 
more stable than the corresponding DNA quadruplexes and the folded RNA struc-
tures are unaffected by the surrounding environment [ 182 ].

3.4         RNA Folding Needs Monovalent Cations 

 RNA folding is generally supposed to proceed in two stages. The fi rst consists in the 
formation of RNA secondary structures comprising single- and double-stranded 
regions. Almost any ionic component that is able to screen charges and to bring 
polyanionic backbone segments in proximity, such as mono- and divalent cations or 
polyamines, stimulates this process. The second and more complex stage consists in 

  Figure 6    Crystallographic structure of the  in vitro  selected spinach RNA aptamer. ( a ) 3D struc-
ture of the aptamer. The box highlights the inferred K +  G-quartet binding site. ( b ) Close-up view 
of the K +  binding G-quartet. Adapted by permission from [ 27 ]; © copyright 2014, Nature 
Publishing Group.       
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the fi ne assembly of all these secondary structural elements that involves an intricate 
network of unusual stacking and base-pair interactions. The second stage requires 
fi nely tuned ionic conditions where Mg 2+  is generally determinant but also where 
monovalent cations such as K +  are deemed important [ 196 ]. It was found that many 
RNA tertiary structures fold and are stable in the presence of high concentrations of 
monovalent ions [ 24 ] and even that monovalent cations are needed for the folding 
of specifi c motifs [ 196 – 199 ]. 

 It has been rationalized that high concentrations of monovalent cations are 
needed since these ions are much less effective than divalent ions in screening the 
negative charges carried by the polyanionic backbone. In some instances, it was 
reported that K + , and often also NH 4

+
  , is more effective than Na +  in stabilizing spe-

cifi c RNA structures [ 24 ,  100 ,  156 ,  200 ]. On the other hand, a mRNA pseudoknot 
was found to be better stabilized by the smaller alkali metal ions (Na +  > K + ) [ 201 ] as 
well as an A-riboswitch and a tar-tar* kissing loop [ 24 ]. For the later system, data 
indicating that the TAR hairpin misfolded nearly twice as often in KCl than NaCl, 
revealed differential folding kinetic responses [ 156 ]. However, the folding kinetics 
of the group I  Tetrahymena  ribozyme or a human mitochondrial tRNA were reported 
to be similar in Na +  and K +  [ 202 ,  203 ] Further, in a recent attempt to understand 
thermodynamic origins of monovalent-facilitated RNA folding, it was reported that 
Na +  and K +  are strictly equivalent [ 204 ] stressing that evidencing monovalent 
induced effects might be method-dependent and has to be investigated further.  

3.5     Specifi c Binding of Monovalent Cations 
to Complex RNA Folds 

3.5.1     First Crystallographic Evidence: The P4-P6 Group I 
Intron Fragment 

 The fi rst crystallographic evidence of specifi c monovalent ion binding to RNA was 
gathered from a crystal structure of the P4-P6 group I intron fragment through Tl +  
replacement. The authors found a monovalent binding pocket at the level of the 
tetraloop receptor and below an AA platform that was ascribed to K + . The detection 
of this monovalent ion-binding site is the outcome of resolute investigations trying 
to unravel the structure of this motif and to understand its ion binding features [ 205 , 
 206 ]. This motif specifi city for a monovalent ion was confi rmed by the fact that the 
related  Azoarcus  group I intron is six times less active in Na + - than in K + -containing 
buffers. Therefore it was suggested that this monovalent ion-binding site is impor-
tant for intron splicing [ 73 ]. Hence, monovalent cations that bind specifi cally to 
nucleic acid sites were recognized, besides Mg 2+  ions, as being important for the 
folding and function of this large RNA fragment [ 199 ]. 

 Interestingly, despite these early data and a study indicating that competitive 
effects of monovalent ions with respect to divalent cation binding are less pro-
nounced when K +  replaces Na +  [ 200 ], some studies on this important RNA motif 
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are still favoring Na + -containing buffers [ 196 ,  207 ,  208 ]. Unfortunately, the K + - 
containing P4-P6 structure is not deposited in the PDB and the structures of the 
other P4-P6 fragments or the larger group I intron at resolutions ≤ 3.0 Å do not 
mention the presence of K + . However, a structure at 3.1 Å for which in depth metal 
ion binding investigations were conducted confi rms this K +  ion-binding site [ 82 ] as 
well as a Na +  ion binding to a similar motif in the large ribosomal subunit of 
 Haloarcula marismortui  [ 90 ]. The binding of Na +  [ 209 ] and K +  [ 199 ] to this motif 
has also received recent support from a single molecule FRET approach and 
a ≈ 3 kcal/mol preference of the tetraloop receptor for K +  over other alkali metal ions 
was reported [ 24 ].  

3.5.2    A Buried Backbone-K +  Complex in a rRNA Fragment 

 A K +  binding site was identifi ed in a crystal structure of a 58 nucleotide 23 S rRNA 
domain that binds to protein L11 and that forms a knob on the ribosome surface 
[ 88 ]. In this case, the RNA is ≈ 3 kcal/mol more stable with K +  than with other alkali 
ions [ 100 ]. A 10-fold increase in binding affi nity of this rRNA fragment for ribo-
somal protein L11 or the antibiotic thiostrepton was measured in the presence of 
NH 4

+
  , and to a lesser extend in the presence of K + , compared to Na +  [ 210 ].  

3.5.3    Pseudoknots Can Capture Monovalent Cations 

 Early studies demonstrated that, for the folding of specifi c ribosomal motifs, NH 4
+
   

or K +  ions were required emphasizing therefore the existence of specifi c monova-
lent ion binding sites [ 210 ]. A Li +  > Na +  > K +  > Rb +  > Cs +  > NH 4

+
   stabilization order 

for a mRNA pseudoknot was also reported [ 201 ]. The crystal structure of a viral 
pseudoknot revealed the existence of several Na +  and one K +  binding site [ 78 ]. 
Related biochemical investigations suggested that Na +  might not be the relevant ion 
in the stabilization of this structure. However, for a beet western yellow virus 
(BWYV) pseudoknot, no ion size-dependent stabilization was reported [ 24 ].  

3.5.4    Small Ribozymes Are Active at High Monovalent Concentrations 

3.5.4.1    The Hammerhead Ribozyme 

 It was reported that the hammerhead ribozyme is “slowly” active at molar monova-
lent cation concentrations in the absence of Mg 2+  ions, NaCl being slightly more 
effective than KCl [ 211 – 213 ]. This was certainly surprising to people in the ribozyme 
fi eld since the accepted dogma indicated that these ribozymes were Mg 2+ -dependent 
metalloenzymes. Currently, alternative catalytic mechanisms suggest that Mg 2+  
ions are limited to a structural role and that the ribozyme catalytic mechanism is of 
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a nucleotide-dependent acid–base type [ 214 ,  215 ]. A 1.55 Å resolution crystal 
structure of the full hammerhead ribozyme obtained by using a buffer containing 
1.7 M sodium malonate and 10 mM MgCl 2  allowed identifying 18 well- resolved 
Na +  ions but no Mg 2+  ions [ 62 ]. 

 In the  Schistosoma mansoni  ribozyme, it seems that a high NaCl concentration 
can lead to the effi cient formation of 3D contacts but does not permit alone optimal 
catalysis to occur [ 216 ]. At temperatures above 60°, it was noted that monovalent 
cations protect the ribozyme against degradation [ 217 ]. This last observation 
extends our knowledge of the known roles of monovalent cations in biochemical 
systems.  

3.5.4.2    The Hepatitis Delta Virus and Glms Ribozymes 

 The hepatitis delta virus (HDV) was also found to be “slowly” active at molar mon-
ovalent concentration with again better activities in NaCl than KCl [ 218 ]. Crystals 
soaked in solution containing Tl acetate revealed 15 monovalent binding sites. It 
was proposed that monovalent ions may stabilize the active ribozyme structure or 
participate actively to the catalysis since low-level activity of this ribozyme is 
observed in the presence of monovalent ions [ 81 ]. 

 In this structure, it was reported that cobalt hexammine was competing for a Tl +  
binding site. Competition between Na +  and Mg 2+  was also observed in MD simula-
tions [ 219 ]. MD simulations proved to be a valuable tool in exploring the HDV 
systems since they were also able to identify a Na +  binding location close to the 
catalytic site [ 125 ,  126 ] before the crystal structure was known [ 81 ]. Putting all the 
known biochemical information together, it was suggested that the HDV ribozyme 
is able to utilize two distinct strategies in its cleavage reaction [ 220 ]. The leading 
mechanism for this ribozyme being the one where a divalent metal at the catalytic 
site lowers the p K  a  of the active C75 [ 221 – 223 ]. 

 The glms is a self-cleaving ribozyme that does not require direct participation of 
divalent metal ions that were found to assume only structural roles [ 224 ,  225 ]. 
Signifi cant rate enhancements are also observed with molar concentrations of 
monovalent cations.  

3.5.4.3    DNAzymes Are also Infl uenced by Monovalent Cations 

 DNAzymes are the DNA equivalents of ribozymes. It has been reported that in con-
trast to the hammerhead ribozyme, the 8–17 DNAzyme activity is not detectable in 
the presence of 4 M K + , Rb +  or Cs +  but measurable in 4 M Li + , NH 4

+
   and, to a lesser 

extend, Na +  [ 226 ]. It was suggested that this  in vitro  selected DNAzyme had devel-
oped a more stringent need for divalent metal cations than related hammerhead 
systems, explaining the lower observed activity in monovalent ion setups. Similarly, 
an RNA aptamer that was selected in the presence of high concentrations of LiCl, 
was found to bind ligands more strongly with the smaller alkali ions than the larger 
ones [ 24 ].   
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3.5.5     Other Systematic and Less Systematic Ion Binding 
Studies on RNA Systems 

3.5.5.1    Thirteen Metal Ions in the HIV-1 RNA Dimerization Initiation Site 

 A systematic crystallographic ion binding analysis of the duplex form of two 
 subtypes of the HIV-1 RNA dimerization initiation sites (DIS) has been conducted. 
This study represents an important step in investigating the variability of metal 
binding sites in nucleic acid systems. Although this study focused mainly on 
 multivalent cations, K +  binding sites could be identifi ed for one subtype and the 
ineffectiveness of molecular replacement by Rb +  or Cs +  was noted in this particular 
case [ 65 ].  

3.5.5.2     Signal Recognition Particle – An Example of K + /Mg 2+  Mixed 
Occupancy 

 The ion binding properties of the signal recognition particle (SRP), for which func-
tional importance was suggested by their requirement for K +  and Mg 2+  ions during 
complex formation, were investigated by crystallography [ 77 ,  227 ,  228 ]. Although 
no Na +  buffers were used in this study, it was reported that K + , NH 4

+
   and especially 

Cs +  are more effective than Na +  in stabilizing the SRP complex. 
 The crystallographic structures of SRP revealed a wealth of information on 

mono- and divalent ion-binding features [ 77 ]. In details, an ion bound to a low 
selectivity ion binding site was best modeled by assigning half-occupancy to a 
pentahydrated Mg 2+  ion and half-occupancy to a K +  ion with the monovalent ion 
occupying the same position as one innersphere-coordinated water molecule. 
The authors suggested that both ions compete at physiological concentration for 
the same binding site within the major groove of the RNA. Such type of solvent 
density modeling is rare but might better refl ect the crystallographic truth than 
singly occupied ion binding sites.  

3.5.5.3    Riboswitches and Monovalent Ions 

 In a lysine riboswitch, a K +  ion is bound to a carbonyl oxygen atom of the lysine 
ligand. The importance of K +  for the biological activity of this riboswitch was 
assessed along with a signifi cantly decreased binding affi nity when K +  was omitted 
or replaced by Na +  [ 70 ]. Similarly, for the fl avin mononucleotide (FMN) riboswitch, 
smaller and larger cations such as Na +  and Cs + , potentiate FMN binding to a lesser 
extent than K +  [ 59 ]. K +  was assigned to the structures of the thiamine pyrophosphate- 
sensing riboswitch [ 229 ], the ydaO riboswitches [ 230 ], the aptamer domain of the 
FMN riboswitch [ 231 ] as well as the SAM riboswitch [ 232 ]. Less riboswitches 
were crystallized with Na + . The crystal structure of the THF riboswitch contains 
Na +  [ 233 ] and some structures like those of the lysine riboswitch contain both 
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monovalent cations [ 70 ]. A recent RNA aptamer selected  in vitro  for inhibiting lyso-
zyme catalysis was found to be dependent on the presence of monovalent cations 
and equimolar substitution of K +  for Na +  resulted in only a 1.5 fold reduction of 
protein binding affi nity [ 234 ]. 

 Surprisingly, it was reported that K +  is dispensable for the tertiary structure for-
mation of a metal-sensing regulator RNA despite the fact that four K +  ions were 
found in the crystal structure. The K +  were modeled based on the positions of Cs +  in 
a derivative dataset [ 91 ]. The authors of recent structures of bacterial riboswitches 
that control the expression of heavy metal transporters stated that the nucleotides 
involved in forming contacts with K +  are not well conserved, which supports the 
conclusion that K +  ions play in these systems only supportive roles in aptamer for-
mation [ 92 ].  

3.5.5.4    Group I and Group II Introns 

 In order to get clues related to the catalytic mechanism of the group I and II introns, 
a large number of crystal structures including an almost complete palette of mono- 
and divalent cations were crystallized [ 82 ,  87 ,  235 ]. For the group I intron, eighteen 
solvent densities were assigned to metal ions (5 K +  and 13 Mg 2+ ) and Tl +  anomalous 

  Figure 7    K +  (magenta) and Mg 2+  (green) ion binding sites as reported in crystal structures of the 
group I and II introns. ( a ) Metals in the  Azoarcus  group I intron (5 K +  and 13 Mg 2+ ) [ 82 ]. ( b ) Metals 
in the  O. iheyensis  group II intron (19 K +  and 32 Mg 2+ ) [ 87 ].       
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signals were obtained for the K +  binding sites [ 82 ] (Figure  7a ). For this ribozyme, it 
has been recognized that molar monovalent cations along with millimolar divalent 
cation concentrations are the most effective for folding and that monovalent salts 
alone are able to assist in the formation of most native tertiary contacts [ 197 ]. It was 
further shown that monovalent concentration changes the starting position of the 
RNA in its folding funnel and are essential in the formation of native tertiary con-
tacts that promote fast and accurate folding [ 236 ]. Ion binding competitive experi-
ments stressed the greater effectiveness of K +  over Na +  in stabilizing this RNA and 
demonstrated that in these conditions the need for Mg 2+  ions is drastically reduced 
[ 200 ,  207 ], as it would be the case in conditions simulating crowding effects [ 237 ]. 
Interestingly, the  Candida  group I ribozyme was found to require much less mon-
ovalent cation concentrations to be properly folded and active than the  Tetrahymena  
ribozyme [ 238 ].

   For the group II intron, it is assumed that the catalytic center contains a four-
metal- ion center and that the entire structure includes many other structural ions as 
well as delocalized ions that neutralize the high negative charge of this compact 
folded structure. Like for the DIS [ 65 ], SRP [ 77 ], RNase P [ 239 ] and group I intron 
[ 82 ], fourteen crystal structures of the group II intron were obtained in very diverse 
ionic conditions and in the 2.70 to 3.99 Å resolution range (Figure  7b ) [ 87 ]. The 
catalytic metal center was reported to be heteronuclear and involving divalent 
(Mg 2+ ) and monovalent (K + ) ions. Based on crystallographic data, it was hypothe-
sized that two of the detected ion-binding sites are specifi c to monovalent cations 
with strict size requirements and therefore probably occupied by K +  under physio-
logical conditions. The activity in Na/Mg buffers was reported to be much lower 
than in K/Mg, Rb/Mg or NH 4 /Mg buffers [ 235 ].    

3.6     Monovalent Cation Infl uence on the Stability 
of Protein/DNA Complexes 

 As described above, the use of different monovalent cations does not only affect 
locally the structure of the solvation shell of DNA duplexes and quadruplexes but 
can have important and generally not well-appreciated implications on the stability 
of DNA/protein complexes. For example:

    (i)    The thermodynamics of binding of the TATA binding protein-DNA complex is 
affected by the type of salt (Na +  or K +  acetate); i.e., for the smaller cation, the 
binding entropy is less favorable and the binding enthalpy mode favorable 
[ 240 ].   

   (ii)    The Na +  and K +  ions allosterically regulate cooperative DNA binding of the 
human progesterone receptor [ 241 ]. Cooperative binding of the receptor to 
DNA is activated or repressed by Na +  or K + , respectively. Interestingly, the 
apparent binding affi nities of Na +  and K +  are comparable to the number of 
intracellular ion pumps and channels specifi c for Na +  or K + . Hence, only a few 
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regulatory intracellular enzymes and ion transporters interact with Na +  ions 
while most others seem to be functionally optimized for K +  ions.   

   (iii)    The affi nity of the bacteriophage 434 repressor, that can distinguish between 
its six naturally occurring binding sites by using indirect readout, depends on 
the type and concentration of monovalent cations for some but not all binding 
sites. The stability of the repressor-O R 1 complex is cation type-dependent 
while that of the repressor-O R 3 complex is not [ 242 ]. Consequently, it was sug-
gested that changing the intracellular ion concentration as it occurs in salt 
shock, bacteriophage infection, or apoptosis, does affect specifi c gene regula-
tory systems [ 243 ]. However,  in vivo  compensation mechanisms were reported 
for large changes in ionic concentrations [ 5 ]. For instance, for both  lac   repressor 
and RNA polymerase, it was found that formation of functional protein DNA 
complexes  in vivo  is only weakly dependent on ion concentration while  in vitro  
both the equilibria and kinetics of binding are strongly affected [ 244 ].   

   (iv)    Allosteric implications of K +  ions for a poly(A)-specifi c ribonuclease that 
might be affected by different ionic conditions were also reported [ 245 ] and 
Na +  was shown to possess a signifi cantly higher potential than K +  in DNA 
compaction in a crowded environment [ 169 ].     

 From another study, it was reported that a metal ion-binding motif in human 
DNA polymerase β displayed the following affi nity order Mg 2+  < Ca 2+  < Na +  < K + , 
with K +  displaying the strongest affi nity. Thus, in protein/nucleic acid systems, 
monovalent ion binding sites in proteins (and not only in the nucleic acid compo-
nents) might have a strong infl uence on the stability of the system [ 246 ]. 

 Henceforth, studies suggesting equivalence between Na +  and K +  containing 
buffers should be taken with caution [ 247 ,  248 ] since, as described above, specifi c 
ion type dependent effects were uncovered in protein/DNA systems. More studies 
should certainly be devoted to these complex issues.  

3.7     Ribosomal Activities Are Altered or even Inhibited 
by Na +  Ions 

 Besides Mg 2+ , ribosomes need K +  for structure and function as already reported in 
the 70’s. The importance of K +  became apparent when signifi cant inactivation of 
mammalian ribosomes was observed in K + -free buffers [ 249 – 251 ]. Other studies 
stressed that ribosome activities are dependent on the presence of K +  or NH 4

+
   

ions and that Na +  inhibits them [ 252 – 255 ]. More recently, it was reported that ele-
vated KCl concentrations stimulate picornavirus translation whereas NaCl concen-
trations up to 150 mM are neutral to the translation process suggesting that the 
association of the viral RNA with ribosomal subunits is possible in high salt condi-
tions as witnessed during picornavirus infection [ 256 ]. 
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 From the crystallographic point of view, K +  has been fi rst identifi ed close to the 
peptidyl transferase center [ 257 ]. Subsequently, 86 Na +  and 2 K +  were modeled into 
the  Haloarcula marismortui  large subunit [ 90 ]. The authors speculated that most of 
the identifi ed monovalent binding sites are occupied by K +  under physiological 
conditions. Na +  and K +  were also found in the S15-rRNA complex fragment [ 258 ] 
and an important K +  binding site was located in a 58-nucleotide 23 S rRNA frag-
ment [ 100 ]. In a recent 2.5 Å  Thermus thermophilus  crystal structure, a single K +  
was assigned [ 259 ], but K +  was not mentioned in a 2.1 Å  Escherichia coli  structure 
[ 260 ] suggesting that the binding of such ions is highly dependent on crystallization 
condition and/or organism and/or is still diffi cult to characterize. 

 Unfortunately, no direct clues related to the mechanisms by which K +  plays a 
role in ribosomal systems have been reported and, besides nucleic acid fragments, 
numerous RNA processing enzymes involved in the ribosomal maturation process 
like RNase E [ 261 ] or GTPase [ 262 ,  263 ], need monovalent cations. Indeed, the 
YqeH protein, a circularly permutated GTPase that is important for 30S maturation 
in  Bacillus subtilis , was found to be K + -dependent and inactivated in the presence of 
NaCl [ 262 ]. Although in the crystal structure K +  is in contact with an AlF 4    ion, it is 
also contacting two phosphate groups of a GDP molecule. Similarly, it was reported 
that MnmE, another GTPase that participates in tRNA modifi cation, displays a K + -
dependent hydrolysis mechanism and a similar binding to GDP (Figure  8 ) [ 263 ].

   Thus, K +  is required at various stages of ribosome maturation and function and is 
associated with complex regulatory mechanisms in which Na +  has an inhibitory 
effect. K +  is therefore as necessary to the proper functions of  in vivo  nucleic acid 
based processes as the much more publicized divalent Mg 2+  ions stressing the very 

  Figure 8    K +  coordination 
sphere in the homology 
model of YqeH. This 
structure is exactly 
identical to that of GDP- 
bound K +  in the MnmE 
GTPase [ 263 ] and shows in 
addition to the monovalent 
cation a Mg 2+  ion and an 
AlF 4  −  ion (PDB code: 
3GJ8). Reproduced by 
permission from [ 262 ]; 
© copyright 2010.       
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subtle intra- and extracellular small metabolite ecology that are all, weak as well as 
strong binders, needed for the proper cellular functioning.  

3.8     Are Both Na +  and K +  Involved in Chromatin Compaction? 

 We started this review by advocating that, since K +  is the dominant intracellular ion, 
Na +  should not be over-represented in  in vitro  experiments. Yet, biomolecular sys-
tems as we know are intricate and evolve in complex and crowded cellular environ-
ments that are constantly adapting to extracellular signals and intracellular 
modifi cations. As a result, we have to admit that we know few things related to the 
intricate regulation of ion fl uxes in intracellular compartments and have only vague 
ideas on the metabolites that are necessary to nucleic acid systems [ 264 ]. 

 Recent studies related to chromatin compaction revealed, in the presence of 
Mg 2+ , that the addition of Na +  promotes folding whereas in mixtures of K +  and 
Mg 2+ , folding is prevented [ 265 ]. The authors noted, as we did for other systems, 
that the vast majority of studies related to nucleosome arrays were carried on with 
 buffers containing Na +  or Mg 2+  ions and not in more physiological environments. 
Although using binary salts (Na + /Mg 2+  and K + /Mg 2+ ) is certainly important, these 
setups are nevertheless still distant from real physiological conditions. Secondary 
ion mass spectroscopy (SIMS) techniques revealed that all four Ca 2+ , Mg 2+ , Na + , and 
K +  but no other cations are present in mitotic chromosomes and stressed that cation 
redistribution occurs between cytosol and chromosomes during cell cycles 
(Figure  9 ). This study suggests further that these four cations are an integral part of 
mitotic chromatin [ 266 ] although concerns were raised regarding the possible accu-
mulation of cations during the cell preparation process [ 267 ].

   Nevertheless, these fi ndings represent an interesting challenge for our reduction-
ist biomolecular investigation techniques. Clearly, more refi ned cellular imaging 
techniques are needed that would allow to visualize the distribution of metals in the 

  Figure 9    SIMS analytical distribution of Na + , K + , and Ca 2+  in human chromosomes. Reproduced 
by permission from [ 266 ]; © copyright 2001, The Rockefeller University Press.       
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various cellular compartments during the cell life cycles [ 268 ,  269 ]. Moreover, the 
role of all ionic particles should be acknowledged, including that of anions that are 
also possible partners of nucleic acid systems [ 270 ,  271 ] and essential to cell 
function.   

4     Conclusion 

 We hope that this review will help in creating awareness of the fact that Na +  and K +  
ions are in general not neutral to nucleic acid and ribonucleoprotein particles since 
each of these ions, in specifi c structural contexts, plays different and sometimes 
confl icting structural and functional roles. 

 Consequently, much attention needs to be placed on the nature of the buffers 
used in biophysical experiments that much too often contain Na +  instead of the more 
biologically relevant intracellular K +  ion. Results stating that both cations are equiv-
alent are to be taken with caution and, when comparative studies are not possible, 
K + -containing conditions should be favored. In crystallographic studies for exam-
ple, it might be easier to identify K +  over Na + , the former producing larger electron 
densities as well as anomalous signals that can be detected with appropriate 
equipment. 

 Yet  in vivo  systems might continue to surprise us. It has been shown that the cel-
lular concentration of cationic species fl uctuates in time and space and is associated 
with cell signaling [ 14 ]. Thus, partial inhibition or activation of specifi c cellular 
functions by Na +  acting directly or indirectly on nucleic acid systems during cell life 
cycles can be hypothesized. 

 To close this review, it seems interesting to mention that the now well- documented 
NaCl abundance in biophysical buffers parallels that of human NaCl overconsump-
tion associated with reduced K +  intake that is at the origin of major health issues 

 Abbreviations 
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such as hypertension in industrialized populations [ 272 ,  273 ]. Further as noted by 
Di Cera, “ Abundance or absence of this simple compound has had profound effects 
on human health and has provided a casus belli in many important milestones in the 
history of man.”  [ 17 ,  274 ]. Indeed, these basic monovalent cations appear to play 
major and sometimes polemic roles in life and science.     
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Abstract G-quadruplexes are guanine-rich nucleic acids that fold by forming suc-

bonds, inter-quartet stacking, and cation coordination. This specific although highly 

polymorphic type of secondary structure deviates significantly from the classical 

B-DNA duplex. G-quadruplexes are detectable in human cells and are strongly sus-

pected to be involved in a number of biological processes at the DNA and RNA 

levels. The vast structural polymorphism exhibited by G-quadruplexes, together 

with their putative biological relevance, makes them attractive therapeutic targets 

compared to canonical duplex DNA. This chapter focuses on the essential and spe-

cific coordination of alkali metal cations by G-quadruplex nucleic acids, and most 

notably on studies highlighting cation-dependent dissimilarities in their stability, 

structure, formation, and interconversion. Section 1 surveys G-quadruplex struc-

tures and their interactions with alkali metal ions while Section 2 presents analytical 

methods used to study G-quadruplexes. The influence of alkali cations on the stabil-

ity, structure, and kinetics of formation of G-quadruplex structures of quadruplexes 

will be discussed in Sections 3 and 4. Section 5 focuses on the cation-induced inter-

conversion of G-quadruplex structures. In Sections 3 to 5, we will particularly 

emphasize the comparisons between cations, most often K+ and Na+ because of their 

prevalence in the literature and in cells.

Keywords -

1  Introduction: G-Quadruplex Nucleic Acids

-

1A 1B). 
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Figure 1 A
acceptor groups in blue and green, respectively). Guanine O6 selectively coordinate a metal cation 

B) Tetrads can stack to form G-quadruplexes. Cations of larger ionic radii are located 
+; blue), while smaller ones can also coordinate within the plane of 

+ C) G-quadruplexes can fold 

7 Alkali Metal Ions in Nucleic Acid G-Quadruplexes 



206

This specific although highly polymorphic type of secondary structure deviates 

significantly from the classical B-DNA duplex [1 3]. Such G-rich sequences are 

found in telomeres, and at a statistically remarkable frequency in other part of the 

genome, notably in promoters [4 6]. G-quadruplexes are detectable in human cells, 

and are strongly suspected to be involved in a number of biological processes at the 

DNA and RNA levels [7 15]. The vast structural polymorphism exhibited by 

1.1), together with their putative biological relevance, 

makes them attractive therapeutic targets compared to canonical duplex DNA  

[16 20  

consequently been dedicated to G-quadruplexes involved in telomeric sequences, 

oncogenes, and 5′ ′-UTRs) to cite the most common [21]. 

Most studies so far involve potassium or sodium cations because of their prevalence 

in human cells, but a number of other monovalent and divalent cations promote  

vide infra). However, among alkali metals, only potassium, 

sodium and rubidium are truly effective at stabilizing G4s.

This chapter focuses on the essential and specific coordination of alkali metal 

cations by G-quadruplex nucleic acids, and most notably on studies highlighting 

cation-dependent dissimilarities. Section 1 surveys G-quadruplex structures and 

their interactions with alkali metal ions while Section 2 presents analytical methods 

used to study G-quadruplexes. The influence of alkali cations on the stability, struc-

ture, and kinetics of formation of G-quadruplex structures of quadruplexes will be 

discussed in Sections 3 and 4. Section 5 focuses on the cation-induced interconver-

sion of G-quadruplex structures. In Sections 3 to 5, we will particularly emphasize 

the comparisons between cations, most often K+ and Na+ because of their preva-

lence in the literature and in cells.

1.1  Overview of Structure

The core structure of all G-quadruplexes is constituted by the stacking of at least 

quasi co-planar association of 

1A,B). The 

guanines forming the tetrads coordinate some mono- or divalent cations in their 
+ and Na+, via their oxygen O6. The 

single-strand sections linking the guanine tracts are called loops, and can adopt a 

1C

-

ing their 5′ to 3′

opposite way; these pairs may correspond to two adjacent or diagonally-opposed 

same polarity, and the last one the opposite) [22, 23].

In antiparallel topologies, the strands sharing the same direction can be diagonally 

Largy, Mergny, and Gabelica
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loops, e.g. the thrombin binding aptamer [24]) and ‘basket’-type G-quadruplexes 

3 2AG3)3] 

in Na+ conditions [25]; Figure 2, 143D) [25 32]. These two antiparallel conforma-

crystal structure of d[AG3 2AG3)3] in K+ conditions [26], Figure 2, 1KF1).

The glycosidic bond angle of guanines involved in tetrads can adopt an anti or 

syn geometry depending on the relative strand orientation: parallel topologies con-

tain almost exclusively anti 33 35]), whereas a mix-

ture of syn and anti is observed for antiparallel and hybrid structures [36]. 

Consequently, parallel G-quadruplexes generally contain anti/anti syn/syn is 

Figure 2 Examples of human telomeric G-quadruplex structures deposited in the PDB that were 

solved by NMR or X-ray crystallography: 143D [25], 1KF1 [26], 2GKU [27], 2YH9 [28

29 30], 2KF8 [31], and 2KKA [32]. Guanosines are depicted in brown, inosine 

in yellow, adenosines in blue, thymidines in green, the phosphate backbones as white ribbons, and 

K+ +) were solved in K+ 

conditions.

7 Alkali Metal Ions in Nucleic Acid G-Quadruplexes 
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not favored; see Section 1.2), antiparallel ones have anti/syn and syn/anti, and 

hybrid ones can have all of the above.

Furthermore, G-quadruplexes may be formed by the folding of a single strand or 

the association of two to four strands, and some sequences have a tendency to oligo-

merize [37 39]. One should therefore not confuse the term “quadruplex” or 

-

lar”, “bimolecular”, “trimolecular” [40], and “tetramolecular”).

Finally, a number of uncommon features have been observed, such as strand 

bulges and snapbacks [41 43], base-pairing in loops [44], alternative tetrads [45], 

31, 

46 52]. The combination of different loop geometries, strand orientations, and 

molecularities, implies that G-quadruplexes display an important polymorphism. It 

has been reported that there is a theoretical number of 26 possible G-quadruplex 

involved in tetrads [53 in vitro 

[22, 23], possibly meaning that some are energetically disfavored, thermodynami-

cally or kinetically. A number of insightful review articles and books cover the 

G-quadruplex structures published so far [3, 12, 36, 54 59].

1.2  Stabilizing Interactions

The factors contributing to the stabilization of G-quadruplexes and yielding a par-

ticular folding topology or mixture of topologies are: stacking interactions, hydro-

gen bonding, solvation, and cation binding. Cation effects on G-quadruplexes differ 

6 of this volume). Cation coordi-
nation is indeed required to form G-quadruplexes, to stabilize the G-tetrad stacks. 

Moreover, sufficient ionic strength is required to compensate electrostatic repulsion 

between the phosphate oxygens of four strands in G-quadruplexes, instead of two 

structure).

The total free energy can be decomposed in a number of free energy contribu-

which can themselves be decomposed in entropic and enthalpic contributions. 

Analysis of G-quadruplex melting and calorimetric data revealed that G-quadruplex 

formation is enthalpically driven [60, 61 -

able) enthalpy of tetrad formation, only partially compensated by more negative 

-

ments to understand G-quadruplex stabilization; cation coordination per se is 

explored in Section 1.3. An excellent review discussing in details the stability of 

G-quadruplexes has been published by Lane et al. [62].

Largy, Mergny, and Gabelica
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1.2.1  Stacking

Similarly to other nucleic acid secondary structures, G-quadruplex stabilization 

relies in part on π − π stacking of aromatic bases, and more specifically on guanines 

from consecutive tetrads. Molecular mechanics simulations have predicted the rela-

′ to 3′): syn/anti > anti/anti > 

anti/syn > syn/syn [63]. This is not fully consistent with the structures solved so far 

as it does not explain the parallel orientation of the strands in tetramolecular assem-

tetrads, containing one K+ cation gave a more consistent picture with the structures 

solved so far: anti/anti > syn/anti > anti/syn > syn/syn ΔE vs anti/anti = 1.2, 3.5, and 

7.8 kcal.mol−1, respectively) [64]. It was also suggested in the same study that 

5′-terminal H-bonds present a stabilizing effect on 5′-terminal syn guanines.

Ultimately, the topology of a G-quadruplex depends on its precise sequence, 

-

large part of the net energetic gain, increasing the number of quartets is energeti-

cally favorable. The number of consecutive tetrads is typically equal to the length of 

the guanine tracts, although exceptions have been observed. For instance, the 22- 

3T2A)3G3

four tracts of three guanines, but folds predominantly in a two-tetrad G-quadruplex 

2) [31].

stacking of external tetrads of monomer units also provides additional stabilization. 

Almost all published dimer structures exhibit a 5′-5′ interface [65], although 3′-3′ 
stacking remains possible [66, 67 -

ulations suggest that while 5′-5′
65° rotation), the 3′-3′ interface cannot reach the same type of geometry because of 

-

tions, ΔE versus 5′-5′ = 4 and 10 kcal.mol−1, respectively) [65].

overall stabilization of the G-quadruplex [31, 68]. For instance, in the aforemen-

triads, which stack on both tetrads [31]. Alternative planar entities have been identi-

45], as well as the larger pentads [46, 47], hexads 

[48 50], heptads [51], and octads [52] that provide additional hydrogen bonds. 

Finally, formation of base pairs is also possible [69]. Searle et al. have described  

a bimolecular G-quadruplex whose two loops form mini-hairpin motifs [44].  

31]. 

Base- pairing can mediate the formation of stacked G-quadruplex dimers, as 

3)2 2 3)2T], which exhibits 

70].

7 Alkali Metal Ions in Nucleic Acid G-Quadruplexes 
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1.2.2  Hydrogen Bonding

Hydrogen bonding is another stabilization element found in biomacromolecules, 

and in particular between bases in nucleic acids, typically interacting through two 

H-bonds is linked to donor-acceptor orbital interactions and polarization of the π 

system by partially neutralizing the charges in the σ-electrons system. In 

2:N7 and O6:N1H hydro-

gen bonds. As acceptor and donor groups are likely hydrogen-bonding to water for 

unfolded/unassociated strands, there is only a small enthalpy change, but the release 

of water molecules to the bulk medium may induce an entropy gain [62].

A combination of high-resolution variable-temperature STM and DFT 

 calculations suggested that the stabilization of a tetrad induced by the network of 

71]. This 

cooperativity was first ascribed to π assistance, however, DFT-D calculations by 

Fonseca- Guerra et al. suggested that the cooperativity in guanine tetrads more likely 

arises from the charge separation that is associated to charge transfer between pairs 

of guanine, i.e., donor-acceptor orbital interactions in the σ-electron system [72]. 

This results in an interruption of the π-electron system, and an enhancement of both 

the positive charges on the H atoms of H-bond donor groups and negative charges 

of N and O atoms of acceptor groups. In the same study, it was evidenced that in 

aqueous solution, the hydrogen bond energy is significantly diminished as com-

versus −80 kcal/mol). Compared to solvation, stacking 

-

tivity. However, introduction of two Na+ cations in this system entirely restores the 

stability observed in the gas phase, although it weakens the hydrogens bonds as 

compared to the system without cation.

1.3  Alkali Metal Ion Coordination in G-Quartets

1.3.1  Cation Preference

Pinnavaia and co-workers’ pioneering work on 5′-GMP provided the first indication 

of the formation of anionic cavities in G-quadruplex-type structures that can selec-

tively complex cations small enough to fit in, but large enough to bridge the car-

bonyl oxygens [73], analogously to the binding of metal alkali to crown ethers [74]. 

This led the authors to propose the complexation of Na+ in the plane of tetrads, 

while potassium would fit in the interplanar spacing and be classically octa-coordi-

nated. Follow-up studies [75, 76

strands [77

[78 80].

in the telomeric sequence of several organisms [81]. Following these findings, 
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Williamson, Raghuraman, and Cech proposed a model for telomeric sequences 

where they formally described the G-quadruplex structure for the first time [82]. 

The studies conducted on Oxytricha and Tetrahymena telomeric sequences pro-

vided the first hints regarding the critical importance of monovalent cations for 

G-quadruplex formation, stoichiometry, and stability. It was postulated that Li+ is 

too small to bind in the center of G-quadruplex tetrad, whereas Na+ fits perfectly, 

and larger ions such as K+ and Cs+ bind in the interplane cavity [82]. It is now 

widely accepted that cation coordination is essential for the stabilization of 

G-quadruplexes. By compiling a number of studies, one can estimate that 

G-quadruplex stabilization follows the general trend: Sr2+ > K+ > Ca2+ > NH 4 , Na+, 

Rb+ > Mg2+ > Li+ ≥ Cs+ 83 85].

Although the bulkiness of these cations is certainly critical for binding within a 

G4 cavity, and is historically presented as the main explanation for the cation- 

vide supra), other factors play an important role in 

the stabilization of the complexes [86 89]. Cation binding to G-quadruplexes can 

be classified as non-specific 90]), where the cations retaining their outer- 

sphere hydration bind the negatively charged phosphates, or specific
coordination to the guanine O6, where the hydration sphere has been lost and the 

3). For instance, Gray and Chaires 

have determined that, at concentration of K+ above 2.5 mM, d[AG3 2AG3)3] attracts 

91]. The bind-

ing of these non-specific cations to the negatively charged phosphate backbone 

reduces the electrostatic repulsions and thus also promotes folding. Note that exter-

nal coordination to a G-quadruplex is not necessarily diffuse: specific external coor-

dination to loops has been suggested for Tb3+ on the basis of circular dichroism 

92]. Notably, cations coordinated between the top 

G-quartet and the loop are often detected in the density maps provided by X-ray 

1.3.3). By comparing K+ binding to the 22-mer 

G-quadruplex d[AG3 2AG3)3] with the binding to the unfolded d[T22], it was sug-

gested that the G-quadruplex may specifically bind up to five cations on external 

sites [91]. However, the use of a control oligonucleotide with such a different 

versus globular) may not mimic prop-

erly the diffuse binding of the G-quadruplex.

1.3.2  Cation Binding Energetics

In specific coordination to the tetrads, the cations are involved in electrostatic and 

donor-acceptor orbital interactions with the lone pairs of guanine O6, yielding tight 

M+ 72]. Stabilization is also provided by a screening of 

electronic repulsion of these O6 lone pairs [93]. In solution, potassium is typically 

hexa-hydrated, and hence the coordination per se by guanine O6 instead of water 

molecules shall not provide a large enthalpy change. Alkali cations specifically bind 

within the electronegative cavity formed by the O6 of tetrad guanines in distinct 

fashions.

7 Alkali Metal Ions in Nucleic Acid G-Quadruplexes 
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As with crown ethers, sodium and potassium bind G-quadruplexes with different 

affinities, although other factors than the cation radii account for it. The difference 

in free energies is estimated to be around 2 ± 0.5 kcal.mol−1 [88, 94 97]. The throm-

2T2G2TGTG2T2G2)), which contains only 

two tetrads binds a single cation, with a folding constant Kfold measured by monitor-

ing the folding by spectroscopic means of 1.3 × 107 and 5.5 × 105 M−1 at 10 °C for K+ 

and Na+, respectively [98], or an association constant Ka of 2 × 105 M−1 for K+, deter-

mined by mass spectrometry [99]. Specific ion binding has been described thermo-

dynamically by Lane et al. by multiple equilibrium involving the folded and 

unfolded G-quadruplex as shown in Figure 3 [62].

Cation coordination to G-quadruplexes is typically accompanied by G-quadruplex 

folding that brings further stabilization, which is not experimentally distinguishable 

2.1). Regarding the equilibrium 

constants defined in Figure 3, in most cases the K1 value is large, and the apparent 

dissociation constant is K1K2 95]. When the solu-

tion is devoid of alkali cation, the fraction of folded strand is presumably small. 

Cation binding to the unfolded strand is also small, and thus an important stabiliza-

K2/K4 ratio) [62].

The analogy with alkali cations binding to crown ethers is noteworthy. In aque-

ous solutions, the crown ether 18-crown-6 binds K+ and Na+ with log K ≈ 2 and 0.7, 

respectively, and complexation enthalpy ΔrH° of −6 and −2 kcal.mol−1, at 37 °C, 

Figure 3 Multiple equilibria involved in cation coordination and G-quadruplex folding. Each 

K1 then K2), or bind to the random coil that 

K4 then K3). The folded species on the right shows the differ-

-
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including the desolvation and structural change energies [74, 100 102]. 

Comparatively, the net ΔG at 37 °C of three-tetrad G-quadruplex formation has 
−1, which supports the idea that the energy of potas-

sium binding and of subsequent conformation changes accounts for most of the 

stabilization [62, 91]. For instance, the 22-mer of the human telomeric sequence 

d[AG3 2AG3)3] has an overall −2.4 kcal.mol−1 folding free energy, while in 5 mM 

potassium, K+ contributes to roughly −4.9 kcal.mol−1 [91]. This is also consistent 

3, left). 

Consequently, binding of potassium or sodium is likely fast and cooperative, 

whereas the subsequent structural change is quasi irreversible with a net binding 

energy of around 5 kcal.mol−1. This is the case of the human telomeric sequence for 

instance [95].

The apparent binding of Na+ and K+ to human telomeric sequences is very coop-

94, 95, 103]. Comparatively, 

Na+ forms 1:1 complexes with isolated 5′-GMP with a Ka of 2.85 M−1 at 5 °C [104]. 

Feigon et al. and Gu and Leszczynski have shown that the free energy of hydration 

of specific cations can explain the stability difference observed between Na+ and K+ 

solutions, the dehydration of the former inducing a greater energetic cost [88, 105].

Indeed, unlike diffusely bound cations, tetrad-bound cations lose their whole 

hydration sphere [106]. The energetics of cation binding to G4s can be decomposed 

into a positive free energy of dehydration and a negative free energy of coordination 

per se. Na+ gives favorable energy of coordination, as shown by NMR [88, 107], but 

its binding is penalized by its stronger hydration as compared to K+. Meyer et al. 

have also observed by DFT calculations that solvation effects explain the favorable 

coordination to K+, and shown that the cation coordination contribution accounts for 

50 % of the total interaction energy of a two-tetrad construct [108]. Hydration 

energy of alkali cations is usually presented as being inversely proportional to their 

ionic radii. K+ systematically presents the best compromise, and stabilizes G4s 

more than Na+ and Rb+

However, the extent to which it does so depends hugely on the studied sequence, 

and in particular, on the sequence’s ability to adopt different structures in the pres-

3.2) [85, 89, 94, 109 119].

1.3.3  Cation Location

It is often stated that Na+

while any cation larger than that, such as K+ + -

nated between two planes. In reality, there is a continuum of possible binding sites 

cation is bound by the G4, the cations’ mutual repulsion also influences their precise 

locations and the fine structure of the G-quadruplex. Phillips et al. obtained crystals 

4T)]4 coordinated to Na+ and Ca2+ that provide a nice illustration of this 

7 Alkali Metal Ions in Nucleic Acid G-Quadruplexes 
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phenomenon for Na+ [120 4A,B,C) [120, 121]. The G-quadruplex is 

arranged in a head-to-head dimer with eight consecutive tetrads. Out of the seven 

bound sodium cations, only the two outer ones lie in the G-tetrad’s plane, in a four-

coordinate fashion, completed by the binding of water molecules. The 5 other 

sodium cations are equally spaced between the two other ones, and adopt intermedi-

ate coordination positions in a continuum ending at the central cation that is sand-

wiched exactly halfway between two tetrads, with a bipyramidal geometry similar 

to the one usually adopted by K+. As a result, the average distance between Na+ 

-

tance between G-tetrads. A slight distortion of the external quartets is also observed 

in this crystal, putatively allowing the inter-cation distance to increase. One should 

note however, that crystal packing forces might account for the position of the cat-

ions, which therefore would not reflect the reality of solution-based G-quadruplexes.

Creze et al. obtained a similar dimeric structure with Na+ being coordinated 

increasingly more within the tetrad planes when going towards the extremities of 

d
Na -Na+ + = −3 4 4 7. . -

d
Na H O+ −

= −
2

2 4 2 5. . 122]. Crystallization was carried out from a 

sodium solution of quadruplex using lithium sulfate as a precipitating agent. A sin-

gle Li+ ion was observed in a groove, and none of them in the central stem.

-

cin) bound to a G-quadruplex, the Na+ cations are all coordinated in the plane of the 

tetrads [123 4T)]4 G-quadruplex is also observed as a 

dimer, with two daunomycin molecules at the interface between the individual tet-

ramers, which might also be linked to the difference of sodium positioning. In a 

4T)]4/dauno-

mycin complex employing syn glycosyl linkages, Na+ cations are not in the plane of 

the tetrads, but rather sandwiched in various fashions [124]. Notably, the Na+ closer 

to the 5′-interface lies almost midway between two tetrads, with a square prism 

geometry, due to the syn glycosyl orientation of the first guanine residue. 

Interestingly, Na+ also occupies a site at a daunomycin-daunomycin interface.

Conversely, in the crystal structure of the intertwined dimeric quadruplex formed 

3CG4AG5A2G3

cations are all observed in-between the tetrads, in a quasi linear arrangement, and 

K
+

-K
+ 4D,E,F) [121].

The differences in location of sodium and potassium cations has been exten-

sively investigated by NMR and X-ray crystallography for the telomeric sequence 

from Oxytricha nova 4T4G4), forming antiparallel bimolecular G-quadruplexes, 

5) [96, 107, 125 128]. The 
+ cations, spaced by 

coordinated between the external quartets and within the loops [128]. The K+-K+ 

distance is the same that has been measured for the human telomeric sequence [26].

Similar results were observed with Tl+ cations, which have a similar radius than 

K+ 129]. 

Conversely, only four Na+ cations are coordinated, the binding sites in the loops 

Largy, Mergny, and Gabelica



215

Figure 4 4T)]4 coordinating Na+ 120 A, B, C), and 

3CG4AG5A2G3A) coordinating K+ 121 D, E, F): tetrad geometry depicted 

A, D B, E), the head-to-head dimer coordinating seven Na+ 

C), and the intertwined dimer of B-raf coordinating six 

sandwiched K+ F). Hydrogen bonds are shown in blue, Na+ and K+ cations and coordina-

tion in purple. Carbon atoms are in grey, nitrogen in blue, and oxygen in red except in panels C and 

F where guanosines are colored in brown and the phosphate backbone is a white ribbon. For the 

sake of clarity, dT, dA, and dC residues, Ca2+, H2O, and hydrogen atoms are omitted.
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127]. Sodium cations are coordinated in the 

planes of the central tetrads while the external cations are bound slightly outside of 

the tetrads, towards the loops, and are coordinated by the thymines O2. This partial 

loop coordination leads to a distribution of Na+
4T)]4, 

but here too the distance between sodium cations is higher than the distance between 

tetrads.

Overall, K+ cations are specifically coordinated in between tetrads, in a nearly 

octahedral way, or alternatively within loops above tetrads, satisfying the usual 

hexacoordinate stereochemistry of these cations. Positioning of bases outside of the 

plane of the tetrad may be necessary to comply with this geometry, to an extent 

 balanced by stacking and hydrogen bonding energies. Smaller Na+ cations can be 

coordinated within the plane of tetrads, and can occupy a range of positions owing 

to lower steric constraints, hence reducing the electrostatic repulsions. K+ is bound 

with higher affinity than Na+ and Rb+, while Li+ and Cs+ are poorly coordinated by 

G-quadruplexes. Although the cationic radius certainly accounts for these differ-

ences, the energy of hydration has been demonstrated to be the cause of the ener-

getic preference for K+ versus Na+.

All these examples highlight that the stability of G-quadruplexes is massively 

by other weak interactions.

Figure 5 4G4T4)]2 coordinating K+ +

Guanines are shown in brown, thymines in green, the cations as purple spheres, and the oxygens 

from water molecules completing the spheres of coordination as red balls.
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2  Methods to Study G-Quadruplex Nucleic Acids

2.1  Folding Topology

A number of high- and low-resolution analytical methods are used to determine the 

topology of G-quadruplexes [130], and some are presented hereafter. NMR spec-

troscopy, X-ray crystallography, and molecular modeling give access to atomic- 

scale structure information [36, 131 134], and have revealed over the last decades 

2). A 

spectroscopy, electronic circular dichroism spectroscopy, native mass spectrome-

try, electrophoresis, and chromatography) are employed to determine strand 

 orientations and stoichiometry, and molecular sizes. As each of these techniques 

give different types of information, and furthermore presents certain drawbacks, it 

is advisable to combine a number of these techniques before drawing final 

conclusions.

2.1.1  X-Ray Crystallography

X-Ray crystallography gives access to atomic-scale resolution structures of 

2.2.1), 

water molecules, and binders [132, 133]. A fair number of structures containing 
+ as a K+ surrogate; vide infra) have been solved using this 

method [26, 67, 120 124, 127 129, 135 161], mainly by the teams of Parkinson 

and Neidle, and the late Prof. Sundaralingam. Screening of sequences, as well as 

changes are typically performed in order to obtain a sequence that crystallizes 

and diffracts well. These aspects, as well as crystallization protocols are dis-

cussed in detail in [133].

Almost all of the available crystal structures are tetrameric [120, 122, 123, 135

145] or dimeric, via association of distinct strands or external stacking of monomer 

units, often templated by binders [26, 67, 121, 124, 127 129, 145 160]. Moreover, 

stacked monomer units and intermolecular species [26, 158, 159] are systematically 

parallel-stranded within each subunit, except for the thrombin-binding aptamer 

bound to α-thrombin [161]. This raises questions as to the possibility to crystallize 

because they do not crystallize or because the crystal packing forces induce conver-

sion to parallel and multimeric folds), and this in turn casts some doubts about the 

complete relevance of this method for solution-based folding studies. Crystallography 

is nevertheless very powerful when it comes to characterize cation coordination 

2.2.1 162]). It also 
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provides better defined structures than NMR in cases where the latter is limited by 

internal dynamics or the presence of mixtures of conformations, with or without 

inter-conversion between structures.

2.1.2  Nuclear Magnetic Resonance Spectroscopy

High-field NMR is broadly used to study G-quadruplex structures and their dynam-

ics [36, 131, 163, 164]. The full topology of many structures has now been solved, 

including the human telomeric DNA [25, 27 32, 45, 165 172] and RNA sequences 

50, 173, 174], telomeres from other species [46, 68, 83, 96, 125, 126, 

175 177], human oncogenes [53, 70, 178 182], minisatellites [43, 183], and aptam-

ers against biological targets [24, 41, 184 186] or viruses [15, 69]. Besides, even 

when solving the full topology is not possible or required, several types of NMR 

experiments can provide information on particular aspects of the structure.

First, the formation of G-quadruplexes can be affirmed by the presence of 

134, 187]. 

peaks [125, 188].

peak per guanine, hence four peaks per tetrad, unless some protons are equivalent) 

[183], and a number of peaks higher than the number of guanines indicates a mix-

ture of species. The kinetics of quadruplex formation are easily accessible given that 

the time-scale is compatible with NMR experiments [164].

To fully solve a structure however, a number of issues must be tackled: formation 

of multiple species by a single sequence, higher-order structures, and ambiguous 

assignments [131 167, 170]) can 

be characterized if the peaks are sufficiently resolved, or more frequently by screen-

loop bases, modified bases [170, 172]), sample preparation, and buffer and cationic 

131]). Stoichiometry can be studied by titration [170, 176], 

189, 190], or alternatively 

-

ments were historically performed by through-space NOE experiments [125], pos-

or thymine to uracil). Site specific 15 N- and 13C-enrichement of defined residues 

allow the unambiguous elucidation of G-quadruplex structures routinely [191]. Fold 

determination can be typically performed by studying either the connectivity 

between guanine H1 and H8 from the following residue in NOE patterns, the 

131]. Hydrogen bonds have been char-

acterized by the H-bond scalar coupling [107].
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2.1.3  Molecular Modeling

Molecular modeling is a third way to get atomic-scale information on the structure 

of quadruplexes. Advantageously, it gives access to individual energetic terms, 

dynamics, intermediates, and does not suffer from mixtures of conformations 

because it studies one molecule at a time [64, 65, 192 200]. As a result, the struc-

ture, energetics, and dynamics of rare conformations or of putative reaction inter-

mediates, which would not be possible to isolate experimentally, can be explored. 

The quality of force fields is however an issue, notably the treatment of the loops, 

inter-cation repulsion, and the treatment of specific and non-specific electrostatic 

interactions [193 196, 201, 202], and combination with biophysical data can prove 

useful [203].

2.1.4  Electronic Circular Dichroism Spectroscopy

The most common and straightforward low-resolution technique for the study of 

G-quadruplex topology is circular dichroism [204 207]. CD is a spectroscopic 

method that measures the difference in absorption of left- and right-circularly polar-

ized light by chiral compounds or by compounds in a chiral environment. 

G-quadruplex nucleic acids are typically characterized by their bands in the UV 

More precisely, π- π* transitions within guanine exciton couplets occur at 279 and 

248 nm, giving rise to CD bands. The sign and intensity of these bands is dictated 

anti/syn, syn/anti; 
head-to-tail: anti/anti, syn/syn).

As a result, the G-quadruplex topology can be inferred from the CD spectrum by 

analysis of the characteristic bands. Parallel topologies exhibit an intense positive 

band centered at 260 nm and a negative band at 240 nm, antiparallel topologies are 

260 nm, and a positive band at 245 nm, and hybrid-type structures have a positive 

perform but has a low resolution as it only provides a global information on guanine 

stacks from the sample. It is not possible to easily distinguish mixtures of structures 

from pure species. For instance, mixtures of antiparallel and hybrid or parallel struc-

tures might lead to spectra that can be confused with a pure hybrid-type signature 

3 2AG3)3] in Section 4.1.1).

mismatches) can account for the overall spectrum and possibly lead to misinterpre-

tations [205]. An example of additional guanine stacking modifying the CD signa-

ture is provided by the 2KF8 structure, described in Section 1.2 2) [31]. 

Although this G-quadruplex has a 2-tetrad antiparallel topology where the tetrad 

guanines are stacked in a syn/anti fashion, its CD signature exhibits a positive band 
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at 260 nm that could be mistakenly interpreted has a hybrid-type topology, due to 

additional base stacking on both tetrads of triads composed of loop nucleotides, 

yielding anti/anti stacks [205

spectra [45]. Similarly, the presence of two loops forming a mini-hairpin motifs in 

an antiparallel G-quadruplex leads to the presence of a wide peak centered at 

280 nm, characteristic of a B-DNA duplex, masking the expected minimum at 

260 nm [37, 44].

2.1.5  UV Absorption Spectroscopy

The UV absorption spectra slightly differ between single structures, and differences 

in topologies are usually appreciated by variations in absorbance spectra, moni-

tored by difference spectra between folded and unfolded forms. For example, ther-

205]. TDS 

fingerprints of G-quadruplexes typically exhibit local maxima at 240, 255, and 

275 nm, and a minimum at 295 nm [113]. As with CD, different guanine-guanine 

stacks may indeed modify the intensity and wavelength of absorption bands. Hence, 

parallel topologies appear to be discriminated from hybrid and antiparallel topolo-

gies thanks to their greater ΔA240nm/ΔA295nm ratio.

The use of TDS signatures is however not optimal because high melting tem-

peratures leading to decreased TDS intensities, and temperature-dependent changes 

in molar absorption coefficient both contaminate the signature. Isothermal differ-

sample acquired in the absence or presence of cation, at constant temperature. IDS 

are not strictly identical to TDS because they do not suffer from the drawbacks 

mentioned above. It is possible to study kinetics of folding and interconversion by 

this method [208]. In both cases the main advantages are the high throughput and 

ease of use that compensate their low resolution. Coordination can be indirectly 

monitored by either of these methods because it translates into quadruplex folding. 

Displacement of a cation by another can be observed by IDS, although the signature 

can differ significantly from case to case, and a significant change in guanine stack-

ing is required for a signal to be observed [208].

UV-melting at 295 nm is a very common methodology to assess the stability of 

G-quadruplexes [209, 210]. As mentioned above, the formation of G-quadruplexes 

lead to a change in absorbance at 295 nm that can be followed as a function of tem-

perature: increasing temperatures induce an unfolding of the G-quadruplexes that 

translates into a hypochromism at 295 nm. Alternatively, oligonucleotides tagged 

with two fluorophores compatible with Förster resonance energy transfer can be 

94, 98, 211, 212].

This is not the favored technique for structural studies since the fluorophores 

tend to form stacked exciton couplets that might affect both the structure and the 

stability of the G-quadruplex. Whatever the method used to detect the fraction 
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folded, cation binding is related only indirectly to the fraction folded, monitored by 

the melting curve. Because the relationship is indirect, thermodynamic parameters 

extracted from such curves do not directly give access to the Kd of coordination.

2.1.6  Separative Techniques

Native gel electrophoresis can be employed to determine strand stoichiometry, 

and tedious/ambiguous quantification). It was recently combined to CD for the 

study of multimers [38]. Size-exclusion HPLC was shown to be a valuable alterna-

tive to get insight into oligonucleotides secondary structures, and most notably the 

strand stoichiometry of quadruplexes [37, 164, 213 215].

The salient advantage of this technique is the possibility to work in a variety of 

conditions including cation nature and concentration, and various strand concentra-

μ
Additionally, it is possible to work with a mixture of structures, which are abundant 

with G-quadruplex-forming sequences, whereas it is more difficult with techniques 

such as NMR or CD. Thermodynamics and kinetics of G-quadruplex folding can be 

studied with this method. It however does not provide information regarding the 

is a thermodynamically rigorous approach for the determination of absolute molec-

ular weights and get insight into the hydrodynamic shapes of macromolecules in 

solution [216], and is thus used for the determination of topology and stoichiometry 

of quadruplexes [203, 214, 217 223].

2.1.7  Native Mass Spectrometry

denaturing ionization and vaporization. Native ESI-MS is another straightforward 

way to determine strand stoichiometry [39, 224], as well as kinetics and thermody-

namics of folding of quadruplexes [225], from pure species or from mixtures, with-

out however getting direct information on the structures. Matrix-assisted laser 

-

ometry [173], but this ionization method has higher risk of denaturing the com-

plexes than ESI [226, 227].

Interestingly, the number of potassium cations bound by a given G-quadruplex 

2.2.3 for more details), which can 

give insight into its folding topology [228, 229]. Indeed, given the preferred loca-

tion of specifically bound K+ cations, the number of tetrads of a G-quadruplex is 

usually equal to the number of coordinated K+ cations plus one. In order to get 

additional insights into structures of macromolecules, ion-mobility spectrometry 

230]. ESI-IMS-MS is a technique that, in 
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addition to mass-to-charge ratio, further separates ions on the basis of their mobility 

field is applied [231]. The travel time is related to the collision cross section of the 

ions with the gas: compact structures collide less with gas and travel faster as a 

result. Gas phase structural determination by MS- and spectroscopy-based methods 

have been reviewed in a recent book [232].

2.1.8 Miscellaneous

Other methods have been employed to study the topology, stability, and formation 

of G-quadruplexes, as well as cation binding, albeit tangentially, including single 

molecule FRET [233], fluorescence melting [94, 234 236], denaturing PAGE [237, 

238], 125I-radioprobing [239, 240 222], 

surface plasmon resonance [241], fluorescence spectroscopy [242, 243], Raman 

spectroscopy [244, 245 61, 84, 112, 246 248], 

temperature- jump relaxation experiments [62, 170, 236, 249, 250]. G-quadruplex 

characterization assays are reviewed in [62, 130, 251, 252].

2.2  Cation Coordination

2.2.1 X-Ray Crystallography

X-ray crystallography is an invaluable method for the study of cation binding in G4 

nucleic acids because it directly locates cation binding sites through electron den-

sity. Crystal packing forces may however change the location of the cation as com-

pared to solution state structures [107, 190]. Tl+ cations can be used as probes for 

potassium binding sites. Tl+ and K+

respectively), dehydration energies and bond lengths, and can therefore lead to sim-

ilar folds, yet Tl+ exhibits a higher X-ray scattering potential [142]. Crystals obtained 

in the presence of K+ cations can be converted to Tl+-crystals by soaking in thallium 

acetate [129].

2.2.2 Nuclear Magnetic Resonance Spectroscopy

NMR provides evidence not only on the location of cations within G-quadruplex 

structures but also on their dynamics [97, 163]. First examples of alkali cation coor-

dination by tetrads of 5′-GMP, detected by NMR involved 23Na+, 39 K+ and 87Rb+ [75, 

253, 254]. Notably, the resonance of 23Na+ cations undergoes a significant line 

broadening and up-shifting upon binding [254]. The detection of these cations was 

extended to G-quadruplexes by Wu et al. [190, 255]. The coordination and dynam-

ics of sodium cation coordination can also be directly monitored by solution- and 

solid-phase 23Na NMR experiments [190, 256, 257]. In the same vein, 39 K exhibits 

Largy, Mergny, and Gabelica



223

upon coordination by G-quadruplexes [258].

Indirect observation of potassium binding has been performed based on proton 

3T4G3) and the Oxytricha 

4T4G4) bound to Na+ and K+ [88, 96]. Another indirect mean 

of studying K+ coordination is the use of Tl+ cations as surrogate, in a strategy remi-

vide supra). 1H-205Tl scalar 

couplings provide important constraints for structure determination [129, 259].
15NH 4  dynamics can be monitored directly with heteronuclear correlations 

15 N-1H NzExHSQC) [97], and serve as a reporter probe. 

Ammonium can indeed displace Na+, or be displaced by K+, allowing an indirect 

measurement of Na+ and K+ movements within G-quadruplexes [260]. Changes in 

topology by displacement of Na+ by K+ can also be used to study cation binding, 

albeit more indirectly [88]. Finally, Na+ cation dynamics have been studied by a 

nuclear magnetic relaxation dispersion study [261].

2.2.3 Native Mass Spectrometry

Mass spectrometry seems to be an obvious choice for the study of cation binding to 

G-quadruplexes, since each coordinated cation increases the mass of the complex. 

A number of mass spectrometry studies were devoted to NH 4  binding determina-

tion [52, 224, 225, 231, 262 266], because ammonium acetate is a traditional vola-

tile buffer used in biomolecule mass spectrometry. The study of alkali cations is 

-

nium acetate. The former issue leads to very noisy spectra from which no informa-

alkali cation is at least partially preserved in the gas phase, which results in a higher 

number of bound cations than tetrad coordination sites.

These issues have recently been partially tackled by Gabelica et al. with the use 

228]. TMA is too 

bulky to be coordinated by the O6 of tetrad guanines and is therefore a cation of 

choice to fix the ionic strength and neutralize the backbone phosphates while allow-

Mathematical subtraction of diffusively bound cation can be performed in a second 

step, by using a reference sequence that does not form a G-quadruplex [229], yielding 

cleaned mass spectra. Titration of G4-forming sequences with increasing potassium 

concentrations, and subsequent cleaning of the non-specific adducts, give access to 

the Kd of coordination of potassium for each tetrad binding site. This methodology 

-

tions, which is usually not the case when working with sodium. Gross et al. have 

also developed a method that utilizes the gas-phase signal fractions from the bound 

and unbound species as input into a mathematical model that determines the binding 

constants [99]. This method was applied to the measure of the Kd of potassium  
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Another bulky ammonium derivative, namely tetrabutylammonium phosphate, 

had already been used for the same purpose by Gray and Chaires in spectroscopic 

experiments involving the human telomeric sequence [91]. This allows the determi-

nation of apparent binding constants by CD. Another salient point of this study is 

the use of a potassium-binding benzofuran-isophthalate crown ether indicator 

hence deduce the concentration of coordinated cations and thermodynamic param-

eters [91, 267].

3  Role of Alkali Metal Ions in G-Quadruplex Stability

The stabilization of G-quadruplexes by cations has been studied for the past fifty 

years on increasingly complex systems. Decades after the first observation of gua-

nosine gels [268], Gellert and coworkers have reported in 1962 the formation of gels 

by 5′-GMP in the presence of sodium, at acidic pH, and postulated the structuration 

269]. 

Similar structures were observed a decade later using various guanosine derivatives, 

in the presence of potassium [270]. However, the seminal paper regarding the neces-

sary and selective complexation of cations by such structures, at neutral pH, dates 

from the late seventies [73]. Pinnavaia and co-workers have demonstrated by NMR 

experiments that K+, Na+, and Rb+ all lead to the formation of stacks of three tetrads 

of 5′-GMP, in a head-to-tail or alternating head-to-tail and head-to-head stacking, 

whereas Li+ and Cs+ were found to be ineffective. Additionally, it was evidenced 

that potassium induces a higher thermal stability than sodium. In the same manu-

script, the first qualitative ranking of alkali cation-induced stability for 5′-GMP, 

K+ > Na+, Rb+ > > Li+, Cs+ is reported, which remarkably contrasts with the ranking 

observed for duplex DNA where the binding constant decreases with increasing 

ionic radii.

Research on this topic moved to biologically relevant sequences, notably the 

4T)]4. 

Hereafter, we will review studies highlighting the influence of alkali cations on the 

3.1), and sets of telo-

3.2). The contribution of folding and unfold-

ing rates in the cation-dependent stability of G-quadruplexes is discussed in 

Section 3.3.

3.1  Case Study: dTG3-5T Tetramolecular G-Quadruplexes

Parallel-stranded tetramolecular G-quadruplexes formed by dTGn n
sequences have been used extensively as models. These short sequences form 

unambiguous G-quadruplex structures devoid of loops that makes them “minimal” 

Largy, Mergny, and Gabelica



225

G-quadruplexes ideal to conduct basic research. A typical measure of the stability 

Tm), usually provided by UV-melting 

[209, 210, 271], CD-melting, and DSC [61, 84, 112, 246] experiments. Mergny 

et al. have reported the melting temperatures obtained by UV-melting for a number 

of DNA and RNA tetramolecular G-quadruplexes [117]. Typically, tetramolecular 

RNA G-quadruplexes are more stable than their DNA counterparts, thanks to higher 

association rates and lower dissociation rates. Noteworthy, RNA tetramolecular 

G-quadruplexes were shown as early as 1991 to be highly stable in K+, and more 

than in Na+ and Li+ [272]. For instance, the difference in Tm

4U)]4 4T)]4, in 110 mM Na+ 1) [112, 117, 273, 

274]. Finally, no dissociation is observed in most cases for G5 and longer tracts in 

Na+, and G4 and longer tracts in K+, further highlighting the cation effect on the 

stability of tetramolecular G-quadruplexes.

3T)]4 is characterized by an appar-

ent melting temperature of 48 °C in the presence of 110 mM KCl and 16 °C 

ΔTm = 32 °C) in the presence of 110 mM Na+ [117]. In the case of slow association/

dissociation kinetics, the melting curve is not an equilibrium curve, and therefore 

depends on the temperature gradient. Melting of intermolecular quadruplexes is 

also affected by the strand concentration. A close result was obtained in 100 mM K+ 

μM strand concentration) [273]. Almost 

identical stability differences are observed with the addition of flanking bases mim-

2AG3)]4 versus 17 °C; 

ΔTm 2AG3T)]4 versus 24 °C, ΔTm = 31 °C) [117]. NMR experi-

2AG3

produced a Tm of around 60 °C [274].

Sequence
Strand

concentration
( M)

Cation 
concentration 

(mM)

Tm
K+

Tm
Na+ Refs

d(TG3T) 10 110 48 16 [117]
200 100 51 [273]

d(T2AG3)
10 110 50 17 [117]

6400 110 60 [274]

d(T2AG3T) 10 110 55 24 [117]

d(TG4T) 10 110 >94 54.5 [117]
160 210 >94 75 [112]

d(T2G4T2) 10 110 >94 71 [117]
d(AG4T) 10 110 >94 60 [117]
r(UG4U) 10 110 >94 89 [117]
d(TG5T) 10 110 >94 >94 [117]

Table 1 Tm 

depends on the temperature gradient used by the authors).

7 Alkali Metal Ions in Nucleic Acid G-Quadruplexes 



226

4T)]4 has been studied by different groups [89, 

112, 117]. In the presence of 110 mM KCl, the melting temperature is higher than 

94 °C [89, 117], indicating a very high thermal stability. An increase in Na+ concen-

ΔTm
+ 

3.3) [117]. A 

Tm = 75 °C) can be noticed with another study by Petraccone et al. 

[112 μM). 

2G4T2)]4, substitution of the 5′-dT by a dA 

4T)]4 4U)]4, all increase the thermal 

stability in 110 mM Na+ Tm = 71, 60, and 89 °C, respectively) [117]. Further 

increase of the guanine tract leads to even more stable G-quadruplexes: the melting 

temperature is higher than 94 °C in both K+ and Na+
5T)]4.

All these examples highlight the influence of the cation nature and concentration 

on the stability of G-quadruplexes, where little to no structural changes are expected, 

and thus the cation dehydration and binding per se accounts for most of the 

stabilization.

3.2  General Trends

3.2.1 Libraries

The Mergny group contributed several systematic UV-melting based studies on a 

very large number of oligonucleotides, illustrating the difference of G-quadruplex 

stabilization by coordination of K+ or Na+. In a 1998 publication illustrating the use 

-

ences of melting temperatures in potassium- and sodium-rich conditions were 

observed for the 26- and 27-mer sequences d[T3A2G3 3)3

respectively) and d[G3 3)3 111]. In a more 

recent study, the melting temperature of eighty different sequences containing four 

-

3LaG3LbG3LcG3), where La, Lb, and Lc are thymines or TTA 

loops, were determined in the presence of 100 mM K+ or Na+ [115]. Potassium 

stabilizes these sequences by on average 18.3 °C more than sodium, but the differ-

ence is highly variable since it can be as low as 1.2 °C, and as high as 39.2 °C. The 

Tm decreases when the loop length increases both in K+ and Na+, but to different 

ΔTm variability. For 

a = Lc a = Lc = T). More 

generally, there is a strong inverse correlation between total loop length and Tm for 

K+ +. Also, the 

presence of adenines in the loops is favorable in the presence of sodium, when the 

central loop contains at least two nucleotides.
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3T3G3HNHG3T3G3) were 

116]. The average 

difference of Tm is 12.7 °C in favor of potassium, but is also sequence-dependent, 

 

In the same study, twenty-six additional sequences that vary in length, number of 

quartets and loop composition and position were also investigated. The average  

ΔTms is 14.4 °C, with a very large sequence 

3T2AG3CGCG3T2AG3)) to more than 40 °C 

3TG3ACTG3TG3)). Overall, K+ stabilizes particularly well G-quadruplexes 

containing YDH loops, and poorly ACH loops, while Na+ favors YDC loops and 

Risitano and Fox have examined a randomized library of oligonucleotides based 

3H2)3G3], by FRET-melting, in the presence of various con-

centrations of K+ and Na+ 94]. A clear increase in Tm is observed with 

the concentration, ranging from 27 to 85 °C for K+. For Na+, lower concentrations 

Tm to be measured, and Tms at 

-

bilization, where measurable, decreases slightly with increasing cation concentra-

Smargiasso et al. have investigated the melting temperature of libraries of 

3WiG3WjG3WkG3), where W is either a thy-

i, j, k) were systematically varied between 1 

and 3, yielding a total of 2,744 distinct sequences grouped as a function of their loop 

lengths [39]. The stability in all the groups is higher with 150 mM K+ than with 

150 mM Na+, but again this is very sequence-dependent. The stability in K+ is 

inversely dependent on loop length: shorter loops promote parallel structures with 

average Tm

of three nucleotides) promote hybrid structures with average Tm in the 65—70 °C 

range. Conversely, longer loops yields more stable G-quadruplexes in Na+, and the 

loop length has less influence. Note however that some of these sequences are sus-

pected of forming multimeric G-quadruplexes, notably in K+ conditions [39].

3.2.2 Human Telomeric Sequences

The human telomeric sequence is certainly the most investigated intramolecular 

G-quadruplex-forming sequence. Telomeres consist of thousands of tandem repeats 

2AG3), with a 3′ 275, 

276]. Telomere sequences are involved in the protection of the ends of chromo-

somes and exhibit similar repeats of guanines in numerous species such as plants 

3AG3)), Oxytricha 4G4)), Tetrahymena 2G4)), or Bombyx 2AG2)).

Włodarczyk et al. have measured the melting temperature of the 24-mer 

2AG3)4] sequence in presence of various concentration of alkali metals [85]. 

Table 2 summarizes the results obtained for telomeric repeats under different ionic 
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conditions. At ~ 100 mM in K+, Na+, Rb+, and Li+, the Tm is respectively 59, 50, 40, 

and 32 °C, nicely illustrating the important role of alkali metal ions in G4 stability. 

28 °C, and the G-quadruplex is still reasonably stable at 10 mM in K+ Tm = 44.3 °C) 

and to a lower extent Rb+ Tm = 26.4 °C). Higher Na+ and K+ concentrations bring 

+ Tm -

tra were acquired at 2 °C and 20 °C with increasing concentrations of cations. 

Saturation was not observed for Li+ at 20 °C and Cs+ at both temperatures, consis-

tent with their weak G-quadruplex stabilization properties. The presence of high Cs+ 

concentrations seemingly destabilizes the G-quadruplex. Conversely, only 4 and 

30 mM were enough to reach saturation for K+ and Na+, respectively.

Sugimoto and coworkers have found similar results in 100 mM Na+

K+ 271], and Balagurumoorthy and Brahmachari have observed melting 

temperatures of 63 and 49 °C in 70 mM KCl and NaCl, respectively [110]. This is 

somewhat higher than found by Włodarczyk et al. [84] maybe because the values 

3T2AG3), forming 

Tm = 42 and 

31 °C, respectively; 20.5 μM strand concentration). The 22-mer d[AG3 2AG3)3)] 

was found to be more stable in K+ than in Na+ by 7 °C in two distinct publications 

Sequence
Cation 

concentration 
(mM)

Tm K+ Tm Na+ Tm Rb+ Tm Li+
Refs

d[(T2AG3)4]

300 71.2 62.2 [85]
100 59.0 50.2 40.2 32.0 [85]
100 61 47 [271]
70 63 49 [110]
50 50.2 42.4 34.8 27.8 [85]
10 44.3 26.4 23.0 [85]

d[AG3(T2AG3)3)]
110 62 55 [89]
110 63 56 [111]

d[(G3T2A)3G3] 110 65 58 [111]
d(G3T2AG3)a 70 42 31 [110]
d(T2AG3)b 110 50 17 [117]
d(T2AG3T)b 110 55 24 [117]
d[(AG2T2)3AG2)] 110 42 40 [117]
d[T3A2(G3T2A)3G3] 100 55 44 [118]

d[T(G3T2A)3G3]
5 45 28 [94]

100 82 70 [94]

Table 2 Melting temperature of human telomeric G-quadruplexes.

aBimolecular structure; 20.5 μM strand concentration.
bTetramolecular structure; 10 μM strand concentration.
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versus 55/56 °C). The difference in stability is identical for the shorter oligo-

3T2A)3G3], with both the K+ Tm = 65 °C) and 

the Na+ Tm = 58 °C) as compared to the 22-mer coun-

terpart [111 2AG3 2AG3T) forming tetramo-

lecular G-quadruplexes are unstable in the presence of Na+

much more stable in K+ 117].

Modified human telomeric sequences are also under scrutiny. An 18-mer 

2T2)3AG2)]) is destabi-

lized as compared to the unmodified 22-mer sequence counterpart, and has almost 

the same melting temperature in K+ and Na+

[117]. The addition of extra nucleotides in 5′ to obtain the 26-mer d[T3A2 3T2A)3G3] 

is also detrimental to the stability but yields a higher Tm versus 44 °C) 

[118 3T2A)3G3], which con-

tains an additional dT nucleotide in 5′ as compared to the non-modified 21-mer 

sequence, by FRET-melting in the presence of various concentrations of K+ and Na+ 

94]. A clear increase in Tm is observed with the concentration, ranging 

from 45 to 82 °C in K+ and 28 to 70 in Na+, with the difference of stabilization 

decreasing from 17 to 12 °C. The high melting temperatures could be attributed to 

the presence of fluorophores at both ends of the oligonucleotides that may stabilize 

the G-quadruplexes.

3.2.3 Other Sequences and Overview

Hardin et al. observed in 1991 that the four-repeat Tetrahymena telomeric sequence 

2G4)4] is much more stable in K+ than Na+ and Li+ conditions [215]. More 

flanking base) telomeric sequences from fourteen species [114]. All the tested 

3T1-4A motifs 

and G4T2,4 ciliate motifs) fold into stable G-quadruplexes both in potassium and in 

sodium. This is also the case of the G2T2 Bombyx mori) and the G2CT2A 

Ascaris lumbricoides, Caenorhabditis elegans). 

Among the telomeric sequences containing a four repeated G3 motif, coordination 

to K+ induces a stabilization of on average 11 °C as compared to Na+, at a 100 mM 

cation concentration. The difference is the most pronounced for S. cerevisiae
versus versus 59 °C). 

A large difference of stability in K+ and Na+ conditions was equally observed in an 

independent study [111]. Paramecium and L. esculentum -

erated telomeric sequences. The Tm does not strongly vary among tomato variant 

sequences, ranging from 55 to 58 °C in NaCl and from 64 to 69 °C in KCl while 

Paramecium variant sequences spanned a broader range: from 52 to 60 °C in NaCl 

and from 68 to 76 °C in KCl. The ciliates Tetrahymena 4T2)3G4]) and Oxytricha 

4T4)3G4]) telomeric sequences containing four repeats of four guanines form 
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14 °C more stable than in sodium solutions, respectively, which was also observed 

in previous studies [82, 111]. For most of these sequences, and as opposed to tetra-

molecular G-quadruplexes described earlier, the difference of stability as a function 

Sections 1.2 and 1.3). Finally, some sequences do not form G-quadruplexes in nei-

ther K+ nor Na+ S. pombe and C. guillermondii) [114].

The two-repeat Oxytricha 4T4G4), which shares the same 

bimolecular, antiparallel topology in Na+ and K+ vide supra), has been examined 

by various techniques. A CD-melting study from 1992 indicates that the 70 mM 

Na+
260 strand concen-

tration) [109

of Na+, unfolding is detected above 35 °C by the heterogeneity of the spectra [107]. 

Conversely, the spectra acquired with K+ retain their homogeneity on the full tem-

perature range. These observations were presented as being consistent with 

4G4) in Na+ at around 40 °C 

[119

versus ver-
sus 3.1). Incidentally, this latter study by Kallenbach 

et al. shows that the addition of a single 3′-dT nucleotide dramatically increases the 

not entirely melted at 100 °C [119].

Petraccone et al. have used DSC to determine the Tm of the two-repeat Oxytricha 

4T4G4)]2, in 200 mM 

sodium solutions [112]. Analysis of the heating curve revealed a two-step dissocia-

tion, centered around 47 and 67 °C, contrary to what has been proposed in earlier 

studies [109, 119]. The low-temperature transition has been attributed to an intra-

molecular pre-melting event. FRET-melting experiments were performed on the 

4T4)3G4T] sequence, but the melting temperatures were very 

dependent on the heating/cooling rates, and the melting curves present a hysteresis, 

because of the slow dissociation rates observed in K+ and Na+

Section 3.3) [249]. Overall, higher Tm were observed with K+ than Na+ and with 

increasing cation concentrations. In some cases, biphasic melting profiles were also 

observed.

2T2G2TGTG2T2G2)) was shown to be unfolded in 

Li+
m ≈ 20 °C), and largely more stable in K+ 

89, 98, 111]. Large differences were also observed for c-myc sequences 

4AG4TG4AG4 ΔTm = 25 °C at 5 mM 

in K+ versus Na+) [94]. The melting temperatures of the closely related sequences 

d[G3 2G3)3] and d[TG3 2G3)3 T] in the presence of various alkali cations, span 

from 85 and 77 °C, respectively, in 100 mM K+ to less than 18 °C in 100 mM Li+ 

[208]. An intermediate behavior is found for Na+ and Rb+ that give comparable 

melting temperatures for both sequences, around 45 °C.
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3.2.4 Summary

Overall, cation stabilization follows the order K+ > Na+, Rb+ > Cs+ > Li+. From all 

these studies it can clearly be seen that the difference of G-quadruplex stability 

between K+ and Na+ conditions is always in favor of potassium, at least for natural 

sequences. However, one cannot predict the stability of a G-quadruplex in sodium 

from the result obtained in potassium or vice versa, since this difference spans from 

a couple of degrees to almost 40 °C, depending on the sequence. Differences in 

3T]4, [TG4T]4, 

single repeat human and Oxytricha telomeric sequences), where the structure is the 

same regardless of the cation.

Increasing cation concentrations lead to higher Tm, as expected from the law of 

mass action, and reduces the Tm difference between cations. This difference is clas-

sically attributed to the greater cost of Na+ dehydration, which is only partially 

compensated by a more favorable free energy of binding than K+ [88, 105]. However, 

the differences in Tm are also strongly sequence- and hence, sometimes structure- 

dependent. The influence of cations on the structure of G-quadruplexes is addressed 

in Section 4.

3.3  Kinetics of Strand Association, Dissociation,  
Folding, and Unfolding

Early work on tetramolecular G-quadruplex nucleic acids show that they generally 

display slow association and dissociation rates [277, 278]. As mentioned previ-

ously, the guanine imino proton exchange is very slow as compared to duplex DNA, 

and lies in the day-to-week scale in D2O solutions for the tetramolecular RNA 

4U)]4 [279]. Intermolecular G-quadruplex formation is 

and the cation). A key study regarding the association and dissociation of short 

G-rich strands in tetramolecular G-quadruplex, in Na+ or K+ conditions, demon-

strated that this association is close to fourth order in monomer, whereas the disso-

ciation is first order in G-quadruplex [117]. The association rate constant decreases 

with increasing temperatures, reflecting a negative apparent activation energy, and 

is increased by an increase in strand or alkali cation concentration. On the other 

hand, the dissociation is also temperature-dependent, but is virtually not affected by 

4T)]4 ranges from six seconds 

to more than a hundred years for strand concentrations decreasing from 1 mM to 

1 μM, in 110 mM Na+. Substituting Na+ by K+

-

tion from 50 to 400 mM does not affect significantly the melting temperature  

4T)]4 3.1), it dramatically increases the association rates.  
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An increase of one order of magnitude of Na+

increase in association constant. The fact that the cation-dependent increase in  

stability observed for many G-quadruplexes is mainly reflected in the association 

6 in this 

volume). The dissociation is not observed in most cases for G5 and longer tracts in 

Na+, and G4 and longer tracts in K+. Melting and temperature-jump experiments of 

4T)]4 4T)]4 4)]4 4)]4) at 

different heating/cooling rates in Na+ solutions confirmed that the rates of annealing 

are very slow [236].

Another comprehensive study on the cation-dependent formation of DNA 

nT)]4 n 4U)]4 tetramolecular G-quadruplexes has been 

provided by Bardin and Leroy [164]. NMR experiments demonstrated that an 

increase of salt concentrations favors the association rate, but that the cation nature 
+, Na+, Li+) only weakly contributes. However, the lifetime of the G-quadruplex 

is much higher in K+ than in Na+ and Li+, and increases with the guanine tract 

length. The authors suggest that, in 125 mM K+ solutions, the G-quadruplex forma-

intermediates, and follows a reaction order of three. On the other hand, the reaction 

order is found to be four in Li+, and each step is strand-concentration-dependent. 

The formation of mismatched G-quadruplexes, particularly at low temperature and 

K+ concentrations, is believed to impede the formation of the canonical G-quadruplex 

by kinetic trapping. In the same vein, Kim et al. have performed PAGE experiments 

showing that the formation of a tetramolecular RNA G-quadruplex by the 

2GAUG2UAGUGUG4U) sequence is faster in Na+ than K+, despite the higher 

stability observed in the latter case [272]. They also suggest that the formation of 

unproductive intermediates impedes the formation of the G-quadruplex in potas-

sium conditions.

The cation-dependent kinetics of intramolecular G-quadruplex formation by 

telomeric sequences was investigated by different groups. Raghuraman and Cech 

evidenced that the half-life of the Oxytricha 4T4)4] unfold-

ing is shorter in 50 mM Na+ than K+ versus 18 h at 37 °C) [280]. The FRET- 

4T4)3G4T] shows exceptionally slow dissociation rates in K+ 

and Na+ conditions [249]. The half-life at 37 °C is roughly 10 years in 50 mM K+, 

while the corresponding association half-life is of about 0.9 s. The rate of associa-

t1/2
37 ° C = 3,900 s in 

50 mM Na+). From these results, Fox and coworkers suggested that, although there 

are differences in the rates of association of G-quadruplexes under different condi-

tions, the dissociation rate constant is the most important factor that affects the rela-

tive stabilities [249]. However, as mentioned in the latter study, and others [164, 

209], association rates decrease with increasing temperature and suggests a nucle-

ation-zipper mechanism for G-quadruplex formation. Using a PNA trap, large cat-

ion-dependent differences were observed for the average unfolding time constants 

of the human telomeric sequence d[G3 2AG3)3], in the presence of either 100 mM K+ 
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+ 281]. This is qualitatively consistent with the higher 

melting stability observed in K+ 3.2.2).

Time-dependent FRET monitoring as a function of complementary strand 

hybridization of TBA revealed a first-order kinetics, where the unfolding of the 

G-quadruplex is the rate-determining step [98], consistent with some previously 

mentioned studies [280, 281]. The unfolding rate is also strongly cation-dependent 
5 and 3,200 × 105 s−1 at 10 °C, in K+ or Na+, respectively). If the nature of the 

cation affects largely the dynamics of G-quadruplex folding and unfolding, other 

factors are to be taken into account such as the cation concentration, and the oligo-

nucleotide sequence. At low K+ concentration, the human telomeric sequence dis-

243

seen above, the Oxytricha telomeric sequence can maintain its G-quadruplex struc-

tures for longer times than its human counterpart [249, 280], even at low K+ concen-

trations [243], likely because it contains four quartets instead of three.

In the past years, several groups have explored folding intermediates and their 
+). G-quadruplex folding intermediates may adopt 

pre-organized structures inclined to fold into a G-quadruplex after cation binding. 

Mashimo and coworkers have investigated the folding pathways of the human telo-

meric sequence [282 284]. A combination of ab initio calculations and molecular 

possibly yielding a more stable triplex intermediate. Coordination of K+ favors each 

step of the folding by decreasing the electrostatic repulsions [284]. Binding to a 

hairpin near the second lateral TTA loop was found to be preferable, and more gen-

erally to 5′ syn anti)-3′/5′ syn anti)-3′, rather than to 5′ anti anti)-
3′/5′ syn syn)-3′.

The Chaires group also thoroughly investigated the folding and unfolding of 

human telomeric sequences in the presence of K+, notably by CD, 2-aminopurine 

285 287]. The 

latest results suggest a four-step pathway [285 6A) [171, 285, 288]. The 

first folding intermediate I1 is a mixture of hairpin structures that is rapidly formed 

thanks to cation-induced collapse of the unfolded strands. Intramolecular fold over 

of I1 may form antiparallel G-quadruplex structures I2 upon binding to K+ τ1 ≈ 0.1 s 

in 25 mM KCl, at 25 °C), the latter further converting to a triplex intermediate I3 

τ2 ≈ τ3 ≈ 750 s). Other groups 

have suggested the triplex structure as an unfolding intermediate for the human 

telomeric sequence [289 291], including in conformational switching context 

[165

DNA or RNA quadruplex formed, the folding pathway involves two steps initiated 

by the binding of a single K+ cation, leading to a hairpin intermediate, followed by 

the formation of a triplex [292].

A triplex folding intermediate, stabilized by a K+ cation, was also proposed for 

the folding of TBA [293, 294]. In MD calculations, K+ was manually positioned 

between the two triads according to distances observed for the high-resolution 

 crystal structure of TBA [161]. The guanine G10, despite being out of plane, seems 
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well positioned to coordinate K+ with its O6. Na+ poorly stabilizes the triplex of 

was shown to be a poor TBA stabilizer [89, 98, 111].

Plavec et al. have recently proposed a new folding intermediate for the 

G-quadruplex of the Oxytricha sequence Oxy-1.5, namely i-Oxy-1.5, existing as 

Figure 6 A) Folding of the human telomeric sequence in K+ conditions as proposed in reference 

[285 B) Step-wise Na+/K+ exchange mechanism of the human telomeric sequence proposed in 

reference [171 C) Na+/K+ exchange and structural interconversion proposed in reference [288].
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pairs [246]. This intermediate was characterized by NMR, TDS, CD, DSC, and 

PAGE, nicely illustrating how the use of a combination of analytical methods allows 

to unearth insightful results. DOSY, PAGE and concentration-dependent Tm results 

demonstrated that i-Oxy-1.5 is bimolecular and has a comparable compactness as 

the final G-quadruplex. However, it does not contain tetrads as seen by NMR and 

DSC, the latter allowing to evaluate the difference in enthalpy of unfolding between 

i-Oxy-1.5 and Oxy-1.5 at around 48 kcal.mol−1. The three-fold lower enthalpy 

observed for the intermediate has been attributed to twice as less H-bonds, less 

favorable stacking interactions, and the absence of cation coordination. Its forma-

tion is a slow kinetically governed process, while K+ binding and subsequent 

restructuration consist of two fast processes.

Studies investigating folding intermediates mostly focus on K+, and hence do not 

give much information about the cation nature dependence in the folding process. 

Comparable behaviors may be expected as compared to final G-quadruplex 
+ would stabilize the intermediates to a lower extent), as hinted 

by the triplex intermediate of TBA [294], but insufficient data had been gathered so 

far. However, they all highlight the rapidity and the importance of processes that 

involve cation binding as compared to strand folding and unfolding. This will be 

further emphasized in Sections 3.4 and 5 that focus on cation exchange and confor-

mational switching.

3.4  Cation Exchange Mechanisms

Na+ and K+ have a different mobility inside G-quadruplexes. Sodium is moving 

faster [295], presumably because its size does not hamper passing through tetrads 

[97]. The mobility of Na+ depends on the binding site, as observed by 23Na NMR 

spectroscopy [190, 257], and 15NH 4  displacement NMR experiments [97]. In the 

4T4G4 1.3 and Figure 5), Na+ 

ions bound in loops have a residence lifetime of 220 μ koff = 4.5 × 103 s−1) 

[190, 257], whereas the lifetime in the central stem is at least two orders of magni-

tude higher [97]. Sodium is in a relatively dynamic exchange between coordination 

sites and the bulk medium, and the more affined potassium can displace sodium 

from these binding sites [256, 257]. Replacement of Na+ by K+ within the 

G-quadruplex central stem is completed within ~250 μs [190, 257, 296].

Hud et al. suggested that two K+ binding events occur on the G-quadruplex 

3T4G3)]2, where the displacement of Na+ by increasing amount of K+ does not 

impact significantly the topology [88]. Hence, each sodium cation is exchanged in 

a step-wise process where the intermediate is a mixed-cation species that is in fast 

coworkers have shown that the conversion of the 15NH 4 -coordinating 

3T4G4)]2 G-quadruplex to the K+-form also proceeds by step-wise exchange of 

the cations [260]. The second binding site is not exchanged before the first one is 

fully occupied by potassium, yielding a mixed-cation intermediate. This can be 
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explained by the differences between the two coordination sites; the variations in 

ΔG ΔΔG = −5.7 and 

−4.3 kcal.mol−1, respectively, including cation dehydration energies). 23Na NMR 

spectroscopy also evidenced that increasing amount of K+ displaces Na+ cations 

4T4G4)]2 G-quadruplex, without unfolding of the 

G-quadruplex, and that both cations may reside in the G-quadruplex simultaneously 

[190]. Differences in binding sites leading to mixed-cation species were also 

observed with quadruplexes built from lipophilic guanosine derivatives [297]. 

Within a four tetrad construct, the replacement of the central Na+ by K+ takes place 

before the outer cations are exchanged, whereas the wider Cs+ cation can exclu-

sively be coordinated by the central binding site.

The Na+ to K+ exchange in the human telomeric motif was also particularly 

intensely investigated. It was proposed on the basis of NMR and CD experiments 

structure in Na+ solutions and a hybrid-1 structure in K+ [165], so here the cation 

exchange is accompanied by a dramatic change in G-quadruplex topology. Therefore 

the authors hypothesized that the cation exchange from the former to the latter 

Section 5 + to 
+ exchange of the 22-mer d[AG3 3T2A)3] is also followed by a confor-

mation change, from the Na+-basket type to the K+ 6C) [288]. Three 

5 

for more details). The cation exchange per se -

-

posed that the 23-mer sequence d[TAG3 2AG3)3] adopts the same hybrid-1 topology 

in both K+ and Na+ solutions despite very different CD spectra, and thus exclude 

6B) [171]. 

The exchange is complete in around 80 s, and its mechanism involves two steps, 

each Na+ cation being exchanged independently via a mixed-cation intermediate as 

observed by aforementioned studies on bimolecular G-quadruplexes [88, 190, 260]. 

This step- wise exchange is proposed notably on the basis of a 22-fold difference 

between the binding constants of the two coordination sites.

The residence lifetimes of Na+ cations are much shorter than tetrad breathing 

movements. This strongly suggests that Na+ ions exchange through the central stem 

of G-quadruplexes without requiring partial tetrad opening [298]. Accordingly, all 

studies show that the exchange of Na+ by K+ does not require unfolding, although 

unfolding may take place after cation exchange to allow conformational switching 

5). Consistent with that hypothesis is the lower residence lifetime mea-

sured for tetramolecular G-quadruplexes versus mono- and bimolecular 

G-quadruplexes, whose loops could impede cation release [189].

Solution-state NMR experiments on 15NH 4  evidenced that cation movement is 

slower at the 5′-end of G-quadruplexes, and that it is slower through an all-syn tet-

rad than through an all-anti one [299]. NMR also confirmed that cation movement 

occurs between each coordination site and the bulk medium rather than between the 
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coordination sites. Exchange of “cation 1” by “cation 2” can thus be described as 

-

62]. The highest energetic cost 

direct consequence, the structure of the G-quadruplex might change.

Molecular dynamics simulations suggest that the entering or releasing of K+ 

from the G-quadruplex is accompanied by significant changes in O6 distances 

[295]. Li+ +, Cs+) 

significantly deform the structure and hence destabilize the G-quadruplex. 

62]. Note, however, that the final G-quadruplex 

can exhibit a different structure than the starting one, which would affect the net 
−1 for a three- 

tetrad system [91]; see Section 1.3) is a result of solvation, coordination, and struc-

turation terms.

Reshetnikov et al. have described the cation coordination process with TBA, 

thanks to molecular dynamics simulation, and hybrid quantum mechanics/molecu-

lar mechanics simulations [300]. Cations enter TBA through ‘gates’, formed by 

either the G8 base at the base from the central TGT loop and the space between 

generated by guanine’s O6 from the lower quartet. When the cation is captured by 

the quadruplex, it enters rapidly into the central stem, and the gates tend to close 
+ and K+).

Conversely, in the absence of coordinated cations, the gates are open. The TGT 

-

ion is bound. During the cation exchange between the bulk medium and other cat-

ions already coordinated, the release of the bound cation is correlated with the initial 

initial binding of a new cation can lead to electrostatic repulsions with the central 

stem-coordinated cation, eventually leading to the release of the latter.

Recently, DFT-D3 calculations have evidenced that binding of a second ion in a 

three-tetrad system is accompanied by a large overestimation of the cation-cation 

repulsion at the molecular mechanics level of experiment because of its lack of polar-

ization term [202], leading to large energy differences with the quantum mechanics 
−1 in the gas phase). Indeed, the polarization effect between the 

central stem and the cations decreases the energy cost of coordination of the second 

cation, by reducing the electrostatic repulsions of the cations. Because of this bias in 

the force fields that are currently employed, the authors question the validity of MD 

rate, frequent cation ejections, destabilization of the cation coordination in loops 

above tetrads), and future work in this direction is therefore needed.
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4  Influence of Alkali Metal Ions on G-Quadruplex 
Structures

4.1  Case Study: The Human Telomeric G-Quadruplex 
Sequence

We have seen in Section 3.2.2 that the G4 community has a predominant interest in 

the human telomeric sequence. This particular attention is partly historical, with a 

number of seminal studies appearing in the late eighties and early nineties [81, 82, 

301], partly therapeutic [302 304], but also arises from its particularly intriguing 

polymorphism [172]. As described below, this polymorphism depends on a number 

flanking sequences), the putative presence of co-solvent, and other experimental 

factors imposed by the chosen analytical method. Many topologies have been pro-

posed based on various methodologies including NMR [25, 27 32, 50, 168, 170

174, 242], X-ray [26, 150], ESI-MS [231, 305], CD [85, 173, 174, 245, 306 308], 

single molecule FRET [233], native [271] or denaturing PAGE [237 239], 
125I-radioprobing [239, 240], UV-melting [271], fluorescence spectroscopy [242], 

Raman scattering [245], analytical ultracentrifugation and molecular modeling 

[203]. Available high-resolution structures of 4-repeat human telomeric 

G-quadruplexes are depicted in Figure 2 and schematized in Figure 7 [25 32].

4.1.1 The Intramolecular Folding of dAGGG(TTAGGG)3

The 22-mer sequence d[AG3 2AG3)3] containing four guanine repeats and a single 

′-dA) has been particularly studied. A first structure has been 

solved by NMR, in Na+

ID: 143D) [25]. The structure formed is an antiparallel “basket-type” G-quadruplex, 

characterized by three syn syn anti anti tetrads, with each G-tract following the 

pattern 5′-syn-anti-syn or anti-syn-anti, connected by consecutive lateral-diagonal-

lateral loops.

Figure 7 Topologies of the four-repeat DNA human telomeric G-quadruplex deposited in the 

PDB [25 32].
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In contrast, in K+ conditions, several different structures were found, highlighting 

the influence of the cation on G-quadruplex structures, but also, regrettably, of the 

structural analysis method. Parkinson et al. published the crystal structure of 

d[AG3 2AG3)3 26]. It exhibits an all parallel topology, 

with three tetrads formed by anti guanines. The K+ cations are positioned between 

solution-based Na+ structure described above, it also differs from more recent 

solution- based structures obtained with K+ samples.

d[AG3 2AG3)3] in K+ solutions actually adopts a mixture of antiparallel and 

hybrid structures [309, 310]. 125I radioprobing suggested that an antiparallel fold is 

present in both Na+ and K+ conditions, although in potassium the topology would be 

topologies [239]. Vorlícková et al. have argued that the solution structure has essen-

tially the same antiparallel topology with both cations, based on CD experiments 

[306], contrary to earlier reports by three other groups that support an antiparallel-

to- hybrid switch upon addition of K+ to a Na+-solution [95, 165, 311]. The conver-

sion from the Na+ form to the K+ form could be too fast to reflect a structural change 

as important as reported previously, and the differences in CD signatures could be 

assigned to changes in tetrad stacking due to specific K+ coordination.

proposed by Chang et al. for the 23-mer d[TAG3 2AG3)3] [171]. In the same vein, 

Na+ and K+ conditions, by gel analysis of 3′-exonuclease-digested d[AG3 2AG3)3], 

previously incubated with platinum complexes [238]. An earlier study involving 

cis- and trans-platinum complexes yielded similar results [237]. It is thus possible 

that the basket type is at least partially populated in K+ conditions, and binding to 

this structure would be favored by the platinum complexes. Alternatively, different 

structures such as the 2-tetrad antiparallel fold could lead to identical platination 

sites.

It is likely that the crystal structure of Parkinson et al. is influenced by crystal 

packing forces [26]. Incidentally, water-depleting co-solvents such as polyethylene 

glycols [307, 312], ethanol [306], and acetonitrile [309] promote the parallel fold. 

However, other groups have stated that this fold is not the favored one in physiologi-

cal conditions [312 314]. Hänsel et al. have suggested by a combination of NMR 

and fluorescence spectroscopy that d[AG3 2AG3)3)] predominantly adopts the 

hybrid-1 conformation in vivo, ex vivo, and in dilute potassium-based solution, and 

confirm the observation of a parallel fold in water-depleted conditions [242]. 

Renčiuk et al. also suggested that the difference between X-ray and NMR experi-

ments arises from the unexpected DNA concentration dependence on the human 

telomeric intramolecular G-quadruplex [306]. Abu-Ghazalah and coworkers have 

observed a mixture of antiparallel and parallel structures at high strand concentra-
+ solutions [245]. The parallel topology was tentatively attrib-

uted to either higher-order structures formed by propeller monomer or tetramolecular 

assemblies.
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4.1.2 Other Human Telomeric Sequences

3T)2] is a parallel bimolecular 

G-quadruplex in K+ [26], whereas the solution structure is a mixture of parallel and 

antiparallel bimolecular G-quadruplexes [170]. Bolton et al. suggested that the Na+ 

fold is antiparallel [308

2] does not exhibit the same cation-dependency since it associates into 

a bimolecular ‘propeller’ G-quadruplex in K+ crystals [150], and in both Na+ [173] 

and K+ solutions [174], reminiscent of the DNA crystal structure albeit for changes 

in sugar puckering. The topology of RNA 4-repeat sequences do not exhibit any 

4] forms a parallel 

G-quadruplex in Na+ [173] and K+ solutions [174]. In the absence of 5′-flanking 

3U2AG3U)]2 further dimerizes by 

5′-5′ stacking in K+ solutions, as seen by NMR [50]. This was also observed on the 

12-mer by ESI-MS, but with ammonium ions instead of alkali cations [224].

Unlike DNA 12-mers, no structure difference was observed for the 16-mer three- 

repeat d[G3 2AG3)2 T] in Na+ and K+, when associating into an asymmetric, anti-

parallel bimolecular G-quadruplex [168, 172]. The bimolecular G-quadruplex was 

also observed in Na+ by association of two three-repeat strands, where one provides 

only one G-tract [168].

As stated earlier, four-repeat human telomeric sequences fold into a variety of 

structures. Vorlícková et al. have proposed that the 21-mer d[G3 2AG3)3] folds into 

an antiparallel G4 in both Na+ and K+, alike d[AG3 2AG3)3] [306]. Other groups 

have attributed the CD signature to a mixture of hybrid and antiparallel folds [307]. 

Similar conclusions were drawn from 125I-radioprobing experiments, that also sug-

gest that the presence of 5′-flanking nucleotides stabilizes an hybrid fold in K+, 

while Na+ promotes an alternative basket structure [240]. NMR experiments show 

that the addition of 5′ and 3′ flanking sequences stabilizes hybrid [27 30, 171] 

31, 32], in K+ solutions, which are all distinct from the Na+ basket 

type of d[AG3 2AG3)3 3) [25 32, 50, 150, 168, 170 174, 271, 

306 308].

Hybrid-1 and Hybrid-2 structures are characterized by successive double chain 

reversal-lateral-lateral and lateral-lateral-double chain reversal loops, respectively. 

Chang et al. have used NMR to show that d[TAG3 2AG3)3] adopts the same 

hybrid-1 topology in both K+ and Na+ solutions, despite of their different CD signa-

tures [171]. A number of sequences starting by a guanine, including the 21-mer 

d[G3 2AG3)3

3’), that contains 2 tetrads, with lateral-diagonal-lateral loop bases being involved in 

externally stacked triplets/base pairs [31]. Gabelica et al. have evidenced by native 

ESI-MS experiments the binding of a single K+ cation at low KCl concentrations, 

consistent with the 2-tetrad folding, while higher concentrations lead to the binding 

of a second K+, either by binding between external tetrads and loop bases, or by 

conversion to a 3-tetrad hybrid structure [229]. Włodarczyk et al. have acquired  

2AG3)4 at 2 and 20 °C at increasing concentrations of alkali  
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Cation Topology Assay PDB ID Refs

d[(TAG3T)2]

Na+ (140 mM) dimeric antiparallel CD [308]

K+ (100 mM)a dimeric parallel + 
antiparallel NMR [170]

K+ dimeric parallel X-ray 1K8P [26]

r[(UAGGGU)2]
Na+ (215 mM)b dimeric parallel NMR [173]
K+ (100 mM)a dimeric parallel NMR 2KBP [174]

K+ dimeric parallel X-Ray 3IBK [150]

r(G3U2AG3U) K+ (100 mM)a -
parallel dimer NMR 2M18 [50]

d[G3(T2AG3)2T] Na+ (140 mM)c dimeric antiparallel NMR 2AQY [168]
K+ d dimeric antiparallel NMR [172]

d[G3(T2AG3)3]

Na+ (145 mM) antiparallel 
(basket) CD [306]

K+ (variable)e antiparallel 
(basket) CD [306]

K+ (50 mM) hybrid mixture CD [307]

K+ (100 mM)a hybrid + (2-tetrad)
antiparallel NMR [31]

d[AG3(T2AG3)3]

Na+ (100 mM) antiparallel 
(basket) NMR 143D [25]

K+ (diffusion) parallel (propeller) X-ray 1KF1 [26]

Na+ (145 mM) antiparallel 
(basket) CD [306]

K+ (variable)e antiparallel 
(basket) CD [306]

d[T2G3(T2AG3)3A] K+ (100 mM)a hybrid-1 NMR 2GKU [27]
d[A3G3(T2AG3)3A2] K+ (100 mM)a hybrid-1 NMR 2HY9 [28]

d[TAG3(T2AG3)3]
K+ (100 mM)a hybrid-1 NMR 2JSM [29]
K+ (150 mM) hybrid-1 NMR [171]
Na+ (150 mM) hybrid-1 NMR [171]

d[TAG3(T2AG3)3T] hybrid-1 + hybrid-2 NMR [29]
d[TAG3(T2AG3)3T2] K+ (100 mM)a hybrid-2 NMR 2JSL [29]
d[(T2AG3)4T2] K+ (110 mM)f hybrid-2 NMR 2JPZ [30]

d[(T2AG3)n]g
Na+ (100 mM) antiparallel UV-

melting [271]

K+ (100 mM) parallel +
antiparallel

UV-
melting [271]

d[G3(T2AG3)3T]h K+ (100 mM)a antiparallel (2-
tetrad basket)i NMR 2KF8 [31]

d[A(G3T2A)2IG2T2AG3T] K+ (110 mM)e antiparallel (2-
tetrad basket) NMR 2KKA [32]

r[(UUAGGG)4]
Na+ (100 mM) parallel CD [173]
K+ (100 mM)a parallel CD [174]

¢ ¢

Table 3 Structures adopted by selected DNA and RNA human telomeric sequences.

a

b

c

dUnpublished.
eAddition of up to 100 mM in a 145 mM Na+ solution.
f

gn
hOther sequences adopting the same fold: G3 2AG3)3, G3 2AG3)3 T2, and G3 2AG3)3T2A.
i Br
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cations [85]. No conclusion was drawn regarding the relative topologies formed, but 

the λmax
+, 295 nm for Na+ and Rb+, 300 nm for Cs+, and 

301 nm for Li+).

Renčiuk et al. have suggested that, although flanking nucleotides can stabilize 

hybrid topologies, longer telomeric sequences fold in an antiparallel fashion [306]. 

The use of site-specifically 15 N-labeled G4-units in a native-like single stranded 

telomeric in high resolution NMR experiments revealed that the 3′-terminal and 

internal G4 unit predominantly coexist in 2-tetrad antiparallel basket and hybrid-2 

structures, arranged in “beads-on-a-string”-like fashion [242]. Sugimoto and co- 

G-quadruplexes arranged in distinct G-quadruplex units connected by TTA linkers 

in a beads on a string fashion, in both K+ and Na+ solutions, based on UV-melting 

experiments [271]. Na+ promotes the antiparallel basket topology, whereas potas-

sium is believed to lead to a mixture of parallel and antiparallel structures, or hybrid 

structures.

4.1.3 Summary

Clearly, K+ allows d[AG3 2AG3)3)] to adopt a variety of structures, whereas only 

the basket-type G-quadruplex has been solved in Na+ conditions. The precise topol-

ogies adopted in potassium conditions remain controversial, the consensus being 

that it is likely a mixture. Other four-repeat sequences spark a similar debate, nota-

bly the minimal 21-mer sequence. A current issue is that a number of studies per-

formed prior to the publication of the antiparallel 2-tetrad structures 2KF8 and 

-
+ fold’). In the same vein, folding/unfolding interme-

3.3). Shorter two-repeat sequences 

also exhibit a clear cation-dependent folding topology, but not the three-repeat one. 

formed, and the analytical methods sometimes influence those detectable.

Progress is needed to separate conformation mixtures while preserving each of 

them, in order to disentangle the cation effects. In contrast to DNA G-quadruplexes, 

the topologies formed by RNA sequences do not seem to exhibit any cation depen-

in [172]) only involve K+, and further work is required to bring insight into the cat-

ion dependency of G-quadruplex folding.

4.2  Other Sequences

Following the work of Sen and Gilbert who first investigated the cation-dependence 

on the topology of various sequences [315], Hardin et al. have shown that the telo-

meric sequence of Tetrahymena 2G4)4] folds into G-quadruplexes of different 
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structures in relatively low K+ and Na+

of NMR, CD, gel electrophoresis, and an early use of SE-HPLC for G4 nucleic 

acids [215]. The latter method suggested that the K+ form is twice as long as the Na+ 

form, and this was ascribed to the formation of a tetramolecular structure in K+. The 

intramolecular Na+

[46]. Despite its tracts of four guanines, it displays only three tetrads, linked by suc-

cessive lateral-lateral-double chain reversal loops, in a pattern similar to the 

hybrid-2 G-quadruplex formed by the human telomeric sequence [29, 30]. The 

4T)2 was also examined in Na+, and adopts two distinct, 

interconverting, bimolecular, antiparallel 4-tetrad structures, which differ by the 

176].

The one-repeat Oxytricha nova 4G4) forms a paral-

lel, tetramolecular G-quadruplex in Na+ or K+ conditions, but oligomerizes only in 

the latter case [119 4T4G4), sometimes 

referred to as Oxy-1.5, retains the same fold in the presence of K+ or Na+ cations, 

whether it is studied by NMR [96, 125, 126] or X-ray crystallography [127, 128]. It 

is composed of four tetrads with the thymine loops connecting the strands diago-

nally over the external tetrads. The potassium and sodium forms differ by the posi-

5). Large chemical shift differences between these 

species were evidenced suggesting that the geometry of the tetrads are somewhat 

different. Dingley et al. have evidenced by studying scalar couplings that  

2
…N7 H-bonds are shorter in the presence of Na+ than K+, in agreement 

versus + residing in the 

center of the tetrads holds the guanines more tightly than K+ [107]. The similar 

3T4G3) also folds into a bimolecular antiparallel structure with diago-

nal loops in both alkali cations [316, 317]. However, the loops are more flexible 

with K+, where they adopt two possible and interconverting conformations, and the 

K+-stabilized tetrads are slightly larger than with Na+ [317]. Moreover, long incuba-

tion times after addition of K+ on a Na+ sample result in the likely formation of a 

tetramolecular G-quadruplex, while Na+ alone does not facilitate this association.

4T4G3), folds into a 

Na+-containing G-quadruplex similar to the above-mentioned oligonucleotide, but 

adopts a mixture of structures with K+ [318 3T4G4 4T4G4) 

adopt the same bimolecular fold with both cations, evidencing that small and tar-

geted changes can have a dramatic effect on both the G-quadruplex topology and 

sensitivity to cation nature [319]. Two groups have independently demonstrated by 

NMR that the four-guanine tracts sequence d[G4 4G4)3 -

parallel topology in Na+ 175, 320]. Upon addition of K+ 

cations, significant changes in the spectra were monitored, without apparent change 

in the global topology, as with Oxy-1.5 [320]. Single molecule FRET spectroscopy 

gave consistent results with Na+ that promote an antiparallel G-quadruplex [243]. 

However, K+ leads to a mixture of a parallel and an antiparallel structure, the anti-

parallel differing from the Na+ fold. These different topologies were also observed 

4G4)n≥4 by native PAGE and UV-melting [119]. Potassium 

seems to lead to the formation of a mixture of parallel and antiparallel intra- and 
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intermolecular G-quadruplexes, whereas Na+ promotes the formation of antiparallel 

n
n

phase diagram for Na+ and K+
4G4)4 244]. At low 

concentrations, both cations promote the formation of an intramolecular antiparallel 

G-quadruplex. However, at higher concentrations, K+ was more effective at stimu-

lating the formation of tetramolecular assemblies. The midpoints of conversion, 

estimated from the Raman spectra, are 65 mM and 225 mM for K+ and Na+, 

respectively.

More generally, a number of other telomeric sequences have a distinct CD signa-

ture in Na+ versus K+ solutions, including Arabidopsis, L. esculentum, C. glabrata, 

S. cerevisiae, and Paramecium [114]. These sequences have G3 or G4 repeats, and 

give antiparallel signatures in Na+, but not in K+ conditions, where hybrid structures 

or mixtures are likely. Conversely, Bombyx and Ascaris have an antiparallel signa-

ture in Na+ and K+. Both have repeats of two guanines only, and therefore contain 

most likely two tetrads, which was confirmed by NMR for Bombyx mori in K+ con-

ditions [68]. Guédin et al. examined eighty sequences containing four tracts of three 

template G3LaG3LbG3LcG3, where La, Lb, and Lc are thymines or TTA loops, in the 

presence of 100 mM K+ or Na+ [115]. In K+

three-nucleotide loops) seem to promote hybrid structures, which is reminiscent of 

-

otides) that allow a certain flexibility, none of the sequences display a clear antipar-

allel signature. Conversely, some G-quadruplexes have an antiparallel signature in the 

presence of Na+
3T2G3T3G3T3G3 3T1G3T3G3T3G3 3T4G3T4G3T4G3)), 

although short loops also promote hybrid folds.

Recently, Hartig and coworkers have shown by CD and NMR that the sequence 

4CT)3G4], from the human pathogen Treponema pallidum, exhibits a remark-

able cation dependency [222]. Low K+ concentrations promote a 4-tetrad intramo-

lecular antiparallel structure, while Na+ and Li+ do not markedly induce G4 folding, 

even at high concentrations. The corresponding G5 motif also adopts an antiparallel 

signature, but not the G3 counterpart that favors a parallel conformation, as does the 

absence of thymine in the loops. Moreover, CD, AUC and EPR experiments dem-

onstrate that higher K+ ≥500 mM) lead to the formation of a parallel 

tetramer, which was confirmed by SE-HPLC shortly thereafter [37]. Interestingly, 

low concentrations of K+ supplemented by Na+ of Li+ to increase the ionic strength 

is sufficient to trigger the formation of the tetramer.

Russo Krauss and coworkers have obtained high resolution crystal structures of 

2T2G2TGTG2T2G2)) bound to α-thrombin in the presence of Na+ or K+ 

8) [161]. The difference in G-quadruplex stabil-

ity in favor of the latter cation is well known [89, 98, 111], as is the antiparallel 

‘chair-type’ structure observed with both alkali cations.

However, this work highlighted subtle cation-induced differences in the structure 

that may explain differences in binding mode and potency, and as a possible 
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 consequence the enhanced clotting inhibitory activity of the aptamer in the presence 

of potassium. K+ is coordinated at the center of the cavity between the two G-tetrads 

and bridges together all the eight guanine O6 atoms in a distorted anti-prism geom-

O-K

G-quadruplex. On the other hand, Na+ can occupy two alternative coordination 

O-K

plasticity to the aptamer that allows a better fit with the binding surface of 

α-thrombin. Accordingly, the ΔTm between K+- and Na+-coordinating TBA 

+ with the His71 residue, crucial for the inhibi-

tion of the fibrinogen conversion to fibrin by a-thrombin, while this interaction is 
+.

4.3  General Trends

Very clearly, the nature of the cation impacts the structure of DNA G-quadruplexes, 

in terms of topology, loop geometry, and strand stoichiometry. This does not neces-

sarily translates into a different topology, and has sometimes more subtle effects 

can lead to significant outcomes [161]. Other factors influence the structure, mainly 

Figure 8 Crystal structure of TBA coordinating Na+ left; purple spheres: two positions; PDB ID: 

4DIH) or K+ right; purple sphere: one position; PDB ID: 4DII), bound to α
except for His71, in orange) [161]. Guanosines are depicted in brown, thymidines in green, and the 

phosphate backbones as white ribbons.

7 Alkali Metal Ions in Nucleic Acid G-Quadruplexes 



246

 

formed and, more importantly within the scope of this chapter, the cation- dependency 

4T4G3) versus 3T4G4 4T4G4) [318]).

From all the studies performed on a wide range of sequences, it seems that potas-

sium does not promote the formation of intramolecular antiparallel structures of 

four-repeat G3 motif sequences, whereas sodium can. Conversely, four-repeat 

2- tetrad G-quadruplexes seem to adopt preferentially antiparallel fold in the pres-

ence of K+ 31, 32], TBA [24], Bombyx mori and Ascaris 

telomeres [68, 114], HIV-PRO1 [69], 21CTA [45]). Sequences with G4 and longer 

motifs are also able to adopt antiparallel conformations in K+ conditions. Moreover, 

K+ promotes more efficiently oligomerization and the formation of tetramolecular 

assemblies than Na+ [39, 222 + solutions has 

been observed [245

been made with high-strand-concentration samples, and may not be reflected in 

dilute conditions. Finally, G-rich RNA sequences fold in parallel G-quadruplexes 

regardless of the cation, although differences have been noticed regarding their pro-

pensity to oligomerize.

5  Cation-Dependent Conformational Switching

The first example of a cation-dependent structural switch of G-quadruplexes was 

reported in 1990 by Sen and Gilbert [315]. Although the authors based their conclu-

sions on native PAGE experiments only, and discarded intramolecular G-quadruplexes 

as intermediate structures or by-products, it clearly shows that sodium and potas-

-

otides, as well as their rate of formation. In 1992, Hardin et al. provided a nice 

example of cation-dependent hairpin-to-quadruplex conversion, which led to rank-

ing of cations as a function of their G-quadruplex stabilization properties: 

K+ > Ca2+ > Na+ > Mg2+ > Li+, and K+ > Rb+ > Cs+ [321].

We have seen in Sections 3 and 4

has a large effect on the stability and structure of G-quadruplex-forming sequences. 

It is therefore not surprising to find a number of examples of cation-triggered con-

formational switch from a less stable structure coordinating a cation to a more stable 

structure coordinating another cation. Typically, the switch is triggered by adding a 

more stabilizing cation, hence often by adding K+ to a Na+-containing solution.

The telomeric sequence is well known for its particularly pronounced polymor-

phism in the presence of Na+ or K+ 4.1), so the conversion from the sodium 

that the conversion from the Na+-basket form to the K+-hybrid form of human telo-

Largy, Mergny, and Gabelica



247

meric sequences involves the cation exchange, followed by a partial unfolding and 

restructuration [165]. Partial unfolding possibly leads to triplex intermediates, as 

also suggested by Sugiyama et al. and Chaires et al. [282, 285 287]. Gray et al. have 
+ + exchange of the 22-mer d[AG3 3T2A)3] 

is followed by a conformation change, from the Na+-basket type to the K+-hybrid 

6C) [288

τ1 ~ 250 μs) yields a K+ -

′ or 3′; 
τ2 τ3 ~ 800 s) refolding that converts a diagonal loop to a 

lateral loop, yielding hybrid-1 and hybrid-2 K+

in 5′ gives the hybrid-1, in 3′ the hybrid-2). The free energy barrier between the 
−1). These results 

were reassessed recently under the light of new folding pathway data, with τ2 > τ3 

[285 -

gested in Na+ solution for the 21-mer sequence d[G3 2AG3)3] [322].

Worth mentioning, Chang et al. have argued that the Na+ to K+ exchange of the 

23-mer sequence d[TAG3 2AG3)3] does not involve a triplex intermediate, nor any 

unfolding, since the sequence adopts the same hybrid-1 topology in both K+ and Na+ 

6B) [171]. They postulate that either slightly different human 

telomeric sequences adopt different exchange mechanism or that other studies have 

not satisfyingly characterized the initial and final states. Besides cation nature, a 

change in cation concentration can also trigger structural changes. Hartig et al. have 

4CT)3G4], from the human pathogen Treponema pal-
lidum promotes a 4-tetrad intramolecular antiparallel structure at low K+ concentra-

tions, while Na+ and Li+ does not markedly induce G4 folding, even at high 

concentrations [222].

Interestingly, CD, AUC and EPR experiments demonstrated that higher K+ con-

≥500 mM) lead to the formation of a parallel tetramolecular assembly, 

which was also observed by SE-HPLC in an independent study [37]. Furthermore, 

low concentrations of K+ supplemented by Na+ or Li+ to increase the ionic strength 

is sufficient to trigger the formation of the tetramer, possibly to screen the nega-

tively charged phosphate repulsions upon strand association although the authors 

did not comment on that.

Abu-Ghazalah and coworkers have observed the structural conversion of human 

telomeric sequences d[G3 2AG3)3 3G3 2AG3)3A2

and d[T2AG3 2AG3)3 T2 245]. 

CD suggested the formation of parallel tetramolecular aggregates for the former 

sequence in 100 mM Na+ solutions, with a relaxation time of around 10 h, which 

can re-dissociate rapidly upon dilution. The conversion takes place regardless of the 

Na+ concentration, however, the rate of conversion increases with increasing strand 

and Na+ concentrations. The two latter hybrid-type sequences can also aggregate, 
+).
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6  Concluding Remarks and Future Directions

G-quadruplexes’ relevance to life sciences was revealed in the late 1980s with semi-

nal works on telomeric sequences [81, 82, 315, 323]. The role of monovalent cat-

ions was reviewed as early as 1991 [301], but an increasing number of other 

sequences have been investigated since. Bioinformatics studies suggest the pres-

ence of a very large number of putative G-quadruplex-forming sequences in the 

human genome only, ranging from 370 000 [4 6

et al., unpublished results). Compared to this very large sequence space, only a few 

have been observed thus far [22, 23]. Many studies have dealt with the influence of 

alkali cation on G-quadruplex structures, as can be seen from the large range of 

publications cited in this chapter. A marked difference of stability between K+, Na+, 

and Li+ is indeed widely accepted as a good indication that G-quadruplex structures 

are involved.

Quadruplexes are often considered to operate as allosteric switches, implicated 

notably in gene regulation processes [7 15]. Hence, the interaction of intracellular 

potassium and sodium with G-rich sequences might play an important role in the 

regulation of biological processes. As a result, the importance of alkali metal coor-

dination, most notably of sodium and potassium, on the stability and topology of 

structures formed by G-quadruplex-prone sequences, was intensively investigated, 

but there is a clear bias in favor of potassium because of their prevalence in cells. 

These studies were also prompted for other purposes such as artificial switch ele-

ments for DNA-based nanodevices, but to a far lower extent.

Comparison of Na+ and K+ in terms of G-quadruplex stabilization and structures 

yielded fairly consistent results. Potassium stabilizes G-quadruplexes better than 

sodium and the reasons are well understood. Cation coordination is the driving 

force towards G-quadruplex folding or interconversion, in accordance with the 

unfolded state of guanine-rich sequences in the absence of a suitable cation [62, 

285]. However, the question as to why a sequence folds into one or several struc-

tures in particular, in the presence of a given cation, remains largely unanswered. 

Answering this question is difficult because the structure depends not only on the 

nature of the cation, but also on cation concentration, strand concentration, and 

temperature. Some basic trends are very well known: tetramolecular G-quadruplexes 

are parallel, RNA G-quadruplexes are parallel, regardless of the cation nature. 

However, when it comes to the folding of intramolecular DNA G-quadruplexes, 

which are more relevant for genomic studies, venturing an educated guess seems 

very risky. In fact, even the structures of some heavily studied sequences such as the 

human telomeric sequence in potassium solutions are still controversial. Numerous 

studies clearly show that minor sequence alterations lead to large structural effects, 

and the human telomeric sequence is the epitome of this phenomenon [172, 203].

Similarly, the pathways of folding/unfolding and interconversion of 

G-quadruplexes are still a matter of debate. No clear view of cation effects emerged 

yet, except that potassium can swiftly displace sodium, whether it is accompanied 
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by structural alterations or not. G-quadruplexes are often presented as biological 

switches within the genome because of their ability to be either folded or unfolded 

-

ferences in the structure of G-quadruplexes due to the binding of K+ or Na+ can have 

an effect on protein binding [161]. In this context, studies mimicking the cellular 

G-quadruplexes embedded in duplex matrices). Recent studies have started to tackle 

these issues [169, 242, 314, 324], but the complexity of these experiments makes it 

difficult to assess the influence of the cations in cell-like environments. The elucida-

tion alkali cation effects on G-quadruplex nucleic acids structure and stability is a 

difficult task, yet an important milestone towards the prediction of structure from 

the sequence and environment, and towards the design of stimuli-responsive artifi-

cial DNA switches.

Abbreviations

AUC analytical ultracentrifugation

CD circular dichroism

DFT-D dispersion-corrected density functional theory

DOSY diffusion ordered spectroscopy

DSC differential scanning calorimetry

EPR electron paramagnetic resonance

ESI-MS electrospray ionization mass spectrometry

FRET Förster resonance energy transfer

G4 quadruplex nucleic acid

GMP guanosine 5′-monophosphate

HSQC heteronuclear single-quantum correlation spectroscopy

IDS isothermal difference spectra

IMS-MS ion-mobility spectrometry mass spectrometry

ITC isothermal titration calorimetry

LNA locked nucleic acid

MALDI-TOF matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry

MAS magic-angle spinning

MD molecular dynamics

MS mass spectrometry

NMR nuclear magnetic resonance

NOE nuclear Overhauser effect

nt nucleotide

PAGE polyacrylamide gel electrophoresis

PBFI benzofuran-isophthalate crown ether indicator
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   Abstract     The group I alkali metal ions Na +  and K +  are ubiquitous components of 
biological fl uids that surround biological macromolecules. They play important roles 
other than being nonspecifi c ionic buffering agents or mediators of solute exchange 
and transport. Molecular evolution and regulated high intracellular and extracellular 
M +  concentrations led to incorporation of selective Na +  and K +  binding sites into 
enzymes to stabilize catalytic intermediates or to provide optimal positioning of sub-
strates. The mechanism of M +  activation, as derived from kinetic studies along with 
structural analysis, has led to the classifi cation of cofactor-like (type I) or allosteric 
effector (type II) activated enzymes. In the type I mechanism substrate anchoring to 
the enzyme active site is mediated by M + , often acting in tandem with a divalent cat-
ion like Mg 2+ , Mn 2+  or Zn 2+ . In the allosteric type II mechanism, M +  binding enhances 
enzyme activity through conformational transitions triggered upon binding to a dis-
tant site. In this chapter, following the discussion of the coordination chemistry of Na +  
and K +  ions and the structural features responsible for the metal binding site selectiv-
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ity in M + -activated enzymes, well-defi ned examples of M + -activated enzymes are 
used to illustrate the structural basis for type I and type II activation by Na +  and K + .  
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1        Introduction 

 The sodium (Na + ) and potassium (K + ) ions are among the most abundant alkali 
metal ions in biology. In animals, the extracellular space contains ~140 mM Na +  and 
~5 mM K +  concentrations whereas in the intracellular space ~15 mM Na +  and 
~100 mM K +  concentrations are present. Thus, in spite of highly similar chemical 
properties of both ions, steep concentration gradients of Na +  and K +  across the 
plasma membrane exist. In living cells, the enzyme Na + ,K + -ATPase or the sodium 
pump distributes these ions between the intracellular and extracellular space at the 
expense of chemical energy. The membrane protein Na + ,K + -ATPase exchanges 
three cytoplasmic Na +  for two extracellular K +  for each ATP that is hydrolyzed. The 
differential permeability for both cations leads to a transmembrane voltage differ-
ence typically in the range of −30 mV to −70 mV (negative on the inside of the 
membrane) in most living mammalian cells. This represents the basis for the action 
potential and, hence for neuronal signaling in general. The conduction of ions across 
cell membranes is of central importance for a wide range of physiological pro-
cesses. Regardless whether a cell is specialized for electrical excitability, absorp-
tion, secretion, or any other process requiring the electrochemical energy of the ion 
gradients, it appears to use basically the same Na + ,K + -ATPase in its membrane to 
perform various cellular functions. Hence, the role of Na + ,K + -ATPase in alkali 
 cation homeostasis is crucial for key cellular functions including volume regulation, 
maintenance of the resting membrane potential in nerve and muscle and Na + -
coupled solute transport (see also Chapter   10     of this volume). 

 K +  is the most abundant inorganic cation in plant cells where it can contribute up 
to 10 % of the dry mass. Unlike animals, plants lack the Na + ,K + -ATPase. However, 
plant cells have developed potassium channels that play an essential role in K +  
uptake and effl ux. For an optimal metabolic activity of a plant cell a K +   concentration 
in the range between 50 and 250 mM has to be maintained [ 1 ]. In contrast, Na +  is 
toxic at high concentrations in the cytosol. The levels at which toxicity can occur 
have not been investigated in detail and are likely to depend on cell types [ 2 ], but it 
is generally thought that the cytosolic concentration of Na +  should be controlled 
below 10–30 mM [ 3 ]. 

 Life can be found over the whole range of salt concentrations even in hypersaline 
environments like that found in the Dead Sea with NaCl concentrations approaching 
saturation where archaea, bacteria, and fungi have been described. Organisms that 
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tolerate extreme salt concentrations are known as halophilic microorganisms [ 4 ]. 
Two fundamentally different strategies exist within the microbial world to cope with 
the osmotic stress inherent to the presence of high salt concentrations. First, a group 
of halophilic bacteria and halophilic archaea maintain high intracellular salt concen-
trations, osmotically at least equivalent to the surrounding medium. Yet, while 
molar concentrations of KCl are present intracellularly that of the medium usually 
contains NaCl. Thus the intra- and extracellular ionic compositions differ [ 5 ,  6 ]. In 
most other halophilic and halotolerant microorganisms, the osmotic balance is pro-
vided by small organic molecules, including polyols such as glycerol and arabitol, 
sugars and sugar derivatives, amino acids and derivatives, and quaternary amines 
such as glycine betaine. These molecules are either synthesized by the cells or taken 
up from the medium when available [ 4 ]. 

 Although the major physiological role of Na +  and K +  lays in transmembrane 
transport and signaling, due to their high intra- and extracellular concentrations 
both M +  bind nonspecifi cally as counter ions to proteins, nucleic acids, and various 
negatively charged metabolites. Nevertheless, a large group of enzymes requiring 
M +  for optimal activity has been discovered in the animal and plant world [ 7 ,  8 ]. K +  
or Na +  is the preferred M +  in enzymes since enzymes take advantage of the ready 
availability of Na +  outside the cell and K +  inside the cell to optimize their catalytic 
function. First evidence for the involvement of monovalent alkali cations (M + ) in 
enzyme activation has been reported more than seventy years ago by Boyer at al. [ 9 , 
 10 ] showing that appreciable enzymatic activity of pyruvate kinase is expressed 
only in the presence of K + . For numerous systems, selectivity for a certain M +  is 
low, and a weak increase in enzyme activity is accomplished by larger cations (i.e., 
Rb + , NH 4

+

  ). The weak activation of some enzymes by larger cations has been inter-
preted in terms of kosmotropic effects of these cations on the water structure sur-
rounding the protein (see below). 

 The classifi cation of M + -activated enzymes has recently been introduced by Di 
Cera [ 11 ]. The mechanism of M +  activation, as derived from kinetic studies along 
with structural analysis, has been defi ned as a cofactor-like (type I) or allosteric 
effector (type II) enzyme activation. While in the type I mechanism M +  mediates 
substrate anchoring to the enzyme active site, in the type II mechanism M +  binding 
enhances enzyme activity through conformational transitions triggered upon bind-
ing to a distant site. In the following the coordination chemistry of Na +  and K +  ions 
and the mechanism responsible for the selectivity in metal ion binding in M + -
activated enzymes are discussed. We use well-defi ned examples of M + -activated 
enzymes to illustrate the structural basis for type I and II activation by Na +  and K + .  

2     Coordination Chemistry of Sodium and Potassium Ions 

 Na +  and K +  both belong to the group I alkali metal ions (Li + , Na + , K + , Rb + , Cs + ) and 
have similar chemical properties and present only a single oxidation state, +1. Na +  
and K +  are not appreciably electrophilic because of the low charge density, forming 
mainly electrostatic interactions. The high solubility of Na +  and K +  salts in water is 
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due to large entropies of solution while heats of solution often are endothermic. This 
shows that the ions are weakly hydrated, the heats of hydration are small [ 12 ]. Ion 
hydrations and their effect on the water structure appear to play a signifi cant role in 
biological processes. The large electric fi eld around the (smaller) ions causes the 
dipolar water molecules to rearrange themselves in the hydration shell(s) around the 
ions with structures differing from that in bulk water. 

 To account for the way ions affect the hydrogen bonds in the aqueous bulk, the 
concept of structure-making (kosmotropic) and structure-breaking (chaotropic) ions 
has been introduced [ 13 ]. A common view of the structure-making and -breaking 
properties is the difference in hydrogen bonding around the ion under study [ 14 ]. 
For alkali metals it has been concluded that the small Li +  ion, with its rather high 
charge density, is a structure maker, Na +  is a borderline ion, and the larger K + , Rb + , 
Cs +  ions with low charge density are structure breakers [ 14 ]. This and the relative 
ease of hydration and dehydration of sodium and potassium, allowing rapid associa-
tion and dissociation kinetics (~10 −9  s) play an important role in their passage 
through membrane channels and enzyme activation. In many instances, a weak non-
specifi c enhancement of enzyme activity by a variety of larger monovalent cations 
has been observed. This effect has been attributed to structural stabilization brought 
about by the kosmotropic effect of larger M + . 

 It is believed that a subtle difference in the hydration shell structure of Na +  and 
K +  might play a crucial role in discriminating between the two metal ions. Therefore, 
the structure of the solvation shell of the Na +  and K +  ions in aqueous solution has 
been investigated both experimentally and theoretically. 

 A variety of experimental methods has been applied to investigate the solvation 
structure of these two cations. These include X-ray diffraction, extended X-ray 
absorption fi ne structure (EXAFS), and neutron diffraction. However, the experi-
mentally derived coordination numbers are considerably scattered ranging from 4 to 
6 for Na +  and from 6 to 8 for K + . A similar range of coordination numbers has also 
been obtained using molecular dynamics calculations [ 15 ]. Therefore, further 
experimental and theoretical studies have been initiated. By using large angle X-ray 
scattering (LAXS) on solutions of alkali metal salts the M−O distances of 2.43 Å 
for Na +  and 2.80 Å for K +  have been obtained. Based on the strong correlation 
between M–O bond distances in hydrated Na +  and K +  ions and the coordination 
number, the latter distances correspond to coordination number six and seven, 
respectively [ 16 ]. Independently, by molecular dynamics (MD) simulations based 
on density functional theory the solvation structure of Na +  and K +  has also been 
explored. The reported average coordination numbers for Na +  and K +  were 5.3 and 
6.1, respectively [ 17 ]. 

 In proteins, the M +  coordination is largely mediated by O atoms provided by 
amino acid side-chains, e.g., Asp, Asn, Glu, and Gln, and main-chain O atoms of 
the polypeptide backbone. M + -π interactions involving aromatic amino acids are 
rare. An example is the enzyme tagatose-1,6-biphosphate dehydrogenase where the 
Na + -π interaction involving the Tyr183 residue has been observed [ 18 ]. The analysis 
of sodium- and potassium-containing structures in the PDB with resolution ≤1.6 Å 
revealed target distances for K +  · · · O and Na +  · · · O of 2.42 and 2.84 Å, respectively. 
Coordination numbers found for Na +  with a coordination sphere limit of 3.17 Å 
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ranged between 4 to 7; for K +  with a coordination sphere limit of 3.59 Å the coordi-
nation numbers ranged between 5 to 8 [ 19 ].  

3     Selectivity of Sodium(I) and Potassium(I) Enzyme 
Activation 

 Many biomolecules, including ion channels, transporters, and enzymes selectively 
bind or transport ions. In most cases, the differentiation between ion types is critical 
to the function of the molecule. The discrimination between K +  and Na +  is particu-
larly interesting given their identical charge, spherical nature, and similar size. In 
kinetic terms, the binding site selectivity of an enzyme for a given M +  is refl ected by 
its substantial larger activation relative to other monovalent cations. Nevertheless, 
several examples of widely different effects of Na +  and K +  on the structure and 
kinetics also exist. 

 In the case of tryptophan synthase, changes between the Na + -bound and K + -
bound structures are signifi cant [ 20 ], but are not matched by the differences in the 
kinetics of activation [ 21 ]. Similar replacement of K +  with Na +  in K + -activated pyru-
vate kinase does not result in structural changes [ 22 ], but the enzyme is practically 
inactive without K +  [ 9 ]. Despite the fact that a number of high-resolution structures 
of M + -activated enzymes with either Na +  or K +  are available, structural features 
underlying metal ion selectivity are not fully understood. Studies of selectivity in 
small macrocyclic ligands highlighted the role of rigidity in creating a cavity that 
preferentially accommodates ions of a certain size [ 23 ]. By analogy, M +  selectivity 
in M + -activated enzymes has usually been attributed to a better structural fi t of a M +  
into the geometrically constrained binding site. However, in view of substantial 
protein dynamics the generation of a rigid pre-formed binding site in M + -activated 
enzymes is unlikely. 

 Potassium channels, tetrameric membrane-spanning proteins, represent an 
example of proteins in which metal selectivity has been subject of intense studies. 
These channels are able to distinguish between K +  and Na +  with up to 1000-fold 
preference for K +  [ 24 ]. Selectivity is achieved in a narrow region of the channel 
known as the selectivity fi lter, which is lined with carbonyl ligands that coordinate 
permeating ions, creating a thermodynamic preference for binding K +  relative to 
Na +  [ 25 ]. A widely held view attributed channel selectivity to a better structural fi t 
of K +  into the selectivity fi lter binding sites than could occur for the smaller Na + . 
This picture came from the structural and thermodynamic studies of the potassium 
channel from  Streptomyces lividans  in which a size-matched selectivity, also seen 
with natural and synthetic macrocyclic ligands, has been proposed for the preferred 
binding of K +  [ 26 ]. However, subsequent MD simulations for the potassium channel 
KscA argued against this explanation of selectivity. Firstly, in such a mechanism the 
protein should rigidly retain a precise (sub-Ångstrom) geometry to discriminate 
between the ionic radius of K +  and Na + , which differ by only 0.38 Å, and secondly, 
channels are highly fl exible, undergoing rapid thermal fl uctuations larger than the 
small difference in ionic radius between K +  and Na +  [ 27 ]. 
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 To account for the underlying channel selectivity the following concept has been 
developed. The preference is at least partly due to the channel compensating better 
the energy cost of dehydrating K +  than Na +  [ 28 ,  29 ]. Furthermore, the channel does 
not select for K +  ions by providing binding sites of the appropriate cavity size but 
the selectivity arises directly from the intrinsic local physical properties of the 
ligands coordinating the cation in the binding site. The interplay between the attrac-
tive ion–ligand (favoring smaller cation) and repulsive ligand–ligand interactions 
(favoring larger cations) is the basic element that governs size selectivity in fl exible 
protein binding sites. Consequently, altering the composition of a binding site 
appears to provide a potent molecular mechanism to achieve and maintain a high 
selectivity in protein structures despite their signifi cant conformational fl exibility 
[ 27 ,  30 ]. Therefore, it would appear that a similar mechanism might also account for 
the metal binding site selectivity in M + -activated enzymes.  

4     Classifi cation of Sodium(I)- and Potassium(I)-Activated 
Enzymes 

 In many metalloproteins metal cofactors located at the active sites of enzymes can 
be involved in intriguing biochemical reactions, in others, they appear to play a 
purely structural role stabilizing a protein fold. Based on crystal structures and 
enzyme kinetics the mechanism of M + -activated enzymes has been classifi ed as a 
cofactor-like (type I) or allosteric (type II) activation [ 11 ]. 

 In the type I mechanism, substrate anchoring to the enzyme active site is 
mediated by M + , often acting in tandem with a divalent cation like Mg 2+ , Mn 2+  or 
Zn 2+ . In such a mechanism, M +  coordination is required for catalysis or substrate 
recognition. 

 In the allosteric type II mechanism, M +  binding enhances enzyme activity 
through conformational transitions triggered upon binding to a site where the cation 
makes no direct contact with the substrate. In general, allostery is defi ned as the 
binding of a ligand at one site causing a change in the affi nity or catalytic effi ciency 
of a distant site [ 31 ]. As proteins in solution are dynamic entities, the allosteric 
effect reveals selective stabilization of one conformation of the enzyme through M +  
complexation that may produce local and potentially long-range effects on the 
enzyme structure. 

4.1     Cofactor-Like Potassium(I)-Activated Enzymes (Type I) 

 Pyruvate kinase was the fi rst enzyme for which a dependence of the activity on 
monovalent cations was documented [ 9 ]. An intriguing requirement for activation 
of the enzyme by two divalent cations (2 Mg 2+  or 2 Mn 2+ ) was documented 
much later [ 32 – 34 ]. Pyruvate kinase catalyzes the fi nal reaction of glycolysis in 
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which phosphoenolpyruvate (PEP) and ADP are converted into pyruvate and ATP, 
respectively. The enzyme is allosterically regulated and features a tetrameric struc-
ture composed of identical monomers of 50–60 kDa, depending on species. The 
active site is located in a large cleft formed by the interface between two larger 
domains, the α 8 β 8  barrel or A domain and the α-barrel of the B domain [ 22 ]. The 
structure of the yeast enzyme solved in the presence of the substrate analog phos-
phoglycolate [ 35 ] (Table  1 ) reveals a close interaction between K +  and Mn 2+  with 
amino acid groups and the substrate in the active site (Figure  1 ). The divalent cation 
anchors the substrate via its carboxylate and phosphoester O atoms to the side-chain 
O atoms of Glu242 and Asp266. Conversely, K +  increases electrostatic coupling of 
the phosphate group by screening the carboxylate O of Asp84, which is engaged in 

                  Table 1    Selected examples of a cofactor-like (type I) and allosteric effector (type II) activation of 
K + -dependent enzymes. a    

 Enzyme 
 PDB 
entries b   Structure examples  Ligands c   References d  

  K   +   -activated type I  
 Branched-chain α-ketoacid 
dehydrogenase kinase 

 15  1GJV, 1GKZ;  Free:  
1GKX 

 5 (4-0-1)  [ 38 ] 

 Diol dehydratase  37  1DIO  7 (5-0-2)  [ 48 ] 
 Fructose 1,6-bisphosphatase  132  1FPI  4 (3-0-1)  [ 70 ] 
 Glycerol dehydratase  247  1IWP;  Free:  1MMF  7 (5-0-2)  [ 46 ] 
 GroEL  102  1KP8  7 (2-4-1)  [ 56 ] 
 Hsc70  89  1HPM, 3HSC  8 (2-3-3)  [ 54 ,  55 ] 
  Mv RadA  2  1XU4  4 (2-1-1)  [ 61 ] 
 Pyridoxal kinase  35  1LHR;  Free:  1LHP  6 (4-1-1)  [ 64 ] 
 Pyruvate dehydrogenase 
kinase 

 27  1Y8N, 1Y8O, 1Y8P, 
3CRK 

 5 (4-0-1)  [ 41 ] 

 Pyruvate kinase  125  1A49;  Na   +   -bound:  1A5U  6 (4-1-1)  [ 22 ] 
  K   +   -activated type II  
 Branched-chain α-ketoacid 
dehydrogenase 

 51  1DTW  5 (5-0-0)  [ 77 ] 

 Dialkylglycine 
decarboxylase 

 17  1DKA;  Na   +   -bound:  
2DKB 

 6 (5-1-0)  [ 81 ] 

 Histone deacetylase  35  1W22  6 (6-0-0)  [ 99 ] 
 MutL  17  1NHI;  Na   +   -bound:  1NHJ  5 (4-1-0)  [ 93 ] 
 IMP dehydrogenase  43  1PVN  6 (6-0-0)  [ 126 ] 
 Ribokinase  69  1GQT  6 (6-0-0)  [ 96 ] 
 Ser dehydratase  1025  1PWH;  Free:  1PWE  6 (6-0-0)  [ 84 ] 
 Tryptophanase  8  1AX4  7 (4-3-0)  [ 85 ] 
 Tyrosine phenol-lyase  17  2EZ1  7 (4-3-0)  [ 88 ] 

   a Table adapted from [ 11 ]. 
  b Number of enzyme structures deposited in the PDB as of 2014-12-31. 
  c The format is  N  (p-w-s), where  N  is the sum of ligands from the protein (p), water (w), and sub-
strate (s). 
  d Only the most relevant references are listed.  
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the coordination shell along with the main-chain O atoms of Thr85, the Oγ of Ser53, 
and the side-chain O atom of Asn51. Consequently, K +  acts to electrostatically opti-
mize substrate binding by participating in direct interaction and infl uencing the 
environment of the active site in pyruvate kinase.

   Mitochondrial pyruvate dehydrogenase complex (PDC) is a large macromolecular 
machine catalyzing an oxidative decarboxylation of pyruvate with concomitant forma-
tion of acetyl-CoA and NADH, thereby linking glycolysis to the citric acid cycle [ 36 ]. 
PDC is composed of multiple copies of four components: pyruvate dehydrogenase 
(E1), dihydrolipoamide acetyltransferase (E2), dihydrolipoamide dehydrogenase (E3) 
and E3-binding protein (E3BP) [ 37 ]. The activity of this complex is regulated by mito-
chondrial protein kinases, molecular switches that down-regulate the oxidation of 
branched-chain α-ketoacids and pyruvate. Branched-chain α-ketoacid dehydrogenase 
kinases (BCKD kinases), together with pyruvate dehydrogenase kinases, defi ne this 
novel family of serine protein kinases [ 36 ]. These mitochondrial serine protein kinases 
share sequence motifs essential for ATP binding and require Mg 2+  and K +  for optimal 
catalytic activity. The mammalian α-ketoacid dehydrogenase kinase complex catalyzes 
the oxidative decarboxylation of branched-chain α-ketoacids derived from leucine, iso-
leucine, and valine. The crystal structure of rat BCKD kinase in its apo-form, com-
plexed with ADP and with a non-hydrolyzable ATP analog reveals a homodimeric 
arrangement. Binding of adenosine nucleotides is uniquely mediated by both magne-
sium and potassium (Figure  2 ). The Mg 2+  is bound to the conserved Asn249 and 
the phosphate moieties in the nucleotide. The K +  is coordinated by the α-phosphate 
of the nucleotide and the main-chain O atoms of Val298, Asp300, Phe303, and 
Gly337 [ 38 ] (Table  1 ). This type I potassium-binding site of BCKD kinase appears to 

  Figure 1    Structural model of the type I potassium-binding site in pyruvate kinase. Structural ele-
ments contributing to the K + -binding site are shown in ribbons along with ball-and-stick models of 
the substrate, amino acids and metal ions. Directly bound to phosphoenolpyruvate (PEP) (CPK, C 
in cyan) is Mn 2+  (yellow). K +  (purple) is coordinated by the O atoms of main-chain and side-chain 
residues in the substrate binding pocket (PDB code 1A3W; [ 22 ]).       
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be similar to that of pyruvate kinase, chaperonin GroEL, chaperone Hsc70, fructose 
1,6-bisphosphatase, and a few other K + -activated enzymes involved in phosphoryl 
transfer reactions (see Table  1 ).

   The other protein kinase involved in the regulation of the pyruvate dehydroge-
nase complex and containing a type I site is pyruvate dehydrogenase kinase (PDHK). 
The enzyme binds to the lipoyl domain of the pyruvate dehydrogenase complex, 
where it monitors changes in the reduced and acetylated states of the lipoic acid 
ligand. In mammalian species, PDHK is represented by at least four closely related 
protein kinases, which are remarkably different with respect to their activities, tis-
sue distribution, and regulation [ 39 ,  40 ]. The crystal structure of PDHK3 bound to 
the inner lipoyl-bearing domain of dihydrolipoamide transacetylase (L2), deter-
mined with or without bound adenylyl imidodiphosphate, revealed a PDHK3 dimer 
complexed with two L2 domains [ 41 ]. The distal portion of the PDHK3-ATP lid 
makes a tight turn around the polyphosphate moiety of ATP, thereby assisting in 
positioning of the γ-phosphate in the active site. This closed conformation creates a 
type I potassium-binding site, closely similar to that reported for BCKD kinase (see 
Figure  2 ). In PDHK3, the main-chain O atoms of Leu300, Asn302, Tyr305, and 
Gly325 serve as protein ligands for the bound potassium ion. The fi fth ligand of 
bound K +  comes from the Pγ O atom of ATP. This arrangement is thought to facili-
tate the catalysis of phosphotransfer reaction in PDHK [ 41 ,  42 ]. However, new 
insights into the molecular mechanisms responsible for the recognition of L2 and 
kinase activity have been provided by recent structural studies on PDHK2 in a com-
plex with L2. The latter structure revealed, in addition to the type I potassium- 
binding site, a novel type II potassium-binding site located on the PDHK2 interface 

  Figure 2    Structural model of the type I potassium-binding site in α-ketoacid dehydrogenase 
kinase. Structural elements contributing to the K + -binding site are shown in ribbons along with 
ball-and-stick models of the substrate, amino acids, and metal ions. Mg 2+  (green) is directly bound 
to ADP (C in cyan) in the active site. K +  (purple) is coordinated by the α-phosphate of ADP and 
further ligated to the four O atoms of amino acid side-chains in the substrate binding pocket (PDB 
code 1GKZ; [ 38 ]).       
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with the L2 domain [ 43 ] (Table  1 ). The type II potassium-binding site plays a struc-
tural role, rigidifying the interface between PDHK2 and L2. K +  in this binding site 
is coordinated by the three main-chain O atoms of Ser24, Phe26, and Tyr374. The 
other oxygen atoms coordinating the bound K +  come from the side-chain oxygen of 
Asn63 and a water molecule (Figure  3 ). This structural feature dramatically 
improves the L2 binding, thereby facilitating targeting of PDHK2 toward its protein 
substrate and providing yet another route to control PDHK2 activity. In the structure 
of human PDHK2, the presence of similar type I and type II potassium-binding sites 
has also been reported [ 44 ].

   Glycerol dehydratase and diol dehydratase are highly homologous isofunctional 
enzymes that catalyze the elimination of water from glycerol and 1,2-propanediol to 
the corresponding aldehyde via a coenzyme B 12 -dependent mechanism. Both 
enzymes have an absolute requirement for a potassium ion for catalytic activity. The 
adenosylcobalamin-dependent reactions are initiated by homolysis of the Co–C 
bond of the enzyme-bound cofactor and catalyzed by a radical mechanism [ 45 ]. The 
crystal structure of substrate-free glycerol dehydratase [ 46 ] and in complex with 
cobalamin and propane-1,2-diol has been solved [ 47 ] (Table  1 ). The latter structure 
features a dimer of the αβγ heterotrimer [ 47 ]. The active site is located in a (β/α) 8  
barrel, the so-called TIM (triosephosphate isomerase) barrel, that is formed by a 
central region of the α subunit. The substrate propane-1,2-diol and essential cofac-
tor K +  are bound inside the (β/α) 8  barrel above the corrin ring of cobalamin. Here, 
K +  is heptacoordinated by the two hydroxyls of the substrate and fi ve O atoms of the 
active-site residues (Figure  4 ). In the substrate-free structure, K +  is hexacoordinated 
with a water molecule in place of the substrate ligands.

  Figure 3    Structural model of the type II potassium-binding site in PDHK2. In the enzyme, both 
the type I and the type II potassium-binding sites are present. Structural elements contributing to 
the K + -binding site are shown in ribbons along with ball-and-stick models of the substrate, amino 
acids, and metal ions. Bound K +  (purple) is coordinated by the four O atoms of amino acid residues 
and one water molecule (red) (PDB code 3CRK; [ 43 ]).       
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   Although the overall polypeptide fold in glycerol dehydratase is quite similar to 
that of diol dehydratase, the nature and the number of the metal ions required for the 
enzyme activity differ. In the crystal structure of diol dehydratase two metal ions in the 
active site have been recognized. One metal ion has been found directly  coordinated 
by substrate [ 48 ] and the other located near the adenine ring of the coenzyme adenosyl 
group [ 49 ]. In these crystallographic models of diol dehydratase both metals have 
been assigned to K + . However, recent biochemical studies established that diol dehy-
dratase contains tightly bound Ca 2+  and is almost completely inhibited by the preincu-
bation with EDTA or EGTA [ 50 ]. This along with enzyme kinetics and quantum 
mechanical/molecular mechanical (QM/MM) calculations indicated that the presence 
of Ca 2+  is essential for the enzyme catalysis [ 50 ,  51 ]. Reevaluation of the crystal struc-
ture led to the conclusion that the substrate-coordinated metal ion is not K +  but Ca 2+  
and that K + , bound near the adenine ring, represents the essential potassium for the 
diol dehydratase catalysis. In this type II potassium-binding site K +  is six-coordinated 
by four main-chain O atoms of Gly261, Ser264, Glu265, and Glu280 and two water 
molecules, one of which is hydrogen-bonded to N1 of the coenzyme adenine moiety 
(fi gure not shown) [ 50 ]. Thus it appears that the coenzyme B 12 -dependent diol dehy-
dratase is a potassium-requiring calcium metalloenzyme. Since the inhibition of 
highly homologous glycerol dehydratase by EDTA was also reported [ 52 ], a similar 
requirement of both K +  and Ca 2+  for its activity remains to be elucidated. 

 Most proteins must fold into defi ned three-dimensional structures to gain func-
tional activity. However, in the cellular environment, newly synthesized proteins are 
at great risk of aberrant folding and aggregation, potentially forming toxic species. 
Therefore, cells developed a complex network of molecular chaperones, which use 

  Figure 4    Structural model of the type I potassium-binding site in glycerol dehydratase. Structural 
elements contributing to the K + -binding site are shown in ribbons along with ball-and-stick models 
of the substrate, amino acids, and metal ions. The active-site cavity is viewed from the direction 
parallel to the plane of the corrin ring of cobalamin (red). Active site residues interacting with the 
substrate (C in cyan) and K +  (purple) are shown (PDB code 1IWP; [ 47 ]).       
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ingenious mechanisms to prevent aggregation and promote effi cient folding. 
These protein families are also known as stress proteins or heat-shock proteins, as 
they are upregulated under conditions of stress in which the concentrations of 
 aggregation- prone folding intermediates increase. They function via the repetitive 
transient association with exposed hydrophobic patches on misfolded proteins in an 
ATP-dependent manner [ 53 ]. Hsc70 is a well-characterized constitutively expressed 
chaperone that has intrinsic ATPase activity, hydrolyzing ATP into ADP. In this 
instance, both K +  and Mg 2+  are required for the activity [ 54 ]. The Hsc70s are composed 
of two intimately related but functionally distinct domains; the 40 kDa N-terminal 
nucleotide- binding domain, which binds and hydrolyzes ATP, and the 30 kDa 
C-terminal substrate-binding domain. In the structural studies of the active site 
domain of bovine Hsc70 two K +  and one Mg 2+  ion have been revealed. Here, K +  
provides optimal electrostatic coupling for the phosphate moiety of the substrate 
and optimizes the register for docking in the enzyme active site and formation of the 
transition state [ 55 ].

   Similarly to Hsc70, GroEL, a member of the ATP-dependent chaperonin family 
that, along with its binding partner GroES, promotes the proper folding of many cyto-
solic bacterial proteins [ 53 ]. The GroEL complex consists of 14 identical subunits 
arranged into two heptameric rings that associate with each other in a back-to- back 
manner. Each subunit can be divided into three functional domains termed apical, 
intermediate, and equatorial. The apical domain captures unfolded protein substrates 
and binds GroES, an event that leads to the encapsulation of the substrate protein. 
The equatorial domain contains the ATP-binding site and forms contacts between the 
two heptameric rings. A crystal structure of the GroEL complex with ATP, Mg 2+ , and 
K +  bound to all 14 subunits revealed that potassium ions are involved in binding the 
triphosphate moiety of ATP [ 56 ] (Table  1 ). K +  is heptacoordinated by the Pα O atom, 
the main-chain O atoms of Thr30 and Lys51, and four water molecules (Figure  5 ). 
Comparison with the GroEL structure obtained in the absence of potassium ions [ 57 ] 
allowed evaluation of the structural changes that may occur in response to cognate K +  
binding. Both structures were found to be similar, the only exception being some dif-
ferences as to the temperature factor ( B -factor) distribution [ 58 ]. 

 Homologous recombination, in which DNA strands are exchanged between a 
pair of homologous sequences, is crucial for both the repair of damaged DNA and 
the maintenance of genomic diversity. The DNA strand exchange reaction in homol-
ogous recombination is facilitated by several M + -dependent ATPases, known as 
recombinases [ 59 ], whose activity depends on ATP and Mg 2+  or Ca 2+  and in the case 
of human and yeast, but not  E. coli , on the presence of K +  or NH 4

+

  . The recombinase 
superfamily consists of Rad51 for eukaryotes, RadA for archaea and RecA for bac-
teria. The strand exchange reaction is initiated by their cooperative assembling 
around single-stranded DNA in the presence of ATP, forming a nucleoprotein fi la-
ment in which the DNA is stretched compared with its canonical B form. This 
nucleoprotein fi lament engages a double-stranded DNA with homologous sequence 
thereby promoting strand exchange between the two DNA molecules [ 59 ]. While 
Rad51 exhibits a more effi cient strand exchange in the presence of Ca 2+  compared 
with Mg 2+ , the strand exchange activity of RecA requires a high concentration of 
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Mg 2+  [ 60 ]. The crystal structure of Rad51 homolog from  Methanococcus voltae  
( Mv RadA) has been solved in the presence of a non-hydrolyzable ATP analog and 
Mg 2+ , in the absence and presence of K +  [ 61 ] (Table  1 ). The  Mv RadA structure con-
taining potassium revealed a typical arrangement of Mg 2+  and two K +  in the active 
site that polarize the Pγ of ATP. Each K +  is ligated by an O atom from the Pγ and the 
side-chain O atoms of Asp302 or Glu151 (Figure  6 ). To learn more about the molec-
ular mechanism and the role of cations in catalysis MD simulations were carried out 
using a dimer model of Rad51 as a minimal unit of an active form of the Rad51 fi la-
ment. The results of MD simulations suggested that potassium ions are indispens-
able for the stabilization of the active dimer [ 62 ].

   Pyridoxal kinase (PLK) catalyzes the transfer of a phosphate group from ATP to 
the 5′ alcohol of pyridoxine, pyridoxamine, and pyridoxal to provide pyridoxal-5′-
phosphate (PLP), the form of vitamin B 6 , a widely used coenzyme. The enzyme 
requires both monovalent and divalent cations for its function. In general, the Mg 2+  
and K +  ions are commonly used in reactions catalyzed by kinases. While the metal 
ion tandem Mg 2+  and K +  is required for the activity of PLK from  E. coli  [ 63 ], Zn 2+  
and K +  have been proposed to be the physiological metals needed for mammalian 
PLK activity [ 64 ]. This apparent discrepancy has been reconciled by further studies 
showing that the observed enzyme activation by Zn 2+  has been derived from enzyme 
kinetics carried out under non-physiological conditions regarding substrate concen-
trations and/or pH (pH 6) and that under physiological conditions Mg 2+  is the 
required divalent metal ion [ 63 ]. Interestingly, in a more recent kinetic study using 
the human enzyme Na +  was found to elicit more than a two-fold increase in enzyme 
activity than K +  [ 65 ]. Nevertheless, the fact that PLK is indeed the K + -requiring 
enzyme has been concluded on the basis of its substantially increased affi nity for 

  Figure 5    Structural model of the type I potassium-binding site in the GroEL chaperonin. 
Structural elements contributing to the K + -binding site are shown in ribbons along with ball-and- 
stick models of the substrate, amino acids, and metal ions. Mg 2+  (green) and K +  (purple) are 
directly bound to ATP-γ-S (C in cyan). K +  is further coordinated by the two O atoms of amino acid 
residues and four water molecules (red) (PDB code 1KP8; [ 56 ]).       
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the ATP and PLK substrates in the presence of K +  as compared to Na +  and its 
occurrence in intracellular space, where K +  concentration is several-fold higher than 
the one of Na + . Moreover, bound Na +  in PLK has a fi ve-coordination shell [ 64 ] 
whereas K +  is octahedrally coordinated by the O atoms of Thr186, Asp113, Glu153, 
and Thr148, as well as the ATP β-phosphate group and a water molecule (Figure  7 ) [ 65 ]. 
Differences between the Na +  and K +  coordination spheres along with the ability of 
protein ligands to strip off water molecules much easier from the hydration sphere 
of the larger K +  (1.33 Å) than from the smaller Na +  (0.9 Å) [ 66 ] have been proposed 
to account for the observed effect of M +  on PLK activity  in vitro  [ 65 ] (Table  1 ).

   Another important enzyme requiring K +  for its activity is fructose 
1,6- bisphosphatase, a key enzyme in gluconeogenesis. The enzyme hydrolyzes 
fructose 1,6-bisphosphate to fructose 6-phosphate and inorganic phosphate [ 67 ]. 
The enzyme requires two divalent metal ions (Mg 2+ , Mn 2+  and/or Zn 2 ) for activity, 
and the activity is further enhanced by K +  and inhibited by Li +  [ 68 ,  69 ]. The mam-
malian 1,6-bisphosphatase is inhibited allosterically by AMP and competitively by 
fructose 2,6-bisphosphate. The crystal structure of the enzyme bound to a substrate 
analog and several combinations of monovalent and divalent metal ions has been 
determined [ 70 ,  71 ]. Each subunit of the tetrameric enzyme shows, besides binding 
sites for one substrate and one AMP molecule, also two binding sites for divalent 
and one for monovalent metal ions. Binding of the substrate is accomplished with 
the participation of a loop comprised of residues 52–72, termed the ‘dynamic loop’. 
Of the three metal sites, loop 52–72 interacts directly with the cation at site 3 only, 
which has been postulated to represent the K +  activation site. This site together with 

  Figure 6    Structural model of the type I potassium-binding site in  Mv RadA. Structural elements 
contributing to the K + -binding site are shown in ribbons along with ball-and-stick models of the 
substrate, amino acids, and metal ions. The ATP analog AMP-PNP (C in cyan) in the active site is 
ligated to one Mg 2+  (green) and two K +  ions (purple). Ligands shown in grey are amino acids from 
the symmetry generated crystal interface (PDB code 1XU4; [ 61 ]).       
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Arg276, activates the enzyme by deshielding the 1-phosphoryl group of the substrate 
and aid in the nucleophilic attack at the phosphorus atom by OH −  [ 70 ,  72 ]. 

 Similar to fructose 1,6-bisphosphatase also methionine adenosyltransferase, also 
known as  S -adenosylmethionine synthase (MAT), is activated by K +  in tandem with 
two Mg 2+  ions [ 73 ,  74 ]. MATs represent a ubiquitous family of enzymes that utilizes 
ATP and methionine to produce  S -adenosylmethionine, the most crucial methyl 
donor in the biological methylation of biomolecules [ 75 ]. Most of the structural 
studies have been carried out using the  E. coli  and rat liver enzymes in complex with 
various substrates, cofactors, and inhibitors. In the presence of a non-hydrolyzable 
ATP analog and the substrate Met, the  E. coli  structure reveals two Mg 2+  and one K +  
in the active site anchoring the phosphate moiety of the cofactor [ 76 ]. The active site 
architecture is similar to that of pyruvate kinase (see Figure  1 , Table  1 ).  

4.2     Allosteric Potassium(I)-Activated Enzymes (Type II) 

 In type II allosteric activation the K +  ion, located outside of the active center without 
direct contact with the substrate, acts as an allosteric effector that promotes sub-
strate binding and catalysis through conformational transitions triggered upon its 
binding [ 11 ]. The human branched-chain α-ketoacid dehydrogenase (BCKD) com-
plex is a member of the mitochondrial α-ketoacid dehydrogenase complex family 
comprising pyruvate dehydrogenase, α-ketoglutarate dehydrogenase, and BCKD 
complexes [ 37 ]. The BCKD complex catalyzes the oxidative decarboxylation of 

  Figure 7    Structural model of the type I potassium-binding site in PLK. Structural elements con-
tributing to the K + -binding site are shown in ribbons along with ball-and-stick models of the sub-
strate, amino acids, and metal ions. ATP (C in cyan) in the active site is ligated to Zn 2+  (grey) and 
K +  (purple). K +  is octahedrally coordinated by the four O atoms of amino acid residues, ATP and 
one water molecule (red) (PDB code 1LHR; [ 64 ]).       
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branched-chain α-ketoacids derived from the branched-chain amino acids leucine, 
isoleucine and valine. The activity of the BCKD complex is completely abolished 
by phosphorylation of Ser292 by BCKD kinase. BCKD is a thiamine diphosphate- 
dependent enzyme and is arranged as a α 2 β 2 -heterotetramer. In this enzyme two 
important K + -binding sites have been identifi ed [ 77 ] (Table  1 ). The K + -binding site 
located close to the cofactor is stabilized by a loop formed by residues 161–166 of 
the α subunit. The residues of the loop are directly involved in K +  coordination 
through the side-chain O atoms of Ser161, Thr166, and Gln167 and the main-chain 
O atoms of Ser161 and Pro163 (Figure  8 ). The K +  bound to this site controls the 
thiamine diphosphate binding and thus enzyme activity.

   The second K + -binding site, located in in the β subunit at the interface with the 
small C-terminal domain of the α subunit, is important for the stability of the tetra-
meric structure of BCKD. The coordination of K +  in this site is octahedral and is 
almost exclusively maintained by the protein main-chain O atoms and a water mol-
ecule [ 77 ]. 

 Pyridoxal 5′-phosphate, the bioactive form of vitamin B 6 , acts as a cofactor for 
amino acid metabolizing enzymes where it is invariably bound to an active site lysine 
through a Schiff base linkage forming the ‘internal’ aldimine. In dialkylglycine decar-
boxylase, serine dehydratase, tryptophan synthase and tryptophanase, besides PLP 
also K +  is required for their activity [ 78 ]. Dialkylglycine decarboxylase is an unusual 
enzyme in that a single cleavage site catalyzes both the decarboxylation and transami-
nation reaction [ 79 ,  80 ]. The enzyme contains two binding sites for alkali metal ions. 
The crystal structure of the enzyme is an α 4  tetramer, built up as a dimer of dimers. 
The structure solved in the presence of K +  with PLP bound to the active site, revealed an 

  Figure 8    Structural model of the type II potassium-binding site in BCKD. Structural elements 
contributing to the K + -binding site are shown in ribbons along with ball-and-stick models of the 
substrate, amino acids, and metal ions. Shown are the substrate thiamine diphosphate (ThDP) (C 
in cyan) and Mg 2+  (green). K +  (purple) is coordinated by the O atoms of fi ve amino acid residues 
(PDB code 1DTW; [ 77 ]).       
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important structural role for K +  located near the active site (Figure  9 ). This potassium 
ion is coordinated by the side-chain O atom of Asp307, the main-chain O atoms of 
Leu78, Thr303, and Val305, the hydroxyl O atom of Ser80, and a water molecule. The 
other metal binding site is located at the C-terminus of an α helix [ 81 ,  82 ] (Table  1 ).

   Serine dehydratase, the other PLP- and K + -dependent enzyme, catalyzes dehy-
dration of  l -serine to yield pyruvate and ammonia [ 83 ]. The crystal structure of the 
apo- and the holoenzyme crystallized with  O -methylserine revealed two protein 
domains with the active site located in the cleft between these two domains. Four O 
atoms of the main-chain of Gly168, Ala198, Leu223, Val225, and two side-chain O 
atoms of Glu194 and Ser200 coordinate the K +  bound near the active site. The major 
function of this ion is structure stabilizing [ 84 ]. 

 Similar K + -binding sites were found in the structures of β-elimination enzymes, 
tryptophan synthase [ 20 ] and tryptophanase [ 85 ] (see Tables  1  and  2 ). The trypto-
phan synthase heterotetrameric α 2 β 2  complex catalyzes the last two reactions in the 
biosynthesis of  l -tryptophan [ 86 ]. In the crystal structure of Trp synthase the K +  
binding site is located in the C-terminal domain of the β subunit and near the phos-
phate group of PLP, thereby stabilizing a conformational state of the internal aldi-
mine. The main-chain O atoms of Gly232, Phe306, and Ser308 and one water 
molecule form the coordination shell of K +  (Figure  10 ) [ 20 ].

   The enzyme tryptophanase or tryptophan indole-lyase is a bacterial PLP- 
dependent lyase that catalyzes  in vivo  degradation of  l -tryptophan to yield indole, 
pyruvate, and ammonia. The active form of tryptophanase is an α 4  tetramer and each 
subunit binds one molecule of PLP. The enzyme requires monovalent cations such 

  Figure 9    Structural model of the type II potassium-binding site in dialkylglycine decarboxylase. 
Structural elements contributing to the K + -binding site are shown in ribbons along with ball-and- 
stick models of the substrate, amino acids, and metal ions. Shown is the cofactor pyridoxal 
5′-phosphate (PLP) (C in cyan) bound to the active site in the presence of K + . K +  (purple) is hexa-
coordinated by the O atoms of fi ve amino acid residues and a water molecule (red) (PDB code 
1DKA; [ 82 ]).       
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as NH 4
+

  , K +  or Rb +  for its activity [ 87 ]. In the crystal structure of tryptophanase the 
active site is located near the subunit interface with PLP bound at the bottom of the 
catalytic cleft. The K +  binding site is located at the intersubunit interface in the cata-
lytic dimer, at a large distance from the PLP moiety excluding its direct involvement 
in catalysis. The coordination sphere of the K +  includes the main-chain O atoms of 
Gly53 and Asn271 from one subunit, the side-chain O atom of Glu70, and the 
 main- chain O atom of Glu70 from the second subunit and three water molecules 
(Figure  11 ). Based on comparison with the crystal structure of the apoenzyme a 
structure stabilizing role for K +  has been suggested [ 85 ].

   Structurally, the described tryptophanase is very similar to other bacterial PLP- 
dependent enzyme tyrosine phenol-lyase, whose activity is also infl uenced by mon-
ovalent cations. The enzyme tyrosine phenol-lyase is a bacterial PLP-dependent 
lyase that catalyzes  in vivo  the reversible β-elimination of  l -tyrosine to produce phe-
nol and ammonium. A tetrameric molecule of tyrosine phenol-lyase binds four K + , 
one K +  per monomer. Each K +  is bound at the interface between two related subunits 
stabilizing the structure of the catalytic dimer. It is coordinated by the main-chain O 
atoms of Gly52 and Asn262 from one subunit and by the main-chain O atoms and 
side-chain O atoms of Glu69 from the adjacent subunit (Table  1 ) [ 88 ]. All of these 
residues belong to the large domains of protein subunits. Additionally, there are three 
water molecules completing the coordination sphere of K +  (Figure  12 ) [ 88 ].

   DNA mismatch repair (MMR) maintains genomic stability by correcting errors 
that have escaped polymerase proofreading [ 89 ]. Initiation of MMR depends on the 
action of the MutS protein, which recognizes a mismatched base pair and recruits 
MutL in an ATP-dependent manner. MutL plays an essential role in MMR by 

  Figure 10    Structural model of the type II potassium-binding site in tryptophan synthase. Structural 
elements contributing to the K + -binding site are shown in ribbons along with ball-and- stick models 
of the substrate, amino acids, and metal ions. Shown is the cofactor pyridoxal 5′-phosphate (PLP) 
(C in cyan) bound to the active site in the presence of K + . K +  (purple) is coordinated by the three O 
atoms of amino acid residues and a water molecule (red) (PDB code 1TTQ; [ 20 ]).       
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coordinating various protein–protein interactions. The protein is composed of two 
structurally conserved domains connected by a variable fl exible linker [ 90 ]. The 
N-terminal region encompasses an ATPase domain of the GHL (gyrase, Hsp90, 
MutL) ATPase/kinase superfamily that is conserved from bacteria to humans 
[ 91 ,  92 ]. The crystallographic and biochemical studies revealed that, in addition to 
a magnesium ion, a monovalent cation-binding site is present in the ATP binding 

  Figure 11    Structural model of the type II potassium-binding site in tryptophanase. Structural ele-
ments contributing to the K + -binding site are shown in ribbons along with ball-and-stick models of 
the substrate, amino acids, and metal ions. K +  (purple) is coordinated by the O atoms of four amino 
acid residues and three water molecules (red) (PDB code1AX4; [ 85 ]).       

  Figure 12    Structural model of the type II potassium-binding site in tyrosine phenol-lyase. 
Structural elements contributing to the K + -binding site are shown in ribbons along with ball-and- 
stick models of the substrate, amino acids, and metal ions. K +  (purple) is bound at the interface 
between two subunits. K +  is bound to the O atoms of three amino acid residues from both subunits 
and three water molecules (red) (PDB ID: 2EZ1; [ 88 ]).       
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domain of MutL. ATPase activity of MutL was observed with Na + , K + , Rb +  or Cs +  
ions, but not with Li + . The crystal structure of the N-terminal 40 kDa fragment 
(NL40) of wild type MutL in complex with a non-hydrolytic ATP analog revealed 
K +  coordination by four O atoms of the main-chain residues Leu70, Ala71, Ala73, 
and Ala76, originating from a tight turn following an α-helix at the N-terminal hinge 
of the ATP lid, and a water molecule (Figure  13 ). The K +  ion in MutL does not 
directly contact the non-hydrolyzable ATP analog. The binding of the monovalent 
cation apparently stabilizes the ATP lid (Table  1 ) [ 93 ].

    d -Ribose is widely used in biology as an energy supply and in biosynthesis of 
nucleotides, amino acids, and other cofactors. However, before use,  d -ribose must 
be phosphorylated to produce ribose-5-phosphate by ribokinase. This carbohydrate 
kinase in a reaction requiring ATP and magnesium transfers the γ-phosphate group 
from ATP to ribose [ 94 ,  95 ]. Monovalent cations such as K + , Cs + , and NH 4

+

  , but 
neither Na +  nor Li +  are required for the ribokinase activity. Since  E. coli  ribokinase 
is activated by potassium with an apparent  K  d  of 5 mM, the enzyme should be fully 
active under physiological conditions. An apparent  K  d  of 17 mM found for cesium 
implies that Cs +  can be used as an alternative ion [ 96 ]. The crystal structure of  E. 
coli  ribokinase bound to Cs + , used instead of K +  because of a larger number of elec-
trons and thus easier detection in electron density maps, reveals a homodimer with 
each subunit composed of two domains. A larger domain of the enzyme provides 
most of the binding interactions for substrate and a smaller domain provides the 
dimer interface and a lid for the ribose [ 96 ]. The bound Cs +  is heptacoordinated by 
the fi ve main-chain O atoms of residues Asp249, Ile251, Ala285, Arg288, and 
Gly290 and the side-chain O atoms of Asp249 and Ser294. In the absence of the apo 
structure the proposed structural features responsible for the enzyme activation 

  Figure 13    Structural model of the type II potassium-binding site in the ATP binding domain of 
MutL. Structural elements contributing to the K + -binding site are shown in ribbons along with ball-
and- stick models of the substrate, amino acids, and metal ions. One Mg 2+  (green) is bound to the 
ATP analog ANP (C in cyan) in the active site. K +  (purple) is ligated to the four main-chain O 
atoms and a water molecule (red) (PDB code 1NHI; [ 93 ]).       
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by K +  could be only assumed [ 96 ]. Recently, to shed light into the details of the 
ribokinase activation mechanism by monovalent metal ions, the crystal structure of 
 Sa 239, a ribokinase from  Staphylococcus aureus , in the absence of monovalent ions 
has been elucidated [ 97 ]. In this work, based on the comparison of the crystal 
structures of  Sa 239 and  E. coli  ribokinase, it has been concluded that signifi cant 
 conformational changes of the large ATP binding loop by M +  binding shape the 
nucleotide binding pocket thereby enhancing the substrate binding affi nity. 

 Modulation of the acetylation state of lysine residues found in the accessible N 
termini of core histones is one of the posttranslational chromatin modifi cations that 
affect gene expression. Acetylation and deacetylation of histones are controlled by 
the enzymatic activity of histone acetyltransferases and histone deacetylases 
(HDACs). Two related classes of eukaryotic HDACs exist based on sequence simi-
larity. Class I HDACs are ubiquitously expressed and are primarily located in the 
nucleus, while the class II enzymes can shuttle between the nucleus and cytoplasm 
[ 98 ]. Both classes are zinc-dependent hydrolases. The crystal structure of HDAC8, a 
member of the class I family, comprises a single α/β domain which binds one Zn 2+  
ion and two K +  ions  in vivo  [ 99 – 101 ]. The HDAC8 active site reveals a narrow 
pocket, likely to accommodate the acetylated lysine during the catalytic reaction, and 
Zn 2+  at the bottom of this cavity. The two K +  binding sites, designated as site 1 and 
site 2, are located 7 Å and 21 Å from the Zn 2+  binding site, respectively (Table  1 ) 
[ 99 ]. K +  in site 1 is coordinated by the side-chain O atoms of Asp176 and Ser199 and 
the main-chain O atoms of Asp176, Asp178, His180, and Leu200. Whereas K +  in site 
2 is ligated by two water molecules and the main-chain O atoms of Phe189, Thr192, 
Val195, and Tyr225 (Figure  14 ). In recent kinetic studies of HDAC8 and its mutant, 

  Figure 14    Structural model of the type II potassium-binding site in HDAC8. Structural elements 
contributing to the K + -binding site are shown in ribbons along with ball-and-stick models of the 
substrate, amino acids, and metal ions. The enzyme HDAC8 contains one active site Zn 2+  and two 
type II K +  ions located in separate binding sites designated as 1 (lower part, left) and 2 (upper part, 
right) (K +  in purple). K +  (purple) in the more distant site 2 acts as an allosteric effector and is 
coordinated by the main-chain O atoms of Phe189, Thr192, Val195, and Tyr225 and two water 
molecules (red) (PDB code 1 W22; [ 99 ]).       
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the roles of the two K +  ions have been addressed. The activating K +  binds to the more 
distant site 2, consistent with its role as an allosteric effector. In contrast, the more 
weakly bound K +  in site 1 decreases the enzyme activity (11-fold), likely by altering 
the p K  a  of active site His142 present in the second coordination sphere [ 102 ].

   Inosine 5′-monophosphate dehydrogenase (IMPDH) is an essential rate-limiting 
enzyme in the  de novo  guanine nucleotide synthetic pathway that catalyzes the con-
version of IMP to XMP with the concomitant reduction of NAD to NADH. IMPDH 
is activated by monovalent cations such as K + , which increases IMPDH activity 
by ∼ 100-fold [ 103 ]. The crystal structure of IMPDH features a homotetramer with 
the catalytic (β/α) 8  barrels arranged in square planar geometry. In the crystal struc-
ture of  Tritrichomonas foetus  IMPDH ( Tf  IMPDH) a conserved K +  binding site has 
been identifi ed (see Figure  15  and Table  1 ).     K +  is ligated to six main-chain O atoms, 
in which three are from the loop that contains the catalytic Cys319 and three from 
an α-helix in the C-terminal segment of the adjacent subunit (Gly314, Gly316, the 
catalytic Cys319, Glu485′, Gly486′, and Gly487′, where the prime denotes residue 
from the neighboring subunit). Hence, K +  seems ideally positioned to promote sub-
strate binding and/or the rate of the chemical transformations [ 103 ]. However, sev-
eral observations suggested that the usual allosteric mechanism might not apply to 
the activation of IMPDH by monovalent cations. In a more recent study, aiming at 
the understanding of the IMPDH reaction, enzyme kinetics and MD simulations 
have been carried out to examine the effect of K +  on individual steps in the IMPDH 
reaction [ 104 ]. The results revealed that chemical transformation is separated by a 
conformational change involving a mobile protein fl ap closure (residues 412–431) 

  Figure 15    Structural model of the type II potassium-binding site in IMPDH. Structural elements 
contributing to the K + -binding site are shown in ribbons along with ball-and-stick models of the 
substrate, amino acids, and metal ions. K +  (purple) is coordinated by the six O atoms of amino acid 
residues (PDB code 1PVN; [ 126 ]).       
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and that reaction specifi city is controlled by differences in dynamics. It has been 
concluded, moreover, that IMPDH represent an example of a new paradigm of allo-
steric regulation via the kinetic control of protein conformation [ 104 ].  

4.3     Cofactor-Like Sodium(I)-Activated Enzymes (Type I) 

 Fructose 1,6-bisphosphate aldolase catalyzes the cleavage of fructose 
1,6- bisphosphate into dihydroxyacetone phosphate and glyceraldehyde 3- phosphate 
(G3P) in glycolysis. For fructose 1,6-bisphosphate aldolase two evolutionarily and 
mechanistically unrelated classes have been identifi ed. Class I utilizes an active site 
lysine in Schiff base formation during catalysis and is mainly found in higher order 
organisms. Class II, found in yeast, bacteria, fungi, and blue-green algae, utilizes 
Zn 2+  and Na +  in catalysis [ 105 ]. Both class II aldolases, the fructose 1,6- bisphosphate 
aldolase and the tagatose-1,6-bisphosphate aldolase, employ Zn 2+  and Na +  tandem 
in catalysis. The active site of the  E. coli  fructose 1,6-bisphosphate aldolase is 
located at the C-terminal end of the (α/β) 8 -barrel and contains the catalytic Zn 2+  
[ 106 ]. The Na +  binding site is located near the catalytic zinc ion. A similar well- 
defi ned Na +  binding site is also present in the crystal structure of  E. coli  tagatose- 
1,6-bisphosphate aldolase (Table  2 ) [ 18 ]. Here the Na +  site is located about 8.5 Å 
from the catalytic Zn 2+ . The Na +  ion is coordinated by the four main-chain O atoms 

      Table 2    Selected examples of a cofactor-like (type I) and allosteric effector (type II) activation of 
Na + -dependent enzymes. a    

 Enzyme 
 PDB 
entries b   Structure examples  Ligands c   References d  

  Na   +   -activated type I  
 β-Galactosidase  181  1DP0, 1F4A, 1F4H, 4V41  5 (3-1-1)  [ 111 ] 
 Fructose 1,6-bisphosphate 
aldolase 

 84  1B57  6 (4-1-1)  [ 106 ] 

 Tagatose 1,6-bisphosphate 
aldolase 

 13  1GVF  6 (5-0-1)  [ 18 ] 

  Na   +   -activated type II  
 Factor VIIa  120  2A2Q, 2AER, 2FIR  4 (2-0-2)  [ 121 ] 
 Activated protein C  16  3F6U  7 (5-0-2)  [ 122 ] 
 Factor Xa  294  2BOK  6 (4-2-0)  [ 120 ] 
 Thrombin  899  1SFQ  6 (2-0-4)  [ 127 ] 
 Trp synthase  110  1BKS;  K   +   -bound:  1TTQ  5 (3-2-0)  [ 20 ] 

   a Table adapted from [ 11 ]. 
  b Number of enzyme structures deposited in the PDB as of 2014-12-31. 
  c The format is  N  (p-w-s), where  N  is the sum of ligands from the protein (p), water (w), and 
substrate (s). 
  d Only the most relevant references are listed.  
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of residues Ala179, Gly181, Gly209, and Ser211 together with a phosphate oxygen 
of the transition state analogue PGH (phosphoglycolohydroxamate). In fructose 
1,6-bisphosphate aldolase the octahedral Na +  coordination sphere is completed by a 
water, but in tagatose-1,6-bisphosphate an uncommon cation-π interaction involv-
ing the side-chain of Tyr183 is observed (Figure  16 ). The Na +  binding in class II 
aldolases assists the formation of the correct phosphate binding site.

   The enzyme β-galactosidase catalyzes the hydrolysis of lactose, a disaccharide 
consisting of galactose and glucose, and other β-galactosides into monosaccharides 
[ 107 ]. The enzyme requires Mg 2+  and Na +  for full catalytic activity. The latter ion 
directly ligates the galactosyl O 6  hydroxyl during catalysis [ 108 ,  109 ]. The study of 
the appearance of β-galactosidase as the product of the Z gene of the  lac  operon of 
 E. coli  was used by Jacob and Monod in the formulation of their operon model for 
gene expression [ 110 ]. The crystal structure of  E. coli  β-galactosidase is a tetramer 
of four identical subunits each containing four catalytic sites that show no coopera-
tivity or allosteric effectors [ 111 ]. The two metal binding sites are situated a few Å 
apart in the active site, both very near to an interface between two domains of the 
protein. In the absence of bound lactose the Na +  site has a distorted square pyrami-
dal geometry, including the two main-chain O atoms of residues Asn604 and Phe601 
and one side-chain O atom of Asp201 together with two water molecules, or one 
water and the 6-OH group from the sugar upon lactose binding [ 111 ,  112 ]. The 
sodium through structural stabilization of the transition state affects the activity of 
the enzyme.  

  Figure 16    Structural model of the type I sodium-binding site in tagatose 1,6-bisphosphate 
aldolase. Structural elements contributing to the Na + -binding site are shown in ribbons along with 
ball-and- stick models of the substrate, amino acids, and metal ions. The octahedral Na +  (pink) 
coordination sphere is formed by four main-chain O atoms, a phosphate oxygen, and an uncom-
mon Na + -π interaction involving Tyr183. The blue-grey sphere represents the catalytic Zn 2+  
(PDB code 1GVF; [ 18 ]).       
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4.4     Allosteric Sodium(I)-Activated Enzymes (Type II) 

 The other pyridoxal-5′-phosphate-requiring bienzyme is tryptophan synthase. Trp 
synthase is a α 2 β 2 -tetramer that catalyzes the last two steps in the biosynthesis of  l -Trp. 
In the fi rst reaction, the α-subunit catalyzes the cleavage of 3-indole-  d -glycerol 
3′-phosphate (IGP) to indole and  d -glyceraldehyde 3-phosphate. In the second step, 
indole is channeled via the 25 Å tunnel to the β-subunit where, in a PLP-dependent 
reaction, it reacts with  l -Ser to give  l -Trp [ 113 ]. Thus, the β-subunit of the enzyme 
represents a member of the class of PLP enzymes. Similar to a large group of PLP-
dependent enzymes, Trp synthase has an essential requirement for the binding of a 
monovalent cation in enzyme catalysis. This cofactor binds to a site in the C-terminal 
domain   of the β-subunit [ 114 ,  115 ]. Enzyme kinetics showed that a variety of cat-
ions would satisfy this requirement, including Na + , K + , NH 4

+

  , Cs + , and Rb + . Crystal 
structures of the Trp synthase α 2 β 2  complex from  Salmonella typhimurium  in the 
presence of Na + , K + , and Cs +  showed that the metal binding site is buried in the 
β-subunit about 8 Å from the catalytic site (Table  2 ) [ 20 ]. While the Na +  ion is coor-
dinated to the main-chain O atoms of residues Phe306, Ser308, and Gly232 and to 
two water molecules (Figure  17 ), the K +  ion is coordinated to the same main-chain 
O atoms and to one water molecule (see Figure  10 ). The K + -containing structure of 
Trp synthase differs from the Na + -containing structure in the movement of the side- 
chains of Phe280 and Tyr279 from a position partially blocking the tunnel in the Na +  
structure to a position lining the surface of the tunnel in the K +  structure [ 20 ]. These 
local changes near the cation site affect the interaction site between the α and β 
subunits. Taken together, these studies along with kinetic analyses revealed that the 
binding of a monovalent cation to the β-subunit is essential for both the selective 

  Figure 17    Structural model of the type II sodium-binding site in tryptophan synthase. Structural 
elements contributing to the Na + -binding site are shown in ribbons along with ball-and-stick mod-
els of the substrate, amino acids, and metal ions. Na +  (pink) is octahedrally coordinated by the 
three main-chain O atoms and two water molecules (PDB code 1BKS; [ 20 ]).       
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stabilization of active conformations and also for the allosteric communication 
between the subunits [ 113 ].

    The clotting enzyme thrombin is a serine protease playing a key role in the 
vertebrate blood coagulation cascade [ 116 ]. In the fi nal process of blood clotting the 
soluble protein fi brinogen is converted to the insoluble fi brin by the proteolytic 
action of thrombin, which in turn is produced from the inactive precursor prothrom-
bin. The thrombin activation is accomplished by the action of a number of clotting 
proteases called clotting factors. Thrombin activity toward substrates is enhanced 
allosterically by the binding of Na +  that converts thrombin from a “slow” sodium- 
free to a “fast” sodium-containing form of a higher catalytic effi ciency [ 117 ]. Na +  is 
located more than 15 Å away from residues of the catalytic triad His57, Asp102, and 
Ser195 and within 5 Å from Asp189 in the substrate binding pocket. The slow/fast 
thrombin transition upon Na +  binding results in optimal orientation of Asp189 and 
the active site Ser195 for substrate binding. This subtle conformational alteration is 
mediated by a network of water molecules that connect the bound Na +  to Ser195. In 
the crystal structure of thrombin the Na +  binding site displays octahedral coordina-
tion involving the main-chain O atoms of Arg221a (where a denotes an inserted 
residue), Lys224, and four buried water molecules (Figure  18 ) [ 118 ].

   The extensive structural and kinetic studies of thrombin facilitated the subsequent 
structural identifi cation of the analogous Na +  binding sites in clotting proteases such 
as factor Xa [ 119 ,  120 ], factor VIIa [ 121 ], and activated protein C [ 122 ] (see Table  2 ). 
Furthermore, in factor Xa and activated protein C the binding of Na + , which infl u-
ences the specifi city of the substrate-binding pocket, is linked to the binding of Ca 2+ .   

  Figure 18    Structural model of the type II sodium-binding site in thrombin. Structural elements 
contributing to the Na + -binding site are shown in ribbons along with ball-and-stick models of the 
substrate, amino acids and metal ions. The two main-chain O atoms and four buried water mole-
cules (red) octahedrally coordinate Na +  (pink). The Na + -binding site is located more than 15 Å 
away from the residues of the catalytic triad (PDB code 1SFQ; [ 127 ]).       
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5     Concluding Remarks 

 The group I alkali metal ions are ubiquitous components of biological fl uids that 
surround biological macromolecules. They play important roles other than being 
nonspecifi c ionic buffering agents or mediators of solute exchange and transport. 
Molecular evolution and regulated high intracellular and extracellular M +  concen-
trations led to incorporation of selective Na +  and K +  binding sites into enzymes to 
stabilize catalytic intermediates or to provide optimal positioning of substrates. 

 Based on the specifi c binding of Na +  or K +  into the enzyme structure and their 
participation in enzyme activation a cofactor-like (type I) or allosteric effector (type 
II) mechanism has been defi ned [ 11 ]. 

 Many other enzymes have as yet undiscovered monovalent cation binding sites. 
However, crystallographic assignment of Na +  and K +  is nontrivial because Na +  ions, 
with a small ionic radius (0.97 Å), can easily be misidentifi ed as water molecules 
since both possess the same number of electrons. K +  on the other hand has a higher 
electron density but an ionic radius (1.33 Å) almost identical to that of a water 
molecule. 

 Recently,  15 NH 4
+

  , as a K +  mimic, was successfully used to characterize and map 
the K +  binding site in human histone deacetylase 8 and the bacterial Hsp70 homo-
logue DnaK by NMR spectroscopy [ 123 ]. The support for the utilization of  15 NH 4

+

   
came from the fact that (i) ammonium ions can often activate potassium-dependent 
enzymes  in vitro , because of their similar ionic radii (K +  1.33 Å; NH 4

+

   1.44 Å), and 
(ii) the reports that a potassium-independent Hsc70 and pyruvate kinase can be 
generated by engineering a lysine residue into the structure in such a way that its 
terminal R-NH 3

+

   occupies the K +  binding site [ 124 ,  125 ]. The application of this 
NMR method will ultimately lead to a better understanding of the role of monova-
lent cations in proteins and enzymes.

  Abbreviations 

  ADP    adenosine 5′-diphosphate   
  Ala, A    alanine   
  AMP    adenosine 5′-monophosphate   
  AMP-PNP    adenylyl-imidodiphosphate   
  ANP    phosphoaminophosphonic acid-adenylate ester   
  Asn, N    asparagine   
  Asp, D    aspartic acid   
  ATP    adenosine 5′-triphosphate   
  BCKD    branched-chain α-ketoacid dehydrogenase   
  EDTA    ethylenediamine- N , N , N′ , N′ -tetraacetic acid   
  EGTA    ethylene glycol-bis(2-aminoethylether)- N , N , N′ , N′ -tetraacetic acid   
  EXAFS    extended X-ray absorption fi ne structure   
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  G3P     d -glyceraldehyde 3-phosphate   
  Glu, E    glutamic acid   
  Gly, G    glycine   
  HDAC    histone deacetylase   
  His, H    histdine   
  IGP    3-indole- d -glycerol 3′-phosphate   
  IMP    inosine 5′-monophosphate   
  IMPDH    inosine 5′-monophosphate dehydrogenase   
  LAXS    large angle X-ray scattering   
  Leu, L    leucine   
  Lys, K    lysine   
  MAT     S -adenosylmethionine synthase   
  MD    molecular dynamics   
  MMR    mismatch repair   
  NADH    nicotinamide adenine dinucleotide   
  PDC    pyruvate dehydrogenase complex   
  PDHK    pyruvate dehydrogenase kinase   
  PEP    phosphoenolpyruvate   
  PGH    phosphoglycolohydroxamate   
  Phe, F    phenylalanine   
  PLK    pyridoxal kinase   
  PLP    pyridoxal 5′-phosphate   
  Pro, P    proline   
  QM/MM    quantum mechanical/molecular mechanical   
  Ser, S    serine   
  Thr, T    threonine   
  TIM    triosephosphate isomerase   
  Trp, T    tryptophan   
  Tyr, Y    tyrosine   
  Val, V    valine   
  XMP    xanthosine 5′-monophosphate         
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   Abstract     The two alkali cations Na +  and K +  have similar relative abundances in the 
earth crust but display very different distributions in the biosphere. In all living 
organisms, K +  is the major inorganic cation in the cytoplasm, where its concentra-
tion (ca. 0.1 M) is usually several times higher than that of Na + . Accumulation of 
Na +  at high concentrations in the cytoplasm results in deleterious effects on cell 
metabolism, e.g., on photosynthetic activity in plants. Thus, Na +  is compartmental-
ized outside the cytoplasm. In plants, it can be accumulated at high concentrations 
in vacuoles, where it is used as osmoticum. Na +  is not an essential element in most 
plants, except in some halophytes. On the other hand, it can be a benefi cial element, 
by replacing K +  as vacuolar osmoticum for instance. In contrast, K +  is an essential 
element. It is involved in electrical neutralization of inorganic and organic anions 
and macromolecules, pH homeostasis, control of membrane electrical potential, and 
the regulation of cell osmotic pressure. Through the latter function in plants, it plays 
a role in turgor-driven cell and organ movements. It is also involved in the activation 
of enzymes, protein synthesis, cell metabolism, and photosynthesis. Thus, plant 
growth requires large quantities of K +  ions that are taken up by roots from the soil 
solution, and then distributed throughout the plant. The availability of K +  ions in the 
soil solution, slowly released by soil particles and clays, is often limiting for optimal 
growth in most natural ecosystems. In contrast, due to natural salinity or irrigation 
with poor quality water, detrimental Na +  concentrations, toxic for all crop species, 
are present in many soils, representing 6 % to 10 % of the earth’s land area. Three 
families of ion channels (Shaker, TPK/KCO, and TPC) and 3 families of transport-
ers (HAK, HKT, and CPA) have been identifi ed so far as contributing to K +  and Na +  
transport across the plasmalemma and internal membranes, with high or low ionic 
selectivity. In the model plant  Arabidopsis thaliana , these families gather at least 70 
members. Coordination of the activities of these systems, at the cell and whole plant 
levels, ensures plant K +  nutrition, use of Na +  as a benefi cial element, and adaptation 
to saline conditions.  

  Keywords     Channel   •   Enzyme   •   Membrane transport   •   Plant   •   Potassium   •   Sodium   
•   Transporter   •   Turgor  
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1        Introduction 

 K +  is the most abundant cation in the cytosol, where the order of magnitude of its 
activity is 0.1 M, both in animals [ 1 – 3 ] and in plants [ 4 – 6 ]. The activity of Na +  in 
the cytosol can display large variations, depending on the cell type, but is thought to 
usually remain lower than that of K +  [ 3 ,  7 ,  8 ]. In plant cells, the cytosolic concentra-
tion of Na +  seems to be controlled below 20–30 mM [ 9 – 11 ]. 

 Reasons why K +  has been selected as the major cytosolic cation during evolution 
and not Na + , whereas the relative abundances of these two cations in the earth crust 
are quite similar, have been tentatively discussed [ 12 ,  13 ]. Life probably appeared 
in a seawater that possessed an ionic composition similar to that of the present 
oceans: a high concentration of Na + , of a few hundreds of mM, and a much lower 
concentration of K + , of a few tens of mM. It is thus possible that, for the fi rst living 
cells, accumulation of the less abundant cation, K + , and exclusion of the most abun-
dant one, Na + , was the simplest process to energize the cell membrane [ 13 ]. From a 
biophysical point of view, K +  might have been selected during evolution because its 
hydration shell displays specifi c features, when compared to that of Na + , in terms of 
hydration energy and hydration shell features. Weaker interactions with the fi rst 
hydration shell in K +  than in Na +  results in larger structural fl exibility and reduced 
disruption of the bulk water network and water arrangement close to proteins [ 14 –
 16 ]. This might be the reason why Na +  cannot totally replace K +  as a coordinating 
ion in certain enzymatic reactions. 

 Molecular simulations aiming at investigating the physical and dynamical nature 
of the cytosol indicate that K +  is essentially present as an unbound highly mobile 
osmolyte, populating the solution fairly uniformly and contributing thereby to con-
trol of the osmotic potential [ 17 ]. Na +  can be used as osmoticum in plants, but 
essentially in the vacuole, where its concentration can become higher than 100 mM 
[ 18 – 20 ], and not in the cytosol [ 21 ]. 

 With respect to the roles of Na +  in the living world, the mechanisms underlying 
cell membrane energization and solute transport are fundamentally different 
between animals and plants. In animals, Na + /K +  ATPases energize the cell mem-
brane by building up the Na +  transmembrane electrochemical gradient that fuels 
Na + -cotransporters and solute transport activity. In plants, the cell membrane is 
energized by H + -ATPases (the so-called proton pumps), and active transport sys-
tems are H + -cotransporters [ 22 ,  23 ]. There is so far no indication that the plasma 
membrane is equipped with transport systems using the Na +  transmembrane elec-
trochemical gradient to mediate active transport of solutes in higher plant cells. The 
only example of a Na + -driven cotransport system identifi ed in plants so far is a 
pyruvate transporter localized at the chloroplast envelope membrane [ 24 ,  25 ]. 

 Another point that is worth to be noted in this introduction section is that most 
K +  ions enter the trophic chain precisely at the moment when they are taken up by 
transport systems active at the plasmalemma of root cells. These transport systems 
are thus of major importance not only for plant K +  nutrition and adaptation to low 
K +  availability and but also for animal diet quality [ 26 ]. A major part of the present 
review is devoted to the presentation of the current knowledge on plant K +  and Na +  
transport systems.  
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2     Potassium and Sodium Ion Concentrations in Soils 

2.1     K +  Availability in Soils 

 Potassium is amongst the 5 most abundant elements present in the upper continental 
crust, where its relative content, expressed in ppm, is close to 29 × 10 3  (2.9 %), a 
little bit above that of Na +  (2.6 %). Therefore, soil K +  reserves are generally large. 
However, important agricultural areas of the World are reported to be defi cient in K +  
availability. This is the case for instance of 3/4 of the paddy soils of China, and 2/3 
of the wheat belt of Southern Australia [ 27 – 29 ]. 

 Three types of K +  pools can be operationally distinguished in the soil [ 26 ]. Most 
of the K +  ions in soil are in the so-called “structural form” (Figure  1 ), mainly com-
prised of K + -bearing primary minerals such as muscovite, biotite, and feldspars. 
This fi rst pool of K +  ions is considered as slowly- or non-available to plants. 
However, it contributes to the plant supply in the long term [ 30 ,  31 ]. The other two 
pools contribute directly to plant nutrition [ 32 – 34 ]. The second pool, in terms of 
pool size, is constituted by potassium ions fi xed in 2:1 interlayer clay minerals and 
is called the “non-exchangeable’” potassium pool (Figure  1 ) [ 35 ]. The size of this 
“non-exchangeable” pool depends on the soil content in clays. Illite and illite-like 
clays are the major sources of K +  at least in temperate region soils [ 36 ]. The third 
pool is usually operationally defi ned as potassium ions readily “extractable” by 
water and/or aqueous solutions (Figure  1 ). Simply speaking, it comprises the pool 
of K +  ions either dissolved in the soil solution or weakly bound to soil minerals. 
Upon K +  concentration decreases in the soil solution, due to, e.g., root K +  uptake, 
chemical equilibria result in desorption of K +  ions from the pool of weakly bound 
exchangeable ions as well as in K +  release from the “non-exchangeable” pool and 
even from K-feldspars [ 28 ].

   The concentration of K +  in soil solution is highly variable. Typical concentra-
tions lie in the 10 −5  to 10 −3  M range [ 37 – 39 ]. It should be noted that, when compared 
with root K +  uptake capacity, K +  diffusion in the soil can be rate-limiting. In other 
words, roots are able to take up K +  at a higher rate than this cation can diffuse from 
the bulk soil solution to the root surface, at least in some soils and environmental 
conditions. This results in K +  depletion at the root surface, down to very low con-
centrations, of a few μM [ 40 – 42 ].  

2.2     Plant K +  Demand and K +  Defi ciency 

 Plant K +  contents for optimal growth are in the range of 2–5 % of the dry weight of 
vegetative parts [ 35 ,  38 ]. In the case of maize or wheat plants grown in fertilized 
fi eld conditions, K +  uptakes of about 200 kg per hectare (ha) have been reported [ 43 , 
 44 ]. The amount of K +  actually removed from the fi eld depends of course upon the 
plant parts that are harvested. For instance, more K +  is removed when almost all 
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  Figure 1    Overview of K +  and Na +  uptake and long distance transport between roots and shoots. 
Three K +  pools can be operationally identifi ed in the soil: (i) K +  in “structural form” (slowly- or 
non-available to plants), (ii) “non-exchangeable” K + , weakly bound at the surface of clay minerals, 
and (iii) extractable K +  in aqueous soil solution. In root differentiated zones, due to the presence of 
the endodermis Casparian strip (solid gray line) that acts as a barrier preventing free diffusion 
within the so-called free space (cell wall continuum) towards the center of the root, K +  and Na +  
ions (as well as other nutrient ions) have fi rst to be selectively taken up by plasma membrane trans-
port systems of root peripheral cells (epidermis, cortex, and endodermis) to enter the root sym-
plasm. Then, diffusion within the root symplasm allows ions to pass the endodermis barrier 
(dashed line pathway) and to reach the root stele and xylem vasculature, located at the center of the 
root, where the fl ow of crude sap carries nutrient ions towards the shoots. The apical (meriste-
matic) region of the growing root does not possess such an endodermis barrier. In these zones, ions 
can freely diffuse within the apoplasm and directly reach the root stele and xylem vessels (dotted 
line pathway), without any control by membrane transport systems. Once in the xylem, ions are 
transported (mass fl ow) towards and throughout the shoots by the xylem sap fl ow (red arrows). 
Arrived in leaves and unloaded from leaf vascular tissues, K +  and Na +  reach the leaf apoplasm, 
from which they are taken up by mesophyll, epidermal and guard cells. Na +  ions are preferentially 
accumulated in leaf cell vacuoles and selectively compartmentalized in epidermal cells (wider 
arrow). Rapid K +  transport into and out of guard cells controls the turgor of these cells, and thereby 
the diameter of the stomatal pore and the gas exchange rates between the inner leaf tissues and the 
atmosphere. In mature photosynthesizing (source) leaves, K +  and Na +  ions can also be loaded into 
the phloem sap (blue arrows) to be transported towards sink organs (roots, young leaves, fruits, 
etc.).       
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aboveground biomass is taken off at harvest (like in the case of sugar cane) than 
when only the seeds (cereals) are harvested [ 45 ]. In intensive agricultural produc-
tion systems, lack of suffi cient K +  fertilizer application leads to signifi cant depletion 
of available soil K +  reserves [ 46 ]. A considerable area of farmland has become K + -
defi cient [ 47 – 49 ]. Early visible symptoms of K +  defi ciency are brown spots at leaf 
surface or leaf edge and chlorosis at the tip of the oldest leaves. Severe K +  defi ciency 
results in further symptoms, including wilting and necrosis [ 26 ].  

2.3     Saline Soils, Na +  Toxicity, and Plant Adaptation to Salt 
Stress 

 Soil salinity results in both reduced soil water availability (due to the decrease in 
water potential) and ionic toxicity. Most crop plants are sensitive to soil salinity, and 
evidence is available at the physiological and molecular levels that Na +  is the major 
cause of the toxicity in most cases. Indeed, for instance, genetic analyses and 
searches for QTLs of plant tolerance to salt stress have identifi ed genes encoding 
Na +  transporters or channels involved in Na +  entry into the root or control of Na +  
transport to shoots in the model plant  Arabidopsis thaliana  [ 50 ] as well as in rice 
and wheat [ 51 – 53 ]. It should however be noted that, at high concentrations, the 
anion Cl −  can display its own toxicity [ 54 ]. 

 Soils are classifi ed as saline when their salt content affects the growth of most 
crop species. This may occur when the conductance of the soil solution (at soil satu-
ration water content) displays an electrical conductance corresponding to that of 
50 mM NaCl solution [ 38 ]. However, the impact of a given amount of salts on plant 
growth depends on the plant species, climatic conditions, soil features such as the 
water capacity and texture, and the nature of the salts, e.g., NaCl or Na 2 SO 4 , the 
former salt being more toxic than the latter in most species [ 55 ]. Estimates of the 
area of salt-affected soils vary widely, ranging from 6 % to 10 % of the earth’s land 
area [ 52 ,  56 ]. Amongst “natural” saline areas are salt marshes of the temperate 
zones, mangrove swamps of the subtropics and tropics, and lands with saline under-
ground water in arid and semi-arid regions where evapotranspiration is high. Besides 
such natural contexts, soil salinity can result from intensive agriculture and irriga-
tion with low quality water [ 57 ]. This salinization process, which already affects 
20 % of the irrigated lands, would result in loss of 3 ha of arable land from conven-
tional crop farming every minute [ 58 ]. Enhanced demand for irrigation due to both 
population increase and climate change, are predicted to dramatically speed up such 
a loss of arable land [ 57 ,  59 ]. 

 Plant adaptation to salt stress (resulting from high external Na +  concentrations) 
is one of the most widely investigated domains in plant biology [ 52 ,  58 ,  60 ]. Large 
differences in tolerance level have been observed amongst species and even culti-
vars or ecotypes. At one extreme are plants named glycophytes, like the model plant 
 Arabidopsis thaliana , rice or bean, which are sensitive to salt stress, being strongly 
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affected by external NaCl concentrations higher than about 50 mM. This is the case 
of most plant species and crops [ 52 ]. At the other extreme are plants named halo-
phytes, like  Aeluropus littoralis  or the saltbush Atriplex, which can thrive in envi-
ronments where the salt concentration is higher than 300 mM [ 52 ,  61 ]. Such species 
constitute about 1 % of the world’s fl ora [ 62 ]. In between are species such as barley 
or alfalfa, which can cope with moderate salt concentrations [ 52 ,  63 ]. 

 The mechanisms involved in tolerance to salt stress are highly complex and vari-
able amongst species. They include, for instance, biochemical responses leading to 
synthesis of large amounts of organic osmoprotectant molecules, such as proline or 
glycine betaine, or anatomical adaptations such as the presence at the leaf surface of 
salt glands that excrete NaCl, or of very large cells, named salt bladders, expanding 
from the leaf epidermis and sequestering excessive Na +  away from internal (photo-
synthesizing) leaf tissues [ 64 ] (see also below, Section  3.2 ). Despite this large diver-
sity of mechanisms, in every species and every soil conditions, glycophytes in the 
presence of low external salt concentrations or halophytes in the presence of high 
salt concentrations, adaptation to external Na +  involves tight regulation of K +  and 
Na +  membrane transport activity, especially allowing selective K +  uptake by roots, 
control of Na +  uptake and translocation towards the shoots by the xylem sap, and 
effi cient Na +  compartmentalization into vacuoles. It is also worth noting that part of 
the toxic effects of Na +  is likely to lie in disruption of the K +  membrane transport 
[ 65 ,  66 ] and homeostasis [ 10 ].   

3     Potassium and Sodium Ion Fluxes and Distribution 
Within the Plant 

3.1     K +  and Na +  Uptake and Long Distance Transport Between 
Roots and Shoots 

 Plant roots exhibit a polarized anatomy in which outer layers (epidermal and corti-
cal cells) are involved in K +  (and other nutrient ions) selective uptake and inner 
layers (endodermis and central vasculature) in secretion of the nutrient ions into the 
xylem sap towards shoot tissues [ 67 ]. In plants, an external skeleton named cell 
wall, essentially made of cellulose, hemicellulose, and polygalacturonic acids, 
forms a matrix freely accessible to water and soluble ions that surrounds the plasma 
membrane of each cell. The cell wall continuum is named “free space” or apoplasm. 
In the root, nutrient ions from the soil can enter the apoplasm and freely diffuse 
towards inner cell layers. However, this pathway is interrupted by a cell layer, 
named endodermis, whose radial cell walls are impregnated with hydrophobic com-
pounds, forming the so-called Casparian strip, which is impermeable to water and 
ions [ 38 ,  68 ,  69 ]. Thus, the endodermis is the dead-end of the apoplastic pathway 
[ 70 ,  71 ]. To go beyond this impermeable barrier towards the center of the root and 
the plant vasculature, nutrient ions have to enter the cytosol of a root peripheral cell 
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(from the epidermis, cortex or endodermis). They can then diffuse from cell to cell 
through pores, named plasmodesmata, which connect the cytosolic milieu of two 
neighboring cells [ 72 ]. Diffusion within the symplasm beyond the endodermis bar-
rier allows nutrient ions to reach the central part of the root, named stele. Once in 
the stele, nutrient ions have to be secreted into the stelar apoplasm, where they dif-
fuse towards the xylem vessels, which contain the so-called crude (or xylem) sap. 
The sap fl ows upward towards the shoots (mass fl ow pulled by the transpiration 
stream or pushed by the so-called root pressure), providing the aerial parts of the 
plant with nutrient ions. 

 The Casparian strip is always absent in the apical (meristematic) region of the 
root and temporarily absent in the differentiated part of the root at points of second-
ary root emergence (Figure  1 ) [ 73 ]. At the level of such defects in the endodermis 
barrier, ions can freely diffuse within the apoplasm and reach the root stele and 
xylem vessels. However, this uncontrolled fl ow of nutrient ions towards the xylem 
sap remains relatively low. Most of the ions that reach the root xylem vessels have 
been taken up across the plasma membrane of a root peripheral cell at least one time 
[ 69 ]. In other words, their entry into the root symplasm has been “catalyzed”, and 
thus controlled, by membrane transport systems, channels, transporters or co- 
transporters. Such a control of ion translocation from the soil to the shoots within 
the roots concerns all nutrient ions, including of course K +  and Na + , under standard 
physiological conditions [ 66 ,  74 – 76 ]. However, in saline soils, where the concentra-
tion of Na +  is high, an important amount of this cation can reach the stele and xylem 
vessels directly through the defects in the endodermis barrier, without any control 
by any cell membrane. Such an uncontrolled fl ow of Na +  ions contributes to the 
stressing effects of the external saline conditions [ 73 ,  77 ]. 

 Once in the root xylem vasculature, during their mass fl ow-mediated transport 
towards the shoots (Figure  1 ), K +  and Na +  ions can be reabsorbed from the xylem 
sap into adjacent cells (parenchyma cells). This reabsorption is likely to result in 
increased root K +  contents and thereby to favor root growth (at the expense of shoot 
growth) upon abiotic stresses such as drought or K +  defi ciency [ 78 – 81 ]. Regarding 
Na + , retrieval of this cation from the xylem sap (the so-called sap-desalinization 
process) results in reduced Na +  translocation towards the shoots and photosynthe-
sizing tissues, which contributes to plant adaptation to a salinity constraint [ 50 ,  64 , 
 82 – 84 ]. 

 When arrived in leaves via the xylem vasculature, K +  and Na +  are used by various 
cell types. The photosynthesizing mesophyll cells, which constitute the largest part 
of leaf internal tissues, accumulate K +  and Na +  from the apoplastic and the symplas-
tic pathways (Figure  1 ). Symplastic connections between mesophyll cells and 
 epidermal cells seem to be transitory [ 85 – 87 ]. In the epidermis, the guard cells 
(osmocontractile cells that control the apertures of the stomatal pores; see below 
Section  4.2 ) are symplastically isolated. Thus, ion fl uxes underlying their osmocon-
tractility (K +  playing the major role in this process) occur through specialized mem-
brane proteins (essentially Shaker channels for K +  [ 88 ,  89 ]; see Sections  4.2  and  5 ). 
It is worth noting that the leaf apoplasm volume is relatively small, so that rapid 
arrival of Na +  ions upon saline conditions, if these ions are not rapidly taken up by 
leaf cells (and compartmented in the vacuoles, see below), can result in progressive 
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increase in Na +  concentration in the cell walls. This leads to a decrease in external 
water potential down to values lower than the water potential in the cell, resulting in 
water effl ux from the cells, loss of turgor and eventually cell death. 

 Evidence is available that Na +  ions are preferentially accumulated in epidermal 
cells (Figure  1 ). This compartmentalization process, at the tissue level, protects the 
inner photosynthesizing mesophyll cells against detrimental effects of high Na +  
concentrations. At the whole plant level, Na +  can be preferentially accumulated in 
old leaves to prevent toxic accumulation in the younger ones [ 90 ]. Na +  ions can also 
be re-circulated towards the shoots by the elaborated sap fl ow [ 50 ]. This sap, which 
is produced in leaves, contains photosynthates (mainly sucrose). It fl ows (osmoti-
cally driven mass fl ow) within the phloem vasculature towards sink organs (roots, 
young developing leaves, fruits, etc.) that it feeds. The phloem tubes, which conduct 
this elaborated sap (more often named phloem sap) are living cells that do not dis-
play the large central vacuole typical of many plant cell types. As living cells, they 
display the classical ionic composition of the cytosol, i.e., low Na +  concentration 
and high K +  concentration. Probably related to that, the rate of Na +  recirculation 
from shoots to roots by the phloem sap [ 50 ] is relatively low when compared to that 
of K +  [ 73 ,  91 ,  92 ]. Regarding the latter ion, it has been reported that K +  recirculation 
from shoots to roots by the phloem sap can provide, at the steady state, more than 
60 % of the amounts of K +  ions transported from roots to shoots by the xylem sap, 
the difference corresponding to the actual uptake of K +  from the soil solution 
(Figure  1 ) [ 93 ,  94 ]. This large and continuous cycling of K +  ions from roots to 
shoots via the xylem vasculature and from shoots to roots via the phloem vascula-
ture would play a role in K +  demand signaling and regulation of K +  uptake and dis-
tribution [ 79 ,  91 ,  95 ,  96 ].  

3.2      Cellular Compartmentalization of K +  and Na +  

 As indicated above, with the exception of some cell types such as phloem tube cells 
and meristematic cells, most plant cells display a large central vacuole, which rep-
resents approximately 90 % of the cellular volume and can thereby be the main 
deposit for K +  and Na +  ions within the cell [ 97 ,  98 ]. K +  accumulation in the vacuole 
leads to turgor build-up that importantly contributes to cellular expansion and/or 
osmocontractility and cell movements (see Section  4.1 ). The concentration of K +  in 
the vacuole can also substantially vary depending on availability of this cation in the 
nutritive solution [ 6 ,  9 ,  38 ,  99 ]. Upon K +  starvation, vacuolar K +  ions are released 
into the cytoplasm, allowing a relative homeostatic control of the cytosolic K +  con-
centration, close to 0.1 M [ 4 ]. Once the vacuolar K +  pool is exhausted, the cytosolic 
concentration of K +  gradually decreases [ 6 ,  100 ], resulting in detrimental effects on 
cell physiology and eventually death. 

 Both the plasma membrane and the vacuolar membrane (also named tonoplast) 
are energized by transmembrane electrochemical H +  gradients built up by proton 
pumps, which are P-type H + -ATPases in the case of the former membrane, and 
V-type ATPases and H + -secreting membrane pyrophosphatases in the case of the 
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latter one. The electrical component of the gradient across the plasma membrane 
can be very negative (–250 mV; negative inside) and variable, depending on H +  
secretion activity but also on K +  external concentration (see Section  4.3 ) [ 101 – 103 ]. 
The magnitude of the transmembrane electrical gradient across the tonoplast is 
much less important, being at most of a few tens of mV, the vacuolar lumen being 
positive with respect to the cytosol [ 6 ,  91 ,  104 ]. K +  and Na +  fl uxes are mediated by 
channels and uniporters, and active fl uxes mediated by H + -cotransporters (symport-
ers or antiporters) [ 23 ]. 

 Regarding K + , strong membrane hyperpolarization of the plasma membrane 
allows effi cient uptake of this cation through K +  channels even from diluted external 
solutions, displaying K +  concentrations as low as about 10 μM [ 23 ,  102 ,  105 ,  106 ]. 
H + :K +  symporters are responsible for active K +  uptake from still more diluted solu-
tions [ 23 ,  103 ,  107 ]. In some physiological situations and cell types (e.g., in xylem 
parenchyma cells bordering the xylem vessels and responsible for nutrient ion 
secretion into the xylem sap (see above), or in guard cells during stomatal closure 
(see below, Section  4.1 )), the plasma membrane can become poorly polarized, 
allowing K +  effl ux through K +  channels [ 78 ,  108 – 110 ]. 

 Regarding Na + , vacuolar accumulation of this cation decreases the cellular water 
potential and thus contributes to cell turgor (see below Section  4.1 ). It can thereby 
have benefi cial effects on plant growth, especially when K +  availability is low. 
However, since Na +  is toxic when largely accumulated in the cytosol, plant cells try 
to minimize the cytosolic pool of this cation when its external concentration 
becomes high [ 110 ]. Such a control is critical for preventing toxicity symptoms, 
which mainly stem from Na +  effects on cellular metabolism [ 111 ] (see Section  4.4 ). 
Plants prevent large accumulation of Na +  in the cytosol by compartmentalizing this 
cation into the vacuole [ 73 ] or extruding it outside the cell, e.g . , in soil in the case of 
root peripheral cells, or at the leaf surface, and not into the leaf apoplast where 
increased concentrations of Na +  would have detrimental effects (see above). Some 
halophytes (salt-adapted species) like  Distichlis spicata  or mangroves produce exu-
dates that are highly concentrated in Na + , from leaf specialized structures called salt 
glands, which result from the modifi cation of hydathodes [ 73 ,  112 ,  113 ]. Other spe-
cies deposit signifi cant amounts of Na +  in either swollen vacuoles in succulent tis-
sues or in specialized external structures called epidermal bladder cells [ 58 ,  62 ]. 
Such salt bladders seem to originate from trichomes in which the outmost cell grows 
until it takes a balloon-like form with a huge central vacuole [ 114 ,  115 ].   

4     Roles of Potassium and Sodium Ions in Plants 

4.1        Roles of K +  in Cell Turgor Building 

 Accumulation of solutes like K +  or Na +  inside the cell lowers the water potential, 
leading to water entry into the cell. This can have benefi cial effects under adverse 
conditions like drought in which K +  accumulation within plant cells gives rise to an 
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improved osmotic adjustment. In case of Na +  excess, keeping high internal K +  con-
centrations has been proven to be a key determinant of salt tolerance by helping 
retaining water and reducing Na +  uptake [ 110 ,  116 ]. 

 Since the cell wall restricts changes in cell volume, water uptake due to solute 
accumulation results in hydrostatic pressure (turgor). Such pressure is the primary 
force driving cell growth through cell expansion, and thereby growth at the tissue 
and whole plant levels. Fruit growth provides a typical example of turgor-driven cell 
expansion where fl esh cells accumulate K + , solutes and water to increase in size. On 
the other hand, cell expansion also requires changes in the cell wall architecture in 
order to be extensible. This involves loosening and the continued cutting and past-
ing of new material into the texture of the wall [ 117 ].  

4.2       Role of K +  in Turgor-Driven Movements in Plants 

4.2.1     Regulation of Stomatal Aperture at the Leaf Surface and Control 
of Gas Exchanges with the Atmosphere 

 In terrestrial plants, a protecting waxy cuticle covers the epidermis of the aerial 
organs, preventing water loss and desiccation. Simultaneously, this hydrophobic 
barrier impedes diffusion of atmospheric CO 2  towards the inner photosynthesizing 
tissues. Gas exchanges between these tissues and the atmosphere mainly take place 
through microscopic pores, named stomata (Figure  1 ). Two osmocontractile cells 
surrounding the pore, named guard cells, control stomatal aperture. Such a control 
allows the plant to cope with the confl icting needs of maintaining a suffi cient inter-
nal CO 2  concentration for photosynthesis and of preventing excessive transpira-
tional water loss under diverse environmental conditions [ 118 ,  119 ]. Guard cells 
regulate the aperture of stomatal pores in response to many physiological stimuli 
such as light, soil water availability and leaf water status, CO 2  internal concentration 
and hormones [ 120 ,  121 ]. These cells are not connected to the symplasm of their 
neighboring cells (via plasmodesmata) and their cellular movements are rapid and 
driven by osmotic changes. Stomatal pore size will determine gas exchange rates 
between photosynthetic cells and the atmosphere. An increase in guard cell turgor 
promotes pore opening, whereas a decrease in turgor leads to stomatal closure 
[ 122 ]. 

 The available information indicates that the main solutes involved in the guard 
cell osmocontractility are K + , accompanying anions (malate and chloride) and 
sucrose, depending on the environmental conditions. During stomatal opening, 
guard cell volume signifi cantly increases because of the activation of plasma mem-
brane H + -ATPases and inwardly-rectifying K +  channels from the Shaker family (see 
Section  5.1 ) and organic acid production and uptake of inorganic anions (mainly 
Cl −  and  NO3   ) [ 121 ,  123 ]. Osmolyte accumulation leads to a lower water potential 
in guard cells, which, in turn, induces osmotic water infl ux into these cells. Moreover, 
multiple smaller vacuoles fuse to form a large central vacuole that leads to a remark-
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able increase in guard cell volume [ 124 ]. K +  uptake into vacuoles during stomatal 
opening is dependent on H + /K +  antiporter activity [ 125 ,  126 ]. During stomatal clo-
sure, guard cell volume decreases owing to net cellular effl ux of solutes. Anion 
effl ux through anion channels induces membrane depolarization that activates 
outwardly- rectifying K +  channels, leading to K +  effl ux [ 127 ,  128 ]. The resulting 
cellular export of K + , Cl −  and organic ions results in water effl ux from guard cells. 
At the vacuole membrane, Ca 2+ -activated K +  channels are involved in K +  release 
into the cytoplasm [ 118 ,  129 ].  

4.2.2     Leaf Movements and Other Organ Movements 

 Plants also display organ movements, which are classically sorted into two main 
types, tropic and nastic movements. Tropisms are oriented by the direction of the 
stimulus that induce the movement. In contrast, the direction of a nastic movement 
is independent of the stimulus’s direction or position. Another difference is that the 
movement is irreversible in the case of tropisms, while it is generally reversible and 
repeatable in the case of nastic movements. The distinction between these two types 
of movement is however sometimes unclear. 

 A tropism (from Greek, tropos, to turn) relies on asymmetric growth between 
two opposite regions of the organ due to redistribution of growth regulators, coordi-
nated cell division and turgor-dependent cell expansion. It also involves K +  trans-
port and accumulation. The difference in growth results in a curvature of the growing 
organ towards or away from the stimulus (e.g., light or gravity). A classical example 
of such a movement is root gravitropism [ 130 ,  131 ]. Although most nastic move-
ments do not involve growth responses, it is worth to note that the terms epinasty 
and hyponasty are used to qualify bending of an organ which does involve differen-
tial growth, e.g. greater growth of the upper side than of the lower side of the leaves 
in plants displaying leaf epinasty [ 132 ,  133 ]. 

 Other nastic movements, which are reversible, result from a gradient of turgor 
between two opposite regions of the organ. The direction of movement is thus deter-
mined by the anatomy of the organ rather than by the stimulus. For example, the 
pulvinus, a joint-like group of differentiated motor cells at the base of the petiole, is 
responsible for nyctinastic leaf movements in plants that can orientate their leaves 
to a vertical position during the dark period. A difference in turgor between cells on 
one side of the pulvinus, behaving as extensors, and cells on the opposite side, 
behaving as fl exors, controls leaf angle. In a sensitive plant, seismonastic move-
ments, by which leaves respond to mechanical stimuli, also involve gradients of cell 
turgor in the pulvinus. In such movements, turgor changes are triggered when K +  
ions (and accompanying anions) move into or out of the cells, and water follows by 
osmosis (like in guard cells during the opening and closing of stomata; see above). 
Voltage-gated inwardly- or outwardly-rectifying K +  channels belonging to the 
Shaker family (see below, Section  5 ) mediate the K +  infl uxes and effl uxes, respec-
tively, that underlie the changes in turgor [ 134 ,  135 ].   
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4.3      Role of K +  in Control of the Cell Membrane Potential 

 K +  concentrations at both sides of the plasma membrane have a great impact on the 
polarization of cell membrane potential. Electrophysiological analyses indicate that 
the resting plasma membrane potentials signifi cantly vary in response to changes in 
K +  external concentrations [ 101 ,  103 ]. K +  channels from the Shaker family have 
been shown to be responsible for a large part of these variations in many cell types 
and physiological conditions [ 102 ,  136 ]. The dependency of the cell membrane 
potential on external and internal K +  concentrations indirectly affect the transport of 
other solutes that rely on cell polarization to enter or exit the plant cell. 

 K +  is also involved in electrical signals (action potentials) that plants are able to 
generate in response to different stimuli (cold, wounding, etc.). Unlike in neurons 
and other animal cells, in which Na +  is a crucial player in action potentials (an 
inward fl ow of Na +  ions triggering a depolarization of the cell membrane, which is 
thereafter rapidly repolarized by an outward fl ow of K +  ions), excitation in plant 
cells mainly involves an effl ux of anions (Cl −  or  NO3   ) for the initial depolarizing 
event. Then, the membrane depolarization gives rise to a repolarizing effl ux of K +  
ions, like in animal cells [ 137 ]. For instance, the electrical signal allowing rhizobac-
teria recognition by leguminous roots, after perception of the bacterial Nod factors, 
would require K +  effl ux to repolarize the plasma membrane after a Cl − -induced 
membrane depolarization [ 138 ].  

4.4      Effects of K +  on Enzyme Activities and Roles 
in Metabolism 

 Since the initial reports that pyruvate kinase (PK) activity is strongly stimulated by 
K +  [ 139 ,  140 ], many enzymes have been identifi ed as being activated by monovalent 
cations in animals, bacteria and plants [ 141 – 143 ]. Activation involves selective 
binding of the monovalent cation to the enzyme or enzyme-substrate complex, sta-
bilizing catalytic intermediates and enzyme structure, or providing optimal posi-
tioning of substrate. Molecular determinants of the binding of the monovalent cation 
to the protein have been identifi ed in several enzymes [ 142 ], including from plants 
[ 144 ,  145 ]. The activation process involves selective interactions between the mon-
ovalent cation and the enzyme. The activating cation is most often K + . This is the 
case, for instance, in various enzymes catalyzing phosphorylation of a carboxyl 
group or enolate anion and of molecular chaperones [ 142 ,  143 ]. Fewer enzymes, 
such as galactosidase and clotting proteases, are selective for Na +  [ 142 ]. When acti-
vated by K + , the enzymes are usually also signifi cantly activated by Rb +  and  NH4

+

  , 
while they are weakly activated by Na +  and often not at all by Li +  [ 141 – 143 ]. For 
instance, in plants, the starch synthetase from sweet corn displays an absolute 
requirement for potassium, with the optimum activation occurring at 50 mM 
KCI. Rb + , Cs + , and  NH4

+

   are 80 % as effective as K + , while Na +  and Li +  are 
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respectively 21 % and 8 % as effective [ 146 ]. Conversely, enzymes displaying 
selectivity for Na +  are also sensitive to Li + , and much less to K + , Rb +  or  NH4

+

   [ 141 ]. 
The mechanisms underlying the ionic selectivity are not always fully understood. 
For instance, in pyruvate kinase, replacement of K +  with Na +  does not seem to result 
in any apparent structural change [ 147 ], although the enzyme is practically inactive 
without K + . 

 In plants, key enzymes (including membrane transport systems), like glutamine 
synthetase, phosphoenolpyruvate carboxylase (PEPC), phosphofructokinase, ADP- 
glucose starch synthase and some vacuolar PPases (involved in H +  secretion across 
the vacuolar membrane into the vacuole) are strongly activated by K +  [ 38 ,  141 ,  148 , 
 149 ]. More generally, protein synthesis requires high concentrations of K +  [ 4 ,  150 ]. 
It is worth noting that this biochemical requirement of protein synthesis for K +  has 
often been taken as indirect evidence for strong homeostatic K +  control in the cyto-
sol [ 151 ]. Plant K +  status can also affect plant metabolism through transcriptional 
and post-transcriptional regulation of metabolic enzymes. For instance, transcrip-
tome analyses in K + -starved  A. thaliana  plants have provided evidence for upregula-
tion of malic enzyme and the GS/GOGAT cycle and downregulation of nitrate 
uptake and reduction [ 152 ,  153 ]. Other widely reported consequences of K + -
defi ciency are accumulation of reducing sugars and depletion of organic acids and 
negatively charged amino acids [ 150 ]. 

 Hence, a large set of data provides evidence that K +  availability strongly affect 
plant contents of primary and secondary metabolites [ 150 ,  154 ]. As discussed in 
[ 153 ], it seems likely that at least part of such changes in metabolite contents refl ects 
direct responses of enzyme activities and metabolism to the internal concentration 
of K + , although this concentration is homeostatically controlled  in vivo  and thus 
poorly sensitive to large variations in the availability of K +  in the external medium.  

4.5     Roles of Na +  in Plants 

4.5.1     Replacement of K +  by Na +  as Vacuolar Osmoticum 

 K +  is an essential macronutrient for plants because there are specifi c cellular func-
tions that only K +  can meet (see above). On the other hand, the role of K +  as osmoti-
cum in the vacuole is non-specifi c. In this function, this cation can be replaced by 
other solutes, and in particular by Na +  [ 38 ]. Quantitatively, the K +  cytosolic pool can 
represent a small fraction of the total amount of K +  ions within a plant cell when the 
availability of this cation in the external medium (nutritive or soil solution) is not 
limiting. In such conditions, most of the cellular K +  (around 90 %) is stored in the 
vacuole for osmotic purposes [ 155 ,  156 ]. However, when the availability of exter-
nal K +  is low, Na +  can be substituted for K +  as osmoticum in the vacuole, so that a 
relatively small amount of K +  is suffi cient to maintain K + -specifi c functions in the 
cytosol. Indeed, it has been shown that Arabidopsis plants exhibited higher growth 
rates if 10 mM Na +  was added to a 10 μM K +  growth solution [ 107 ]. In another 
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example, Na +  uptake in rice plants proved to be crucial for biomass production 
when K +  was limiting [ 157 ].  

4.5.2     Na +  Is a Benefi cial Nutrient 

 Na +  does not seem to be an essential nutrient in most higher plants (in all plants 
displaying C3 photosynthetic pathway, like the model plant  Arabidopsis thaliana , 
and part of the plants displaying the C4 pathway, like maize and sorghum) [ 10 ]. 
However, because Na +  stimulates growth in many plant species and can partly 
replace K +  in some functions [ 39 ,  158 – 160 ] like osmotic adjustment of the large 
central vacuole, cell turgor regulation allowing cell enlargement or long-distance 
transport of anions (by playing the role of accompanying cation), it has been quali-
fi ed as a “functional” nutrient in these species [ 39 ,  161 ]. Furthermore, in some plant 
species, partial replacement of K +  by Na +  can have benefi cial effects even under 
adequate K +  supply. In sugar beet, when 2.5 mM K +  + 2.5 mM Na +  replaced 5 mM 
K +  in the nutrient solution, an increase in plant dry weight and sucrose concentra-
tion in the storage root was observed [ 38 ]. Thus, while most of the research pro-
grams on Na +  in plants have been oriented towards the investigation of plant 
adaptation to salinity, it is clear that considering Na +  only as a toxic ion whose 
uptake, translocation, and accumulation have to be tightly controlled by the plant to 
prevent stressing effects would be a simplistic analysis. 

 In halophytes, the effect of Na +  on growth varies amongst species. Many, but not 
all, dicotyledonous halophytes need moderate NaCl concentrations (100–200 mM 
NaCl) to show optimal growth, while many monocotyledonous halophytes can dis-
play normal growth in the absence of salt or are stimulated by low NaCl concentra-
tions, in the mM range [ 62 ,  63 ].  

4.5.3     Essential Roles of Na +  in Some Plant Species 

 Na +  is an essential element in some plants displaying C 4  photosynthetic activity, like 
 Atriplex vesicaria  [ 162 ],  Echinochloa utilis  (Japanese millet), and  Portulaca gran-
difl otra  (rose moss) [ 163 ]. Low external concentrations of Na +  (ca. 0.1 mM) are 
needed by such plants to avoid chlorosis, necrosis, and failure to set fl owers even in 
presence of high external K +  concentrations (>5 mM) [ 163 ]. This requirement for 
Na +  is thought to refl ect the involvement of this cation in at least two processes [ 10 ]. 

 First, Na +  has been shown to facilitate the conversion of pyruvate into phospho-
enolpyruvate (PEP) (an important substrate in carbon fi xation in C 4  plants), which 
occurs in leaf mesophyll cells prior to the Calvin cycle [ 164 ]. The molecular mecha-
nisms underlying the effect of Na +  in this process are however still poorly 
understood. 

 Second, it facilitates the translocation of pyruvate (which is central to the 
CO 2 -concentrating mechanism in C 4  species) into chloroplasts [ 165 ,  166 ]. A trans-
port system localized at the chloroplast envelope membrane and endowed with 
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Na + -dependent pyruvate transport activity has been identifi ed at the molecular level 
[ 24 ]. The identifi ed gene ( BASS2 ) is present in all plants but the encoded protein is 
especially abundant in plants of the sodium-dependent C 4  type [ 24 ,  25 ]. To our 
knowledge, the BASS2 protein is the only transport system identifi ed in higher 
plants so far as displaying Na +  co-transport activity.    

5       Channels and Transporters Involved in Potassium 
and Sodium Transport in Plants 

 Molecular and functional analyses indicate that at least 3 families of channels, 
named Shaker, TPK/KCO and TPC, and 3 families of transporters, named HAK, 
HKT and CPA, contribute to K +  and/or Na +  membrane transport (uptake, distribu-
tion and compartmentalization) in plants (Figure  2 ).

   In total, these families gather at least 70 members in the model plant  Arabidopsis 
thaliana . The dichotomic classifi cation of membrane transport systems into chan-
nels and transporters is based on the mechanisms underlying ion permeation [ 167 , 
 168 ]. When open, channels can be regarded as selective pores through which ions 
move without inducing any change in the general conformation of the protein. In 
contrast, transporters undergo a cycle of conformational changes for each solute 
they transport. The maximum velocity of action of channels (up to 10 6  to 10 7  ions 
per second and protein) can thus be much higher than that of transporters (in the 
range 10–10 3  transport events per second and protein). 

 Furthermore, ions move always down their electrochemical gradient (passive 
transport) in channels, while they can move against their gradient (active transport) 
in transporters. The latter movement can be coupled to that of another substrate 
down its own electrochemical gradient, for instance H +  [ 168 ]. It should be noted that 
the ionic selectivity of the transport protein does not  per se  constitute a criterion for 
discriminating transporters from channels since each of these categories of proteins 
comprise members endowed with a high or low ionic selectivity. It should also be 
noted that rigid dichotomization between channels and transporters is increasingly 
proving to be too simplistic to describe the functional diversity of these proteins 
[ 169 – 171 ]. 

5.1      Families of K + -Selective Channels Identifi ed at 
the Molecular Level 

 The two protein families, named Shaker and TPK/KCO, that have been described in 
plants as forming K + -selective channels have counterparts in the animal kingdom: 
animal Shaker (Kv) channels for the former family [ 172 ] and K2P for the latter one 
[ 173 ]. K +  channels have evolved to fulfi ll different functions in plants, some of 
which can be considered as strictly plant specifi c, as described below. 
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5.1.1     Shaker Channels 

 Plant Shaker channels form the main K +  conductance at the plasma membrane in 
most cell types in plants (Figure  2 ). These channels are regulated by voltage like 
their animal counterparts. Functional channels result from the assembly of four sub-
units (alpha-subunits) that form a permeation pathway for K +  in the center of the 
structure. It is worth to note that the four subunits can be the product of a single 
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  Figure 2    Schematic representation of the current knowledge of subcellular localization of mem-
bers of the different families of channels and transporters permeable to Na +  and/or K +  in plants. 
Channels and transporters are displayed in blue and orange, respectively. Abbreviations: 
BASS2 = bile acid/Na +  symporter family protein 2; CHX, cation/H +  exchanger; CNGC, cyclic 
nucleotide-gated channels; HAK, high-affi nity K +  transporter; HKT, high-affi nity K +  transporter; 
KEA, K +  effl ux antiporter; NHD1, Na + /H +  antiporter; NHX, Na +  and/or K + -H +  exchanger; SOS1, 
salt-overly sensitive 1 protein (NHX family); TPC, two-pore channel; TPK, tandem-pore K +  chan-
nel. Some families are specifi c of a single type of membrane. This is the case of Shaker channels 
and HKT transporters, which are active at the plasma membrane, and of the TPC family, which 
display activity at the vacuolar membrane. Other families contribute to ion transport through dif-
ferent types of membrane. Of course, not all these proteins are expressed in the same cell type.       
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Shaker gene (homomeric channels) or different Shaker genes (heteromeric  channels) 
[ 172 ]. A Shaker alpha-subunit consists of a hydrophobic core displaying six 
 transmembrane segments with both N- and C-terminal regions located on the 
 cytosolic side of the membrane. 

 Two modules can be distinguished in the transmembrane core: a voltage-sensing 
module comprising the fi rst four transmembrane segments (S1-S4) and a pore- 
forming module (S5-P-S6). In the former module, the fourth transmembrane seg-
ment (S4), which is enriched in positively charged residues, constitutes the voltage 
sensor. Between the fi fth (S5) and sixth (S6) transmembrane segments of the pore- 
forming module, a pore loop (P) is located, harboring the canonical K +  selectivity 
fi lter “TxGYG” (Thr-X-Gly-Tyr-Gly) like in animal Shaker channels. The cytosolic 
C-terminal part which begins just after the end of the sixth transmembrane segment 
(S6), contains the following domains (successively from N- to C-term): a C-linker 
(about 80 residues in length) [ 174 ], a cyclic-nucleotide binding domain (CNBD), an 
ankyrin domain (absent in some alpha-subunits) [ 175 ,  176 ], and a KHA domain rich 
in hydrophobic and acidic residues [ 177 ]. 

 So far, there are four functional types of plant Shaker channels, which have been 
well documented in the model plant  Arabidopsis thaliana . These four functional 
types fall into fi ve phylogenetic groups in this species [ 178 ]. Groups 1 and 2 include 
fi ve inwardly-rectifying channels: AKT1, SPIK, and AKT6 in group 1, and KAT1 
and KAT2 in group 2 (Figure  2 ). All these channels are voltage-gated and open at 
hyperpolarized membrane potentials. Group 3 has AKT2 as only member, which 
behaves as a weakly-rectifying channel. AKT2 weakly-rectifying currents can be 
decomposed into two components: a voltage-independent (“Ohmic” like) compo-
nent mediated by channels that are open at all membrane potentials, and an 
 inwardly- rectifying component mediated by channels that only open at hyperpolar-
ized potentials (like channels from groups 1 and 2) [ 179 ]. 

 Both components correspond to two channel states and it is expected that changes 
between these two states are phosphorylation-dependent [ 180 ]. Like group 3, the 
Arabidopsis Shaker group 4 comprises a single member, named AtKC1, which 
seems unable to form functional channels by itself but is able to interact with alpha- 
subunits from groups 1, 2, and 3 to form functional heteromeric channels with dis-
tinctive functional features. It is thus regarded as a regulatory subunit. The last 
group, group 5, comprises two outwardly-rectifying channels, named SKOR and 
GORK. These two channels are voltage-gated (like the channels formed by mem-
bers from group 1 to 4) but they open at depolarized membrane potentials. Thus, in 
Arabidopsis, 6 Shaker genes give rise to voltage-gated inwardly rectifying channel 
activity, 2 genes give rise to voltage-gated outwardly-rectifying channels and one 
gene to weakly-rectifying channel activity (mediated by homotetrameric AKT2 
channels). It is worth to mention that the same basic subunit topology is found 
among all these channels with the exception of the ankyrin domain, which is absent 
in groups 1, 2, and 4. 

 Arabidopsis has also served as a model for determining the physiological role of 
many of the aforementioned Shaker functional types. Heteromeric AKT1/AtKC1 
and/or homomeric AKT1 channels contribute to a large extent to K +  uptake in root 
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cells [ 102 ,  181 – 183 ]. Due to the hyperpolarized membrane potentials recorded in 
root cells, AKT1 channels can take up K +  from solutions containing K +  concentra-
tions as low as 10 μM [ 102 ,  184 ,  185 ]. KAT1 and KAT2 are strongly expressed in 
guard cells where they mediate K +  uptake, which leads to guard cell swelling and 
stomatal opening [ 186 ]. GORK is expressed in guard cells and in root periphery 
cells where it mediates K +  effl ux. In guard cells, this effl ux gives rise to decreased 
turgor and stomatal closure [ 108 ]. In root periphery cells and root hairs, it could 
play a role in osmoregulation and possibly in signal transduction [ 187 ]. SKOR and 
AKT2 are preferentially expressed in vascular tissues where they take part in long- 
distance K +  transport. 

 SKOR is expressed in root stele cells (pericycle and xylem parenchyma cells) 
where it mediates K +  secretion into the xylem sap [ 78 ]. AKT2 is mainly expressed 
in the phloem where it contributes to K +  load and/or unload in source and sink tis-
sues [ 188 ,  189 ]. It is noteworthy that AKT2-mediated control of membrane poten-
tial (by modulating K +  fl uxes) can constitute an energy source for sucrose loading 
into the phloem [ 190 ]. Besides, AKT2, together with AKT1, contributes to K +  
uptake in mesophyll cells [ 191 ]. Finally, AKT6 and SPIK are expressed in repro-
ductive tissues [ 189 ]. SPIK channels form a large K +  inward conductance in pollen 
that permits germination and turgor-dependent growth of pollen tubes [ 192 ].  

5.1.2     TPK/KCO Channels 

 The tandem-pore K +  (TPK) channel family comprises 6 members (TPK1-TPK5 and 
KCO3) in the model plant  Arabidopsis thaliana . TPK channels fall into two phylo-
genetic groups: TPK1 on one side and TPK2, TPK3, TPK4, and TPK5 on the other 
[ 193 ]. Each subunit consists of four transmembrane segments (TM) and two pore 
loops (P), containing the canonical K +  selectivity fi lter “TxGYG”, that are arranged 
as TM-P-TM-TM-P-TM. KCO3 is a special case since it only possesses two trans-
membrane segments that are separated by a pore domain (TM-P-TM topology), a 
structure reminiscent of that of animal Kir and bacterial KcsA channels [ 194 – 196 ]. 
The encoding  KCO3  gene is thought to have originated by gene duplication of the 
 TPK2  gene, followed by a partial deletion that resulted in the loss of one pore 
domain (a TM-P-TM module) [ 173 ,  197 ]. 

 It is worth to note that plant TM-P-TM subunits have been only found in the 
Arabidopsis genus so far [ 193 ]. Like Shaker alpha-subunits, TPKs subunits have 
both their N- and C-terminal ends located in the cytosol. Binding sites for 14-3-3 
proteins are found in the N-terminus while one or two Ca 2+ -binding EF hands are 
present in the C-terminus. Functional TPK channels arise from the assembly of two 
subunits that leads to the formation of a central pore with four pore domains. Unlike 
plant Shaker channels, TPK channels do not have a voltage sensor domain and are 
thus not regulated by voltage [ 197 ]. Instead, they are regulated by Ca 2+ , via the EF 
hands, and by pH. Expression analyses of  TPKs  genes have shown that the highest 
transcript levels in root, leaves and fl owers is displayed by  TPK1 , followed by  TPK3  
and  TPK5  [ 173 ]. Expression of  TPK2  and  TPK3  was essentially detected in fl owers, 

9 Roles and Transport of Sodium and Potassium in Plants



310

but with low transcript levels.  TPK4  expression seems to be restricted to pollen as 
observed by  promoter-GUS  (β-glucuronidase) fusion analysis [ 198 ]. Albeit some 
TPK subunits are co-expressed in the same cell types, TPK channels seem to only 
result from homodimer assembly [ 199 ]. 

 At the subcellular level, TPK1, TPK2, TPK3 and TPK5 are localized to the tono-
plast (Figure  2 ) as shown by fusions to the fl uorescent marker GFP [ 199 ]. In con-
trast, TPK4 seemed to be partly targeted to the plasma membrane, while an important 
fraction remained in the ER [ 198 ,  200 ]. Although general targeting sequences have 
not been identifi ed in Arabidopsis TPKs, localization of rice TPKs to lytic vacuole 
tonoplast or to protein storage vacuoles relied on a reduced number of residues 
located in the C-terminus of the channel subunits [ 201 ]. Information about the phys-
iological role of TPK channels in plants is limited at the present time. They are 
expected to participate in intracellular K +  transport that involves vacuoles and 
organelles. For instance, TPK1 participates in vacuolar K +  release necessary for 
stomatal closure and seed germination [ 202 ]. Interestingly, several vacuolar TPKs, 
including AtTPK1, seem to respond to mechanical stimulation, suggesting a link 
between osmoregulation and TPK-mediated K +  transport [ 203 ].   

5.2     K + -Permeable Transporters from the HAK/KUP/KT Family 

 Plant HAK/KUP/KT transporters were fi rst identifi ed from their homology to bacte-
rial KUP (K +  Uptake) and fungal HAK (high-affi nity K + ) transporters [ 204 ,  205 ]. 
The fi rst plant transporters identifi ed in this family were cloned from barley (HAK1 
[ 206 ]) and Arabidopsis (KUP1/KT1, KUP2/KT2; K +  transporter [ 207 – 209 ]). Due 
to the different acronyms used in these early reports, the composite name of HAK/
KUP/KT is widely used to refer to the whole family in plants. Functional character-
ization in yeast and/or bacteria mutants devoid of endogenous K +  uptake systems 
has clearly evidenced permeability to K +  in various members of this family. Data 
obtained from Arabidopsis confi rm that some members of the family do indeed play 
a role in K +  homeostasis in roots [ 185 ,  210 – 212 ] and shoots [ 213 ]. The HAK/KUP/
KT transporters characterized so far in plants are mainly permeable to K + . Their 
capacity to discriminate between this cation, Rb +  and Cs +  is however low [ 172 ], 
while it is high between K +  and Na + , with a 10 3  difference in their corresponding 
apparent affi nity constant ( K  M  close to 10 μM for K +  and 10 mM for Na + ) [ 206 ,  214 ]. 

 Based on hydropathy profi les, HAK/KUP/KT transporters would possess from 
10 to 14 transmembrane segments [ 210 ]. In contrast to the Shaker and TPK fami-
lies, the HAK/KUP/KT one displays a high and rather variable number of members 
in the different plant species genomes that have been sequenced so far. For instance, 
the genome of the dicot model Arabidopsis and that of the monocot model rice dis-
plays 13 and 27 genes, respectively. The physiological signifi cance of such differ-
ences is still poorly understood [ 172 ]. 

 HAK/KUP/KT transporters are generally classifi ed according to their sequence 
homology into four clusters (I–IV [ 215 ]). Cluster I comprises well characterized 
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transporters like AtHAK5 or OsHAK1, which have been shown to mediate K +  
uptake in roots from low external concentrations, probably by mediating H + :K +  co- 
transport (Figure  2 ) [ 214 ,  215 ]. Such capacity allows plants to thrive under low-K +  
conditions [ 211 ,  212 ]. So far, characterization of members belonging to cluster II 
has revealed a striking diversity in terms of transport properties and physiological 
roles. In Arabidopsis, they seem to be involved in developmental processes depen-
dent on, or resulting in, cell expansion [ 213 ,  216 ,  217 ]. Little information is avail-
able on cluster III and cluster IV transporters.  

5.3     Na + -Selective Transporters 

5.3.1     High-Affi nity K +  Transporters 

 High-affi nity K +  transporters (HKT) transporters are related to fungal and bacterial 
K +  transporters from the Trk/Ktr families [ 194 ]. In plants however, HKT transport-
ers display varying Na + /K +  permeabilities. When characterized in heterologous sys-
tems, 3 main types can be distinguished: K + - or Na + -selective transporters and 
Na + -K +  symporters (Figure  2 ) [ 218 – 221 ]. Initial sequence analyses and  in silico  
modelling suggested that HKT transporters contain a hydrophobic core with four 
“MPM” domains (a MPM domain being formed by a pore loop surrounded by one 
transmembrane domain at each side), the N- and C-terminus being located in the 
cytosol. The four MPM domains assemble in such a way that the four pore loops are 
located at the center of the hydrophobic structure to form part of the permeation 
pathway. Recent crystallization of bacterial Trk/Ktr homologues has provided 
strong support to this confi guration [ 222 ,  223 ]. 

 Phylogenetic and functional analyses have led to sort HKT transporters into 2 
subfamilies [ 224 ]: subfamily I, present in both monocotyledonous and dicotyledon-
ous species, and subfamily II, identifi ed only in monocotyledonous species so far 
[ 224 ]. In Arabidopsis, a single  HKT  gene,  AtHKT1,  has been identifi ed [ 221 ] while 
in rice, eight or nine  HKT  genes exist depending on cultivars [ 225 ,  226 ]. Subfamily 
II HKT transporters are expected to be all K + -permeable and can operate as Na + -K +  
symporters [ 218 ,  226 ] or K + -selective uniporters [ 220 ,  227 ] when heterologously 
expressed in yeast and/or  Xenopus  oocytes. Transporter permeability to K +  relies on 
a conserved glycine residue in the middle of the selectivity fi lter of HKT/Trk/Ktr 
transporters [ 222 ,  223 ,  228 ]. In subfamily I HKT transporters, such a glycine is 
absent [ 229 ]. Subfamily I HKT transporters are Na + -selective in Arabidopsis and 
rice [ 50 ,  53 ,  218 ,  221 ]. In other species, they are expected to be Na + -selective as 
well because of the absence of conserved glycine in their selectivity fi lter [ 224 ], 
although indication of K + -permeable HKT transporters within the dicotyledonous 
subfamily I has been reported [ 230 – 232 ]. 

 Concerning their physiological role, HKT transporters have been widely associ-
ated to Na +  transport and tolerance to Na +  stress [ 172 ]. The AtHKT1 transporter 
from Arabidopsis strongly contributes to Na +  recirculation from shoots to roots, 
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contributing to reduce the plant sensitivity to Na +  [ 50 ,  233 ]. AtHKT1 is expressed 
in root xylem parenchyma and root and shoot phloem and it prevents shoot Na +  
over-accumulation both by limiting the amount of Na +  delivered to the shoots, 
through xylem sap desalinization, and by recirculating shoot Na +  to the roots via the 
phloem sap [ 50 ,  234 ]. Genetic analyses have shown that several subfamily I HKT 
transporters, in both dicotyledonous and monocotyledonous species, are associated 
to QTLs of salt tolerance by limiting leaf Na +  accumulation upon salt stress [ 51 ,  53 , 
 235 ]. Less information about the role of subfamily II HKT transporters has been 
reported. In rice, OsHKT2;1 provides a major pathway for root high-affi nity Na +  
uptake that supports plant growth under limiting K +  supply [ 157 ]. Its possible 
involvement in root K +  uptake has not been evidenced yet.  

5.3.2      Na + :Pyruvate Cotransporters 

 Recently, a plastidial protein named BASS2 (for “bile acid sodium symporter fam-
ily” protein 2) has been characterized in several C 3  and C 4  species, including  A. 
thaliana,  and shown to mediate pyruvate:Na +  co-transport into chloroplasts 
(Figure  2 ) [ 24 ]. Orthologues of BASS2 can be detected in all the land plant genomes 
that have been sequenced so far. Interestingly, such pyruvate:Na +  co-transport 
mechanism was well established in C 4  species but not well characterized in the C 3  
ones [ 25 ,  236 ]. In C 3  species, BASS2 function would supply pyruvate to the MEP 
pathway [ 24 ,  237 ]. To mediate pyruvate:Na +  co-transport, it has been proposed that 
BASS2 requires a Na +  gradient established by NHD1 Na + /H +  antiport activity 
(member from the NhaD family; see below).   

5.4     Monovalent Cation/H +  Antiporters from the CPA 
Superfamily 

 This superfamily of cation/H +  antiporters (CPA) comprises three major families 
designated as CPA1, CPA2, and NhaD [ 238 – 240 ]. In plants, CPA1 includes the 
well-studied Na + -K + /H +  exchanger (NHX) family, CPA2 includes the K +  effl ux anti-
porter (KEA) and cation-H +  exchanger (CHX) families and NhaD includes Na + /H +  
antiporters. 

 CPA1 transporters, which are predicted to have 10 to 12 transmembrane seg-
ments, mediate electroneutral Cation/H +  exchange [ 241 ]. CPA1-type transporters 
are found in all kingdoms, including archaea, bacteria, fungi, plants and metazoa 
[ 238 ]. In plants, CPA1 transporters behave as Na + /H +  and/or K + /H +  antiporters 
(Figure  2 ). They are involved in salt tolerance and K +  homeostasis by contributing 
either to cation compartmentalization in cellular organelles, as shown for instance 
for NHX transporters, or to Na +  extrusion from the cell, as shown for the SOS1 
Na + :H +  antiporters [ 242 ]. Arabidopsis contains eight isoforms belonging to three 
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classes: two divergent members localized to the plasma membrane (SOS1/AtNHX7 
and AtNHX8), and six intracellular isoforms that are targeted to the vacuolar 
(AtNHX1 to AtNHX4) or endosomal membranes (AtNHX5, AtNHX6). AtNHX1 
and AtNHX2 contribute to vacuolar K +  accumulation and pH homeostasis that is 
required for plant growth, stomatal functioning and fl ower development [ 125 ,  243 , 
 244 ]. AtNHX5 and AtNHX6 seem to be involved in the establishment of pH gradi-
ents between organelles that are important for vacuolar traffi cking. Interestingly, 
cell expansion and plant growth is greatly reduced in plants lacking both AtNHX5 
and AtNHX6, which highlights the relevance of endosomal pH and ion homeostasis 
in these physiological processes [ 245 ,  246 ]. Concerning salt tolerance, these two 
types of NHX transporters, vacuolar or endosomal, display contrasting responses to 
sodium excess. Disruption of  AtNHX5  and  AtNHX6  renders plants salt-sensitive. In 
contrast, moderate salt can complement growth and fl ower defects displayed by 
mutants lacking AtNHX1 and AtNHX2 [ 244 ,  245 ]. A consistent observation is that 
improved Na +  compartmentalization into the vacuole by overexpression of vacuolar 
NHX proteins results in increased tolerance of the plant to a salinity constraint 
[ 242 ]. In addition to the contribution of NHX transporters to vacuolar Na +  accumu-
lation, selective Na +  excretion from the cell by plasma membrane SOS1-like trans-
porters has been widely shown to limit Na +  levels in the cytosol and thereby to 
improve plant performance under salt stress [ 76 ]. Furthermore, SOS1 activity 
appears to protect root plasma membrane K +  uptake capacity from external media 
displaying high Na +  concentrations [ 247 ]. 

 Six  KEA  genes (AtKEA1 to 6) are present in the Arabidopsis genome. AtKEA1 
and AtKEA2 are targeted to the chloroplast inner envelope membrane whereas 
AtKEA3 is targeted to the thylakoid membrane. By using Arabidopsis plants 
mutated in AtKEA1 to 3 transporters (single, double, and triple mutants), it has 
been shown that these transporters play an essential role in chloroplast osmoregula-
tion, integrity, and ion and pH homeostasis (Figure  2 ) [ 248 ]. 

 The Arabidopsis CHX family, with twenty-eight members in  A. thaliana , is 
much larger than the KEA one. It comprises transporters targeted to the plasma 
membrane, prevacuolar membrane or the endoplasmic reticulum, where they 
exchange K +  against H +  [ 249 – 251 ]. Association of AtCHX proteins with endomem-
branes and their roles in pH and cation homeostasis suggest that these proteins play 
important roles in membrane traffi cking, similarly to endosomal NHX transporters. 
AtCHX20 antiport activity in endosomes contributes to guard cell swelling and 
stomatal opening [ 126 ]. In Arabidopsis pollen, AtCHX21 and AtCHX23 are 
involved in either the reception or the transduction of female signals that target pol-
len tube to the ovule [ 250 ]. Intriguingly, multiple CHX genes are expressed in 
Arabidopsis pollen, but this is not well understood yet. 

 NhaD-type carriers have been identifi ed in all vascular and non-vascular plants, 
including mosses and algae [ 252 ]. In  A. thaliana , the Na + /H +  antiporter AtNHD1 
has been shown to participate in Na +  export from chloroplasts, a process that con-
tributes to salt tolerance, effi cient photosynthesis and plant performance (Figure  2 ) 
[ 253 ]. AtNHD1 may work in parallel to KEA exchangers at the chloroplast enve-
lope with overlapping substrate specifi city [ 248 ]. Evidence has also been obtained 
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that NHD1 energize BASS2 pyruvate/Na +  co-transport into the chloroplast (see 
Section  5.3.2 ) by establishing an inwardly-directed sodium gradient across the 
envelope [ 24 ].  

5.5     Poorly Selective Transport Systems Permeable to K +  
and Na +  

5.5.1     Cyclic Nucleotide-Gated Channels 

 Cyclic nucleotide-gated channels  ( CNGCs) share structural homology with Shaker 
channels as they have six transmembrane segments and a long cytosolic C-terminal 
domain harboring a CNBD. In contrast, they lack the canonical motif TxGYG, hall-
mark of K + -selective channels [ 66 ,  254 ]. Unlike Shaker channels, they seem to be 
regulated by cGMP and/or cAMP and to poorly discriminate among monovalent 
cations (Figure  2 ) [ 255 ,  256 ]. A notable exception is AtCNGC2, which exhibited a 
high degree of K +  selectivity as opposed to Na +  [ 257 ], a feature that is unknown in 
animal CNGCs [ 258 ]. 

 Despite the fact that CNGCs seem to play a prominent role in plant immunity by 
probably mediating Ca +2  fl uxes [ 259 ,  260 ], some of them have shown features 
related to K +  and/or Na +  transport. For instance, AtCNGC10 was shown to rescue 
K +  transport mutant strains of  Escherichia coli  (LB650) and yeast (CY162), and the 
Arabidopsis  akt1  mutant [ 261 ]. In heterologous systems, AtCNGC3 can mediate 
Na +  and K +  uptake [ 129 ]. Moreover, promoter-driven GUS activity data has shown 
that AtCNGC3 is mainly expressed in epidermal and cortical root tissues in seed-
lings, a feature consistent with a role in K +  and/or Na +  transport.  

5.5.2     Tandem-Pore Channels 

 Tandem-pore channels (TPC) proteins share structural similarities with voltage- 
gated cation channels, since one polypeptide consists of two repeats of the basic 
S1-S6 structure present in Shaker K +  channel. Unlike their animal homologues, 
plant TPC channels are targeted to the tonoplast and are responsible for the so- 
called slow vacuolar (SV) currents (Figure  2 ) [ 262 ,  263 ]. They are activated by a 
rise in cytosolic calcium concentration and do not discriminate among cations, 
either monovalent or divalent [ 264 – 269 ]. In the presence of low Na +  concentrations 
and of a K +  gradient directed into the cytosol, a TPC channel is able to transport K +  
across the tonoplast in either direction, depending on the electrochemical driving 
forces [ 262 ]. In Arabidopsis, phenotype analyses of plants displaying a loss-of- 
function mutation in the single TPC family member has revealed that this channel 
contributes to seed germination and stomatal movements [ 263 ], but the physiologi-
cal signifi cance of these observations remains unclear.    
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6     General Conclusions 

 Important concerns and objectives, both at the biological and agricultural levels, are 
underlying research on roles and transport of K +  and Na +  in plants. K +  is an essential 
element, which is required in large quantities while its availability in the soil solu-
tion is often low, in the μM range, and limiting for optimal plant growth. It is 
involved in a large number of crucial functions, among which are osmocontractility, 
for instance in guard cells which regulate the aperture of stomatal pores and gas 
exchanges at the leaf surface. In contrast, Na +  is not an essential element in most 
plants. The major issue regarding this ion is that its concentration in the soil can be 
high and thus toxic, preventing plant growth and agriculture in a large proportion of 
the arable lands. 

 In the context of such concerns, efforts have been particularly made to identify 
and characterize channels or transporters involved in K +  or Na +  transport. Major 
advances have been made during the last 2 decades in this domain, using DNA- 
based strategies, cell biology, (electro)physiology, genetics and reverse genetics, 
and whole plant biology. For instance, this has provided valuable knowledge on 
transport mechanisms responsible for K +  uptake from the soil solution [ 75 ], K +  
fl uxes in guard cells [ 121 ], and Na +  exclusion [ 73 ] or compartmentalization into 
vacuoles [ 91 ]. 

 However, we are very far from having a holistic view of the functional properties 
and roles of the tens of Na +  and K +  transport systems that have been identifi ed in the 
genome of the model plant  Arabidopsis thaliana  [ 270 ], and still farther from under-
standing the physiological signifi cance and consequences of the differences that are 
revealed by phylogenetic comparison of the different families of transport systems 
between plant species [ 172 ]. Further progress in this direction is clearly required. It 
seems very reasonable to expect that this will provide new tools and strategies to 
improve, for instance, plant K +  use effi ciency or tolerance to soil salinity.

  Abbreviations 

  ADP    adenosine diphosphate   
  AKT    Arabidopsis K +  transport system   
  AtKC1     Arabidopsis thaliana  K +  channel 1   
  ATP    adenosine 5′-triphosphate   
  BASS2    bile acid:Na +  symporter family protein 2   
  cAMP    cyclic adenosine monophosphate   
  cGMP    cyclic guanidine monophosphate   
  CHX    cation/H +  exchanger   
  CNBD    cyclic nucleotide binding domain   
  CPA    cation/H +  antiporter   
  ER    endoplasmatic reticulum   
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  GFP    green fl uorescent protein   
  GORK    gated outwardly-rectifying K +  channel   
  GS/GOGAT    glutamine synthetase/glutamine oxoglutarate aminotransferase   
  GUS    β-glucuronidase   
  HAK    high-affi nity K +  transporter   
  KAT    K +  channel in  Arabidopsis thaliana    
  KEA    K +  effl ux antiporter   
  KT    K +  transporter   
  KUP    K +  uptake transporter   
  MEP    methyl erythritol phosphate   
  NHX    Na + -K + /H +  exchanger   
  P    pore loop   
  PEP    phosphoenolpyruvate   
  PEPC    phosphoenolpyruvate carboxylase   
  PK    pyruvate kinase   
  QTL    quantitative trait locus   
  SKOR    stellar K +  outward rectifi er   
  SPIK    Shaker pollen inward K +  channel   
  TM    transmembrane segment   
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Abstract Transport of Na+ and K+ ions across the cell membrane is carried out by 

specialized pore-forming ion channel proteins, which exert tight control on electri-

cal signals in cells by regulating the inward/outward flow of the respective cation. 

As Na+ and K+ ions are both present in the body fluids, their respective ion chan-

nels should discriminate with high fidelity between the two competing metal ions, 

conducting the native cation while rejecting its monovalent contender (and other 

ions present in the cellular/extracellular milieu). Indeed, monovalent ion channels 

are characterized by remarkable metal selectivity. This striking ion selectivity of 

monovalent ion channels is astonishing in view of the close similarity between Na+ 

and K+: both are spherical alkali cations with the same charge, analogous chemical 

and physical properties, and similar ionic radii. The monovalent ion channel selec-

tivity filters (SFs), which dictate the selectivity of the channel, differ in oligomeric-

ity, composition, overall charge, pore size, and solvent accessibility. This diversity 

of SFs raises the following intriguing questions: (1) What factors govern the metal 

competition in these SFs? (2) Which of these factors are exploited in achieving K+ 

or Na+ selectivity in the different types of monovalent channel SFs? These ques-

tions are addressed herein by summarizing results from recent studies. The results 

show that over billions of years of evolution, the SFs of potassium and sodium ion 

channels have adapted to the specific physicochemical properties of the cognate 

ion, using various strategies to enable them to efficiently select the native ion 

among its contenders.

Keywords -

1  Introduction

Monovalent Na+ and K+ ions are indispensable players in several processes that 

ensure normal functioning of living organisms. For instance, they are involved in 

regulating homeostasis of blood and body fluids, cardiac, skeletal, and smooth mus-

cle contraction, taste and pain sensation, hormone secretion, and signal transduction 

in animals [1–4]. These ions coexist in various biological compartments with differ-

ent relative concentrations: K+ is the principal cation in the cytoplasm with a 

[K+]:[Na+] concentration ratio equal to 139:12 mM, while Na+ dominates the extra-

cellular space with [Na+]:[K+] = 145:4 mM [5].

Na+ and K+ transport across the cell membrane is carried out by specialized pore- 

forming membrane-spanning ion channel proteins, which, by regulating the inward/

outward flow of the respective cation, exert tight control on electrical signals in cells 

[2]. Due to the different intracellular and extracellular K+ and Na+ concentrations, 

potassium and sodium channels open to allow K+ to exit and Na+ to enter the cell, 

respectively, under physiological conditions. Na+ influx promotes cell excitability, 

whereas K+ efflux decreases it.

Please cite as: Met. Ions Life Sci. 16 (2016) 325–347
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Altered ion selectivity of potassium or sodium channels due to gene mutations, 

pathological and physiological conditions (e.g., acidic pH) [6] often results in vari-

ous channelopathies of the heart, brain, skeletal muscles, and lung [7]. Thus potas-

sium and sodium channels are key drug targets for various disorders including 

cardiac arrhythmias, heart attack, stroke, migraine, epilepsy, pain, cancer, and auto-

immune disorders [8].

1.1  From Potassium Channels to Sodium Channels

The earliest channels appear to be the linear leak and voltage-gated potassium (Kv) 

channels, which appeared about three billion years ago in bacteria and occur in all 

organisms [9, 10]. Linear leak potassium channels have a pore domain consisting of 

two membrane-spanning helices and a pore-forming loop (Figure 1).

Kv channels are homotetramers, each monomer consisting of a pore domain as 

well as a voltage-sensing domain formed by four membrane-spanning helices. 

Homotetrameric Kv channels are probably the founding members of the family of 

tetrameric channels, where each monomer consists of six transmembrane segments 

[10]. Early in eukaryote evolution, the gene for a six-transmembrane-helix channel 

duplicated yielding a protein with two domains, whose gene in turn duplicated to 

create a protein with four domains that can form an ion channel on its own without 

the need for oligomerization (Figure 1).

Such a four-domain channel evolved permeability to Ca2+, which conveniently 

became an intracellular signaling messenger. The simplest and oldest animals 

and their eukaryote relatives, which lack nervous systems, possess only Ca2+-

selective channels [11–13]. As more complex nervous systems in eukaryotes 

evolved, separation between Ca2+- and Na+-dependent signaling in the cell was 

required: Na+ currents are better suited to generate membrane excitability in 

complex nervous systems than Ca2+ currents, as they enable fast and accurate 

signaling and do not interfere with intracellular Ca2+ signaling and exert cytotox-

icity [2]. Thus, eukaryotic voltage-gated sodium (Nav) channels are thought to 

have evolved from voltage- gated calcium (Cav) channels [2, 11], as evidenced by 

the fact that their four homologous domains are more similar to those of Cav 

channels than to each other. Their relationship to prokaryotic Nav channels, 

which are homotetramers of subunits containing six transmembrane segments 

like Kv channels, is unclear [10].

1.2  Ion Selectivity of Monovalent Ion Channels

As Na+ and K+ ions are both present in the body fluids, their respective ion channels 

should discriminate with high fidelity between the two competing metal ions, con-

ducting the native ion while rejecting its monovalent contender and other ions in the 
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cellular/extracellular milieu. Indeed, monovalent ion channels do exhibit remark-

able metal selectivity, as determined by equilibrium binding experiments that char-

acterize the free energy minima of the metal-binding site or by non-equilibrium flux 

measurements that estimate permeability of the native ion relative to that of its rival. 

Potassium channels select K+ over Na+ by a ratio of 100–1000:1 based on binding 

affinities [2, 14, 15], or a K+:Na+ permeability ratio of 1,000 [2] to 10,000 [16], but 

are inaccessible to anions and exclude divalent ions [2]. This striking ion selectivity 

is astonishing considering that both Na+ and K+ have the same charge, analogous 

physicochemical properties, and ionic radii that differ by only 0.36 Å [17], less than 

the crystallographic thermal B-factors [18]. Yet, the channel is able to “sense” the 

cognate ion and selectively let it pass through.

Compared to potassium channels, sodium channels are generally less selec-

tive: the epithelial Na+ channel (ENaC) is the most selective for Na+ over K+ with 

a Na+/K+ selectivity ratio of 100 [19] to 500 [20]. Although the acid-sensing ion 

channel (ASIC) belongs to the epithelial/degenerin superfamily of ion channels, 

their Na+/K+ selectivity, which ranges from 3 to 13 [4], is an order of magnitude 

Two-pore channels

Ligand-gated K
and Kv channels

Linear leak
K channels

I

II

III

IV

Voltage sensor

Selectivity 
Filter (pore)

Activation gate

Inactivation gate (open)Tether

Cav channels Nav channels

1 2 3 
4 

5 6 

I II III IV1 2 3 4 5  6

Figure 1 From potassium channels to sodium channels. The top panel from left to right shows (i) 

a linear leak potassium channel composed of two membrane-spanning helices (green) and a pore 

loop containing conserved amino acid residue(s) that determines ion selectivity (red); (ii) ligand- 

gated and voltage-gated potassium (Kv) channels where each monomer consists of six transmem-

brane helices (TMα, labeled 1–6) with voltage sensor helix 4 in blue, (iii) two-pore channels with 

two 6TMα domains, and (iv) Cav and Nav channels with four 6TMα domains. Adapted from [10]. 

The bottom panel illustrates the structural organization of channels with four homologous domains 

(I–IV), each of which has six transmembrane helices. Adapted from [9].
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lower than ENaC. Compared to ASIC, vertebrate Nav1 channels appear to be 

slightly more Na+/K+ selective with permeability ratios of 12–21 [2], while their 

bacterial Nav channels exhibit varying Na+/K+ permeability ratios from 5 to 171 

[21–24].

1.3  Selectivity Filter Characteristics of Monovalent Ion 
Channels

The selectivity filter (SF) is defined as a constricted region of the open pore in the 

conductive (as opposed to a non-conductive) conformation of the channel that dic-

tates ion selectivity. It is a mono- or multilayered ring-like structure, lined with 

several conserved metal-binding residues from each of the channel pore-forming 

domains. The metal-ligating groups protrude toward the pore lumen and interact 

with the passing metal ion (Figure 2).

X-ray structures of the tetrameric potassium channel [16, 18, 25–33] show that 

the SF has four contiguous metal-binding sites, each formed by eight (mostly back-

bone carbonyl) oxygen atoms at the vertices of a square antiprism (Figure 2a). The 

SF pore size matches bare (dehydrated) K+ [18]. In contrast, X-ray structures of the 

tetrameric bacterial Nav channels [34–37] show a wide SF pore lined with four con-

served glutamates (EEEE) that can accommodate partially hydrated Na+. Crystal 

structures of the homotrimeric Na+-selective ASIC in an open conformation [38] 

also show a wide SF pore lined with three Gly carbonyl groups (GGG) that fits fully 

hexahydrated Na+.

Although open-state X-ray structures of other Na+-selective channels with bound 

cognate ions remain unsolved, site-directed mutagenesis and channel-blocker bind-

ing experiments have revealed their SF oligomeric structure, composition, and pore 

size. Both ENaC [19] and Nav1 [39] channels have narrow SF pores that fit dehy-

drated ions, but their SFs differ in oligomeric structure and composition. The ENaCs 

have heterotrimeric SFs lined with serine side chain and/or backbone carbonyl 

groups from the conserved (G/S)XS tract [40–42]. Eukaryotic Nav channels have 

asymmetric SFs lined by conserved Asp, Glu, Lys, and Ala donated by each of the 

four homologous domains [43, 44], unlike prokaryotic Nav channels with four 

 identical domains. Surprisingly, a conserved Lys is crucial for selectivity, as its 

mutation to another residue drastically reduces (or even reverses) the channel’s  

Na+/K+ selectivity [39, 43, 45], whereas mutation to an aspartate or glutamate ren-

dered the channel Ca2+-selective [45, 46]. The different Nav channels differ in 

whether this conserved Lys comes from the second or third domain: Nav1 channels 

of higher (bilaterian) animals (e.g., vertebrates, cephalochordates, urochordates, 

mollusks, annelids, and arthropods) have DEKA SFs (Figure 2b), whereas Nav2.5 

channels in cnidarian (sea anemones, corals, hydras, and jellyfish) possess a less 

Na+/K+-selective DKEA motif [12, 13, 45].
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Figure 2 (a) The PDB structure (1K4C) of K+ bound to eight backbone carbonyl groups in the 

homotetrameric KcsA channel SF (top) is modeled by K+ bound to 8 −CONHCH3 residues attached 

to a carbon-hydrogen ring scaffold via methylene spacers with the rest of the filter represented by 

an effective continuum dielectric constant, ε; the fully optimized B3LYP/6-31+G(3d,p) structure 

is shown (bottom). Adapted from [60]. (b) Fully optimized B3LYP/6-31+G(3d,p) structure of Na+ 

bound to the model DEKA SF. Adapted from [88].
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1.4  Questions Addressed

The above short survey shows that different types of monovalent ion channels pos-

sess different SFs that vary in the overall symmetry, number, arrangement, charge, 

and chemical type of the metal-ligating groups as well as pore size (see Table 1).

The diversity of SFs found in monovalent channels raises intriguing questions; 

e.g.,

 1. How does the competition between Na+ and K+ in a given SF depend on factors 

such as (a) the inherent cation properties, (b) the ligating strength of the metal- 

ligating residues, and (c) the protein matrix (protein architecture and coupled 

protein-solvent interactions) controlling the SF properties?

 2. Do the various SFs exhibit higher affinity for the cognate ion than the noncog-

nate one; i.e., is the binding free energy for the native ion to a given SF site more 

favorable than that for its rival (thermodynamic selectivity)? If so, what special 

properties of the SF allow this channel region to discriminate the native ion from 

other competing ions in the ambient solution?

 3. How does the SF enable its cognate ion to efficiently permeate through its pore 

(kinetic selectivity)?

 4. Which factors are exploited in achieving K+ or Na+ selectivity in the different 

types of monovalent channel SFs?

Here, we attempt to address these questions by summarizing results from recent 

studies.

Table 1 Characteristic features in monovalent ion channel selectivity filters.

Channel type PNa/PK SF motif Chargea Pore radius (Å)

KcsA 0.001–0.0001 [2, 16] TxGxG 0 2.3b (1K4D, 2.3 Å) [28]

ENaC 100–500 [19, 20] (G/S)xS 0 1–1.4c [19]

ASIC 3–13 [4] GGG 0 3.7b (4NTW, 2.1 Å) [38]

Bacterial Nav 5–171 [21–24] EEEE −4e 4.3b (4F4L, 3.5 Å) [37]

Eukaryotic Nav1 12–21 [2] DEKA −1e 1.8d

Eukaryotic Nav2.5 4 [12] DKEA −1e –e

aNet charge of the conserved residues comprising the SF motif.
bDefined by the mean distance from the pore center (center of the plane formed by the metal- 

ligating atoms) to the metal-ligating atoms in the open-state crystal structure whose PDB code and 

resolution are given in parentheses.
cEstimated by the largest permeant ion (Na+) and the smallest nonpermeant (K+) ion.
dEstablished by the size of the only permeable ammonium cation in the series of ammonium ions 

in [39].
ePore radius is not known.
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1.5  Aims and Scope

Since only the open-state metal-bound structures of potassium channels [32, 33, 

47], ASIC [38], and bacterial Nav channels [37, 48] are available, but those of the 

other sodium channels have yet to be solved, we focus on the contributions of the 

SF (rather than other segments of the pore or bulk properties [49–52]) to ion selec-

tivity when the channel is in its open, ion-conducting conformation. We aim to 

elucidate how monovalent channel SFs varying in oligomeric structure, ligand com-

position, local charge, and pore size can achieve the same goal of selecting the 

native ion from competing ions.

In the following we will first briefly outline the key approaches to study ion 

selectivity using available metal-bound open-pore structures of potassium and 

sodium channels as well as methods based on SF models in cases where such struc-

tures are not available. Next, we summarize the various factors governing the out-

come of Na+ versus K+ competition in the SFs of potassium and sodium channels. 

We then discuss which of these factors are exploited to achieve high selectivity for 

the native ion in the SFs of potassium channels, bacterial Nav channels, and ASIC 

(for which crystal structures are available) followed by ENaC and eukaryotic Nav1 

channels. For channels where multi-ion free energy profiles for ion permeation 

based on the respective crystal structures have been computed, we discuss both 

thermodynamic and kinetic selectivity based on free energy minima in the SF and 

their connecting barriers. For channels lacking crystal structure and associated free 

energy profiles for ion permeation, we limit discussion to thermodynamic selectiv-

ity. We conclude by summarizing the different strategies used by the various SFs of 

potassium and sodium channels to achieve their ion selectivity.

2  Methodology

We briefly outline the two main computational approaches that have been used to study 

ion selectivity and refer the reader to the original publications to provide details about 

the models and computational methods. If a high-resolution crystal structure of the ion 

channel in an open conductive conformation with the cognate ion bound is available, 

the free energy surface (free energy minima and barriers) underlying ion permeation 

can be obtained using equilibrium/nonequilibrium molecular dynamics (MD) simula-

tions of ions moving through the SF pore [53–57]. In addition, the free energy differ-

ences between equilibrium states for different ions bound by the channel can be 

computed from free energy perturbation and umbrella sampling methods [58, 59].

In the absence of open metal-bound X-ray structures of the ion channel, insight 

into the factors governing ion selectivity can be obtained from reduced SF models, 

which treat the ion and its ligands explicitly and the rest of protein and solvent implic-

itly using combined quantum mechanical and continuum dielectric calculations [60, 

61]. Assuming equilibrium binding to a well-defined site, the outcome of the competi-
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tion between the bulk solvent and the protein ligands for the native cation in a model 

SF characterized by an effective dielectric constant ε = x can be assessed by comput-

ing the free energy ΔGx for replacing K+ bound in the SF, [K+-filter], with Na+:

 [Na(H O) ] [ H O)[ ] [K( ]2 6 2 6
+

+
+ + ++ → +K fi r] + nH O Na fi r- -2 nlte lte  (1)

where n = 0, 1 or 2. A positive ΔGx implies a K+-selective filter, whereas a negative 

ΔGx implies a Na+-selective one.

One way to compute the free energy for equation (1) is via a thermodynamic 

cycle (2):
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The free energy for equation (1) can be computed as a sum of (i) the gas-phase free 

energy (electronic effects) and (ii) the solvation free energy difference between the 

products and reactants (solvation effects). Thus, the outcome of the competition 

between the native ion and its rival depends on the interplay between electronic and 

solvation effects.

Electronic effects reflect interactions between Na+ or K+ and its ligands, which in 

turn depend on the different charge-accepting ability of the two monocations and 

their coordination numbers (CNs) as well as the ligating strength of the metal 

ligands (see below). On the other hand, solvation effects reflect the solvation free 

energy difference between the metal aqua complexes, the SF pore size and solvent 

accessibility and thus the effective dielectric constant in the SF: A narrow pore that 

fits dehydrated ions would have a lower effective dielectric constant than a wide one 

that accommodates a partially/fully hydrated ion. Note that if the SF were quite flex-

ible, it cannot maintain its pore size, as its ligands could adapt to the CN or geom-

etry preference of a rival cation; in this way, protein dynamics/flexibility also affects 

ion selectivity. An upper limit of rigidity effects can be obtained by computing the 

free energies for equation (1) in a fully rigid SF pore that is optimized for its native 

ion and prohibited from relaxing upon binding a noncognate ion.

3  Factors Governing the Competition Between K+ and Na+ 
in Monovalent Ion Channel Selectivity Filters

Both experimental and theoretical studies have revealed the factors that help potas-

sium [6, 16, 18, 25–31, 33, 53–60, 62–84] and sodium [12, 20, 23, 41, 43, 50–52, 

85–99] channel SFs achieve the desired metal selectivity [61, 100–107]. Below, we 

discuss these factors, which encompass the inherent properties of the metal ions, the 
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metal-ligating residues, the protein matrix and coupled metal binding and protein 

conformational changes.

3.1  Metal Coordination Number

This captures properties of both the metal cation and its ligands and reflects the 

strength of the metal–ligand interactions [108]. Compared to Na+, K+ forms longer 

and weaker bonds with a given ligand [109], reducing ligand–ligand repulsion and 

allowing more ligands to be bound, thus it prefers a larger CN in proteins. Hence, 

increasing the number of metal-ligating residues; i.e., the metal CN, increases the 

competitiveness of K+ over Na+. Conversely, decreasing the metal CN enhances 

selectivity for Na+ over K+, as it reduces the steric repulsion among the bulky pro-

tein ligands around Na+ more than that around the larger K+.

3.2  Ligand Ligating Strength

The various metal-ligating residues differ in their net charge and/or charge-donating 

ability and thus ligating strength. Negatively charged Asp/Glu side chains possess 

stronger ligating strength than neutral metal-ligating groups; among the latter, the 

Asn/Gln/backbone carbonyl group has a larger dipole moment and stronger charge- 

donating ability than the Ser/Thr hydroxyl group [93]. Increasing the ligating 

strength of a protein ligand favors the cation with better electron-accepting ability; 

e.g., Na+ compared to K+ [108]. Hence, high-field ligands such as negatively charged 

carboxylates prefer Na+ to K+ [110], as their interactions with Na+ are more favor-

able than those with K+ and suffice to offset the Na+ dehydration penalty  

(−98 kcal/mol) [111]. On the other hand, medium to low field ligands such as neu-

tral carbonyl or hydroxyl groups favor K + over Na+ [110], as their interactions with 

K+ may outweigh the K+ dehydration penalty (−81 kcal/mol) [111] but may not 

suffice to compensate for the Na+ dehydration penalty.

3.3  Protein Matrix

This can control the SF pore size, solvent accessibility, rigidity, stability, metal CN, 

and the number of metal-binding sites. A narrow, dry SF pore that fits a dehydrated 

Na+, but not the bulkier K+, is selective for Na+ over K+ [88]. A wide, solvent- 

accessible SF pore that fits a partially/fully hydrated ion can also be selective for 

Na+ over K+ because Na+, being a stronger Lewis acid, polarizes the first-shell water 

molecules more than K+, resulting in stronger Na+–water ··· ligand interactions than 

the respective K+–water ··· ligand interactions [99]. The SF pore should possess 
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some degree of stiffness to maintain an optimal size that snugly fits the native ion, 

and not be so flexible that it can adapt to the coordination geometry requirements of 

non-native ions. The protein matrix can rigidify and stabilize the SF through hydro-

gen bonds and long-range electrostatic interactions with the SF residues. It can also 

modulate the free energy well depths of the SF metal-binding sites and thus affect 

the number of sites.

3.4  Coupled Metal Binding and Selectivity Filter 
Conformational Changes

The native ion could contribute to its own selectivity by inducing conformational 

changes that lead to a “conductive” SF, whereas the noncognate ion yields a non-

conducting conformation. This is reminiscent of the well-known coupled metal 

binding and conformational change of Zn-finger peptides [112], where the native 

Zn2+ induces conformational changes to the native structure but other transition 

metal ions such as Ni2+ or Cu2+ lead to a non-native fold [113, 114]. Binding of 

the native ion to the SF could induce the SF ligands to re-orient their side chains 

to interact with the cation, thus inducing a metal-binding site, and/or lead to 

charge–charge repulsion with nearby bound ions, thus destabilizing the ions and 

lowering the barriers for ion permeation through the SF. The non-native ion, 

however, cannot inflict the same conformational changes induced by the native 

ion, resulting in reduced affinity for the SF and/or increased barriers for ion per-

meation through the SF.

4  K+ Versus Na+ Competition in K+-Selective Channel 
Selectivity Filters

The ion-selectivity mechanisms of potassium channels are the most extensively 

studied because several high-resolution crystal structures of these channels in both 

closed [16, 18, 25–28, 30, 31, 33, 77, 115, 116] and open [32, 33, 47] conformations 

are available. These structures show in common a SF consisting of four contiguous 

metal-binding sites (labeled S1, S2, S3, and S4), each lined with eight oxygen atoms 

that bind directly to dehydrated K+ (Figure 2a). All four SF sites seem necessary for 

K+/Na+ selectivity: High-resolution crystal structures of wild-type NaK and mutant 

NaK2CNG and NaK2K show SFs with two, three, or four contiguous ion-binding 

sites, respectively, that are superimposable onto equivalent sites in the K+-selective 

KcsA potassium channel, but only NaK2K is K+-selective [106]. NaK2K has two 

K+/Na+ -selective SF sites, whereas the nonselective NaK2CNG has only one, sug-

gesting that a single high-affinity K+ site cannot yield high K+ selectivity during ion 

permeation [18, 82]. Under physiological conditions, all four metal-binding sites 
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(S1–S4) are likely occupied, resulting in repulsive ion–ion interactions, which drive 

efficient permeation through the SF [83].

Previous studies have examined how the selectivity for K+ over Na+ in potassium 

ion channels depends on

 (i) the dehydration penalty [28, 101, 104] and hydration number [60] of the per-

meating cations,

 (ii) the number and ligating strength of the metal-coordinating groups lining the 

pore [56, 60, 62, 65–69, 71, 75, 76, 101, 102],

 (iii) the architecture of the metal-binding site influencing the flexibility and solvent 

exposure (effective dielectric constant) of the SF pore [28, 60, 69, 70, 72–75, 

78, 79, 81, 94, 100, 104, 117, 118],

 (iv) the number and occupancy of SF binding sites [32, 57, 58, 80, 82, 83, 106, 

107], and

 (v) kinetic barriers for an ion to enter the SF from the intra or extracellular side 

[53–56, 79, 83, 119].

These studies show that a well-balanced combination of various factors involv-

ing the native ion, the metal-coordinating ligands, and the protein matrix favors K+ 

over Na+ binding to a SF site in the potassium channel. For some potassium chan-

nels such as the KcsA channel, the native K+ could contribute to its own selectivity, 

as it can stabilize the SF in a conductive conformation, whereas the rival Na+ yields 

a nonconducting one [18, 82, 106]. The number and ligating strength of the SF 

ligands also contribute to the preference for K+ over Na+: Each SF site provides 

eight (mostly backbone) oxygen atoms, which increases the ligand repulsion around 

Na+ more than that around the larger K+, whereas the medium-field strength back-

bone carbonyl groups provide insufficient favorable interactions with Na+ to offset 

its dehydration penalty. The potassium channel matrix could further enhance  

K+/Na+ selectivity in the SF by various means: It could constrain the orientation of 

the SF ligands to bind optimally to K+ and rigidify the SF pore, forcing Na+ to adopt 

the CN of K+ rather than its preferred smaller CN [74]. It could decrease the SF pore 

solvent exposure, which correlates with a larger hydration number of K+ relative to 

that of Na+ [74], thus more water molecules are released upon binding of K+ in the 

pore compared to binding of Na+ [60].

The above discussion underscores the “thermodynamics” factors that enhance 

the affinity of the potassium channel SF site for K+ over Na+. However, potassium 

channels exhibit not only strong K+ selectivity, but also near-diffusion-limited 

 permeation efficiency [2]. Hence, the SF site should not bind K+ so strongly that K+ 

gets stuck and cannot permeate rapidly through the pore. With no other ions in the 

SF, a single K+ ion would not easily escape from the deep well of a high-affinity K+ 

site (see above). However, when two K+ ions occupy adjacent sites; e.g., S2 and S3, 

they would be destabilized when a third K+ ion binds at S4 due to ion–ion electro-

static repulsion, enabling the K+ ions at S2 and S3 to escape from the shallower wells 

and advance to S1 and S2, respectively [83]. This shows how metal binding to mul-

tiple sites could modulate the free energy wells and thus barriers for ion permeation, 

creating a “conductive” conformation. Hence, one way to reduce the high affinity of 
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the SF site for K+ is via coupled metal binding and conformational change of the SF 

from a nonconductive conformation to a conductive one (see above). Nonequilibrium 

MD simulations [57] show that binding of K+ and Na+ to the SF induces different 

structural rearrangements that facilitate K+ conduction, but blocks Na+: Binding of 

intracellular K+ to the SF (S4 site) induces formation of other K+-binding sites, 

reducing the free energy for subsequent K+ ions to translocate, whereas binding of 

Na+ to the SF induces disorder and destabilization of Na+-binding sites, raising the 

energy cost for the entry of subsequent Na+ ions.

5  Na+ Versus K+ Competition in Na+-Selective Channel 
Selectivity Filters

5.1  Prokaryotic Nav Channel Selectivity Filters

Whereas eight backbone carbonyl groups line the SF of potassium channels, four 

Glu carboxylate side chains line the SF of bacterial Nav channel (EEEE SF) [34–37, 

48]. The X-ray structures of prokaryotic Nav channels from Arcobacter butzleri 
(NavAb) [34] and Rickettsiales sp. HIMB114 (NavRh) [36] have closed SF pores, 

whereas the crystal structure of bacterial Nav channel from Magnetococcus sp. 

(NavMs) containing only the pore domain has an open pore [37]. Nevertheless, both 

closed-pore NavAb [34] and open-pore NavMs [37] structures show a relatively 

wide pore that can accommodate Na+ bound indirectly to two glutamates via water 

molecules. This is supported by MD simulations [23, 24, 91, 95, 96, 120–123] of 

bacterial Nav channels, which show that the ion inside the EEEE pore is indeed 

partially hydrated and is coordinated to one or two Glu side chains and indirectly to 

two other Glu carboxylates via bridging water molecules. The EEEE binding site, 

which is located near the extracellular end of the channel, is followed by two other 

metal-binding sites formed by backbone carbonyl groups that fit fully hexahydrated 

ions. Thus, the outer, high field-strength EEEE binding site partly dehydrates the 

permeating ion, while the inner, lower field-strength sites rehydrate and conduct 

Na+.

MD [23, 24, 91, 96, 120, 121, 123] simulations as well as combined density 

functional theory and continuum dielectric calculations of a reduced SF model [92, 

93] show that the Na+/K+ selectivity in the bacterial Nav channels can be attributed 

to the following factors:

Balanced SF charge density: If the EEEE pore were so constricted that three or 

four glutamates coordinate the ion directly, then it would favor Ca2+ over Na+ [92, 

93], as in the case of Cav channels [124, 125]. Hence, a fine balance between direct 
ion–carboxylate and indirect ion–water ··· carboxylate interactions in the bacterial 

Nav channel SF is crucial for Na+/K+ selectivity. Direct ion–carboxylate interactions 

favor Na+ over the weaker electron-acceptor K+. This is supported by the finding 

that the Na+/K+ selectivity of the bacterial Nav channel is decreased or abolished if 
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the SF glutamates were replaced by uncharged residues [91] or protonated by low-

ering the pH [23]. Indirect ion–water ··· carboxylate interactions also favor Na+ over 

K+ because Na+ polarizes its first-shell water molecules better than K+, resulting in 

more favorable interactions with the SF walls than its rival K+ (see Section 3).

Solvent-accessible and wide SF pore: The aperture of the wide EEEE pore fits 

nicely a partially hydrated Na+, ensuring optimal interaction between Na+ and the 

filter [91]. However, it may be too small for the bulkier hydrated K+ to fit in the 

plane of the glutamates with water molecules bridging to the carboxylates, as seen 

in MD simulations of the NavAb channel [91, 121], so K+ binding inside the EEEE 

filter would be less favorable. First-shell to second-shell hydrogen bonds between 

the metal-free Glu carboxylate oxygen atoms and backbone nitrogen atoms from 

neighboring residues, found in the NavAb crystal structures [34], help to rigidify the 

SF and maintain its pore size: Loss of these supporting interactions from the SF 

glutamates with second-shell residues was found to increase the pore helix mobility, 

thus destabilizing the SF [35].

Low kinetic barrier: MD simulations show that Na+ encounters a much smaller 

barrier between the outer EEEE binding site and an inner site than the noncognate 

K+, resulting in faster conduction [23, 24, 119, 121].

5.2  Epithelial/Degenerin Ion Channel Selectivity Filters

5.2.1  Acid-Sensing Ion Channel

ASICs belong to the ENaC or degenerin superfamily of ion channels [126–128], but 

their Na+/K+ permeability ratio of 3–13 [4] is 1–2 orders of magnitude lower than 

that of the ENaC (100–500) [19, 20]. The open-state X-ray structure of the  

ASIC1a/snake toxin complex [38] shows a homotrimeric SF lined with backbone 

carbonyl ligands from the Gly residue of the (G/S)XS motif (GGG SF) with a flex-

ible, wide pore of radius ~3.7 Å that fits hydrated Na+, whose radius is 3.6 Å [129]. 

This wide GGG SF favors Na+ over K+ because the hydrated Na+ fits snugly in the 

pore and its shorter and more polar Na+–Owater bonds compared to K+–Owater bonds 

enable more hydrogen-bond contacts and stronger electrostatic interactions with the 

SF wall (Figure 3a, negative ΔGx, x = 1–30).

5.2.2  Epithelial Na+ Channel

Unlike the ASIC channel which has a flexible, wide SF pore, the ENaC has a less 

flexible, narrow SF pore of radius <1.4 Å that fits dehydrated metal ions [19]: cat-

ions such as +HNH2OH and guanidinium can readily pass the ASIC1 channel [98], 

but not ENaC [20]. The ENaC consists of α, β, and γ subunits that form heterotri-

mers with SFs containing a conserved (G/S)xS motif [40, 42, 130, 131]. In this 

asymmetric SF, the conserved Ser residues from the α and γ subunits and the 
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conserved Gly from the β subunit play a key role in conferring Na+/K+ selectivity 

[42]. Notably, substitution of the C-terminal Ser of the conserved (G/S) xS motif 

with larger residues significantly reduced the high selectivity of ENaC for Na+ [41].

Since no crystal structures for ENaC have yet been solved, it is unclear whether 

backbone or side chain oxygen atoms or a combination of both coordinate the per-

meating ions. Hence, two “limits” of the ENaC SF, i.e., lined by three backbone 

groups (BBB SF, Figure 3b) or three Ser hydroxyl groups (SSS SF, Figure 3c), have 

been modeled. The computed free energies ΔGx for replacing K+ in these model SFs 

with Na+ [99] indicate that the high Na+/K+ selectivity can be attributed to the fol-

lowing factors:

“Undercoordination” of rival K+: Undercoordination of three SF ligands to K+, 

which prefers a larger coordination sphere than Na+, contributes to Na+/K+ selectiv-

ity: increasing the CN to four in a SF lined with four serines resulted in a K+-

selective SF (see [88]).

Medium ligand-ligating strength: Metal coordination to backbone oxygen atoms 

rather than Ser side chains enhances Na+/K+ selectivity (more negative ΔG1 in the 

BBB SF than in the SSS SF).

Relatively rigid, constricted SF pore: A rigid ENaC SF strongly enhances  

Na+/K+-selectivity: the ΔGx in a rigid pore prohibited from relaxing upon K+ bind-

ing (Figure 3, numbers in parentheses) are much more negative than those in a flex-

ible one (Figure 3, numbers without parentheses), regardless of whether side chain 

or backbone oxygen atoms coordinate the permeating ions.

In summary, the ENaC SF appears to select the cognate Na+ over its key rival, K+, 

via a narrow, rigid pore [40, 42, 130] that does not fit the bulkier K+, whereas its 

three relatively weak ligating residues undercoordinate the bulkier K+, which pre-

fers a larger CN than Na+. Departing from these design principles in the case of the 

ASIC SF with a wide, less rigid pore that accommodates hexahydrated ions makes 

the ASIC SF less selective for Na+ over K+ than the ENaC SF, as observed 

experimentally.

5.3  Eukaryotic Nav Channel Selectivity Filters

Whereas prokaryotic Nav channels have symmetric EEEE SFs, eukaryotic Nav 

channels have asymmetric DEKA/DKEA SFs. Interestingly, like prokaryotic Nav 

channels, the high voltage-activated Cav channel also has the same EEEE motif but 

is Ca2+-selective because its narrower pore fits monohydrated Ca2+ [132], whose 

higher charge density secures more favorable interactions with four negatively 

charged SF glutamates compared to Na+ [92, 93]. Mutation of the third domain Glu 

in the EEEE SF of human cardiac Cav channel to Lys suffice to generate a Na+-

selective channel, as the channel became more permeable to Na+ than to Ba2+ [133]. 

Thus, the presence of a Lys in the SF has played a key role in converting Ca2+-

selective EEEE/DEEA SFs to Na+-selective DEKA/DKEA ones [12, 13, 134] dur-

ing the course of evolution.
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Na-SSSK-SSS

Na-BBB

+ [Na(H2O)6]+

[K(H2O)6]+

K-BBB

K

b

a

c

K-GGG-4 Na-GGG-6

DG1 = – 4.7 (–7.1)

DG10 = – 2.4 (–4.8)
DG30 = – 1.9 (–4.3)

DG1 = – 2.8 (–26.5)

DG10 = – 2.6 (–26.3)
DG30 = – 2.9 (–26.6)

DG1 = – 0.8 (–19.8)

DG10 = – 0.6 (–19.6)
DG30 = – 0.7 (–19.7)

Figure 3 The free energies, ΔGx (in kcal/mol), for replacing K+ bound to (a) three –CONHCH3 

ligating groups (representing backbone peptide groups from glycines denoted by G) in the ASIC 

GGG filter with Na+, (b) three –CONHCH3 ligating groups (representing backbone peptide groups 

denoted by B) in the ENaC BBB filter to differentiate them from the backbone peptide groups of 

the conserved glycines lining the ASIC, and (c) three OH-ligating groups (representing Ser side 

chains) in the ENaC SSS filter. ΔG1 refers to the metal exchange free energy in the gas phase, 

whereas ΔG10 and ΔG30 refer to the metal exchange free energies in an environment, characterized 

by an effective dielectric constant of 10 and 30, respectively. The free energies for metal exchange 

in a rigid Na+-optimized GGG, BBB, and SSS filters prohibited from relaxing upon K+ binding are 

in parentheses. The metal-ligating groups are coordinated to the permeating ion and attached to a 

carbon−hydrogen ring scaffold via methylene spacers. Shown are B3-LYP/6-31+G(3d,p) fully 

optimized structures of K+ and Na+ bound to the model SFs.
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In accord with experimental findings, the DEKA or DKEA SFs are both pre-

dicted to be selective for Na+ over K+ from combined quantum mechanical and 

continuum dielectric calculations on model SFs (Figure 4): The ΔGx for replacing 

K+ with Na+ in the model SFs are all negative (−3 and −5 kcal/mol). Also in agree-

ment with experimental observations [2, 12, 13, 43–45], the DEKA SF is predicted 

to be more Na+-selective than the DKEA SF (more negative ΔG10/30 for DEKA than 

for DKEA). Nav channels with DEKA SFs are highly Na+/K+-selective due to the 

favorable combination of several factors:

“Undercoordination” of rival K+: As Lys does not bind the metal directly, the ion 

is coordinated to three rather than four protein ligands in the SF (see Figure 4). A 

small CN of three favors Na+ over K+ binding (see above).

Balanced SF charge density: Interactions with two high-field strength residues 

(D or E) favor Na+, which has better electron-accepting ability than K+, thus 

enhancing Na+/K+ selectivity. Increasing further the number of anionic ligands in 

the SF would favor Na+ in its competition with K+, but not in its competition with 

Ca2+: SFs with three or four acidic residues binding directly to the metal cation 

were predicted to decrease or reverse Na+/Ca2+ selectivity [92, 93]. Indeed, muta-

tion of the Lys in the DEKA SF to an aspartate/glutamate rendered the channel 

Ca2+-selective [45, 46].

Constricted SF pore: The DEKA SF is permeable only to ammonium (of radius 

1.8 Å), but not to larger mono-, di-, tri-, or tetramethylammonium ions [39], indicat-

ing that its pore is relatively rigid and constricted. This is due in part to the Lys in 

DG1 = –4.8

DG10 = –3.1

DG30 = –3.2

A

D

E

K

Na

Na-DKEA

DG1 = –5.1

DG10 = –4.5

DG30 = –4.8

AD

E

K

Na

Na-DEKA

Figure 4 The free energies, ΔGx (in kcal/mol), for replacing K+ in model DEKA (top) and DKEA 

(bottom) SFs with Na+. ΔG1 refers to the metal exchange free energy in the gas phase, whereas 

ΔG10 and ΔG30 refer to the metal exchange free energies in an environment characterized by an 

effective dielectric constant of 10 and 30, respectively. Shown are B3-LYP/6- 31+G(3d,p) fully 

optimized structures of Na+-bound to model SFs with −CH2−COO−, −CH2−CH2−COO−, and  

−CH2−CH2−NH3
+ modeling the Asp, Glu, and Lys side chains, respectively, and −CON(CH3)2 rep-

resenting the Ala backbone peptide group. The dashed lines denote hydrogen bonds.
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the DEKA SF, which constricts and rigidifies the SF pore via hydrogen bonding 

interactions with its neighbors (Figure 4). Thus, rigidifying the pore to optimally fit 

the native Na+ enhances Na+ selectivity.

Coupled metal binding and conformational change: Simulations of mutant 

NavRh with a DEKA SF show that binding of a second metal cation to the SF 

induces a change in the SF conformation that stabilizes Na+ more than K+ [95].

5.3.1  Why the DEKA Selectivity Filter Is More Na+-Selective than 
the DKEA Selectivity Filter

Interestingly the position of the residues in the SF ring is important: swopping the 

Glu and Lys residues in the wild-type DEKA SF to yield the DKEA SF reduces the 

Na+:K+ permeability from 10 to 2.7 [45]. In accord with the experimental finding, 

the free energies for the DEKA SF are more negative than those for the DKEA 

SF. Since the different Lys position in the DEKA and DKEA SFs does not change 

the metal CN or the SF net charge, how does it affect ion selectivity? The Lys in the 

DEKA SF rigidifies and constricts the pore more than the Lys in the DKEA one, 

making the DEKA SF more Na+-selective than the DKEA one: The Lys interacts 

with the Asp and Glu metal-free O atoms in the Na-DKEA SF, but with the Glu and 

Ala metal-bound O atoms in the Na-DEKA SF (Figure 4), making the latter more 

rigid than the former – rigidifying the DEKA pore increases Na+/K+ selectivity more 

than rigidifying the DKEA pore (by ~1.5 kcal/mol). The Lys also makes the DEKA 

pore narrower than the DKEA one, as the three metal-bound O atoms are closer to 

each other in the DEKA SF than those in the DKEA SF [134]. Hence, in the DKEA 

SF, Na+ is nearly in the plane formed by the three metal-ligating O atoms but in the 

DEKA SF, Na+ has sunk below this plane.

6  Concluding Remarks and Future Directions

Over billions of years of evolution, the SFs of potassium and sodium ion channels 

have adapted to the specific physicochemical properties of the cognate ion, using 

various strategies to enable them to efficiently select the native ion among its con-

tenders. They all exhibit higher affinity for the native ion than for its rival cation 

using a well-balanced combination of various factors encompassing the inherent 

properties of the metal ions and the metal-ligating residues as well as the protein 

matrix, as summarized below.

The potassium channel SF provides eight medium-field strength carbonyl ligands 

that bind optimally to dehydrated K+, but “overcoordinate” Na+, which prefers a 

smaller CN. Like the potassium channel SF, the SFs of ENaC and eukaryotic Nav 

channels also bind dehydrated ions in a narrow pore. They help to select Na+ 

over K+ by providing three metal-ligating residues that “undercoordinate” K+. 

Furthermore, the three metal-ligating residues possess a well-balanced ligating 

strength that is strong enough to favor Na+ over K+ but not too strong to prefer 
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dicationic Ca2+. Na+/K+ selectivity would be enhanced if the pore were sufficiently 

rigid and constricted to geometrically fit the cognate Na+ but not rival cations, which 

cannot fit in the narrow Na+-optimized pore without an energy penalty. The DEKA 

SFs of eukaryotic Nav channels seem to exemplify this strategy: the non metal- 

ligating Lys reduces the metal CN, the net ligand charge, and the pore size and flex-

ibility via a tight network of hydrogen bonds to its neighbors.

In contrast to the SFs of ENaCs and eukaryotic Nav channels, the SFs of ASICs 

and bacterial Nav channels have wider, less rigid pores that bind a fully or partially 

hydrated cation. Such a SF pore preferentially binds the cognate Na+ over K+, 

because Na+ polarizes its first-shell water molecule(s), resulting in more favorable 

interactions with the SF walls than the rival K+ ion. Thus, both a relatively flexible, 

wide pore (GGG/EEEE SF) and a less flexible, narrow pore (DEKA/DKEA SF) can 

achieve Na+/K+ selectivity.

Although the different types of channels have different SFs that are selective for 

the cognate ion, channels belonging to the same family with the same SF motif 

could exhibit varying relative permeability ratios (see Table 1). This may be due to 

the different measurement conditions; it may also reflect the different interactions 

between each protein matrix and its SF, which could affect the SF pore size, solvent 

accessibility, flexibility, stability or the number of metal-binding sites in the 

SF. Efficient permeation through the different channel SFs likely requires coupled 

metal binding and conformational changes that modulate the kinetic barriers con-

trolling the ion conduction rates. Such modulations differ depending on the type and 

number of cations. Binding of a native ion to a metal-bound SF could induce con-

formational changes that facilitate its conduction, but binding of a noncognate ion 

could result in “nonconductive” conformational changes.

Clearly, high-resolution X-ray structures of various epithelial and eukaryotic 

sodium channels bound to their cognate ions in open, conductive conformations are 

needed. When they become available, they would enable quantum  mechanical/

molecular mechanical calculations or umbrella sampling MD simulations, which 

could help validate the key factors found to influence thermodynamic selectivity 

from reduced SF models. However, the reliability of the simulation results depends 

on (i) the use of appropriate force fields that can accurately account for electronic 

effects such as the differential amounts of charge transfer from the ligands to the 

different metal cations, polarization effects, and proton transfer [135, 136] as well 

as (ii) sufficient sampling of all relevant conformations [54].

The results from accurate nonequilibrium MD simulations using appropriate 

force fields will help to map out the free energy surface (free energy minima and 

barriers) for ion translocation through the SF and determine to what extent the con-

served residues lining the SF, the protein matrix, the coupling between ions and 

kinetic barriers contribute to K+ or Na+ selectivity in the channel. They could also 

help to elucidate the intricate and complex coupling between selective ion binding 

and changes in the SF conformation/stability; e.g., how high K+ concentrations trig-

ger a change in the SF conformation from a nonconductive to a conductive struc-

ture. Ultimately, an in-depth understanding of ion selectivity mechanisms in 

monovalent channels could aid to design drugs that modulate ion selectivity for 

drug target channel proteins.
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Abbreviations

Ala, A alanine

ASIC acid-sensing ion channel

Asp, D aspartic acid

B backbone carbonyl group

Cav voltage-gated calcium

CN coordination number

ENaC epithelial Na+ channel

Glu, E glutamic acid

Gly, G glycine

Kv voltage-gated potassium channel

Lys, K lysine

MD molecular dynamics

Nav voltage-gated sodium channel

Ser, S serine

SF selectivity filter
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Abstract Among the alkali cations, Na+ has an extraordinary role in living cells 

since it is used to charge the battery of life. To this end, sophisticated protein com-

plexes in biological membranes convert chemical energy obtained from oxidation 

of NADH, or hydrolysis of ATP, into an electrochemical gradient of sodium ions. 

Cells use this so-called sodium-motive force stored in energy-converting mem-

branes for important processes like uptake of nutrients, motility, or expulsion of 

toxic compounds. The Na+ pumps act in concert with other enzymes embedded in 

the lipid membrane, and together they form the respiratory chain which achieves the 

oxidation of NADH derived from nutrients under formation of an electrochemical 

sodium (or proton) gradient. We explain why Na+ pumps are important model sys-

tems for the homologous, proton-translocating complexes, and hope to convince the 

reader that studying the Na+-translocating ATP synthase from the unimpressive bac-

terium Ilyobacter tartaricus had a big impact on our understanding of energy con-

version by human ATP synthase. The Na+-translocating systems described here are 

either driven by the oxidation of NADH, the carrier of redox equivalents of cells, or 

by the hydrolysis of adenosine 5′-triphosphate, the universal high-energy compound 

of cells. The electrochemical energy provided by these respiratory Na+ pumps, the 

NADH dehydrogenase or the ATPase, drives other Na+ transport systems like the 

bacterial flagellum discussed in the last part of this chapter. The flagellar motor does 

not represent a Na+ pump, but like ATPase, it operates by a rotational mechanism. 

By comparing these two Na+ -translocating, rotary machines, we obtain new insight 

into the possible mechanisms of Na+ transport through the stator proteins of the 

flagellar motor. Na+ pumps are widespread in pathogenic bacteria where they play 

an important role in metabolism, making them novel targets for antibiotics.

Keywords +

Please cite as: Met. Ions Life Sci. 16 (2016) 349–390

1  Sodium Bioenergetics: An Overview

1.1  Two Currencies of Energy: Proton- Versus 
Sodium-Motive Force

Respiration is a sophisticated reaction chain catalyzed by membrane-bound redox 

enzymes and electron carriers which convert the energy of nutrients to the high- 

energy compound adenosine 5′-triphosphate (ATP). ATP may also be formed 
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during fermentation, for example during ethanol production by yeast, but the yield 

of ATP per converted substrate is much lower when compared to respiration [1]. The 

employment of an electron transport chain to deliver electrons to an exogenous 

acceptor with a highly positive redox potential – such as molecular oxygen, O2 – is 

called oxidative phosphorylation (OXPHOS) which drastically increases the ener-

getic yield to up to about 36 molecules of ATP per molecule of glucose, compared 

to only two molecules of ATP per glucose obtained by glycolysis [1, 2].

The mitochondrial respiratory chain comprises several redox enzyme complexes 

located in the mitochondrial inner membrane. The electrons enter at either the 

NADH:ubiquinone oxidoreductase (complex I) or the succinate dehydrogenase 

(complex II) which reduce ubiquinone (Q) to ubiquinol (QH2). Ubiquinones are 

hydrophobic, low-molecular weight electron carriers in the lipid bilayer. Ubiquinol 

formed by complex I or complex II is oxidized by the ubiquinol:cytochrome c oxi-

doreductase (also called cytochrome-bc1, or complex III) under reduction of cyto-

chrome c, a soluble heme protein in the intermembrane space between the inner and 

outer mitochondrial membrane.

This compartment (P-phase) is equivalent to the periplasm of a bacterial cell; the 

N-phase represents the mitochondrial matrix or bacterial cytoplasm. Reduced cyto-

chrome c acts as electron donor for cytochrome c oxidase (complex IV) which cata-

lyzes the reduction of O2 to H2O [2]. In most textbooks, these respiratory chain 

complexes are depicted as separate entities floating in the mitochondrial membrane. 

Yet, it is now generally accepted that respiratory chain complexes form supercom-

plexes, also called respirasomes, in the inner mitochondrial membrane (reviewed in 

[3]) and in energy-converting membranes of bacteria [4]. There is an ongoing debate 

if this supercomplex formation affects the kinetics of reduction and re-oxidation of 

the ubiquinone pool in the membrane [5, 6].

What is the physicochemical principle behind biological energy conservation? In 

the respiratory chain, the flow of electrons is determined by the midpoint potential 

Em (unit, Volt) of the cofactors and electron carriers involved in respiration, from 

redox centers with more negative to redox centers with more positive midpoint 

potential. As first predicted by Mitchell in his famous chemiosmotic theory [7, 8], 

the energy which is released as the electrons are transferred through the respiratory 

chain is coupled to the pumping of protons out of the mitochondrial matrix across 

the inner membrane, resulting in an electrochemical proton gradient, ΔμH+ 

(equation 1):

 
Δμ Δψ ΔH T pH+ = − +F 2 3. R

 
(1)

The energy stored in the membrane thus comprises an electrical term, Δψ, and the 

chemical gradient of protons, ΔpH. The unit is kJ per mol of translocated protons. 

To strengthen the fact that the electrochemical proton potential which can be estab-

lished by a respiratory electron transfer chain is determined by the difference in 

midpoint potentials of an electron donor, like the NADH/NAD couple, and an elec-

tron acceptor, for example the QH2/Q couple, Mitchell introduced the term “proton 

motive force” (PMF), or Δp, which is defined as follows (equation 2):
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PMF

H T
pH= = =

+Δμ
Δψ Δ

F F

2 3. R

 
(2)

The unit of PMF is voltage. In respiring mitochondria, the PMF amounts to approxi-

mately 180–220 mV, of which 150–180 mV are provided by the membrane poten-

tial, ΔΨ [8]. F is the Faraday constant. In Section 3.1, we will discuss how the ATP 

synthase (complex V of the respiratory chain) uses the PMF (or the “sodium motive 

force”, SMF, see below) to catalyze the endergonic synthesis of ATP from ADP and 

inorganic phosphate.

Many respiratory complexes of mitochondria, chloroplasts, bacteria, and archaea 

share common evolutionary ancestors [2]. In the bacterial and archaeal kingdoms of 

life, there is a plethora of respiratory pathways utilizing many more electron donors 

and electron acceptors than NADH and O2, the prominent substrates of respiration 

in the eukaryotic kingdom of life. As long as the free energy liberated by the overall 

redox reaction is sufficient to energize the respiratory membrane, chemiosmotic 

ATP synthesis by bacteria or archaea may utilize an impressive variety of organic or 

inorganic electron donor and acceptor pairs [9]. Besides this flexibility with respect 

to respiratory substrates, some bacteria and archaea benefit from an additional “bat-

tery of life”, namely an electrochemical Na+ gradient established by electrogenic 

Na+ pumps. This Na+ gradient does not depend on so-called secondary Na+/H+ anti-

porters which may generate an electrochemical Na+ gradient at the expense of the 

PMF.

The properties and significance of Na+/H+ antiporters are discussed in Chapter 12 

of this volume. The Na+ battery of life is charged by the action of sophisticated 

membrane protein complexes using chemical energy to drive the uphill transport of 

Na+ across respiratory membranes. When we look at those Na+ pumps, we find that, 

despite their altered cation selectivity (Na+ rather than H+), they often (but not 

always) are evolutionary related to their proton-translocating counterparts. In 

Section 3.1. we compare the highly related H+- and Na+-translocating ATPases 

(complex V of the respiratory chain). We will ask what makes H+ or Na+ the pre-

ferred cation in these otherwise very similar cation pumps, and discuss the struc-

tural determinants of cation selectivity. Using the information of primary sequences 

of pumps in the many sequenced genomes, and knowing which critical, conserved 

amino acid residues act as ligands for Na+ or H+, one would expect that it is possible 

to deduce if the Last Universal Common Ancestor of cells (LUCA) ran on a proton- 

or on a sodium-battery of life. This problem is of special interest if we assume that 

chemiosmosis, not fermentation, was the first mode of energy conservation in Life 

[10]. It is, however, still under debate if the PMF [10] or the SMF [11] was first in 

storing energy during oxidative phosphorylation.

The chemiosmotic theory was first applied to H+-pumping respiratory complexes 

[7]. At that time, the importance of Na+ gradients for living cells was recognized, 

but only for non-respiring membranes, like the outer membrane of eukaryotic cells. 

Here, an imbalance of external and internal Na+ and K+ concentrations 

([Na+]out > [Na+]in, [K
+]out < [K+]in) is established by the Na+/K+ ATPase, generating 
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the so-called resting potential. The important role of an electrochemical Na+ poten-

tial for every higher cell was undisputed, but it relied on the electrochemical proton 

potential formed in mitochondria. This is because Na+ expulsion by the Na+/K+ 

ATPase depends on ATP provided by the mitochondrial ATP synthase, which is 

driven by the electrochemical proton potential. But the primacy of protons in bioen-

ergetics was soon lost.

In 1977, Unemoto and colleagues showed that oxidation of NADH with O2 by 

the marine bacterium Vibrio alginolyticus was specifically stimulated by sodium 

ions [12], and concluded that “Na+ probably acts as an essential cofactor both for the 

active transport of metabolites and for respiratory activity in marine bacteria”. In 

1979, the same group reported that the Na+-stimulated respiratory complex repre-

sented a NADH:quinone oxidoreductase (later identified as the Na+-translocating 

NADH:quinone oxidoreductase, or Na+-NQR, described below), but the build-up of 

an electrochemical Na+ gradient by this enzyme was not envisaged [13]. When 

Dimroth, in 1980, reported that the oxaloacetate decarboxylase of an enterobacte-

rium acted as a primary Na+ pump [14], he paved the way for an extension of 

Mitchell’s chemiosmotic theory, now including Na+ as a possible coupling ion in 

energized membranes capable of ATP synthesis. Shortly thereafter, Tokuda and 

Unemoto showed that the Na+-stimulated NADH:quinone oxidoreductase from V. 
alginolyticus actually translocates Na+ ions [15, 16]. This explained why the 

enzyme, strictly coupling the electron transfer reaction to the transport of Na+ across 

the membrane, was stimulated by Na+ in its NADH:quinone oxidoreduction activ-

ity. In bioenergetics, the latter is called the “chemical” reaction of the pump, whereas 

Na+ transport represents the “vectorial” reaction of the pump.

In the absence of Na+, the Na+-NQR should not be capable of NADH oxidation. 

This is because electron transfer comes to a halt when, in the absence of the cou-

pling cation, the vectorial reaction cannot proceed. This strict interdependence of 

the chemical and the vectorial reactions, often called “coupling”, can also be 

observed with Na+-NQR in detergent micelles, e.g., when the pump is not embed-

ded in membranes [17]. This hallmark feature of Na+ pumps, namely stimulation of 

the chemical reaction by the coupling cation (Na+), helped to identify the Na+-NQR 

[17] and other energy-conserving Na+ pumps [18, 19] in cell extracts and during 

purification. It also represents a measure for the integrity of a Na+ pump which typi-

cally is a rather labile membrane protein complex. In Section 2.1 we describe the 

high-resolution structure of the Na+-NQR from Vibrio cholerae, the pathogenic 

 bacterium causing Cholera disease, and propose a mechanism for NADH-driven 

Na+ translocation. With the help of the Na+-NQR, V. cholerae, like many other bac-

teria operating primary Na+ pumps, generates an electrochemical Na+ gradient, 

ΔμNa+ (equation 3):

 
Δμ Δψ ΔNa T pNa+ += − +F 2 3. R

 
(3)

This energy which ultimately is gained during the exergonic oxidation of NADH 

with Q by the Na+-NQR thus comprises an electrical term, Δψ, and a chemical gra-

dient of Na+, ΔpNa+. The unit is kJ per mol of translocated sodium ions. This energy 
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is utilized, very much like the PMF, for uptake of substrates, motility, and even 

synthesis of ATP, if the organism possesses a Na+-dependent ATP synthase. Indeed, 

some microorganisms like Propionigenium modestum live on the Na+ battery only, 

with a primary Na+ pump (in the case of P. modestum, it is a Na+-translocating 

decarboxylase), and a F1FO-type ATP synthase driven by the electrochemical Na+ 

potential, establishing a cycling of Na+ ions across the inner membrane of this obli-

gate anaerobic bacterium [20]. But most microorganisms, including V. cholerae, 

operate a respiratory Na+ pump in addition to H+-coupled respiratory complexes, 

utilizing Δψ (formed by expulsion of a positive charge, H+ or Na+), ΔpH (with 

[H+]out > [H+]in), or ΔpNa+ (with [Na+]out > [Na+]in) (Figure 1) [21, 22].

It is obvious that microorganisms living in alkaline habitats, where [H+]out < [H+]in, 

will benefit from the action of primary Na+ pumps for the generation of Δψ, since 

unlike the electrochemical proton potential, the electrochemical Na+ potential is not 

affected by the inverted pH gradient. Under alkaline conditions, secondary, 

Δψ-driven systems like electrogenic Na+/H+ antiporters are required for the import 

of H+ and export of Na+, maintaining the cytoplasm around neutral pH [23] (see 

Chapter 12). In analogy to the PMF, we could define the SMF by dividing the elec-

trochemical Na+ gradient by F, the Faraday constant (equation 2). This is helpful for 

in vitro systems, studying, for example, a Na+-driven, bacterial ATP synthase recon-

stituted in liposomes [24], but care should be taken when studying the dependency 

of energy-consuming processes of bacterial cells on the electrochemical Na+ or H+ 

gradient. On the energy input side, it is difficult to experimentally rule out that both 

batteries (Na+ and H+) are continuously recharged by Na+ and H+ pumps. On the side 

of energy consumers, it is not easy to discriminate which driving force (ΔμNa+ or 

ΔμH+) is actually required. This is especially problematic if the proteins cannot be 

isolated and reconstituted in proteoliposomes under retention of biological function, 

as is the case with the H+ (or Na+, or perhaps also K+) gradient-driven flagellum 

from different bacterial species (see Section 3.2).

In this chapter, some primary, Na+ -translocating complexes which are important 

players in energy conservation of methanogens are not discussed. These are the 

Na+-translocating N5-methyltetrahydromethanopterin:coenzyme M methyltrans-

ferase, the Na+ (or H+)-dependent A1AO ATP synthases, and the energy-converting 

Na+ (or H+)-dependent hydrogenases [25–27].

1.2  Na+ Pumps as Model Systems in Membrane Energetics

1.2.1  Methods to Study Na+ Transport

In respiring bacterial cells, 23Na NMR spectroscopy is a powerful tool to quantify 

the amount of intracellular Na+, and to follow Na+ extrusion upon addition of a sub-

strate which is metabolized by the cells [28]. 23Na NMR spectroscopy makes use of 

the chemical shift of Na+ in the presence of a shift reagent. Differentiation of intra-

cellular and extracellular sodium ion signals in 23Na NMR spectra is possible with 
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the help of a nontoxic shift reagent that does not penetrate the cell membrane [28, 

29]. To quantify changes in intracellular Na+ concentration, a reference capillary 

with known Na+ concentration in the presence of another shift reagent is inserted 

into the NMR tube containing the (respiring) cell suspension. As a result, three 

distinct 23Na signals Na Na Nain out reference
+ + +( ), ,  are observed simultaneously which can 

be quantified by NMR. Substrates like glucose are taken up and metabolized by the 

cells to yield NADH in the cytoplasm, which is a substrate for respiration- dependent 

Na+ transport. 23Na NMR spectroscopy has also been applied to follow Na+ extru-

sion by so-called inside-out vesicles from bacterial membranes where the site of 

NADH oxidation by the respiratory chain is exposed to the external buffer. This is 

the opposite orientation when compared to cells. With inside-out vesicles, respira-

tory substrates like NADH can be added directly to study respiratory Na+ transport 

[29].

There is a disadvantage when using 23Na NMR to study Na+ transport since it 

represents a discontinuous measurement with limited temporal resolution. The 

acquisition of a single spectrum takes several minutes, and this also determines the 

dead time between addition of substrate and the recording of the first data point. In 

an alternative but again discontinuous approach with improved temporal resolution, 

Figure 1 Respiration-driven cycling of Na+ and H+ across the inner cell membrane from Vibrio 
cholerae. The inner membrane separates the bacterial cytoplasm from the external environment 

which may change rapidly in osmolality and pH. The cytoplasmic aspect of the inner membrane is 

negatively charged, the outer aspect is positively charged. The buildup and maintenance of this 

transmembrane voltage (Δψ) is achieved by primary H+ pumps (complex III, complex IV) and the 

Na+ pump (Na+ -translocating NADH:quinone oxidoreductase, Na+-NQR) of the respiratory chain. 

Overall respiration results in the oxidation of NADH with O2 as electron acceptor. In this process, 

the Na+-NQR catalyzes the first step, namely oxidation of NADH with quinone (Q) under forma-

tion of NAD and quinol (QH2). This exergonic reaction is coupled to the endergonic translocation 

of Na+ across the cytoplasmic membrane under formation of an electrochemical Na+ potential. 

Oxidation of QH2 with cytochrome c by complex III, and oxidation of reduced cytochrome c with 

O2 by complex IV, is coupled to the formation of an electrochemical proton potential. Conversion 

of electrochemical Na+ in H+ gradients, and vice versa, is achieved with the help of Na+/H+ anti-

porters [21]. The electrochemical Na+ gradient drives other important processes in V. cholerae, 

such as the rotation of the flagellum [127], the efflux of toxic compounds by the multidrug resis-

tance (MDR) complex [132], the expulsion of bile acids by the MRP system [133], and the uptake 

of nutrients by transporters belonging to the sodium/solute symporter family [134].
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Na+ entrapped in vesicles or liposomes which is transported by the membrane- 

embedded Na+ pump is quantified. This requires removal of external Na+ on a cation 

exchange column, followed by elution of vesicles or liposomes from the column 

with H2O. The Na+ in the eluate, after correction for the endogenous Na+ content of 

the vesicle lumen at the start of the reaction, represents the Na+ which was trans-

ported by the pump. It is quantified by atomic absorption spectroscopy, or by 

γ-counting of 22Na+ added as tracer. To study the coupling of vectorial and chemical 

reactions, the same batch of liposomes or vesicles used for the transport (vectorial) 

reaction is used for determination of the electron transfer (chemical) reaction in a 

parallel manner. For example, the complex I-type NADH:quinone oxidoreductase 

of the enterobacterium Klebsiella pneumonia (see Section 2.3) exhibited specific 

activities of 2.4 μmol·min−1·mg−1 for quinol formation and 4.7 μmol·min−1·mg−1 for 

Na+ translocation. Since two electrons are required to generate quinol from quinone, 

this corresponds to a Na+/electron ratio of 1 [30]. Compared to proton pumps, deter-

mination of the transport stoichiometry of a Na+ pump is more robust since the 

permeability coefficient of Na+ in lipid bilayers is only 1.2 × 10−14 cm s−1 [31], com-

pared to 10−7 to 10−3 cm s−1 for H+ determined in various types of phospholipid 

 vesicles [32]. Continuous measurement of Na+ transport is possible using the 

sodium-responsive fluorophore sodium green incorporated into proteoliposomes 

during reconstitution of the Na+ pump. The assay was first described for the Na+-

translocating F1FO-ATPase [33]. In case of the Na+-NQR, enrichment of Na+ within 

the proteoliposomes sufficient for significant fluorescence required the presence of 

a regenerative system for NADH consisting of lactate dehydrogenase and pyruvate 

[34].

1.2.2  Sodium Pumps: Pitfalls and Advantages

As exemplified by the F1FO ATP synthase (see Section 3.1.), many H+-translocating 

pumps have Na+ -translocating homologs. Studying the latter gives valuable insights 

into the mechanism of the former, but to unequivocally demonstrate that Na+ is 

transported by the action of a primary pump is not a trivial task. When we ask if 

respiratory NADH oxidation is coupled to Na+ transport, we must consider the con-

tribution of other, secondary Na+-extruding systems, like Na+/H+ antiporters. In 

organisms like V. cholerae operating both a Na+ and a H+ cycle (Figure 1), oxidation 

of quinol with O2 by downstream respiratory complexes III and IV generates a PMF 

which might drive secondary Na+ extrusion. To discriminate between respiratory, 

primary Na+ transport, and Na+ transport due to secondary, PMF-driven systems, the 

transport experiment is performed in the presence of a protonophore. Protonophores, 

or proton translocators, are synthetic chemicals which may undergo protonation and 

deprotonation under retention of their hydrophobic characters in both states. Due to 

their extensive π-orbital systems, they are able to delocalize the negative charge of 

their anionic form which, like the neutral, protonated form, is highly soluble in lip-

ids and lipid bilayers [2].
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As a consequence, protonophores dissipate an electrochemical proton potential 

formed by respiring membranes by allowing equilibration of protons across the 

lipid bilayer. If Na+ transport is observed despite the presence of (sufficient) amounts 

of a protonophore, it is caused by a primary Na+ pump. Na+ transport rates may even 

increase in the presence of a protonophore [17], because protonophores may dissi-

pate both the chemical proton gradient, ΔpH, and the transmembrane voltage, Δψ 

[35]. As a consequence, the accumulation of Na+ in liposomes or vesicles by the Na+ 

pump is facilitated. This is because the Δψ (inside positive) generated during turn-

over, which would prevent further accumulation of positively charged sodium ions 

in the lumen of the vesicle, is continuously degraded due to the efflux of protons 

bound to the protonophore. Working with proton pumps, the proton concentration is 

usually restricted to a very narrow pH range of 6 to 8, depending on the proton 

pump being studied.

In contrast, variation of the coupling ion concentration is very easy in the case of 

Na+ pumps. Therefore, Na+ pumps offer the possibility to identify Na+-dependent 

step(s) during the catalytic cycle. With the Na+-NQR, studies on the Na+ depen-

dence of intraelectron transfer reactions led to the hypothesis that Na+ uptake is 

coupled to the electron transfer from the [2Fe-2S] cluster on subunit NqrF to the 

covalently attached flavin mononucleotide (FMN) on subunit NqrC, while electron 

transfer from the covalently bound FMN on subunit NqrB to the riboflavin also 

located on NqrB triggers the translocation of Na+ across the membrane [36]. 

Together with the information on the Na+ binding site obtained by crystallographic 

approaches (see Section 3.1.3), and by studying variants of the Na+ pump obtained 

by mutagenesis of predicted Na+ ligands or cofactors, functional and structural 

information is obtained which, in combination, might unravel the coupling mecha-

nism of the Na+ pump.

2  Redox-Driven Na+ Pumps

2.1  Na+-Translocating NADH:Quinone Oxidoreductase

2.1.1  Respiratory NADH:Quinone Oxidoreductases

In bacteria, three different types of respiratory NADH:quinone oxidoreductases 

(NQR) have been described: the electrogenic complex I [37–39], also called NDH I 

in bacteria [40], the non-electrogenic NADH:quinone oxidoreductases (NDH II) 

[41], and the Na+-translocating NADH:quinone oxidoreductases (Na+-NQR) 

described in this section. The common function of these membrane-bound enzymes 

in respiration is to oxidize NADH using ubiquinone (Q) as electron acceptor. The 

net reaction thus yields ubiquinol (QH2), the reducing substrate of enzyme com-

plexes further along the respiratory chain (Figure 1), and NAD+, which is used as 

oxidizing agent in numerous cellular processes. NADH:quinone oxidoreductases of 

the NDH II type do not contribute to the generation of electrochemical potentials, 
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i.e., are non-electrogenic. Complex I and Na+-NQR, though not related to each other 

in terms of primary sequences or cofactor compositions, both use the exergonic 

energy released by the redox reaction to pump H+ or Na+ from the cytosol to the 

periplasm. There is an ongoing debate if the proton-translocating complex I also 

transports Na+, and if so, by what type of mechanism (see Section 2.3).

2.1.2  Structure of the NADH:Quinone Oxidoreductases

2.1.2.1 Subunits and Cofactors of the NADH:Quinone Oxidoreductases

We already discussed how the discovery of a respiratory chain driving Na+ extrusion 

in V. alginolyticus by Tokuda, Unemoto, and Hayashi led to the identification of the 

Na+-NQR as the first redox-driven Na+ pump ever described [12, 13, 15, 16]. The 

notion that energy conservation exclusively depended on the proton motive force 

had to be revised, and soon, other primary Na+ pumps were discovered, including a 

F-type ATP synthase driven by the sodium motive force (see Section 3.1).

Unemoto and colleagues went on to purify and characterize the Na+-NQR from 

V. alginolyticus which then was thought to be composed of three subunits [42]. 

Sequencing of the nqr operon revealed six structural genes encoding for subunits 

NqrABCDEF [43, 44], and the four largest subunits (NqrAFCB, see Table 1) were 

identified in the V. alginolyticus Na+ -NQR by Dimroth and coworkers [17, 45]. The 

small, hydrophobic NqrD and NqrE subunits were also present in this highly active 

NQR preparation which exhibited Na+ transport activity when reconstituted into 

liposomes [17]. In 1998, Unemoto and colleagues identified all six Nqr subunits in 

the NQR complex from V. alginolyticus [46]. For the related NQR from V. cholerae 

which went into structure determination, we demonstrated the presence of one copy 

of each subunit in the complex and determined an apparent molecular mass of 

221 kDa determined by sedimentation velocity [47]. This is in accord with the cal-

culated mass of the complex (213 kDa) assuming one copy of each subunit.

Initially, the NQR was considered to contain non-covalently bound flavin ade-

nine dinucleotide (FAD) and non-covalently bound FMN [42], but it was later 

shown that upon denaturation of the enzyme, FAD but not FMN was released into 

the supernatant [45]. It came as a surprise when the membrane-bound NqrB and 

NqrC subunits were shown to contain covalently linked FMN attached in a novel 

mode of flavin linkage [48, 49]. The phosphate of the ribityl side chain of the FMN 

is bound to a threonine residue of NqrB or NqrC in a phosphodiester linkage, main-

taining the attachment of the phosphate group at the 5′-position of the ribityl as in 

authentic FMN [50]. The flavinylation of NqrB and NqrC requires a specific enzyme 

described recently by Bogachev and coworkers [51]. Besides FAD (on subunit 

NqrF), and two covalently bound FMNs (one on subunit NqrB and NqrC, respec-

tively), there is a fourth flavin cofactor in the NQR. Barquera and coworkers discov-

ered this functionally active riboflavin in the NQR from V. cholerae [52, 53], a 

finding which was later confirmed for the enzyme from V. harveyi [54]. Riboflavin 

binding to the V. cholerae NQR required the presence of the NqrB subunit [47], and 
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riboflavin on NqrB, FAD on NqrF and the FMNs on NqrB and NqrC, were identi-

fied in the 3D structure of the NQR [55]. The cytoplasmic NqrF subunit also harbors 

a [2Fe-2S] cluster, acting as electron acceptor for FAD which is reduced by NADH 

in the initial reaction step of the enzyme [17, 56].

Table 1 summarizes the subunit and cofactor composition of the Na+-NQR from 

V. cholerae, including the nomenclature for the homologous subunits of the RNF (or 

NFO) complex (see Section 2.2). For crystallization, NQR from V. cholerae with a 

polyhistidine tag fused to the N-terminus of the peripheral NqrA subunit was used, 

and the enzyme was produced in a V. cholerae host lacking the chromosomal nqr 

operon [57]. First crystals and diffraction patterns were obtained with native protein 

[58], but structure determination heavily relied on the positioning of seleno- 

methionine residues in the electron density maps of crystals from Se-Met labeled 

NQR [55].

The last reaction step of the NQR is the reduction of ubiquinone-8 under forma-

tion of quinol. Ubiquinone-8 (Q8) was co-purified with the NQR (ca. 0.6 mol per 

mol NQR which was solubilized with n-dodecyl-D-maltoside), but the amount 

depended on the detergent used for solubilization. If NQR was solubilized in lau-

ryldimethylamine N-oxide, Q8 was lost from the enzyme [59, 60]. The electron 

density map of crystals of the NQR purified in n-dodecyl-D-maltoside did not reveal 

a region which could be assigned to a bound ubiquinone-8 molecule [55], but a 

binding site interacting with Q8 or its short-chain derivative, ubiquinone-1 (Q1), 

was identified on the peripheral NqrA subunit [60] located adjacent to the membrane- 

bound NqrB subunit [55] (Figure 2).

With eight isoprenoid units, Q8 is a very hydrophobic molecule, but its redox- 

reactive quinone head group is rather hydrophilic. The 3D structure of the respira-

tory complex I (H+-translocating NADH:Q oxidoreductase, Section 2.3) revealed a 

binding site for ubiquinone in a subunit located well above the membrane- embedded 

part of the complex [38]. The situation is similar in the NQR where ubiquinone 

binds to the peripheral NqrA subunit exposed to the cytoplasm. It seems to be a 

common aspect of both complex I and the NQR that their substrates, NADH and 

ubiquinone, bind to peripheral subunits oriented towards the cytoplasm (in bacteria) 

or the matrix (in mitochondrial complex I). We find homologous structures for the 

conversion of substrates at the inner side of the membrane both in complex I and in 

the NQR. Subunit NqrA of the NQR (catalyzing Q reduction) and subunit Nqo1 of 

complex I (catalyzing NADH oxidation) exhibit most similar 3D structures [55], 

although they are not related to each other with respect to primary sequences. NqrA 

comprises a deep solvent accessible cavity that is formed by residues of a Rossmann- 

fold domain and an ubiquitin-like domain. This cavity is large enough to accom-

modate ubiquinone-8. In case of Nqo1 of complex I the corresponding cavity 

harbors the isoalloxazine moiety of the FMN cofactor, which accepts a hydride 

from NADH in the initial reaction step catalyzed by complex I.

It seems likely that ubiquinone-8 which was co-purified with the NQR [59, 60] 

represents an intrinsic cofactor which does not exchange with the ubiquinones pres-

ent in the inner membrane. We recently showed that the ubiquinone binding site of 

the membrane-associated NqrA subunit may accommodate two ubiquinone mole-
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cules in close proximity [61]. This finding has important implications for the mech-

anism of ubiquinone reduction by the NQR: The enzyme-bound Q8 might act as 

terminal redox cofactor of the electron transfer chain within the NQR, donating 

electrons to a neighboring substrate ubiquinone. Upon full reduction (and proton-

ation) of this substrate ubiquinone, it is released and enters the pool of ubiquinones 

present in the membrane.

There is evidence that subunit NqrB influences the binding of Q to the NQR, or 

may house a second Q binding site. Korormicin, an antibiotic, kills V. alginolyticus 

wild-type cells but is inactive against a mutant strain carrying a Gly140 to Val muta-

tion in subunit NqrB of the NQR. Korormicin also acts as a noncompetitive inhibi-

tor against NQR in vitro. From this, it was concluded that NqrB comprises a 

ubiquinone binding site [62]. Mutations replacing the corresponding Gly141 in 

NqrB from V. cholerae NQR, and the adjacent Gly140, resulted in NQR variants 

with decreased affinity towards Q1 [63]. In their follow-up study, Barquera and col-

leagues reported that Gly140 and Gly141 on NqrB exert their effect on ubiquinone 

binding in an indirect manner, and confirmed binding of Q to NqrA [64]. We 

searched for a bound Q8 in the proximity of NqrBG140 and NqrBG141 in the electron 

density map of NQR crystals but found no evidence for the presence of 

ubiquinone.

Very unexpectedly, the crystal structure of the NQR revealed an additional Fe 

center coordinated by four conserved cysteine residues in the midst of the mem-

brane parts of subunits NqrD and NqrE. These are Cys26 and Cys120 from subunit 

NqrD, and Cys29 and Cys112 from subunit NqrE [55]. Subunits NqrD and NqrE 

are evolutionary related to each other and assume an inverted topology with respect 

to the orientation of their transmembrane helices. Notably, the conserved cysteines 

required for Fe ligation are positioned at the tip of hydrophobic helices spanning 

half of the membrane [55]. The positions of the redox cofactors within the NQR are 

shown in Figure 2, panel c. NqrF catalyzes NADH oxidation, upon which electrons 

are transferred from the FADNqrF to the [2Fe-2S] cluster residing at an edge-to-edge 

distance of 9.8 Å to the isoalloxazine ring moiety of the FAD. The edge-to-edge 

distance between the [2Fe–2S] cluster in NqrF and the Fe in NqrDE is 33.4 Å.

This is far too large for efficient electron transfer [65], and one must assume that 

NqrF undergoes a large conformational change during turnover, moving the [2Fe- 

2S] cluster in its ferredoxin domain closer to the membrane. Once the electron has 

reached the Fe site in NqrDE, transfer to FMNNqrC will be very rapid since the edge-

to- edge distance is only 7.9 Å. The edge-to-edge distance between FMNNqrC and 

FMNNqrB is 21.4 Å. Assuming some movement of FMNNqrC away from the Fe center 

in NqrDE upon reduction, this distance lies within the range of the 15 Å determined 

by electron paramagnetic resonance (EPR) analysis of spin-spin interactions 

between the radical state of both FMN cofactors [66]. Continuing the transfer route 

within the NQR complex, and in accord with kinetic data [67], electrons on FMNNqrB 

are delivered to the riboflavin in the hydrophobic/hydrophilic transition zone at the 

cytoplasmic side of NqrB. With 29.3 Å, the edge-to-edge distance between FMNNqrB 

and riboflavin is too large for fast electron transfer, and again, we must assume some 
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Figure 2 Structure of Na+-NQR and edge-to-edge distances of redox cofactors of the complex. 

Panels a, b: Na+-NQR is composed of six subunits, NqrA–NqrF. NqrB (orange), NqrD (magenta), 

and NqrE (cyan) are integral membrane proteins, whereas NqrF (red) and NqrC (green) are each 

anchored to the membranous subunits by single transmembrane helices. NqrA (blue) does not 

contain a transmembrane helix. The membrane plane is indicated by grey lines. NADH oxidation 

occurs at NqrF and ubiquinone (Q) has been shown to bind to NqrA [61]. Electron transfer from 

NADH at NqrF to quinone at NqrA drives the translocation of sodium ions. Panel b: Solvent acces-

sible surface of Na+-NQR, rotated by 90 %. Panel c: The arrangement of the redox cofactors in 

Na+-NQR. Edge-to-edge distances of the cofactors are indicated by broken lines. The figure is 

taken from [55], with kind permission of the publisher; © copyright 2014.
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movement of FMNNqrB or riboflavin due to a conformational change during turnover 

of the pump.

2.1.2.2 Functional Modules of the NADH:Quinone Oxidoreductases

The Na+-NQR shares three integral membrane subunits (NqrBDE) and one peri-

plasmic subunit (NqrC) with the RNF/NFO redox pumps (Section 2.2), and it is safe 

to assume that these four subunits represent a minimum catalytic unit which is nec-

essary (but not sufficient) for redox-driven Na+ transport. Viewed from the mem-

brane plane, with the transmembrane helix of NqrC positioned at the outer edge of 

the NqrDE unit and opposite to NqrB (Figure 2, panel a), this functional core con-

tains an electron-accepting module, NqrDE with the novel Fe site, shielded by the 

large periplasmic domain of NqrC with its covalently linked FMN directed towards 

the Fe center. This electron-accepting module is fused to a transport module, NqrB, 

which offers a passage for Na+ identified with the help of the program CAVER [68] 

(Figure 3). A superposition of the ammonium transporter with NqrB revealed an 

almost perfect overlay of the presumed pathways for NH4
+ or Na+. A notable excep-

tion in NqrB is the short helix VIII which narrows the channel with the help of the 

aromatic side chains of Phe338 and Phe342. Above the constriction, and opening 

towards the cytoplasm, is a vestibule with the conserved D346 which can coordinate 

Na+ [55] (Figure 3).

Helix VIII of NqrB is not found in the ammonium transporters, and its redox- 

dependent movement to open the channel for the passage of Na+ is a key event in the 

presumed transport mechanism (see below). NqrB also harbors the covalently 

attached FMNNqrB to accept electrons from FMNNqrC, and a riboflavin for subsequent 

electron transfer to the quinone on subunit NqrA (Figure 2, panel c). The cytoplas-

mic NqrA and NqrF subunits are attached to the cytoplasmic side of subunits 

NqrBCDE. Rotation around an axis perpendicular to the membrane reveals the 

rather open arrangement of NqrF, with its C-terminal, remote FAD-binding domain, 

its ferredoxin domain carrying the [2Fe-2S] center closer to the membrane part, and 

the N-terminal, single transmembrane helix tightly packed to the single 

 transmembrane helix of NqrC extending from the periplasmic side of the NQR 

complex (Figure 2, panel b). NqrA contacts the membrane-bound NqrB subunit 

with its N- and C-termini. In addition, the N-terminal residues 38–51 of NqrB reside 

in a deep groove of NqrA, hereby stabilizing NqrA which lacks any transmembrane 

helices.

As already mentioned, NqrA shares its overall architecture with the NADH- 

oxidizing Nqo1 subunit from the respiratory complex I [55], although this is not 

reflected in a similarity of the primary sequences. The alignment of NqrA sequences 

from 90 species revealed that its sequence is highly variable [69], and the authors 

from this study concluded that this variability resulted from the lack of functional 

restraints on NqrA due to the lack of catalytic function of this subunit [69]. The 

specific interactions of NqrB with NqrA, together with the conserved domains 

which are catalytically important in the Nqo1 subunit of complex I, give strong 
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evidence of a catalytic role of NqrA despite its weak degree of conservation among 

the NQR complexes from different bacteria.

Figure 3 A Na+ channel in subunit NqrB of the NQR. Panel a: Analysis of the transmembrane 

subunits with CAVER [68] revealed a hydrophilic channel (green) in the membrane-embedded 

NqrB subunit. Panel b: Shown in black is the close-up view of the channel in NqrB. Transmembrane 

helix I is removed for clarity. The green spheres indicate the proposed path of the Na+ through 

NqrB. Panel c: Key residues of the putative Na+ channel. The negatively charged side chain of 

Asp346 can coordinate Na+ at the entry of the channel. The backbone carbonyl residues of Val161, 

Ile164, and Leu168 located on transmembrane helix III can coordinate the Na+ on the predicted 

path. Panel d: Ile164, Leu168 and on the opposite site Phe338 and Phe342 located on transmem-

brane helix VIII narrow the channel, forming a constriction. The figure is taken from [55], with 

kind permission of the publisher; © copyright 2014.
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2.1.3  Function of the NADH:Quinone Oxidoreductases

2.1.3.1 Interaction of NADH:Quinone Oxidoreductases with Alkali Cations

To understand how Na+ transport is achieved by the Na+-NQR, we must describe the 

mode of interaction of the enzyme in its various redox states with its coupling cat-

ion. The Na+-NQR from V. cholerae was reported to bind three sodium ions per 

enzyme, both in the oxidized or in the reduced state [70]. These values were deter-

mined in a dialysis experiment after equilibrium had been reached. Using 23Na 

NMR spectroscopy, Bogachev, Verkhovsky and coworkers determined the affinities 

of the NQR for Na+ in the oxidized (KD ca. 24 mM) versus reduced state (KD ca. 

30 μM) [71], indicating that the pump possesses at least one Na+ binding site which, 

directly or indirectly, senses the redox state of one (or several) redox cofactors. 

There is evidence that changes in Na+ affinity upon reduction of the NQR are 

conformational- driven, and therefore indirect.

Using a combined electrochemical and Fourier transform infrared (FTIR) spec-

troscopic approach, Hellwig, Barquera and coworkers [72] showed that the Na+-

NQR exhibits large conformational changes which depend both on the redox state 

of the enzyme, and of the presence of alkali cations. Specifically, Asp397 of the 

membrane-bound NqrB subunit was proposed to directly interact with Na+ or Li+. 

This carboxylic residue was shown to be of functional importance since replace-

ment by alanine resulted in the loss of the Na+ -stimulated quinone reductase activ-

ity [73]. The 3D structure of the Na+-NQR [55] revealed that Asp397 of subunit 

NqrB, located at the interface between subunit NqrB and NqrA, is solvent- accessible. 

Asp397NqrB was proposed to capture Na+ in a reaction step which precedes the trans-

port of Na+ through the membrane-embedded part of NqrB [72, 74]. The 3D struc-

ture of the Na+-NQR does not support this assumption since there is no vestibule 

followed by a channel in proximity to Asp397NqrB [55]. Asp397NqrB is located at the 

cytoplasmic end of the C-terminal helix which contacts subunit NqrA located on top 

of subunit NqrB. The N-terminal helix of subunit NqrB also extends towards the 

cytoplasm, and together with the C-terminal helix ensures tight binding of NqrA to 

the membrane-bound NqrB subunit. A likely explanation for the observed effects of 

mutations at position Asp397NqrB with respect to cation-dependent conformational 

changes [72] and uncoupling [75] is an overall change in the mode of interaction 

between NqrB and NqrA.

A direct mechanism leading to the observed, redox-dependent change in affinity 

of the NQR towards Na+ [71] should also be considered. In this case, one would 

expect a dependency of the redox potential of cofactors on Na+ [67, 76]. Indeed, 

there is evidence for a modulation of the redox properties of flavin cofactors in the 

NQR by Na+. The midpoint potentials of the flavoquinone/anionic flavosemiqui-

none and the anionic flavosemiquinone/flavohydroquinone redox couples were 

shifted towards more negative values when Na+ was replaced by K+ [76]. These 

flavin redox transitions were assigned to the FMNs on subunit NqrB and/or NqrC 

[67, 76], and their shift in redox potential towards positive values in the presence of 

Na+ might lead to the acceleration of at least one electron transfer reaction between 

11 Sodium as Coupling Cation in Respiratory Energy Conversion



366

FADH2 in the cytoplasmic NqrF and the FMNNqrC located in the periplasm. Barquera 

and colleagues showed that the electron transfer from the [2Fe-2S] center on sub-

unit NqrF to FMN on subunit NqrC is accelerated in the presence of Na+ [36]. The 

3D structure revealed the existence of an additional Fe center in the electron transfer 

pathway from [2Fe-2S]NqrF to FMNNqrC [55] (Figure 2). Additional studies will now 

be required to determine if Na+ stimulates the electron transfer from [2Fe-2S] to the 

novel Fe center, or from the Fe center to the FMNNqrC. It is noteworthy that the mid-

point potential of [2Fe-2S]NqrF is not influenced by Na+ [72].

There is a strong effect of cations on the NADH:Q oxidoreduction activity of the 

NQR. Quinone reduction was stimulated by Na+ and Li+, two cations which are also 

translocated by the NQR. In contrast, neither K+ nor Rb+ were transported by the 

enzyme, though K+ enhanced electron transfer when tested in combination with Na+ 

[70]. With the highly related Na+-NQR from V. alginolyticus, Dimroth and cowork-

ers demonstrated that KCl or MgCl2 led to an increase of the affinity of the enzyme 

towards Na+, as is evident from the decrease in the apparent Km [17]. Barquera and 

coworkers reported that Rb+ was inhibitory for electron transfer by the NQR [70]. 

From their results, the authors proposed that in addition to Na+ binding site(s) rele-

vant for transport, the NQR comprises at least one additional, regulatory cation 

binding site which may bind K+, leading to activation, or Rb+, leading to inactivation 

of the enzyme.

2.1.3.2 Mechanism of Redox-Driven Na+ Transport by the NADH:Quinone 

Oxidoreductases

A comparison of the subunit composition of NQR with its homolog, the RNF com-

plex (Section 2.2), reveals that these redox pumps are built from similar functional 

modules coupling electron flux between the substrates (NADH and Q in case of 

NQR, ferredoxin and NAD(H) in case of RNF) to Na+ (or H+) translocation. The 

central core includes all three membrane-bound plus one periplasmic subunit with a 

membrane anchor and comprises the following elements which are crucial for 

redox-driven Na+ transport: Flavin cofactors on both sides of the membranes, the 

novel Fe site in the membrane part, a channel (in NqrB), one FMN (of NqrB) which 

is located in close proximity to the predicted channel, and another FMN (of NqrC) 

acting as electron wire between the Fe center and FMNNqrB. The hypothetical mech-

anism of electron transfer-driven Na+ transport by the NQR (Figure 4) outlined 

below critically depends on the widening of the Na+ channel in NqrB caused by the 

redox-dependent movement of helix VIII from NqrB.

It is assumed that the overall transport stoichiometry of the Na+-NQR is 2 elec-

trons transferred per 2 Na+ transported, or 1 NADH oxidized (or Q reduced) per 2 

Na+ translocated [77]. The position of the redox centers (Figure 2), and available 

kinetic studies (summarized in [67, 78]), are in accord with the following sequence 

of electron transfer events in the Na+ -NQR:
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NADH FAD Fe FMN

FMN Ribof

NqrF NqrF NqrDNqrE NqrC

NqrB

→ → −[ ] → → →

→

2 2Fe S

llavin QNqrB NqrA→
 

The structure of the NQR [55] revealed a channel in NqrB flanked by two redox- 

reactive flavins located at the periplasmic and cytoplasmic side, respectively, sug-

gesting that passage of Na+ through the channel is controlled by the redox state of 

these two flavins. We combine all available information and propose the following 

mechanism of redox-driven Na+ transport by the NQR (Figure 4, panel a):

Figure 4 Mechanism of redox-driven Na+ translocation by the Na+-NQR. The membrane is indi-

cated by a grey bar. Top, cytoplasm; bottom, periplasm. Panel a: Catalytic half cycle showing the 

transport of 1Na+ per 1 electron transferred. Panel b shows the Na+ channel through NqrB (shaded 

in green) close to the short helix VIII which constricts the channel. Panels c and d: The redox state 

of FMNNqrB controls the position of helices X and VIII. The figure is taken from [55], with kind 

permission of the publisher; © copyright 2014.
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 (i) The reaction starts with NADH donating a hydride to FADNqrF.

 (ii) From there, one electron is delivered to the [2Fe-2S] cluster, eliciting a move-

ment of the ferredoxin domain towards NqrD, and facilitating electron transfer 

to the Fe center located between NqrD and NqrE. At the same time, Na+ 

approaches through the cytoplasmic vestibule in NqrB and is coordinated by 

Asp346 above the constriction of the channel.

 (iii) The electron is delivered from the Fe center to FMNNqrC positioned in the peri-

plasmic domain of NqrC).

 (iv) Electron transfer from FMNNqrC to FMNNqrB, and occlusion of Na+ in NqrB.

 (v) Electron transfer from FMNNqrB to the riboflavin (RBF) positioned at the cyto-

plasmic side of NqrB triggers the shift of helix VIII of NqrB (also shown in 

panels b, c and d), followed by entry of Na+ into the channel, and re-orientation 

of the ferredoxin domain of NqrF towards FADNqrF.

 (vi) Upon electron transfer from the riboflavinNqrB to ubiquinone, the escape of Na+ 

back to the cytoplasm is prevented, and Na+ is forced to leave NqrB towards 

the periplasm.

With steps (i) to (vi), the first half cycle leading to the transport of one Na+ per one 

electron transferred is finished. The second half cycle is initiated by transfer of the 

second electron from FAD to the [2Fe-2S] cluster, and the reaction steps (Figure 4, 

panel a) proceed again to couple transfer of the second electron to transport of the 

second Na+.

The question arises how a redox reaction might trigger conformational changes 

in the NQR which promote uphill transport of Na+ against the electrochemical Na+ 

gradient. We note that the properties of the Na+ channel in NqrB (shaded in green) 

(Figure 4, panel b) are largely determined by the short helix VIII which constricts 

the channel, preventing passage of Na+. Helix VIII is in close contact to the tilted 

helix X which points with its positive dipole end towards FMNNqrB positioned below. 

The riboflavin binds near the negative end of the helix X dipole. It is proposed that 

the redox state of FMNNqrB controls the position of helix X pointing with the positive 

end of the helix dipole directly towards the N5 of the isoalloxazine ring of FMNNqrB. 

(Figure 4, c and d). A net negative charge on FMNNqrB keeps helix X in its  downward 

position, maintaining the position of helix VIII and blocking the pathway for Na+.

Electron transfer from FMNNqrB to riboflavinNqrB removes the negative charge 

from FMNNqrB, hereby weakening the interaction with the positive dipole end of 

helix X. Helix X is released upward, moving helix VIII with its Phe338 and Phe342, 

and opening the pathway for the translocation of the Na+ to the periplasmic half- 

channel (Figure 4, panels c and d). Here, Na+ immediately becomes hydrated by 

water molecules entering from the periplasmic side.

The NQR stabilizes anionic flavosemiquinone(s) in the “as isolated state”, that is 

in the absence of electron donors, and despite the presence of oxygen. These anionic 

flavosemiquinones have been assigned to the covalently attached FMNs on NqrB 

and/or NqrC ([78], and references cited therein). The mechanism proposed here 

offers a rationale for this unusual property of a redox enzyme: In starving cells, 
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when the electron donor NADH is limited, FMNNqrB must be stabilized in its one- 

electron reduced, anionic state to keep the Na+ pathway closed, preventing unspe-

cific leakage of Na+ across the cytoplasmic membrane.

2.2  NAD:Ferredoxin Oxidoreductase

NqrB, NqrC, NqrD, and NqrE are homologous to subunits RnfD, RnfG, RnfE, and 

RnfA of the RNF (Rhodobacter nitrogen fixation) complex [69] (Table 1). The 

genes encoding for RNF were first discovered by studying Rhodobacter capsulatus 

mutants deficient in nitrogen fixation, suggesting a role of the complex in electron 

transfer to nitrogenase [79]. The RNF complex from Acetobacterium woodii was 

shown to catalyze redox-driven Na+ transport [80, 81]. Because the RNF complex 

uses ferredoxin (ox/red) and NAD(H) as substrates, it is also termed NFO 

(NAD+:ferredoxin oxidoreductase) [82, 83]. Both Na+-NQR and the RNF/NFO 

complexes are composed of six subunits, respectively, but only the central core of 

the complexes is conserved with regard to primary sequences and cofactor composi-

tion. This core is made up by the three integral membrane subunits of the RNF 

complex, RnfD (NqrB), RnfE (NqrD), and RnfA (NqrE), and the membrane- 

anchored RnfG (NqrC) (homologous Nqr subunits in brackets). These four subunits 

are considered to represent the minimal, functional unit of the NQR/RNF family of 

redox-driven cation pumps. NqrC is anchored via a single transmembrane helix to 

the membrane core of the NQR complex [55], and a similar arrangement is to be 

expected for RnfG in the RNF complex.

NqrC/RnfG, like NqrB/RnfD, carries a covalently attached FMN cofactor [82, 

84]. As outlined above, the covalently attached FMN of NqrB might control the 

passage of Na+ through the presumed channel in NqrB in a redox-dependent man-

ner. The related RnfD subunit also carries a covalently attached FMN, further sup-

porting the notion that both NQR and RNF complexes operate a very similar 

mechanism of redox-driven Na+ (or H+) transport. This may be true although the 

electron-accepting and electron-donating subunits of the complexes are only weakly 

related (NqrA/RnfC) [69], or, like RnfB, have no homolog in the NQR complex 

[69]. RnfB comprises a site for interaction with exogenous ferredoxin used as 

 electron donor or acceptor, depending on the direction of cation transport through 

the NFO/RNF complex [83]. NqrA comprises a quinone binding site [61]. In the 

RNF complex, RnfC which shows some weak relation to NqrA is expected to inter-

act with NADH or NAD, to either accept or donate a hydride [83]. Other redox 

centers in the RNF complex which are not found in the NQR are two [4Fe-4S] 

centres and one FMN on subunit RnfC which interacts with NAD(H). RnfB which 

interacts with ferredoxin) contains motifs for four [4Fe-4S] clusters and one [3Fe-

4S] cluster [83]. It was also suggested that RnfB may ligate six [4Fe-4S] clusters 

[69]. These assignments were based on sequence analyses and await biochemical 

verification.
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In summary, RNF and NQR complexes differ in cofactor composition in their 

electron input and output modules (NqrF and NqrA, versus NfoC and NfoB), but 

utilize the same set of cofactors in their highly conserved, membrane-embedded 

RnfAEGD or NqrEDCB subunits which catalyze redox-dependent cation transport. 

There is recent evidence for proton transport by the RNF complex from Clostridium 
ljungdahlii [85], while all NQR complexes studied so far exclusively acted as Na+ 

pumps. This makes the RNF complex an interesting model system: Comparing the 

molecular properties of H+- with Na+-translocating RNF complexes will give insight 

into the general mechanism of cation transport by the NQR/RNF family of redox 

pumps, as exemplified for the H+ or Na+ -translocating F1FO ATPases described in 

Section 3.1.

2.3  Primary Versus Secondary Na+ Transport by Complex I

Every other respiratory system for redox-driven voltage generation is dwarfed by 

complex I, the respiratory NADH:quinone oxidoreductase of eukaryotes and bacte-

ria. There is no other machine like this. The mitochondrial complex I from eukary-

otes is composed of 44 subunits, including those 14 core subunits which are 

homologs of the bacterial complex I. There is a chain of redox cofactors in the 

peripheral arm of this L-shaped complex for electron transfer, starting with the 

FMN at the tip which accepts a hydride from NADH, via seven FeS centers, to ubi-

quinone in the connecting part between the peripheral and membrane arms.

The membrane arm is composed of subunits highly related to cation/H+ antiport-

ers. There is no evidence for the presence of redox cofactors in the membrane arm 

of complex I [40, 86]. This strongly supports the notion of conformational changes 

elicited by NADH:quinone oxidoreduction in the peripheral arm which promote H+ 

(or Na+) translocation through the three antiporter-like subunits in the membrane 

arm. The stunning 3D structures of complex I from the bacterium Thermus ther-
mophilus [87], of bovine complex I [37], and of complex I from the yeast Yarrowia 
lipolytica [38] support this assumption, since they revealed that the large, antiporter- 

related subunits (termed NuoL, NuoM, and NuoN in the bacterial complex I) share 

characteristic structural features with secondary, cation/H+ antiporters like NhaA 

from E. coli discussed in Chapter 12. This Na+/H+ antiporter, like the complex I 

subunits NuoL, M and N, comprises charged or polar amino acid residues within the 

membrane region which are situated in close proximity to broken or partially 

unwound transmembrane helices. In NhaA, two adjacent, interrupted transmem-

brane helices form a site for Na+ binding, and it is assumed that this critical region 

of the transporter undergoes a conformational change during exchange of Na+ 

against H+ [88].

Complex I is generally considered to translocate protons from the N- to the 

P-side in the vectorial reaction of the pump driven by NADH:quinone oxidoreduc-

tion, its chemical reaction (Figure 5).
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In bacteria, the positive charged (P-) side represents the periplasmic aspect of the 

energy-conserving membrane. In mitochondria, the P-side of the inner membrane 

faces the space between the inner and outer mitochondrial membrane. The nega-

tively charged (N-) side represents the bacterial cytoplasm, or the mitochondrial 

matrix. A strict selectivity for protons as coupling cation was reported for mito-

chondrial [89] and bacterial complex I [40]. This concept was put into question 

when complex I from an enterobacterium was reported to exclusively transport Na+ 

from the N- to the P-side coupled to NADH:Q oxidoreduction [39].

In another study, the enterobacterial complex I was shown to pump protons from 

the N- to the P-side driven by oxidoreduction, together with a proposed Na+/H+ 

antiporter catalytic activity with protons re-entering the N-compartment, promoting 

Na+ transport to the P-compartment [90]. In another bacterial complex I, redox- 

driven H+ transport from the N- to the P-side under concomitant flux of Na+ from the 

P- to the N-side, probably caused by H+/Na+ antiport, was reported [29, 91]. In 

mitochondrial complex I from the yeast Yarrowia lipolytica, we observed NADH 

oxidation-driven Na+ transport (from N- to P-side), with no evidence for concomi-

tant transport of protons [92].

A recent study on bovine mitochondrial complex I showed that the enzyme acts 

as a Na+/H+ antiporter in its deactive (D-) state, with H+ transport from the P- to the 

N-side, and Na+ transport from the N- to the P-side. This antiporter activity of com-

plex I was not observed with enzyme in its active (A-) state [93]. For a detailed 

description of the H+ and Na+ transport experiments performed with complex I, and 

a critical discussion of its H+ or Na+ selectivity, the reader is referred to [94, 95]. 

Figure 5 summarizes the transport activities reported for complex I from different 

Figure 5 Directionality and cation selectivity of complex I. Complex I, the electrogenic 

NADH:quinone oxidoreductase, is an L-shaped molecular machine found in mitochondria and 

many bacteria. Its peripheral part catalyzes NADH oxidation, the membrane-embedded part acts 

as transporter for cations. Observed cation transport activities of mitochondrial complex I, from 

left to right: A proton pump in the A-state, a Na+ pump, a Na+/H+ antiporter in the D-state. Observed 

cation transport activities of bacterial complex I, from left to right: A proton pump, a Na+ pump, a 

proton pump with Na+/H+ antiport activity (Na+ flux from N- to P-side), a proton pump with 

H+/Na+ antiport activity (Na+ flux from P- to N-side). In mitochondria, the positive (P-) side of the 

inner membrane faces the inner membrane space which exchanges small solutes with the cyto-

plasm of the eukaryotic cell, the negative (N-) side faces the mitochondrial matrix. In bacteria, the 

P- side faces the periplasm which exchanges small solutes with the surrounding medium, the N- 

side faces the cytoplasm.
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organisms, and illustrates that both primary, redox-driven cation transport events 

(indicated by straight arrows) and secondary, gradient-driven H+ or Na+ transloca-

tion events (indicated by bent arrows) must be considered. If we assume that com-

plexes I from bacteria and mitochondria, highly related machines with respect to 

their core subunits, operate with an identical mechanism of redox-driven cation 

transport, these reported transport activities seem to be contradictory. But we should 

also consider that complexes I from different organisms might exhibit different cat-

ion selectivities (H+ or Na+), as exemplified by F-ATPases. Moreover, the antiporter- 

related NuoL, M, and N subunits of complex I (bacterial nomenclature) may act in 

a “coupled” manner, transporting cations only during oxidoreduction, or in an 

“uncoupled” mode, where cation translocation is driven by existing electrochemical 

gradients across the membrane. So obviously, much work remains to be done by all 

who want to understand the transport mechanism of this fascinating, huge redox 

pump.

3  Na+ Translocation by a Rotational Mechanism

3.1  F1FO ATP Synthase

3.1.1  Overall Architecture and Function

F1FO ATP synthases are ubiquitous enzymes present in energy-converting mem-

branes from bacteria, archaea, or eukaryotes, where they use the proton motive 

force or sodium motive force to synthesize adenosine-5′-triphosphate [96, 97]. The 

structure of ATP synthases has been first described as a ‘lollipop,’ as the soluble F1 

catalytic unit is attached to the electrochemically energized membranes via the FO 

part of the complex (Figure 6). Here we consider the bacterial F-type ATPases 

which are true bidirectional enzymes operating either in the ATP hydrolysis or syn-

thesis mode, depending on the energetic demands of the bacterium. For a discussion 

of the related A-type ATPases from archaea, or related V-type ATPases from eukary-

otes or bacteria, the reader is referred to [26, 98, 99] and references therein.

Whereas the F1 part is responsible for the conversion of ADP and inorganic phos-

phate (Pi) to ATP (in the synthesis mode), or hydrolysis of ATP to ADP and Pi (in 

the hydrolysis mode), the membrane-bound FO part (O standing for oligomycin, an 

inhibitor of ATP synthase specifically interacting with FO) [100] converts the flux of 

coupling cations (H+ or Na+) to rotation. This rotational energy is not wasted but 

generates torque, forcing a central shaft (composed of the ε- and γ-subunits, and 

connected to the c-ring) to alter the nucleotide-binding β-subunits in F1 [96]. These 

conformational changes, driven by the flux of the coupling cation along its electro-

chemical gradient, promote the formation of ATP from ADP and Pi under release of 

H2O. Vice versa, the hydrolysis of ATP in F1 will rotate the shaft together with the 

c-ring against subunit a, pushing the coupling cations uphill, and creating an elec-
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trochemical gradient in an endergonic reaction driven by the exergonic hydrolysis 

of ATP (Figure 7).

For a discussion of the mechanism of ATP synthesis in F1, and a description of 

techniques used to visualize the rotation of the shaft (and the c-ring) with respect to 

F1, the reader is referred to [96, 97]. The overall architecture of F1FO is shown in 

Figure 6 which combines the current knowledge about high-resolution structures of 

individual parts of the F1FO complex. The a-subunit acts as a brushing against the 

rotating c-ring, and probably keeps F1 in position with the help of the b-subunits 

extending from the a-subunit to the tip of F1. The interface between subunit a and 

the c-subunits of the c-ring is of particular interest since it offers ligands for the 

coupling cation (H+ or Na+), promoting access or release of the cation through dis-

tinct pathways leading from and to the interface. A recent 3D structure of the holo- 

Figure 6 Structural model of the F1FO ATP synthase based on 3D structures of subcomplexes 

from different organisms. Panel a: Holo-complex in a horizontal view with respect to the mem-

brane plane, with the α3β3 subunits (dark and light green) of the F1 part located in the cytoplasm of 

the bacterium, and the c-ring composed of n c-subunits (light blue) of the FO part embedded in the 

inner bacterial membrane (grey). Rotation of the c-ring is transmitted to F1 via the shaft composed 

of the ε-subunit (dark blue) and γ-subunit (magenta). The outer stalk formed by two b-subunits 

(light yellow) and subunit δ (dark yellow), together with the membrane-bound a-subunit (brown 

ellipsoid) serve as stator, tethering the β-subunits in F1. Each β-subunit harbors one nucleotide 

binding site. Subunit a, together with its interacting c-subunits, transports the coupling cation (H+ 

or Na+) through the FO part via a binding site located at the interface of subunit a and the c-ring. 

Panel b: α-subunits are omitted to visualize the central shaft formed by the asymmetric α-subunit, 

which protrudes into the nucleotide binding pocket of one of the β-subunits with bound ADP 

(shown in sphere representation). Panel c: view from the periplasmic side of a bacterial cell. The 

model shows the structure of bovine (Bos taurus) F1 subcomplex (PDB entry 1E79 [135] together 

with different bacterial subcomplexes: The c-ring rotor composed of n = 15 c-subunits (pdb entry 

2WIE [111]), the δ-subunit (PDB entry 2A7U [136]), the membrane domain of subunit b (PDB 

entry 1B9U [137]), and subunit b devoid of its membrane domain (PDB entry 3K5B [138]). 

Reprinted from [108], with kind permission from Springer; © copyright 2013.
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Figure 7 Coupling of cation flux to ATP synthesis by F1FO ATP synthase. The ATP synthase 

consists of the water-soluble F1 and the membrane-embedded FO subcomplexes. Rotating elements 

are the membrane-embedded ring of n c-subunits (shown in blue, with n = 8–15) and subunits γ and 

ε of the shaft which projects into the F1 part. In the ATP synthesis mode illustrated here, the cou-

pling cations (Na+ or H+; yellow spheres) in the periplasm (bottom of Figure) approach the binding 

site in the interface of subunits a and c. Compensation of the negative charge of a conserved car-

boxylate (Glu65) of subunit c by Na+ (in the I. tartaricus ATP synthase) promotes the vertical 

movement of the Na+ loaded c-subunit out of the a-c interface, and into the hydrophobic environ-

ment formed by the aliphatic chains of membrane lipids (golden bars). Taking up one Na+ after the 

other, the c-subunits move from left to right, inducing step-wise rotation of the cn-ring against 

subunit a. Each Na+ bound to subunits c travels almost full circle, to be released as soon as it comes 

into contact with the a-c interface again, and only then to leave FO via an exit pathway provided by 

subunit a. This release event is obscured by subunit a. Rotation of the c-ring results in rotation of 

the inherently asymmetric γ-subunit which causes conformational changes in the nucleotide bind-

ing sites of the β-subunits of F1. The F1 headpiece contains three β subunits and three α subunits 

which are homologs of the β subunits but do not possess functional nucleotide binding sites. The 

catalytically competent binding sites on the β subunits undergo three defined catalytic states, 

depending on the position of the inner shaft, which are designated open (O), loose (L) or tight (T). 

In the O state, affinity to ADP and Pi is poor. In the L state, ADP and Pi are loosely bound. The T 

state represents the catalytically active state harboring the product, ATP. In the binding change 

mechanism of ATP synthesis [139], each binding site on one of the three β-subunit undergoes the 

O → L → T transition. Therefore, a 360° rotation of the shaft with respect to the α3β3 subcomplex 

results in net synthesis of three ATP molecules (see also Figure 6). The α3β3 subcomplex is held in 

place by subunit δ and two subunits b, connected to subunit a embedded in the membrane. Together, 

the non-rotating subunits ab2α3β3δ (green and orange/yellow) form the stator of this rotary machine. 

The figure was created by Paolo Lastrico, Max-Planck-Institute of Biophysics, Frankfurt. Reprinted 

from [97], with kind permission from Cambridge University Press; © copyright 2011.
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ATP synthase at 6.2 Å showed that in the a-c interface, four long, hydrophobic 

helices of subunit a are positioned almost perpendicular to the transmembrane heli-

ces of the proteolipids forming the c-ring [101]. Mutational, biochemical, and mod-

elling studies led to a sophisticated model, which describes how the interaction of 

the coupling cation with its binding site pushes the c-ring (linked to the central 

shaft) against subunit a in the synthesis or hydrolysis mode, respectively.

3.1.2  “Pumped” Protons Versus “Chemical” Protons: A Controversy 
Solved with the Help of the Na+-Dependent F1FO ATPase

A look back in time reveals the importance of Na+ -dependent ATPase to solve con-

troversial issues regarding the general mechanism of F1FO ATP synthases, including 

the H+-dependent ones. Laubinger and Dimroth unequivocally demonstrated the 

existence of a Na+-dependent F1FO ATP synthase in the anaerobic bacterium P. 
modestum [19, 102]. Together with Kaim, Dimroth later showed that a hybrid ATP 

synthase formed from the F1 part of the H+-translocating ATP synthase fused to the 

FO part of the Na+-translocating enzyme retained its preferred selectivity towards 

Na+ [103]. At that time, an important open question concerned the identity of 

“chemical” and “pumped” protons during the catalytic cycle. Citing Mitchell [104], 

this hypothesis assumed “the participation of protons, or their hydroxide or oxide 

ion equivalents, as shared intermediaries between the chemical and osmotic actions 

of the FOF1 ATPases”. Another hypothesis, citing again Mitchell, assumed a “con-

formationally coupled binding-change mechanism” relying on “an essential energy- 

transmitting device, interposed between supposedly separate proton-pumping and 

hydrolytic domains in FOF1 ATPases” [104].

It was obvious that, due to the high degree of conservation with H+-dependent 

ATPases, the general mechanism of Na+- and H+-dependent F1FO ATP synthases 

would be identical. Yet, Na+ clearly does not represent an intermediary in the forma-

tion or cleavage of a phosphoanhydride bond, therefore the first hypothesis was 

refuted. Today we know that the energy-transmitting device described in the second 

hypothesis [104] represents the rotating shaft plus c-ring of the ATP synthase com-

plex. This is one of many examples illustrating how studies on the Na+-dependent 

respiratory complexes greatly contributed to our understanding of the mechanism of 

their H+-dependent homologs which are more widespread in nature.

3.1.3  Structure of the Membrane-Embedded FO Part of ATP Synthase

In the same April 2005 issue of Science, two groups reported, independently, the 

X-ray-crystallographic, high-resolution structures of the membrane-embedded 

rotors of bacterial Na+-ATPases [99, 105]. This was a major step forward in our 

understanding of the mechanism of cation translocation by ATPases. Both struc-

tures revealed the ligands of the coupling cation, Na+, in a site formed by two neigh-

boring α-helices of the so-called ATPase proteolipids. These highly hydrophobic 
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subunits form the rotor ring of ATPases. They can be enriched by an extraction of 

membranes with organic solvents, very much like lipids, hence their name. In the 

F1FO-type ATPases, the proteolipid (termed c-subunit) comprises two membrane- 

spanning helices, and together with one helix of the adjacent c-subunit, they offer 

the ligands for Na+ in a site positioned in the approximate middle of the membrane 

[105] (Figure 8).

Coordination of Na+ by the proteolipid from V-type ATPases follows the same 

structural principles, but here, the proteolipid comprises four helices, suggesting a 

multiplication event in the evolution of genes coding for the rotor subunits of 

ATPases [106, 107]. The number of binding sites for the coupling cation in a given 

F-rotor is determined by the number of c-subunits (n) which is constant in a given 

organism. Known to date are c-rings composed of eight to fifteen c-subunits [98, 

108], with a corresponding increase in the diameters of the ring, and an increase in 

the Na+(H+)/ATP ratio. Since a 360° rotation of the c-rotor is required for the net 

formation of 3 ATP molecules, the calculated coupling cation/ATP ratio for an 

F-ATPase with eight c-subunits is 2.7, and 5.0 for an enzyme with a rotor consisting 

of fifteen c-subunits. One would assume that ATPases operating mainly, in vivo, as 

ATP-hydrolyzing cation pumps, benefit from a high number of Na+ (or H+) binding 

sites (due to a large number of c-subunits), whereas enzymes operating in the ATP 

synthesis mode have a c-ring with a small number of c-subunits, keeping the num-

ber of cations passing through the complex per 360° rotation as low as possible. 

Indeed, if the chemical concentration gradient (ΔpH in proton-dependent ATP syn-

thases, or ΔpNa+ in Na+-dependent ATP synthases) represents the sole driving force 

for ATP synthesis, this argument would hold. Yet, the transmembrane voltage (Δψ) 

also stimulates ATP synthesis, and in coupled, respiring membranes, Δψ never col-

lapses to 0. In vitro studies with purified, reconstituted H+- or Na+-dependent ATP 

synthases indicate that a Δψ component always is required to drive ATP synthesis, 

even in the chloroplast F-ATP synthase which operates at very high ΔpH [24, 109].

In the following, we will only consider the Na+ binding site in the rotor from 

F-type ATPases [105, 110], but it is important to note that both F- and V-ATPases 

operate with a very similar set and arrangement of ligands, including the conserved 

glutamate and glutamine residues which directly coordinate the sodium ion. These 

are, among others, Glu65 and Gln32 in the F-ATPase rotor (Figure 8) [105, 110], 

and Glu139 and Gln110 in the V-ATPase [97]. In rotors from H+-translocating 

F-ATPases, the conserved glutamate residue is replaced by an aspartate which 

accepts and releases a proton during rotation of the c-ring [96]. The type of coordi-

nating residues, as well their arrangement in the binding site, determines the 

 (preferred) selectivity (Na+ or H+) of the ATPase [111, 112]. It should be mentioned 

that Na+-dependent F-ATPases may use H+ as coupling ion at very low Na+ concen-

trations and more acidic pH [113], in further support of a common coupling mecha-

nism of sodium- and proton-dependent F-ATPases.

Fritz and Steuber



377

3.1.4  Interaction of FO with Na+

A major problem arising in X-ray structures of Na+ pumps is to decide whether an 

electron density peak results from Na+ (10 electrons), H2O (8 electrons) or HO− (9 

electrons), since the number of electrons differs by only 1 or 2. Therefore, an elec-

tron density resulting from a sodium ion bound to a site on the c-ring of the 

F-ATPase, could be erroneously assigned to a water molecule during the refinement 

procedure (or vice versa). Figure 8 depicts the Na+ binding site of the F-ATPase 

rotor ring from Ilyobacter tartaricus [110]. Glu65, Gln32, Ser66, and the carbonyl 

backbone of Val63 directly coordinate Na+, identified in the 2005 structure of the 

rotor ring [105] with the help of valence screening [114]. Careful re-evaluation of 

the original diffraction data [105] in combination with molecular dynamics, free 

energy calculations and analysis of coordination geometry [110] led to the identifi-

cation of a structurally well-defined H2O molecule in the binding site which acts as 

the fifth ligand for Na+. Therefore, each F- rotor with its 11 c-subunits binds a total 

of 11 sodium ions, each coordinated by four oxygen atoms from the protein and one 

oxygen from water. It is important to point out that ligation of Na+ requires ligands 

Figure 8 Ion-coordination structure in the rotor ring of the Na+-dependent F1FO ATP synthase 

from Ilyobacter tartaricus. The ring is composed of 11 c-subunits, each comprising two transmem-

brane helices (H1 and H2), connected by a short loop. One out of eleven Na+ binding sites is 

shown, with Na+ (yellow sphere) located between adjacent subunits. The amino acids involved in 

ion coordination are depicted in stick representation. The network of hydrogen bonds in the site is 

indicated by broken lines. Thr67 and Ala64 (chain B) interact with the water molecule within the 

binding site. Gly25 (chain A) and Tyr70 (chain B) do not directly coordinate Na+ but are part of the 

hydrogen bonding network. Reprinted from [110], with permission from Elsevier; © copyright 

2009.
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from two distinct, but adjacent c-subunits, indicated by chain A and chain B in 

Figure 8: Val63 is part of chain B, while Glu65 and Gln32 belong to chain A. But a 

single transmembrane α-helix also provides ligands for two Na+ binding sites: Ser66 

(chain B) and the preceding Glu65 on chain B interact with different sodium ions 

from adjacent binding sites. This ligand arrangement contributes to the high stabil-

ity of the Na+-loaded c-ring and prevents its dissociation under denaturing condi-

tions on SDS-PAGE [115, 116]. In Figure 8, only one Na+ coordinated by Glu65 of 

chain A is shown.

The structure of the c-ring with its bound Na+ [105, 110] is considered to repre-

sent a snapshot of the catalytic cycle of F-ATPases. Yet, the structure was deter-

mined in the absence of subunit a which could alter the conformation of Na+ ligands 

in the a-c interface. Therefore, the relevance of the determined structure for the 

mechanism of the F-ATPase was experimentally tested using many other tech-

niques. An essential and universally conserved acidic residue of the rotor, like 

Glu65 in subunit c of I. tartaricus FO, is deprotonated when facing a conserved, 

positively charged arginine residue on subunit a in the a-c interface, but must bind 

Na+ (or, a proton), when exposed to the hydrophobic environment of the inner lipid 

bilayer [117]. This arginine residue plays a critical role in Na+ translocation through 

FO, as shown by in vitro Na+ transport analyses of mutated variants of FO [118]. The 

conserved arginine residue of subunit a is considered to fulfil an important function: 

Since subunit a contains two pathways, leading to and from the Na+ binding site in 

the a-c interface [119], a short-circuit leading to Na+ transport without intermediate 

loading of the c-subunit binding site must be prevented. The positive charge of the 

conserved arginine residue separates the two pathways to prevent uncoupled Na+ 

flux down the electrochemical gradient which does not drive rotation. In the direc-

tion of ATP synthesis, and viewed from the periplasm, Na+ enters the a-c interface 

via a pathway through subunit a (Figure 7). Binding of Na+ compensates the nega-

tive charge of Glu65, allowing movement of the Na+-loaded c-subunit in clockwise 

direction. Travelling almost full circle, Na+ enters the a-c interface, where it faces a 

more hydrophilic environment, allowing hydratization and release of Na+ via the 

exit pathway [117].

For the bifunctional F-ATP (synth)ases, this mechanism is fully reversible. It 

works in the clockwise and counter-clockwise rotation of the rotor ring, depending 

on the operational mode of the enzyme, generating torque in either direction. This 

model of torque generation by microscopic rotation of the c-subunits of rotor is 

widely accepted, but the thermodynamic forces leading to torque generation at the 

a-c interface have not yet been identified unambiguously. The answer to this prob-

lem probably will require a high-resolution structure of the holo-ATPase, giving a 

detailed view of the a-c interface in different catalytic states of the enzyme. The 

recent cryo-electron microscopic structure of the holo-ATP synthase dimer revealed 

an unexpected, almost horizontal arrangement of four transmembrane helices of 

subunit a adjacent to the c-subunits rotor ring [101]. The 3D structure unequivocally 

confirmed that the critical arginine residue of subunit a is in close proximity to the 

proton (or Na+-) binding carboxylic residue (glutamate in Na+-dependent, and 
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aspartate in proton-dependent ATP synthases), in accord with the mechanism out-

lined above.

3.2  The Flagellar Motor

3.2.1 Composition of the Flagellar Stator Complex

Motility in bacteria is achieved via extracellular helical filaments, the flagella, 

which rotate clockwise or counterclockwise. The bacterial flagellum consists of 

three distinct parts: the flagellum, a hollow filament with a length of 15–20 μm 

composed of flagellin proteins; the hook, which connects the filament to the motor 

complex; and the membrane embedded motor complex consisting of a rotor and a 

stator (Figure 1) [120]. The flagellum is driven either by a proton or a sodium gradi-

ent, but the mechanism converting ion flux into torque still remains unclear. The 

motor is surrounded by 11–12 stator units which dynamically associate with, or 

dissociate from, the motor without disrupting the flagellar rotation [121]. The high-

est rotational speeds (1700 Hz) were observed with the Na+-dependent, polar flagel-

lum from Vibrio alginolyticus [122]. The stator complex defines the specificity to 

either proton or sodium ions, with four MotA and two MotB subunits forming a 

H+-dependent MotA4MotB2 stator, and the homologous PomA and PomB subunits 

forming the Na+-dependent PomA4PomB2 stator (Figure 9). The flux of the coupling 

cation along the electrochemical gradient through the stator complexes is proposed 

to alter the conformation of the FliG component of the C ring which is part of the 

rotor (Figure 9).

This creates torque and forces the rotor to move with respect to the PomA4B2 (or 

MotA4B2) stator. Despite considerable effort, critical amino acid residue(s) convey-

ing H+ or Na+ specificity in the stator could not be identified [123]. Some flagellar 

motors might even use both Na+ and K+ as coupling ions [124]. PomA possesses 

four transmembrane helices and a large cytoplasmic loop between helix II and 

III. PomB consists of one transmembrane helix and a large periplasmic domain 

which harbors a peptidoglycan-binding motif at the C-terminus [125]. This 

C-terminal part of subunit B which is essential for flagellar function extends into the 

periplasmic space to attach PomB to the peptidoglycan layer (Figure 9). It was pro-

posed that helices III and IV of the A subunit and the single transmembrane helix of 

subunit B are in close proximity to form an ion channel [126].

3.2.2 Interaction of the Flagellar Stator with Na+

Conserved, charged amino acid residues within the transmembrane regions of the 

stator were studied with respect to their putative role as a ligand for Na+ in the 

access channel between PomA and PomB. It was shown that Asp24 in PomB of the 

flagellum of Vibrio alginolyticus [122] or the homologous Asp23 in the highly 
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conserved PomB from V. cholerae [127] is required for flagellar function. This con-

served aspartate was proposed to interact with Na+ [122]. A helical wheel analysis 

suggests that Ser26 is located one helix turn above Asp23 (viewed from the peri-

plasmic side of the membrane, Figure 9), so the carboxylate of Asp23, and the 

OH-group of Ser26, could both line a putative channel within the PomA/PomB 

interface. In the Na+-driven flagellar motor from V. cholerae, Ser26 was shown to be 

required for the hypermotile phenotype of swimming cells [128]. Asp42 is not 

expected to be buried in the membrane, but this residue is of interest since it is con-

served in PomB from Na+-dependent stator complexes [122] (Figures 9 and 10).

The high-resolution structure of the c- ring of the ATP synthase (Figure 8) 

revealed that the coordination of a sodium ion in the hydrophobic region of a mem-

brane protein requires a carboxylate as a ligand for Na+, so the question arose if the 

PomA4PomB2 stator represents a Na+ transporter with a distinct binding site for Na+, 

exemplified by the FO part of the Na+ -translocating F1FO ATP synthase. Another, 

Figure 9 Rotation by the single polar flagellum from Vibrio cholerae is driven by Na+ flux through 

the PomA4PomB2 stator complex. Left: The bacterial flagellum consists of rotating and static 

parts. The flagellum, the hook, which connects the flagellum to the motor complex, the membrane 

embedded L and P rings in the outer membrane (OM), and the C ring in the inner membrane (IM) 

rotate against several stator complexes, each composed of four PomA and two PomB proteins. The 

H ring functions as a brushing to enable rotation against the peptidoglycan layer (PG). The T-ring 

connects the stator complexes with the peptidoglycan layer. Export of protein components of the 

flagellum is catalyzed by a type III secretion system located at the base of the flagellum. Right: 
Four PomA and two PomB subunits form the flagellar stator complex. The flux of Na+ through the 

stator complex (arrows) drives the rotation of the C-ring against the stator elements. It is assumed 

that Na+ ions pass through a channel built by helices III and IV of PomA and the single transmem-

brane helix of PomB. The peptidoglycan binding domain (PGB) at the C-terminus of PomB stabi-

lizes the stator complexes within the peptidoglycan layer. The conserved amino acid residues 

Asp42 (D42), Ser26 (S26), and Asp23 (D23) of PomB promote the transport of Na+ through the 

stator. Reproduced with permission from [128].
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more channel-like interaction of the stator with Na+ should also be considered; 

examples are the K+ channel [129] or the Na+ channel [130]. A comparison of the 

positions of conserved, charged amino acid residues in the c-ring of the FO part of 

the ATP synthase, and in the PomA and PomB transmembrane segments, is shown 

in Figure 10.

The glycine-rich stretch of the inner helix of subunit c (Figure 8) is a prerequisite 

for the tight packing of the c-ring, since the glycine residues result in a smaller 

diameter of the inner ring of helices. The membrane-spanning part of helix III of 

PomA also contains three glycine residues which might allow for tight packing of 

helices in the inner part of the PomA4PomB2 stators.

The mechanisms of these two Na+-driven rotational machines, the flagellum and 

the F1FO ATP synthase, are clearly different. H+- and Na+-dependent systems are 

found with both types of machines, yet the Na+-driven ATPase may operate with H+ 

in the absence of Na+ and at low pH [97], whereas the Na+-dependent, polar 

 flagellum obligatorily requires Na+ for its function [122]. It seems likely that this 

functional difference is the result of a different interaction pattern of Na+ with the c 

ring or the flagellar stator complex. In the Na+-F1FO ATP synthase from I. tartaricus, 

Na+ engages in direct coordination with a glutamate carboxyl group (Glu65) in a 

cation binding site constructed by several amino acid residues from one inner and 

two outer helices of two adjacent c subunits (Figure 8). A carboxylic acid like Glu65 

reacts with N,N′-dicyclohexylcarbodiimide (DCCD) to form an intermediate 

Figure 10 The transmembrane segments of the PomA4PomB2 stator: a comparison with subunits 

c of the Na+-dependent F1FO ATPase. Transmembrane helices III and IV of PomA, together with 

the single transmembrane helix of PomB, likely provide interaction sites for Na+ in the 

PomA4PomB2 stator complex of the flagellar motor. The carboxylate of Asp23 (D23) (PomB) is 

strictly required for flagellar function. Residues Ser26 and Asp42 affect flagellar performance in a 

pH- and salt-dependent manner [127]. In the membrane-embedded c ring of the Na+-translocating 

F1FO ATPase from Ilyobacter tartaricus, seven residues (E65, Q32, Y70, T67, S66, V63, and A64, 

which are underlined) of three transmembrane helices from two neighboring c subunits (c and c*) 

are required to form a Na+ binding site. Due to conserved glycine residues in subunit c, the 

N-terminal ring of helices (helixin) exhibits a smaller diameter than the C-terminal ring of helices 

(helixout) (see also Figure 8). Na+ engages in direct coordination with the carboxylate of Glu65 of 

the C-terminal ring of helices. (Figure modified from [127], with permission of the publisher; © 

copyright 2013).
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(O-acylisocarbamide) which is unstable in the presence of water. In hydrophobic 

environments, such as membrane-spanning regions of proteins, a rearrangement 

occurs, and the stable N-acylcarbamide is formed. If DCCD is labeled with 14C, this 

results in a radioactive modification which can be detected after separation of the 

membrane proteins on SDS-PAGE.

In case of the Na+-translocating F1FO ATPase, Na+ prevented modification of the 

carboxylate of Glu65 by DCCD, demonstrating direct coordination of Na+ to this 

critical ligand within the Na+ binding site [97]. In contrast, we found no evidence for 

a protection from DCCD modification by Na+ with PomB from V. cholerae [127]. 

Another argument against a direct competition between Na+ and H+ for binding to 

the critical Asp23 within the transmembrane part of PomB (Figure 11) comes from 

the pH profile of flagellar rotation. In case of the Na+-dependent ATP synthase, 

shifting the pH towards the more alkaline range results in the activation of the 

enzyme (at a fixed Na+ concentration) [97].

If H+ and Na+ compete for binding to the carboxylate of Asp23, lowering the H+ 

concentration would promote flagellar rotation. Yet, the contrary was observed: 

with the Na+-dependent flagellum from V. cholerae, rotation was enhanced by a 

raise in external proton concentration. Ser26 within the single transmembrane helix 

of PomB was critical for fast rotation of the flagellum under a broad range of physi-

ological pH and salt concentrations [127]. Ser26 resides on the same side as the 

critical Asp23 and faces the inside of a transmembrane channel built by 

PomA4PomB2. Removal of the OH group (S26A), or even maintaining the OH 

group, but at a slightly different position (S26T), strongly impaired fast swimming 

of cells, but in a pH- and salt-dependent manner [127]. This strong effect is difficult 

to reconcile with different protonation states of the OH groups in serine or threonine 

residues at a given pH. Instead, the observed effects of salt and H+ concentrations on 

stator function could be due to a rearrangement of water molecules or hydrogen 

bonds within the water-filled access channel of the stator complex (Figure 11). 

Asp23 is positioned below Ser26 when viewed from the periplasmic side of the 

inner membrane (Figure 9). It is proposed that Ser26, together with Asp23, are 

important for fast transport through the stator channel by perturbing the hydration 

shell of Na+, preparing it for passage through a selectivity filter located below 

Asp23. This constriction in the passageway for the Na+ will not depend on the pres-

ence of charged amino acid side chains as long as the critical diameter is maintained 

which is selective for dehydrated Na+ (Figure 11). This model would be consistent 

with the finding that studies with chimeric stators made up of domains from sub-

units derived from proton- or Na+-dependent stators so far failed to identify critical 

amino acids conferring cation selectivity [123].
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4  The Na+-Translocating NADH:Quinone Oxidoreductase: 
An Outlook

4.1  Conformational Coupling of Electron Transfer and Na+ 
Transport

Though the structure of the Na+-NQR supports the idea that the membrane-bound 

NqrB subunit comprises a Na+ channel, this awaits independent proof. Techniques 

to verify or falsify this hypothesis include determination of the structure of the Na+-

NQR with bound Rb+. Unlike Na+ which is difficult to discriminate from H2O or 

OH− in the electron density map, the larger Rb+ can be detected.

Figure 11 Na+ flux through the flagellar PomA4PomB2 complex by a channel-like mechanism. 

Na+ enters the PomA4PomB2 stator complex in its hydrated state from the periplasm via a water- 

filled access channel. The conserved amino acid residues Ser26 and Asp23 within the membrane- 

bound region of PomB interact with water molecules surrounding the central Na+, hereby 

perturbing its hydration shell. The sodium ion passes the narrow constriction site, or selectivity 

filter, in its dehydrated state. After passage through the filter, Na+ is hydrated and released towards 

the cytoplasmic side of the stator. The downhill flux of Na+ from the periplasm to the cytoplasm is 

driven by the electrochemical Na+ gradient across the inner membrane.
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We need to unravel the ligands, the electronic structure, and the redox properties 

of the novel Fe center located between subunits NqrD and NqrE in the membrane- 

bound part of the Na+-NQR. The knowledge thus gained will be important to 

 evaluate the contribution of this unprecedented, novel Fe site to intramolecular elec-

tron transfer in the Na+-NQR.

Ultimately, we want to understand the mechanism of coupling of electron trans-

fer to Na+ transport. The 3D structure of the Na+-NQR suggests that electron trans-

fer from the [2Fe-2S] center on cytoplasmic NqrF to the Fe center within the 

membrane, and then to periplasmic FMN on NqrC, cannot proceed unless there is a 

large conformational rearrangement, bringing NqrF closer to the cytoplasmic side 

of the membrane. This facilitates electron transfer from cytoplasmic NqrF to the Fe 

site formed by the membrane-bound NqrD and NqrE subunits, and from there to the 

FMN on NqrC.

As a working model, we assume that this conformational change is triggered by 

the reduction of the complex by NADH, in analogy to the movement of the Rieske 

domain of the bc1 complex upon its reduction by quinol. The presumed, large con-

formational rearrangement of the Na+-NQR is thought to be a prerequisite for sub-

sequent uphill transport of Na+ across the membrane. Single molecule analysis of 

specifically labeled variants of the Na+-NQR will be required to verify or falsify the 

hypothesis of large domain movements of the flexible part of NqrF towards the 

membrane-bound NqrD and NqrE subunits. In this respect, the Na+-NQR offers the 

unique opportunity to unravel general principles of the mechanism of redox-driven 

cation transport.

4.2  Na+ Pump-Dependent Production of Virulence Factors

Several lines of evidence indicate that the sodium cycle plays an important role in 

the pathogenicity of V. cholerae. The dissipation of the sodium motive force by 

ionophores, by mutations in the nqr operon, or by NQR inhibitors stimulate the 

expression of the cholera toxin and the toxin coregulated pili (reviewed in [22]). The 

Na+-NQR is operative in many other pathogenic bacteria, suggesting that this pri-

mary pump is beneficial for survival within the host. It is not yet understood how the 

presence of the Na+-NQR influences the regulation of the production of virulence 

factors. V. cholerae is an excellent model organism to describe the cycling of sodium 

ions in a pathogen, from the cytoplasm to the periplasm and back, in a qualitative 

and quantitative manner. This is supported by the genome information of many V. 
cholerae strains.

Which Na+ efflux systems are active under a given environmental condition?

How fast are these systems?

Which uptake systems are driven by the electrochemical Na+ gradient?

How does the steady-state concentration of Na+ in the cytoplasm vary in response to 

changes in external pH and osmolarity?

Does the Na+-NQR affect this steady-state concentration of Na+?
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The answers to these questions are fundamental when we want to decide if the 

expression of a given virulence factor, for example the Cholera toxin, is directly 

under control of the Na+-NQR, or is only indirectly affected by changes in cytoplas-

mic Na+ concentration. Proteome analyses will be crucial to identify important key 

transporters produced under a given environmental condition. They should be com-

bined with an analysis of critical metabolites likely to be affected by the action of 

the Na+-NQR, like NAD/NADH, or acetyl intermediates, which also may modulate 

virulence gene expression.

Abbreviations and Definitions

ADP adenosine 5′-diphosphate

Ala, A alanine

Asp, D aspartic acid

ATP adenosine 5′-trihosphate

ComplexI electrogenic NADH:ubiquinone oxidoreductase from mitochondria

Cys, C cysteine

DCCD N,N′-dicyclohexylcarbodiimide

EPR electron paramagnetic resonance

F Faraday constant

F1FO synthase H+ (or Na+) -transporting two-sector ATPase (E.C. 3.6.3.14)

FAD flavin adenine dinucleotide

FMN flavin mononucleotide

FTIR Fourier transform infrared

Gln, Q glutamine

Glu, E glutamic acid

Gly, G glycine

Ile, I isoleucine

Leu, L leucine

LUCA Last Universal Common Ancestor

MDR multidrug resistance

Met, M methionine

MRP multidrug resistance protein

Na+-NQR Na+-translocating NADH:quinone oxidoreductase

NAD nicotinamide adenine dinucleotide

NADH nicotinamide adenine dinucleotide (reduced)

NDH I NADH dehydrogenase I (bacterial homolog of Complex I)

NDH II NADH dehydrogenase II (non-electrogenic)

NFO NAD:ferredoxin oxidoreductase

NMR nuclear magnetic resonance

OXPHOS oxidative phosphorylation
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PG peptidoglycan

PGB peptidoglycan binding domain

Phe, F phenylalanine

Pi inorganic phosphate

PMF proton motive force

PMF, Δp proton motive force

Q ubiquinone

Q8 ubiquinone with eight isoprenoid units

QH2 ubiquinol

R universal gas constant, 8.3144621 J K−1 mol−1

RBF riboflavin

RNF complex Rhodobacter nitrogen fixation complex

SDS-PAGE sodium dodecylsulfate polyacrylamine gel electrophoresis

Ser, S serine

SMF sodium motive force

T temperature [K]

Thr, T threonine

Tyr, Y tyrosine

Val, V valine

Δψ transmembrane voltage
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Abstract The transmembranal Na+/H+ antiporters transport sodium (or several 

other monovalent cations) in exchange for H+ across lipid bilayers in all kingdoms 

of life. They are critical in pH homeostasis of the cytoplasm and/or organelles. A 

particularly notable example is the SLC9 gene family, which encodes Na+/H+ 

exchangers (NHEs) in many species from prokaryotes to eukaryotes. In humans, 

these proteins are associated with the pathophysiology of various diseases. Yet, the 

most extensively studied Na+/H+ antiporter is Ec-NhaA, the main Na+/H+ antiporter 

of Escherichia coli.
The crystal structure of down-regulated Ec-NhaA, determined at acidic pH, has 

provided the first structural insights into the antiport mechanism and pH regulation 

of an Na+/H+ antiporter. It reveals a unique structural fold (called the NhaA fold) in 

which transmembrane segments (TMs) are organized in inverted-topology repeats, 
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including two  antiparallel unfolded regions that cross each other, forming a delicate 

electrostatic balance in the middle of the membrane. This unique structural fold  

(The NhaA fold) contributes to the cation binding site and facilitates the rapid 

conformational changes expected for Ec-NhaA. The NhaA fold has now been rec-

ognized to be shared by four Na+/H+ antiporters (bacterial and archaeal) and a Na+ 

symporter. Remarkably, no crystal structure of any of the human Na+/H+ antiport-

ers exists. Nevertheless, the Ec-NhaA crystal structure has enabled the structural 

modeling of NHE1, NHE9, and NHA2, three human plasmalemmal proteins that are 

members of the SLC9 family that are involved in human pathophysiology. Moreover, 

as outlined in this review, developments in the field, including cellular and biophysi-

cal methods that enable ion levels and fluxes to be measured in intact cells as well 

as in knockout mice, have led to striking advances in the identification and charac-

terization of plasma membrane NHEs and NHA.

Very little is known about the endomembrane isoforms of NHE. These intracel-

lular exchangers may serve a function in cation homeostasis and/or osmoregulation, 

and not in pH regulation as is the case for the plasmalemmal isoforms. This intrigu-

ing possibility should be borne in mind when designing future studies

Future progress towards gaining an understanding of the SLC9 gene family, 

including its structure–function relationships and regulatory mechanisms in health 

and in disease, is likely to include insights into the pathophysiology of multiple 

diseases.

Keywords  

Na+/H+

1  Introduction

Na+ and H+ are among the most prevalent ions in living cells and are essential in cell 

bioenergetics. An appropriate concentration of these ions within the cell is crucial 

for protein function, whereas an overly high or low concentration of either ion is a 

powerful stressor to cell viability [1]. Thus, all living cells are critically dependent 

on homeostatic mechanisms that regulate intracellular pH, Na+ content, and, as a 

result, cell volume [2, 3].

In 1974, Peter Mitchell and colleagues [4] discovered sodium proton antiport 

activity in bacterial cells and suggested that Na+/H+ antiporter proteins have primary 

roles in the homeostasis of these cations. Over the 40 years since, sodium proton 

antiporters have been identified in the cytoplasmic and organelle membranes of 

almost all cells, including those of plants, animals, and microorganisms [5, 6]. 

Furthermore, increasing numbers of these antiporters are being identified as human 

drug targets [7, 8].

Please cite as: Met. Ions Life Sci. 16 (2016) 391–458
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The genome project has yielded a multiplicity of genes that encode putative  

Na+/H+ antiporters; these antiporters have been classified into families on the basis 

of evolutionary origin [9]. According to the transporter classification database 

(http://www.tcdb.org) [10], Na+/H+ antiporters are members of the monovalent cat-

ion proton antiporter (CPA) superfamily, which contains homologues ranging from 

bacteria to human, and these antiporters may share a similar structural fold [9, 11–

13]. The CPA1 family includes the ubiquitous and pharmacologically important 

NHEs, NHA, and Nhx-2 from animals, NHXs from yeast and plants, Nha1 and 

Nha2 from yeasts, NhaP1 from archaea, NhaPs and YvgP from bacteria, and others. 

The generalized transport reaction catalyzed by functionally characterized members 

of the CPA1 family is [10, 14]:

 
Na out H in Na in H out( ) ( ) ( ) ( )

 

The CPA2 family includes K+/H+ antiporters, but also specific bacterial  

Na+/Li+/H+ antiporters. The generalized transport reaction catalyzed by members of 

the CPA2 family is:

 
M in nH out M out nH in( ) ( ) ( ) ( )

 

The CPA2 family also contains some members showing a channel-mediated 

mode with the transport reaction:

 
M in M out( ) ( )

 

NhaA from Escherichia coli and related bacteria belong to a separate, small fam-

ily called the NhaA Na+:H+ antiporter family. The generalized transport reaction 

catalyzed by NhaA is [15]:

 
Na in H out Na out H in( ) ( ) ( ) ( )2 2

 

In this review we will focus on the physiological and biochemical properties of 

prokaryotic antiporters whose crystal structures have been determined. As the crys-

tal structures of eukaryotic antiporters have not yet been determined, we will 

describe them on the basis of recent data.

2  Prokaryotic Na+/H+ Antiporters

2.1  The Proteins and Their Properties

With the exception of one species [16], Na+/H+ antiporters have been identified in 

all prokaryotes, and some species harbor multiple antiporters. For example, E. coli 
encodes more than five Na+/H+ antiporters, a fact that points to the high importance 
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of these antiporters to cellular function. Here, we will describe in detail the physi-

ological and biochemical properties of prokaryotic antiporters whose crystal struc-

tures have been determined (see Section 2.2 for details on the crystal structures).

2.1.1  Ec-NhaA, the Na+/H+ Antiporter of Escherichia coli, a Prototype 
for Na+/H+ Antiporters

Ec-NhaA is the principal Na+/H+ antiporter in E. coli and is indispensable for cell 

adaptation to high salinity, for challenging Li+ toxicity, and for growth at alkaline 

pH (in the presence of Na+ [17]). Ec-NhaA homologues are highly prevalent in 

enterobacteria [1] and have orthologues throughout the biological kingdoms, includ-

ing humans [9]; Ec-NhaA displays low sequence homology with human NHE1 

(12 % identity) [11] and with NHA2 (~15 % identity) [13]. Recently, a homologue 

of Ec-NhaA has been shown to be essential for Yersinia pestis virulence (associated 

with the bubonic plague) and is therefore a novel drug target [18]. Furthermore, a 

population genetics approach has revealed the nhaA operon as a landmark of the B2 

pathogenic strain of E. coli, pointing to NhaA as a novel drug target [19] (see 

Section 6).

Several biochemical characteristics of Ec-NhaA underpin its physiological roles 

(Table 1):

(a) very high turnover [20]; (b) strong pH dependence [20], a property Ec-NhaA 

shares with other prokaryotic antiporters [17] as well as eukaryotic Na+/H+ antiport-

ers [6, 21–23]. Ec-NhaA is active only above pH 6.5 and reaches maximal activity 

at pH 8.5 [17]. (c) Ec-NhaA is an electrogenic transporter; its directly measured 

stoichiometry is 2H+/Na+ [15]. The electrogenicity of Ec-NhaA can also be assessed 

indirectly: In the absence of permeant ions, the turnover of Ec-NhaA produces a net 

Protein Specificity and Transport 

Modea

Apparent Km (mM)b

Na+ Li+

Turnoverc Stoichiometry

Electrogenicityd

pH 

Dependencee

Oligomerf

Ec-NhaA Na+, Li+/H+ antiport 0.2 0.02 105/min RT 2H+/1Na+ 6.5 8.5 dimer

Tt-NapA Na+, Li+/H+ antiport 4.0 0.41 100/min electrogenic 6 8 dimer

Nm-ASBT Na+/taurocholate symport 2Na+/taurocholate monomer ?

Yf-ASBT Na+/taurocholate symport 2Na+/taurocholate monomer ?

Mj-NhaP1 Na+, Li+/H+ antiport 0.84 100/min RT electroneutral 5 9 dimer

Pa-NhaP Na+, Li+/Tl+/H+ antiport 0.5 0.024 ~4/min RT electroneutral 5 7 dimer

Table 1 Functional characterization of transporters sharing the NhaA structural fold.

The parameters were collected from the following references referred to in brackets according to 

the six parameters selected:

Ec-NhaA: a[20, 393, 394]; b[20, 393, 394]; c[20]; d[15]; e[20, 83]; f[25, 27, 28].

Tt-NapA: a[35]; b[35]; c[33]; d[35]; e[33]; f[35].

Nm-ASBT: a[36].

Yf-ASBT: a[37].

Mj-NhaP1: a[43, 49, 57, 395]; b[43]; b[43]; c[43]; d[43]; e[43, 57].

Pa-NhaP: a-f[38].

RT, room temperature.
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Figure 1 Crystal structures of Ec-NhaA. Two crystal structures of Ec-NhaA are displayed: (a) 

monomeric (PDB code 1ZCD, [31]) and (b) dimeric (PDB code 4AU5, [32]). The structures are 

colored in rainbow colors from the N- to the C-termini. The numbers of the TM helices are indicated 

in roman numerals. The molecules are viewed at the membrane plane with the intracellular side fac-

ing upward. The cytoplasmic funnel is marked on the left monomer of the 4AU5 structure. The tenta-

tive boundaries of the membrane are indicated. The insets show a zoom into the extended chains 

region and the putative cation binding site. The main difference between the two structures is in TM 

X (see Section 2.2.1). In the 4AU5 structure, residues D163 of TM V (green) and K300 of TM X 

(yellow) form a hydrogen bond/salt bridge (2.5 Å), whereas in the 1ZCD structure, TM X is displaced 

by one helix turn and the distance between D163 and K300 (11.7 Å) does not allow the formation of 

a salt bridge. All molecular graphics were drawn with the UCSF Chimera package [396].

one positive charge across the membrane, which makes the rate very sensitive to 

membrane potential.

When measured in the absence of a co-ion, the antiporter’s rate of activity is very 

slow because of the difference in potential that it produces across the membrane [2]. 

In the presence of a co-ion (valinomycin is often used in the presence of K+), col-

lapse of the membrane potential results in at least a 5-fold increase in the rate of 

activity of Ec-NhaA. An electroneutral antiporter, in contrast, is indifferent to 

changes in membrane potential. Importantly, we have recently shown that Ec-NhaA 

mutants showing a change in a rate-limiting step of the turnover cycle can also yield 

an electroneutral phenotype in an electrogenic transporter [24]. This suggests that, 

when assessing the stoichiometry of Ec-NhaA variants, direct measurement is 

preferred.

Like many secondary transporters, Ec-NhaA is a dimer in the native membrane 

and in DDM (n-dodecyl-β-D-maltoside) micelles, as shown by genetic complemen-

tation [25], biochemical pull-down experiments [25], intermolecular cross-linking 

[25], electron spin resonance (ESR) studies [26, 27], cryo-electron microscopy of 

2D crystals [28–30] and the crystal structures of the Ec-NhaA monomer [31] 

(Figure 1a; PDB 1ZCD) and dimer [32] (Figure 1b; PDB 4AU5) (see Section 2.2.1).
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2.1.2  Tt-NapA, the Na+/H+ Antiporter of Thermus thermophilus

Tt-NapA, the Na+/H+ antiporter of Thermus thermophilus, displays 21 % sequence 

identity to human NHA2 and <15 % sequence identity to Ec-NhaA [33].

Expression of Tt-NapA in the Na+/Li+ sensitive E. coli strain EP432 [34] has 

been shown to confer Na+/Li+ resistance. Na+/Li+ antiport activity was measured in 

everted membrane vesicles isolated from this strain using a fluorescent probe for 

ΔpH (Table 1). Very similar results were obtained in proteoliposomes reconstituted 

with pure Tt-NapA and F1F0 ATP synthase (for energization of the proteoliposomes 

by ATP) [35]. Although its Na+/H+ stoichiometry has not been determined, Tt-NapA 

is suggested to be electrogenic because imposed membrane potential can drive its 

antiport activity [35].

2.1.3  Nm-ASBT from Neisseria meningitidis and Yf-ASBT from Yersinia 
frederiksenii, Bacterial Homologues of the Human Apical Sodium- 
Dependent Bile Acid Transporter

Two bacterial homologues of the human bile acid symporter (SLC10, sodium bile acid 

co-transporter family) have been cloned: The first is Nm-ASBT from Neisseria menin-
gitidis, which shares 26 % sequence identity and 54 % similarity to human ASBT [36]. 

Yf-ASBT from Yersinia frederiksenii shares 40 % sequence identity to Nm-ASBT and 

22 % sequence identity and 59 % similarity to human ASBT [37]. Whole cells express-

ing Nm-ASBT show Na+-dependent uptake of taurocholate (Table 1) (apparent Km of 

around 50 μM, a value similar to that of rat and human ASBT) [36], which is sensitive 

to human ASBT inhibitors [36]. Purified Yf-ASBT reconstituted into proteoliposomes 

shows similar Na+-dependent symport of taurocholate [37] (Table 1). Accordingly, 

both bacterial transporters can serve as valid models of the mammalian bile acid sym-

porters, which are useful drug targets (see Section 5).

2.1.4  Pa-NhaP from Pyrococcus abyssi and Mj-NhaP1 
from Methanocaldococcus jannaschii, Homologues of Human NHE1

The gene of Pa-NhaP has been cloned from Pyrococcus abyssi [38], and that of 

Mj-NhaP1 has been cloned from Methanocaldococcus jannaschii [39, 40]. The lat-

ter are thermophilic archaea (optimum growth temperature in marine hot vents for 

Methanocaldococcus jannaschii is 85 ° C with salinity of 10–15 mg/L and a pH of 

4–6 [41]). Mj-NhaP1 uses Na+ to excrete H+ from the cell [42]. The Pa-NhaP and 

Mj-NhaP1 proteins resemble the human NHE1 and the plant (Arabidopsis thaliana) 

SOS1 (18–21 % sequence identity). Mj-NhaP1 is very similar to Mj-NhaP2 (45 % 

sequence identity), which does not show Na+/H+ exchange activity, as well as to the 

antiporters of Enterococcus hirae and Clostridium acetobutylicum (27–31 % 

sequence identity). It is less similar to Ec-NhaA (10–16 % sequence identity), or to 
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the cation/proton transporter Ec-YcgO (20–22 % sequence identity), which plays a 

role in osmoregulation [39].

Na+/H+ antiport activity has been measured for both Mj-NhaP1 [43] and Pa-NhaP 

[38] (Table 1). At room temperature, the turnover rate for Na+ of Pa-NhaP is very 

low, but extrapolation to 100 °C, the physiological temperature of the bacterium, 

suggests a turnover rate of 5000 ions · sec−1 [38]. The apparent Km was not affected 

by temperature. The transport is electroneutral. Remarkably, Pa-NhaP transports Tl+ 

in addition to Na+ and Li+ but does not transport K+ [38].

Both Mj-NhaP1 and Pa-NhaP are dependent on pH (Table 1). At pH 6 but not at 

pH 5, the transport of Pa-NhaP is cooperative [38]. Unlike Pa-NhaP transport, the 

antiport of Mj-NhaP1 does not show cooperativity at any pH [43]. Mj-NhaP1 can be 

expressed in E. coli, but because the intracellular pH of E. coli is pH 7.5 where 

Mj-NhaP1 is not active [44], it does not complement growth of the Na+/Li+-sensitive 

EP432 strain [39].

In summary, out of the six secondary transporters that share the NhaA fold (see 

Section 2.2 and Table 1), four are Na+/H+ antiporters and two are Na+/symporters of 

taurocholate and other cholate derivatives. Three of the antiporters are Na+/Li+-

specific, but Pa-NhaP1 is less specific and transports Tl+ in addition to Na+ and Li+. 

All antiporters are pH-dependent. Ec-NhaA has the highest measured turnover rate.

2.2  Crystal Structures of Prokaryotic Na+/H+ Antiporters 
and the Structural Insights They Yield

Figure 2 (and Figure 3 in Section 2.2.2) show a projection of calculated evolution-

ary conservation scores on the crystal structures of proteins [31, 35, 397–399] that 

share the NhaA fold, emphasizing the functionally important regions at the core of 

each protein.

2.2.1  The Crystal Structure of Ec-NhaA

The crystal structure of the monomeric, down-regulated Ec-NhaA was obtained at 

pH 4 [31] (Figure 1a). It provided the first structural insights into an antiporter’s 

transport mechanism and pH regulation [45]. Ec-NhaA consists of 12 transmem-

brane helices (TMs) with N- and C-termini at the cytoplasmic side of the membrane 

(Nin-Cin topology, Figures 1 and 2a). The helices of the monomeric Ec-NhaA are 

organized in a unique fold of two densely-packed domains [31] (Figures 1 and 2a). 

A core domain, highly conserved (Figure 2a), is composed of two structurally-

related bundles that are topologically inverted to each other despite very weak 

sequence homology between them (TMs III, IV, V and TMs X, XI, XII). The dimer 

interface domain (Figure 1b) comprises a linear bundle that also contains inverted-

topology repeats (TMs I, II and VIII, XI), leaving TMs VI and VII as “outsiders” 

[46].
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Interestingly, one TM in each Ec-NhaA bundle (IV and XI) is interrupted by an 

extended chain in the middle of the membrane, leaving two short helices oriented to 

the cytoplasm (c) or periplasm (p) (IVc, IVp, and XIc, XIp, respectively) [31] 

(Figures 1, 2a, and 4a in Section 2.2.3). The interrupted TMs cross each other at the 

extended chains in the middle of the membrane. This crossing, in which the positive 

dipole ends of TM IVc and TM XIp face each other, and the negative dipole ends of 

TM IVp and TM XIc face each other, is referred to as the TM IV/XI assembly 

(Figures 1, 2a, 4a). The dipoles are compensated by residues Asp133 and Lys300, 

respectively [31]. This non-canonical TM IV/XI assembly creates a delicately- 

Figure 2 Evolutionary conservation scores projected on the crystal structures of the Ec-NhaA and 

Tt-NapA antiporters of the NhaA fold. The crystal structures of the (a) Ec-NhaA (PDB code 

4AU5, [31]) and (b) Tt-NapA (PDB code 4BWZ, [35]) antiporters of the NhaA fold are displayed 

in a ribbon representation The ribbons are colored according to evolutionary conservation scores 

calculated with the ConSurf server with turquoise-through-maroon indicating variable-through- 

conserved [397–399]. The images on the left side are viewed in the membrane plane, with the 

intracellular side facing upward. Tentative boundaries of the membrane are shown. In the images 

on the right side the molecule is rotated about 90°, and viewed from the cytoplasmic side into the 

membrane. The NhaA fold is composed of two main domains; one is the core domain, containing 

the extended chains and the putative binding sites. The other is called the panel domain, or the 

interface domain that mediates dimerization (See Section 2.2).
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balanced electrostatic environment in the middle of the membrane at the ion binding 

site(s). Most likely, this assembly plays a critical role in the cation exchange activity 

of the antiporter [31].

The crystal structure of Ec-NhaA reveals an inward-open conformation: Between 

the core and the interface domain, a major, negatively-charged funnel opens to the 

cytoplasm (Figure 1b). It is composed of helices II, V, IX, and IVc and protrudes 

deeply towards the crossing of the extended chains. Residue D164 is located deeply 

at the funnel bottom [31]. An additional, shallow funnel, comprising TMs II, VIII, 

and XIp, opens to the periplasm (Figure 1). This funnel is separated from the cyto-

plasmic funnel by a barrier of hydrophobic residues [31].

In 2013, the Ec-NhaA dimer was crystallized at pH 3.5 [32] (PDB IDs, 4AU5 for 

wild-type (3.7 Å) and 4ATV for triple mutant A109T_Q277G_L296M (3.5 Å)) 

(Figure 1b). The monomers in the original and the new structures are identical, aside 

from several loops and the position of TM X (Figure 1). In the new dimeric struc-

ture, Lys300 (TM X) and Asp163 (TM V) form a salt bridge, while in the original 

structure they are about one turn of a helix apart. In the original structure, TM X had 

the highest B factor, implying instability [31]. This, together with the medium reso-

lution of the original structure, may have led to an incorrect assignment of TM X in 

the original structure. However, a pH-induced movement of helix X has been 

observed experimentally [47], which is in line with the high B factor of TM X. It is 

therefore possible that the two Ec-NhaA structures represent two different Ec-NhaA 

conformations.

Interestingly, in addition to the two NhaA crystal structures obtained at low pH, 

2D crystals of Ec-NhaA dimers were also obtained at acidic pH [28, 29, 48]. These 

results suggest that acidic pH is energetically favorable for Ec-NhaA 

crystallization.

The dimeric structure of Ec-NhaA [32] (Figure 1b) supports and extends previ-

ous data obtained by cryo-electron microscopy of 2D crystals [28–30, 48] and bio-

chemical [25] and biophysical assays performed in situ [26, 27]. The crystal 

structure reveals the precise interactions between the NhaA monomers forming the 

dimer: At the periplasmic side, a β-sheet is formed from the β-hair pin located 

between TMs I and II of each monomer; at the cytoplasmic side, there are few con-

tacts between TM IX of one monomer and TM VII of the other monomer (Figure 1b). 

It is likely that lipids fill the remaining space in the dimer interface.

Since the determination of the structure of Ec-NhaA [31], additional transporters 

have been crystallized and shown to share the NhaA structural fold (Figures 2, 3, 4, 

and 5): Tt-NapA [35], Nm-ASBT [36], Yf-ASBT [37], Pa-NhaP and Mj-NhaP1 

[38, 43]. Cryo-electron microscopy of 2D crystals also indicates that Mj-NhaP1 has 

the NhaA structural fold [49]. In fact, it has been suggested that the fold is shared 

by all members of the superfamily of cation proton antiporters (CPA) [49]. 

Nevertheless, the Tt-NapA, Nm- and Yf-ASBT, Pa-NhaP and Mj-NhaP1 structures 

also differ from Ec-NhaA: while Ec-NhaA has 12 TMs (Figure 4a), the ASBTs are 

composed of 10 TMs (see Figure 5 in Section 2.2.3), and Tt-NapA (Figure 4b) and 

Pa- NhaP [38] and Mj-NhaP1 [43] are each composed of 13 TMs. In addition, the 

determined structural conformation of Tt-NapA resides in a periplasm-, rather than 
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a cytoplasm-facing conformation (Figure 2b and 4b), and the dimer interface of 

Tt-NapA resembles that of Mj-NhaP1 [43] more closely than it resembles that of 

Ec-NhaA [35].

Several secondary transporter structures, which share neither structural fold nor 

sequence homology with Ec-NhaA, have been determined. Remarkably, similarly 

to Ec-NhaA, these structures contain topologically-inverted repeats with unwound 

helices [50] having similar functional implications (reviewed in [51–54]). Together, 

these structures have led to the conclusion that secondary transporters are structured 

in three main structural folds: MFS, LeuT and NhaA [50].

Figure 3 Evolutionary conservation scores projected on the crystal structures of the Yf-ASBT and 

Nm-ASBT antiporters of the NhaA fold. The crystal structures of the (a) Yf-ASBT (PDB code 

4N7W, [37]) and (b) Nm-ASBT (PDB code 3ZUY, [36]) antiporters of the NhaA fold are displayed 

in a ribbon representation. The ribbons are colored according to evolutionary conservation scores 

calculated with the ConSurf server, with turquoise-through-maroon indicating variable-through- 

conserved [397–399]. The images on the left side are viewed in the membrane plane, with the 

intracellular side facing upward. Tentative boundaries of the membrane are shown. In the images on 

the right side the molecule is rotated about 90°, and viewed from the cytoplasmic side into the 

membrane. The NhaA fold is composed of two main domains; one is the core domain, containing 

the extended chains and the putative binding sites. The other is called the panel domain, or the 

interface domain that mediates dimerization (see Section 2.2). In the Nm-ASBT structure, taurocho-

late, bound in an intracellular cavity, is displayed in sticks representation colored by atom type. Two 

sodium cations, represented by purple atom spheres, are bound in the extended-chain core area.
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2.2.2  The Crystal Structure of Tt-NapA

The dimeric crystal structure of Tt-NapA was obtained at pH 9 (3.7 Å resolution), 

and the structure of a triple Cys mutant (M20C,V166C,V326C), showing similar 

behavior to the wild-type Tt-NapA, was obtained at pH 7.8 (3 Å resolution) [35]. 

Tt-NapA is composed of 13 TMs with an Nout-Cin topology (Figures 2b and 4b). 

It has one additional helix compared to Ec-NhaA at its N-terminus; to facilitate 

comparison to Ec-NhaA, this additional helix is referred to as TM(-I). The crystal 

structure of Tt-NapA is very similar to that of Ec-NhaA (Figure 2). The set TM 1 to 

TM 5 and the set TM 7 to TM 12 are topologically similar to each other but 

Figure 4 Topologies of the Ec-NhaA and Tt-NapA crystal structures of the NhaA fold. The topol-

ogies of the (a) Ec-NhaA (PDB code 4AU5, [31]) and (b) Tt-NapA (PDB code 4BWZ, [35]) 

crystal structures of the NhaA fold are presented. The structures are colored in rainbow colors from 

the N- to the C-termini. TM helices are presented as cylindrical arrows indicating the direction of 

the helix (N- to C-termini). The numbers of the TM helices are indicated in roman numerals. The 

sequence range of each TM helix is indicated in the adjacent table. Tt-NapA has an additional helix 

at the N-terminus (numbered -I for convenience), which crosses the membrane from the periplasm 

to cytoplasm. The tentative boundaries of the membrane are indicated.
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oppositely oriented in the plane of the membrane (Figure 4b). These inverted-topology 

six-TM repeats intertwine to form two domains: (i) a core, which is highly con-

served (Figure 2) and where translocation occurs, and (ii) a dimerization (interface) 

domain. The repeats are linked together via TM 6 (Figure 2). Tt-NapA also shares 

the Ec-NhaA fold in which two interrupted helices cross each other (TM IV and TM 

XI of Ec-NhaA and TM 4 and TM 11 in Tt-NapA; Figures 2 and 4a and b respec-

tively). In both the Tt-NapA and Ec-NhaA structures, the putative binding site is 

located at the crossing. As discussed above (see Section 2.2.1), as a result of the 

crossing, the positive and negative dipole ends of TM 4 and TM 11 face each other. 

In Ec-NhaA, Asp133 and Lys300 compensate the dipoles. In Tt-NapA, Lys305 

might fulfill a role similar to that of Lys300 in Ec-NhaA [35]. However, Asp133 in 

Figure 5 Topologies of the Yf-ASBT and Nm-ASBT crystal structures of the NhaA fold. The 

topologies of the (a) Yf-ASBT (PDB code 4N7W, [37]) and (b) Nm-ASBT (PDB code 3ZUY, 

[36]) crystal structures of the NhaA fold are presented. The structures are colored in rainbow col-

ors from the N- to the C-termini. TM helices are presented as cylindrical arrows indicating the 

direction of the helix (N- to C-termini). The numbers of the TM helices are indicated in roman 

numerals. The sequence range of each TM helix is indicated in the adjacent table. The tentative 

boundaries of the membrane are indicated. In the Nm-ASBT structure, two sodium cations, repre-

sented by purple atom spheres, are bound in the extended chains core area.
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Ec-NhaA is replaced with a serine residue in Tt-NapA, and Glu333 may compen-

sate the positive dipoles [35].

An interesting structural characteristic of Tt-NapA is the large difference between 

its structure and that of Ec-NhaA in terms of the position of the core with respect to 

the dimer interface [35]. Specifically, the Ec-NhaA core domain is rotated by 21° 

relative to the Tt-NapA core domain (Figure 2). In Tt-NapA, at the contact between 

the core and the dimer interface, a large, negatively-charged cavity is open to the 

outside, and the interaction of TM 2, TM 4 and TM 5 tightly closes the cytoplasmic 

side of the cavity (Figure 4b). Models of Tt-NapA’s inward-facing conformation, 

based on the structure of Ec-NhaA, have led to the suggestion that Tt-NapA’s anti-

port function relies on a two-domain elevator mechanism ([35] and Section 2.5).

The Tt-NapA dimeric interface buries a surface area of 1800 Å2 formed by tight 

hydrophobic helix-helix packing between TM 1 on one monomer and TM 7 on the 

other [35]. Contacts also exist between the ends of TM 2 and TM 9. Whereas a 

β-sheet comprises most of the contacts between Ec-NhaA monomers, Tt-NapA 

lacks such a β-sheet (see Section 2.2.1 and Figure 1b). The dimer interface of 

Tt-NapA more closely resembles the dimeric interfaces of Mj-NhaP1 [43, 49] and 

of Pa-NhaP [38] than that of Ec-NhaA (see Section 2.2.4).

2.2.3  The Crystal Structure of Nm- and Yf-ASBT

The crystal structure of Nm-ASBT was obtained at 2.2 Å resolution at pH 4.5 [36]. 

It is composed of ten TMs with an Nin-Cin topology (Figures 3 and 5). The sets TMs 

1–5 and TMs 6–10 are topologically inverted repeats. Each repeat is made up of an 

N-terminal V-motif (TMs 1,2 and 6,7) and a core motif (TMs 3–5 and 8–10). The 

core motifs from the two repeats form the core domain, whereas the two V motifs 

create a panel-like domain (Figure 3). In each repeat, one TM (TMs 4 and 9, respec-

tively, in the two repeats) is interrupted by an extended chain that crosses the other 

in the middle of the membrane, similarly to the case of Ec-NhaA, Tt-NapA 

(Figures 2 and 4) and Pa-NhaP [38] and Mj-NhaP1 [43]. From about this crossing 

point, a funnel opens to the cytoplasm, and separates the core from the panel-like 

domain. The extracellular side is tightly sealed by TMs 1, 2, 4b, 7, 9b, and 10. The 

sealed cavity is hydrophobic, but near the bottom there are charged residues and 

water molecules. The structure was solved with a bound bile-acid molecule, tauro-

cholate, which is situated between the core and panel domains in this large hydro-

phobic cavity. The binding site of taurocholate has been identified and verified by 

mutagenesis [36]. The cavity is larger than taurocholate, perhaps reflecting the large 

variety of compounds recognized by Nm-ASBT.

The first structural insight obtained from the crystal structure of Nm-ASBT 

relates to the fact that, despite being a symporter that transports taurocholate, 

Nm-ASBT shows remarkable structural similarity to Ec-NhaA and to the other  

Na+/H+ antiporters that share the NhaA fold [36] (Figures 2, 3, 4, and 5). This simi-

larity emphasizes the remarkable plasticity of transporters, which enables them to 

use a common fold to translocate different substrates.
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Another important insight obtained from the Nm-ASBT structure is the identifi-

cation of the Na+ binding site, which has not yet been observed in any of the other 

similar structures [36]. Specifically, two Na+ ions were observed at the crossing of 

the interrupted TMs (Figures 3b and 5b).

A model of the outward-facing conformation of Nm-ASBT was generated by 

using the symmetry of the inverted-topology repeats according to [55]. The largest 

difference between the two conformations led the authors [36] to assume that 

transport relies on a two-domain elevator mechanism (see Section 2.5). Notably, 

TM 10 of Nm-ASBT and TM IX of Ec-NhaA line the transport pathway. However, 

the conformation of the Ec-NhaA dimer-interface domain is more stable than that 

of the equivalent panel domain of Nm-ASBT. This difference may be due to the 

smaller Ec-NhaA ligand or it could indicate that the model of Nm-ASBT repre-

sents another conformation (occluded state) [36].

Yf-ASBT was crystallized in lipidic cubic phase in the unliganded inward-facing 

conformation (at 1.95 Å resolution) [37]. Similarly to Nm-ASBT, it has ten TMs 

folded into a panel domain (TMs 1, 2, 6, and 7) and a core domain (TMs 3–5 and 

8–10) with inverted-topology repeats and interrupted TMs (TMs 4 and 9) crossing 

each other (Figures 3a and 5a), such that at the point of crossing an inward-facing 

funnel opens to the cytoplasm. In addition to the TMs, Yf-ASBT contains four 

amphipathic helices, which are probably located at the interface between the 

 membrane and bulk solution. Two Na+ binding sites were identified by mutagenesis 

and by comparison to Nm-ASBT. To obtain Nm-ASBT in an alternative conforma-

tion, one of the sites deduced to bind Na+ (denoted Na+1) was mutated (E254A), 

leading to a crystal structure (2.5 Å resolution) of an outward, open, unliganded 

conformation [37]. On the basis of these conformations, the two-domain elevator 

mechanism was adopted to describe transport (see Section 2.5).

2.2.4  The Crystal Structures of Pa-NhaP and of Mj-NhaP1

Recently, crystal structures of dimeric Pa-NhaP in two different conformations were 

obtained at pH 4 and pH 8 (3.15 Å resolution) [38]. Each protomer has 13 TMs. The 

structural fold of Pa-NhaP is very similar to the NhaA fold; TMs 4–6 and TMs 

11–13 form the core, a six-helix bundle. TMs 1–3 and 7–10 form the dimer inter-

face. TMs 1–6 are an inverted repeat of TMs 8–13, and the two repeats are con-

nected by TM 7. TMs 5 and 12 are interrupted by antiparallel extended chains that 

cross each other in the center of the membrane.

The conformation of the structure obtained at pH 8 is inward-facing. Between 

the core and the dimer interface, a deep, negatively-charged funnel opens to the 

cytoplasm. Interestingly, a second polar funnel extends from the cytoplasm to 

almost the tip of the cytoplasmic funnel. On the periplasmic side, a deep cavity 

starts between the protomers and protrudes into the protein. It contains lipids. A Tl+ 

binding site was revealed at the deepest point of the cytoplasmic funnel by soaking 

the crystals at pH 8 with thallium acetate. The binding site is accessible from the 

cytoplasm but not from the periplasm.
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In the crystal structure obtained at pH 4 (3.5 Å resolution), as in the pH 8 crystal 

structure, the active site is accessible from the cytoplasm via the cytoplasmic funnel, 

but not from the periplasmic side. Both structures, therefore, show an inward-open 

state. In the pH 4 structure, in contrast to the pH 8 crystal structure, the second nar-

row polar pathway is blocked.

Cryo-electron microscopy of 2D crystals of Mj-NhaP1, obtained at pH 4, yielded 

projection maps (8 Å [56], 7 Å [57], and 6 Å [49]) showing that Mj-NhaP1 (47 kDa) 

is a dimer. The protomer consists of 13 TMs packed into two domains: a six-helix 

bundle core domain and a dimer interface domain. A model structure of Mj-NhaP1 

was obtained on the basis of a detailed sequence comparison with the Ec-NhaA 

crystal structure, and the 7 Å projection map [57].

Remarkably, the crystal structure (3.5 Å resolution) of dimeric Mj-NhaP1 has 

recently been determined at pH 8; the structure indicates that the 13 helices are 

characterized by Nout-Cin topology [43]. Like Pa-NhaP, Mj-NhaP1 is characterized 

by the NhaA fold, with a core comprising a six-TM bundle, and a dimer interface 

domain with a row of seven helices. In the core, TMs 5 and 12 are each interrupted 

by an extended chain, and the two extended chains cross each other. A negatively- 

charged cytoplasmic funnel protrudes into the monomer.

The dimer interface of Mj-NhaP1 is somewhat less interwoven than that of 

Pa-NhaP. A deep hydrophobic cavity spans nearly the entire thickness of the mem-

brane between the monomers, and is probably filled with lipids [43].

Attempts to determine the crystal structure of Mj-NhaP1 without Na+ or at pH 4 

have thus far been unsuccessful. To obtain insights into these structures, cryo- 

electron microscopy (EM) of 2D crystals grown at pH 4 was used, and a 3D map 

was obtained [49] (in-plane resolution of 6 Å) (and see above in this chapter). The 

Mj-NhaP1 crystal structure was fitted manually to the EM map to obtain an atomic 

model, and a 3D difference map was calculated. Remarkably, clear differences in 

orientation were observed between the EM map and the crystal structure obtained at 

pH 8, primarily in the core; this led to identification of an outward-open 

conformation.

The effect of pH on Mj-NhaP1 was tested in situ on the electron-microscope grid 

by incubating the 2D crystals at various pH levels [56]. At pH 6 and above, a major 

change in density distribution occurred within the helix bundle in addition to a 2-Å 

shift in the position of the helix bundle relative to the dimer interface. Similar 

changes were seen in each monomer, suggesting that, as in Ec-NhaA [58], the 

monomer is the functional unit in Mj-NhaP1. In another recent, almost identical 

experiment, in which 2D crystals were first obtained at different pH levels without 

Na+ [49], differences in density between pH 4 to 8 were in the background level, 

suggesting either that the changes occur in side chains that cannot be seen at this 

resolution (6 Å) or that pH alone does not cause changes in the Mj-NhaP1 

conformation.

To examine conformational changes induced purely by Na+, 2D crystals grown 

without Na+ at pH 4 were incubated with 20–500 mM NaCl at constant pH values. 

Addition of Na+ caused a change in the helix bundle, giving rise to three sets of 

major peaks in difference maps. The same three sets of positive/negative differ-
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ence peaks were observed at pH 8. The peaks increased when the Na+ concentra-

tion increased between 20 and 500 mM. Addition of Li+ produced the same results, 

whereas addition of Mg2+ did not induce any change. Addition of K+ did have an 

effect, which differed from the effects of exposure to Na+/Li+, suggesting that the 

changes induced by Na+/Li+ are specific to these molecules. Kd values for Na+ 

were calculated on the basis of the Na+ titration curve: 30 mM at pH 8, and 

280 mM at pH 4.

Taken together, the structures described above highlight the interesting phenom-

enon whereby the NhaA fold is uniquely characterized by the antiparallel crossing 

of inverted TM bundles, interrupted by extended chains [31, 50, 59]. In Ec-NhaA, 

for example, the positive dipole ends of TM IVc and TM XIp face each other, and 

the negative dipole ends of TM IVp and XIc face each other (Figures 1, 2, and 4). In 

Ec-NhaA the dipoles are proposed to be neutralized by the side-chains of Asp133 

and Lys300, respectively [31].

Extended chains are highly suitable for cation binding for the following reasons 

[31, 60]: (i) Unlike intact helices, extended chains are not saturated by hydrogen 

bonds, so they are flexible and can provide space for ions in an otherwise densely- 

packed environment typical to α-helical membrane proteins. (ii) The free peptide 

bonds of extended chains can provide main chain carbonyl oxygen and amide for ion 

coordination. (iii) The dipole moment of the helix termini connected to the extended 

chains can also contribute to ion coordination. (iv) Transport proteins change confor-

mation during turnover, and extended chains can confer flexibility to these changes 

at low energetic cost compared with α-helices. Indeed, in many transporters that 

depend on ion transport, extended chains are involved in ion binding [36, 52, 53, 60, 

61]. Moreover, the cation-binding sites in the NhaA fold have been shown or pre-

dicted to be located at the crossing of the extended chains interrupting the TMs [62].

2.3  Functional Organization Insights Provided by the Crystal 
Structures

The mechanism of the vast majority of secondary transporters, including Na+/H+ 

antiporters, can best be described using the alternate-access model [63]. In its sim-

plest form, the model is based on a shift between two conformations, one in which 

the ligand is accessible to the binding site from the cytoplasm, and another in which 

the ligand is accessible from the periplasm. Hence, these transporters are ‘nano 

machines’. Revealing the molecular details of the entire transport mechanism 

requires, at the very least, determination of the crystal structures of the active site 

and all involved conformations. On top of this structural information, additional 

essential functional knowledge is required: (i) the antiporter’s functional organiza-

tion, i.e., the location on the structure of functionally important residues outside the 

active site and the dynamic domains; (ii) the functional dynamics, i.e., the kinetics 

of the conformational changes: Which rate constants are involved? Are the rates in 

12 Sodium-Proton Antiporters in Health and Disease



408

the pure protein in detergent equal to those measured under physiological condi-

tions? (iii) Which signals elicit the dynamics? To answer these questions, it is neces-

sary to carry out in situ interdisciplinary studies employing molecular genetics, 

biochemistry, biophysics, and computations, which will shed light on the functional 

organization of the antiporter and its functional dynamics in the membrane. The 

remainder of this section reviews what is currently known about the functional 

organization of Na+/H+ antiporters.

2.3.1  The Active Site of the Na+/H+ Antiporters

The active site is best revealed via determination of a crystal structure of the ligand- 

bound protein. However such structures are difficult to obtain, especially with Na+, 

for which X-ray diffraction is similar to that of a water molecule.

The crystal structure of Nm-ASBT reveals Na+ binding sites in the NhaA fold 

(2.2 Å) [36] (Figures 3b and 5b). Specifically, in the highly conserved core domain 

of Nm-ASBT, two bound Na+ ions were identified on the basis of coordination and 

bond distances. The first binding site (Na+1) is located approximately 10 Å from the 

cytoplasmic surface between TM 4b and TM 5 and also interacts with Glu260 (TM 

9a). The second binding site (Na+2) is located 8 Å from Na+1 near the membrane 

center at the crossover point of the TM 4/TM 9 assembly. Four backbone carbonyl 

oxygen atoms coordinate Na+2 (including highly conserved Glu260, Gln264, 

Gln77). Glu260 is an essential residue in human ASBT. In Nm-ASBT, Ala replace-

ment of Glu260 and Gln77 abrogates transport [36]. Hence, both Na+ ions are 

needed for transport, as indicated by the stoichiometry. Na+2 neutralizes the partial 

negative dipole of TM 9a and by doing so stabilizes the interaction with TM 4a. 

Neutralization of the helix dipoles by Na+/Li+ seems to be a conserved feature for 

this fold [36].

Although bound Na+ is not observed in the Yf-ASBT crystal structure, an assay 

of Na+ binding to purified Yf-ASBT showed the existence of two binding sites (EC50 

of 5.37 mM and a Hill coefficient of 1.56, suggesting positive cooperativity). 

Accordingly, the mutations E254A and Q258A in the putative binding sites Na+1 

and Na+2, respectively, reduced binding and reduced the Hill coefficient to 1. The 

mutation E254A enabled the outward-open conformation to be crystallized (see 

Section 2.2.3). Ligand-binding assays in which taurocholate and Na+ were bound to 

purified Yf-ASBT [37] showed that Na+ binds first.

Neither Na+ nor Li+ have been observed in the crystal structures of Ec-NhaA and 

Tt-NapA. In these antiporters, the cation-binding sites have been experimentally 

and computationally deduced. In Ec-NhaA, Asp163 and Asp164 have been sug-

gested to form the binding site; this proposition is based on the residues’ position at 

the bottom of the cytoplasmic funnel in close proximity to the crossing of the 

Ec-NhaA TM IV/XI assembly [31], evolutionary conservation [46], mutants [45, 

64], isothermal calorimetry experiments [62], and molecular dynamics (MD) simu-

lations [65]. In the Tt-NapA structure, Asp156 and Asp157 (homologues of 

Ec-NhaA Asp163 and Ap164) have been suggested to coordinate the ions on the 
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basis of their position in the structure, evolutionary conservation, mutations (D156A, 

D157A [33] D156N, D147N [35]) and Ec-NhaA data. Since Tt-NapA was crystal-

lized at pH 7.8, the Asp residues are likely to be deprotonated. Indeed, unlike 

Asp164 of Ec-NhaA, Asp157 is oriented towards the center of the cavity rather than 

hydrogen-bonded with the backbone of TM 4. In addition, MD simulations pre-

dicted that both Asp157 in Tt-NapA and Asp164 in Ec-NhaA bind Na+ [35, 65].

Interestingly, in Pa-NhaP, a binding site for Tl+ was identified by soaking crys-

tals grown at pH 8 in Tl+. A trigonal bipyramidal geometry of bound Tl+ was 

observed and suggested to characterize Na+ as well [38], although the ionic radius 

of monovalent Tl+ (1.5 Å) is similar to that of K+ (1.44 Å) and larger than that of 

Na+ (1.12 Å). Accordingly, Tl+ is able to replace Na+ in Pa-NhaP. Similar cases 

were found [66–68]. The striking selectivity of Na+ over K+ observed in Pa-NhaP 

is thought to be related to ion solvation [38] as in Na+ channels [69].

The Tl+ binding site of Pa-NhaP is composed of the acidic side chains Glu73 

(TM 3) and Asp159 (TM 6), which coordinate Tl+ directly. Asp130 in the extended 

chain of TM 5 binds the cation via a water molecule, and the main chain carbonyl 

of Thr129 and the hydroxyl side chain of Ser155 of TM6 provide additional ligands. 

The ion-binding site at the end of the cytoplasmic funnel is accessible from a polar 

cavity near the narrow polar pathway via Thr129, Ser155, and Asn158. To further 

support these observations, the residues involved in Tl+ coordination were mutated 

and their activity measured. Replacement of both ion-coordinating aspartates 

(D130S and D159S) eliminated Na+ transport. E73A increased activity, S155A had 

little effect, but T129V inhibited activity. H292C shows intermolecular cross- 

linking and the effect of cross-linking on transport [38].

The substrate-binding site of Mj-NhaP1 was not resolved in the crystal structure. 

Structural homology to Pa-NhaP suggests that the cation-binding site involves 

Ser157, Asp161, Asp132, and the backbone of Thr131 in the extended chain of TM 

5. Asn160, part of the ND characteristic motif of the CPA superfamily, interacts 

indirectly with the ligand. The mutation N160A inactivated transport; the mutation 

N160D reduced activity, but transport remained electro-neutral [43].

It should be stressed that the location of the binding site of the antiported ligand 

H+ is still unknown in all members of the NhaA fold.

2.3.2  Where on the Ec-NhaA Crystal Structure, Outside of the Active 
Site, Are Functionally Important Residues Located?

A major functional insight obtained from the Ec-NhaA crystal structure was the 

elucidation of the functional organization of Ec-NhaA [45, 59]; the structure has 

provided molecular interpretations for the results of previous mutagenesis studies 

and inspired many biochemical, biophysical and computational studies as follows:

Since the cloning of the Ec-NhaA gene [70], Padan and colleagues have advanced 

selection methods to obtain various types of Ec-NhaA mutants out of randomly 

mutagenized nhaA [24]. All mutants were characterized biochemically in isolated 

membrane vesicles or in proteoliposomes; in the former, a fluorescent probe was 
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used to monitor Na+/Li+-induced changes in ΔpH across the membrane; in the latter, 

ΔpH-driven 22Na+ uptake was measured. These classical biochemical transport 

assays have since been combined with interdisciplinary approaches: isothermal 

titration calorimetry (ITC) [62] and electrophysiology [71] have provided critical 

insights; the residues in the active site were identified by ITC [62] combined with 

mutagenesis [62]; the study of the thermodynamics of the antiport, a previously 

neglected research area was initiated. Electrophysiology based on solid support 

membrane (SSM) was also applied [71, 72]. The latter experiments showed that 

Ec-NhaA is a symmetric transporter [72] and advanced a kinetic model of the 

Ec-NhaA transport cycle and pH regulation (see Section 2.4.2).

As discussed in [59], there are differences between the results obtained by elec-

trophysiology and those obtained by classical transport assays (ΔpH-driven 22Na+ 

uptake in proteoliposomes; respiration-driven Na+ uptake in everted membrane 

vesicles using acridine orange or similar fluorescent probes of ΔpH). These differ-

ences probably stem from the different time resolutions of the biochemical assays 

(seconds to minutes) and electrophysiology (milliseconds) and the different driving 

forces (chemical potential gradient in electrophysiology versus electrochemical 

potential gradient in the biochemical assays). To resolve this issue, further studies 

are required, e.g., studies using stopped-flow devices to measure transport activity, 

as was done for LacY [73]. Such studies can overcome the time resolution differ-

ence between biochemcal and electrophysiological experiments.

Cys scanning — i.e., systematic Cys replacement of each residue in a membrane 

protein and characterization of the mutations — is an effective experimental 

approach, used preferentially in Cys-less membrane proteins, to identify function-

ally important residues [74–76]. Importantly, Cys-less Ec-NhaA is as active as the 

wild-type antiporter [77], and the effects of the Cys replacements on activity and pH 

regulation have been analyzed as described above in this section and in Section 2.3.3. 

The Cys scanning data that are currently available for Ec-NhaA are comprehensive 

and include residues from TMs II [78], IV [79], VIII [80], IX [81], X [47], and XI 

[82]. For example, Cys scanning of TM IV highlighted the importance of this 

unwound TM in Ec-NhaA functionality [79]. Residues T132 and D133 change con-

formation with pH [79] and play a role in ligand binding [62].

Little information exists regarding the functional organization of Tt-NapA [35], 

ASBTs [36, 37], Pa-NhaP and Mj-NhaP1 [38, 43, 49]; the available data are mainly 

based on site-directed mutagenesis.

2.3.3  Where on the Crystal Structure Are the Dynamic Domains 
Located?

To understand the structure/function relationship in transport activity, it is critical to 

locate dynamic segments that change conformation during activity or regulation. 

For this purpose, it is essential to determine the atomic structure of all conforma-

tions, which is obviously very challenging. Accordingly, experimental and 
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computational methods have been developed to localize dynamic segments in mem-

brane proteins both in vitro and in situ.

Comparison of the crystal structures of different conformations enables mobile 

segments to be identified. The crystal structure of Ec-NhaA is only available at 

acidic pH; this structure corresponds to a down-regulated form of Ec-NhaA, in 

which the conformation of the transporter faces the cytoplasm (inward-open) [31]. 

This conformation does not bind Na+/Li+ because Ec-NhaA activates and binds its 

ligands only at alkaline pH [20, 62]. Nevertheless, this crystal structure provides a 

basis for computing other conformations. An outward-open conformation of 

EcNhaA has been modeled [46].

The crystal structure of Tt-NapA was determined in its outward-open, active, 

conformation at pH 7.8 [35]. On the basis of this conformation and the inward-open 

conformation of Ec-NhaA, a model of the antiporter activity has been suggested 

(see Section 2.5). The crystal structure of Nm-ASBT was captured in the inward- 

open conformation at pH 4.5 [36]. Modeling of the outward-facing conformation of 

Nm-ASBT was generated by using the symmetry of the inverted topology repeats. 

Yf-ASBT was crystallized in two conformations: the inward-open conformation of 

the wild-type antiporter at pH 5.5, and the outward-open conformation of a mutant 

(E254A) at pH 8.5 [37]. The two conformations enabled the structural basis of the 

transport mechanism to be modeled (see Section 2.5).

The crystal structure of Pa-NhaP was determined at two conformations, one at 

pH 4, and the other at pH 8. Both structures show inward-open conformations [38]. 

In contrast to the pH 8 structure, in the pH 4 structure the second narrow pathway is 

blocked by rearrangements of Ile151, Phe355, and Gly359. Small pH-induced 

changes were observed mainly at the dimer interface.

Remarkably, the outward-facing conformation of Mj-NhaP1 has been obtained 

by cryo-electron microscopy of 2D crystals grown at pH 4 without Na+ [43]. The 

X-ray structure of Mj-NhaP1, previously determined at pH 8, was fitted manually to 

the EM map, and an atomic model was obtained. A calculated 3D difference map 

showed clear changes in the orientation of TMs; most of these changes were in the 

core domain: in TM6, and in the TM 5/TM 12 assembly. The core as a whole tilted 

by about 7 Å; on the cytoplasmic side the tilt was towards the dimer interface, and 

on the periplasmic side the tilt was away from the interface. This movement closes 

the cytoplasmic funnel and opens the periplasmic funnel. In the transition, the ion- 

binding site moves towards the extracellular side by about 5 Å.

The following biochemical approaches have been used to experimentally iden-

tify amino acid residues involved in conformational changes in Ec-NhaA and to 

characterize their structural localization: (i) measurement of the accessibility/reac-

tivity of various residues in Ec-NhaA to trypsin [83] or mAb 1 F6 [84] as a function 

of pH; (ii) Cys-scanning, i.e., measurement of the accessibility of single-Cys 

replacements to various sulfhydryl (SH) reagents as a function of ligand concentra-

tion. This has become an almost routine procedure for locating ligand-induced con-

formational changes in many membrane proteins [74–76, 85]. This approach was 

used to identify pH-induced conformational changes in Ec-NhaA, preferentially 

using membrane-impermeant SH reagents similar in size and charge to Na+ 
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(2- sulfonatoethyl methanethiosulfonate (MTSES) or [2-(trimethyammonium) 

ethyl] methanethiosulfonate bromide (MTSET)) [79]. To assess whether a residue 

is exposed to the cation passage from the periplasm, intact cells, or right-side-out 

membrane vesicles, are used. Cytoplasmic accessibility is assessed using inverted 

membrane vesicles [79]. Comprehensive Cys scanning in Ec-NhaA has revealed 

many residues that change accessibility with pH (reviewed in [59]). These include: 

loop VIII-IX and K249 [83, 86], the N-terminus [84], TM IV [79] (an observation 

compatible with cryo-electron microscopy results [29]), E252C in TM IX [81, 85], 

and D65C on TM II [78]. An exciting recent experiment showed that the extended 

chain in TM IV changes conformation at alkaline pH [79].

Cys-scanning experiments done on Yf-ASBT used a membrane-impermeant 

probe (methoxypolyethelen glycol maleimide 5,000; mPEG-Mal-5 K, Sigma- 

Aldrich) to target Cys replacements in the highly-conserved crossover region [37]. 

The tests were conducted in intact cells (accessibility from the periplasm) and soni-

cated membrane fraction (accessibility from the cytoplasm and periplasm) [37]. 

Cys replacement of T106C showed that despite being inaccessible to the periplasm 

in the inward-facing conformation structure, the residue was accessible in the 

outward- facing conformation.

Changes in proximity between two sites within a protein can be assessed by 

specifically designing a pair of Cys replacements. Then, cross-linking is tested 

with bi-functional reagents of known distances in situ, as a function, e.g., of 

ligand concentration and/or pH. This approach has been used to identify pH-

induced conformational change in TM X of Cys-less Ec-NhaA [47]. Similarly, 

ESR probes can be used.

It is important for all experiments based on Cys replacements and SH reagents to 

incorporate controls for the effects of the tested conditions on the reagents them-

selves. For example, the rate of the chemical modification (of SH groups) itself is 

pH-sensitive, and it may become less specific to SH groups above pH 8.5. Therefore, 

when the effect of a pH change is tested, Cys-less Ec-NhaA is used as a negative 

control for non-specific reactivity, and mutants that are accessible to the reagents in 

a pH-independent fashion are used as positive controls [80]. Other parameters such 

as stereochemistry can also affect the reactivity of the Cys replacements to any of 

the reagents. To exclude this possibility, the denatured protein is verified to react 

with the reagent [78]. Strict control reactions are also done at 4 °C to minimize 

thermal backbone motions.

2.3.4  Identification of Dynamic Areas with Fluorescent Reporters

Trp residues are fluorescent, and their fluorescence properties change as a function 

of the residues’ environment in the protein. The use of Trp fluorescence to report 

conformational changes requires a functional Trp-less protein. To this end, a func-

tional Trp-less Ec-NhaA was constructed, with phenylalanine residues replacing the 

eight native tryptophan residues [87]. The Trp-less Ec-NhaA was used to site- 

specifically insert a single tryptophan in order to monitor conformational changes of 
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TM IVp (W126) versus TM IVc (F136W) facing the pH sensor and TM XI (F399W), 

located in proximity to the active site. The F136W mutant revealed pH-induced 

conformational changes. The single-tryptophan mutant F399W revealed Li+-

induced conformational changes at the active site [87, 88]. This experimental sys-

tem is currently being developed to investigate functional dynamics of Ec-NhaA by 

spectrofluorimetry combined with the stopped-flow technique.

2.3.5  Computational Approaches

Computational studies based on the crystal structure investigated the conforma-

tional alterations associated with pH changes and substrate binding [29, 65, 89, 90]. 

Arkin et. al. [65] conducted calculations in order to decipher the Na+ and proton 

pathways. In another study, Schushan et al. [46] used the Ec-NhaA cytoplasm- 

facing structure to predict a periplasm-facing conformation. The prediction was 

based on two approaches: the first relied on pseudo-symmetric features of the crys-

tal structure, and the second involved conducting Normal Mode Analysis using 

Elastic Network Models [46]. Importantly, the two approaches yielded similar 

results [46]. The predicted conformation was later shown to resemble the recently- 

determined outward-open conformation of the Tt-NapA transporter (RMSD of 

3.4 Å over 288 C-alpha atoms).

2.4  Functional Dynamics; Determination of Kinetics 
of Conformational Changes in vitro and in situ 
in the Membrane and by in silico Predictions

In order to decipher the antiporter’s turnover cycle and its regulation, the dynamics 

of the conformational changes need to be revealed. Crystal structures, despite offer-

ing invaluable atomic-level data, cannot provide information on the kinetics of con-

formational changes. Classic biochemical transport assays can only achieve a time 

resolution of seconds, and cannot be used to measure the fast turnover rate of the 

transporters, in particular that of Ec-NhaA, one of the fastest transporters (105 min−1) 

[20]. The following complementary approaches fill this gap.

2.4.1  Site-Specific Tryptophan Fluorescence

As detailed in Section 2.3.4, different single Trp-Ec-NhaA were constructed to shed 

light on the kinetics of ligand/pH-induced conformational changes [87]. These 

experiments suggested that F136W (TM IVc) is located near a cluster of residues 

thought to be responsible for pH regulation (called the “pH sensor”, see 

Section 2.6.1), and F339W (TM XI) is located near the active site. Stopped-flow 
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spectrofluorimetry experiments are currently being carried out to determine the 

dynamics of these strategic sites.

An elegant approach has recently been developed to investigate the dynamics of 

conformational changes that are associated with substrate binding and transport of 

the bacterial leucine transporter, LeuT: Single-molecule fluorescence resonance 

energy transfer (smFRET) was used to quantify time-dependent changes in the 

LeuT structure, which might otherwise have been masked by ensemble-averaging in 

bulk measurements or suppressed through crystallographic conditions [91]. 

Computational methods were applied in parallel. This approach has recently been 

applied to the glutamate transporter [92–94]. As yet, it is not known whether this 

method can be applied to Ec-NhaA and similar transporters that are much faster 

than LeuT and Ph-Glt (GltPh) [95].

2.4.2 Electrophysiology

Modern electrophysiology is a universal technique for the functional characteriza-

tion of transport proteins [96]. However, most available transporter structures are of 

bacterial transporters, and, in general, cannot be investigated by conventional elec-

trophysiology because of the cell wall and the small size of the bacterial cell. In 

these cases, SSM-based electrophysiology can be very useful [71, 72, 96]. This 

approach provides a means of measuring the transport activity of bacterial trans-

porters under well-defined conditions at a time resolution of milliseconds, whereas 

the resolution of classic biochemical transport assays is around seconds. Using Na+ 

or H+ gradients as the driving force, translocation of charge by Ec-NhaA has been 

measured directly by monitoring transient currents generated in Ec-NhaA proteoli-

posomes/membrane vesicles absorbed on an SSM [71, 72]. These experiments 

yielded results that could not have been obtained otherwise. Specifically, as 

described in detail in Section 2.5.1, determine kinetic parameters of the antiport 

[72]. Because of the high time resolution of SSM-based electrophysiology, the 

method can be used to correlate conformational transitions and charge displace-

ments and thus to gain insight into the transport process.

2.5  The Na+/H+ Antiport Mechanism

The function of the vast majority of secondary transporters is described using the 

alternate-access model [63] (see Section 2.3). Full exploration of the mechanism of 

transport requires determining all active conformations and also deciphering the 

dynamics and pathways between the conformations. Although we are far from hav-

ing the entire picture, two models of antiport-mechanisms have been suggested.
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2.5.1 Ec-NhaA

The Ec-NhaA crystal structure [31] revealed the delicate balance of electrostatic 

interactions in the region around the crossing of the extended chains of the TM  

IV/XI assembly. This delicate balance has been suggested to play an essential role 

in the highly rapid ion translocation of Ec-NhaA [31]. It is probable that sodium 

binds first to Asp164 (TM V), which causes a rearrangement of the TM IV/XI 

assembly, which is enough to translocate the small ions H+/Na+/Li+. The conforma-

tional change of D133 in the middle of the assembly [79] supports this model.

To obtain information on the kinetics of EcNhaA transport activity, SSM-based 

electrophysiological experiments have been undertaken. This approach enables 

antiport activity to be measured at a resolution of milliseconds, under well-defined 

conditions on both sides of the membrane. Using Na+ or H+ gradients as the driving 

force translocation of charge by Ec-NhaA was measured directly by tracing tran-

sient currents generated in Ec-NhaA proteoliposomes, absorbed onto the SSM [72]. 

Forward (Na+ excreted from the cytoplasm) and reverse (Na+ taken up to the cyto-

plasm) transport directions were investigated using preparations of transporters 

with inside-out orientations (membrane vesicles) and with outside (right-side)-out 

orientations (proteoliposomes), respectively [72].

These experiments showed that Ec-NhaA is a symmetric transporter, and they 

contributed towards the development of a kinetic model of the Ec-NhaA transloca-

tion cycle [72]. This model supports the alternate accessibility mechanism of second-

ary transporters [63], wherein a single binding site alternates across the membrane. 

The translocation process includes an electrogenic rate-limiting step in which Na+ is 

transferred across the membrane while bound to the aspartates of the binding site 

(Asp163, Asp164; TM V), and an electroneutral step transporting H+ across the 

membrane while bound to these aspartates. H+ and Na+ compete for the single bind-

ing site, and the competition explains many phenomena of Ec-NhaA (see Section 2.3).

2.5.2  Tt-NapA, Nm- and Yf-ASBT: The Two-Domain Elevator 
Mechanism

A model of the operation mechanism of Tt-NapA was suggested on the basis of the 

antiporter’s crystal structure in the outward-open conformation together with the 

Ec-NhaA crystal structure in the inward-open conformation [35]. A negatively- 

charged funnel is open to the periplasm in Tt-NapA. This funnel allows access to the 

strictly conserved Asp157 and Asp156 (equivalent to Asp163 and 164 in Ec-NhaA) 

believed to coordinate the ions. According to the crystal structures, the alternative 

access to this ion binding site, from the cytoplasm, requires large rotation of the 

core domain, about 20° against the dimerization interface (Figure 2). This large 

rotation of the core domain closes the periplasmic funnel seen in the Tt-NapA struc-

ture, and opens the cytoplasmic funnel, as observed in the Ec-NhaA structure. 

During this process, the two conserved, cation-binding, aspartate residues are 

shifted 10 Å toward the cytoplasm. Thus, a two-domain elevator mechanism model 
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is suggested, which is similar to the model of the glutamate transporter (GltPh) [95]. 

The model was supported by MD simulations and mutagenesis; in Tt-NapA, 

replacement of Asp156 and Asp157 with Ala [33] or Asn [35] resulted in complete 

loss of antiport activity. Of note, Ala replacement of Lys305 (homologue to Lys300 

of Ec-NhaA) resulted in a compromised phenotype (an increase in apparent Km for 

Na+ (36 mM) and for Li+ (17 mM)).

The two-domain elevator mechanism proposed for Tt-NapA was suggested to 

apply to both ASBTs. [36]. Using the internal symmetry of the topology-inverted 

motifs of Nm-ASBT according to [97], the outward-facing conformation was modeled 

[36]. In Nm-ASBT, sodium binding controls the conformation of the core domain, 

which in turn drives the movement of the panel domain (Figure 3b). This creates a 

large conformational change, which is required in order to alter the accessibility of 

the substrate binding site.

Two crystal structures of Yf-ASBT have been obtained in a lipid environment 

[37]: the wild-type was crystallized in an inward-facing conformation, and a mutant 

(E254A) was crystallized in an outward-facing conformation. Comparison between 

the two conformations revealed a large rigid-body rotation of the core domain that 

gives the crossover region accessibility to the other side of the membrane. This 

structural mechanism is very similar to that of Nm-ASBT and has been supported 

by mutagenesis and accessibility tests.

Remarkably, when transitioning between the cytoplasm-open and periplasm- open 

states, Tt-NapA, Nm-ASBT, and Yf-ASBT show similar rigid body movements of 

the core domain, despite substantial differences in the sizes of the substrates involved 

and the transport modes (antiport versus symport). The conformational change pro-

vides alternating access to the crossover region where Na+ and protons are predicted 

to bind to a cluster of conserved acidic residues. However, the Na+1 and Na+2 sites 

are different. The deduced Na+2 site in Tt-NapA (Arg331, Lys305, forming hydrogen 

bonds with the C-terminal ends of helices TM 4a and TM 11a) is replaced by two 

polar side chains in Yf-ASBT (Gln258, His71 forming hydrogen bonds with TM 4a 

and TM9a). In the structure of the carnitine transporter CaiT from E. coli, which is 

an Na+-independent antiporter, an Arg mimics the bound Na+ found in the Na+-

dependent symporters of the same fold [98]. It might be suggested that these residues 

in Tt-NapA have an analogous role to the bound Na+ in Yf-ASBT and Nm-ASBT. This 

might provide insight into how the same fold and conformational changes act as scaf-

folding for highly distinct substrates and coupling mechanisms.

The question of whether the two-domain elevator mechanism is applicable to all 

Na+/H+ antiporters, including Ec-NhaA is still debatable [43, 49, 59], for the follow-

ing reasons: (i) Ec-NhaA is one of the fastest transporters (turnover rate of 105 min−1 

[20]). Notably, the rate of Tt-NapA is much slower (Table 1). (ii) Ec-NhaA shares 

this high turnover with the chloride/proton antiporter (ClC), which has a unique 

operation mechanism [99]. (iii) The elevator mechanism needs a rigid dimer inter-

face for movement [35] (see Section 2.2.2). However, Ec-NhaA monomers have 

been shown to be functional [58]. (iv) The crystal structure of Mj-NhaP1 crystal-

lized at pH 8 and the EM structure obtained at pH 4 resemble the structure of 
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Tt-NapA yet do not show the difference between the core and dimer domains sug-

gested for Tt-NapA [43].

2.5.3 Pa-NhaP and Mj-NhaP1

In Pyrococcus, the Na+ gradient required for ATP synthesis is maintained by Na+/H+ 

antiporters [100], most likely for pH homeostasis [101]. It has been suggested [38] 

that protons, probably in the form of hydronium ions, reach the Pa-NhaP binding 

site either through the cytoplasmic funnel or through the narrow pathway. Indeed, 

very slight rearrangement of the residues in either of these pathways enables H3O
+ 

to pass. However, it is not yet clear which of the pathways operates to facilitate 

proton transfer, although it has been suggested that Na+ is released from the cyto-

plasmic funnel and H+ enters from the narrow pathway.

The transition of the Mj-NhaP1 structures from pH 4 to pH 8 was inferred to be 

induced by Na+ [43]. The outward-open conformation resembles that of Tt-NapA. In 

both Mj-NhaP1 and ASBT, the core performs a rigid body rotation around an axis 

in the membrane (parallel to the dimer interface). In this transition the binding site 

moves upward and inward.

2.6  Regulation of the Na+/H+ Antiporters

2.6.1 Ec-NhaA

Similar to many prokaryotic and eukaryotic Na+/H+ antiporters [6, 21–23]), Ec-NhaA 

is drastically dependent on pH [20]; it is inactive below pH 6.5 and reaches maximal 

activity at pH 8.5. Comprehensive mutagenesis screening has been performed on this 

antiporter. When projected onto the structure, the mutagenesis map reveals a cluster 

of residues involved in transport activity, and another cluster that affects pH regula-

tion (designated “pH sensor”) (reviewed in [45, 59]). Two mechanisms of pH-regu-

lation in Ec-NhaA have been proposed. The first is an allosteric mechanism [17], in 

which a “pH sensor”, located far from the active site, accepts the pH signal and 

transduces it to activate conformational changes. This mechanism is supported by 

the following: (i) identification of clusters of amino acids distant from the active site 

that, when mutagenized, abrogate or change the pH profiles of Ec-NhaA as measured 

biochemically in inverted membrane vesicles and proteoliposomes [45]; (ii) identifi-

cation of two conformational changes, one pH-induced and the other ligand-induced 

as determined by site-directed Trp fluorescence [87, 88]; (iii) prediction of a two-

domain transport mechanism for the pH-induced conformational change of Ec-NhaA, 

on the basis of the two inverted repeats as well as data from elastic network modeling 

and biochemical cross-linking experiments ([46] and Section 2.3). Importantly, the 

allosteric mechanism model does not predict the movement of the ligand-binding 

domain but rather that of the pH sensor domain.
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The second proposed mechanism is a direct competition of Na+ and H+ for the 

active site. Obviously, such a competition is expected to exist at the active site 

because the substrates of Ec-NhaA are H+ and Na+. However, the latter mechanism 

suggests that this competition also explains the pH regulation of Ec-NhaA, with no 

need for any allosteric effect of a “pH sensor.” Results of electrophysiological 

experiments lend strong support to this proposition [72]. These experiments indi-

cate that the decrease in transport activity at acidic pH values is due to an increase 

in Km
Na and not due to a decrease in Vmax. Furthermore, in the SSM system, even at 

pH 5, Ec-NhaA does not adopt an inactive conformation at either the cytoplasmic or 

periplasmic side.

In an attempt to reconcile the two proposed mechanisms, we have analyzed a 

number of different Ec-NhaA mutants, modulating the pH profile of the transporter 

using SSM-based electrophysiology [102]. The site-specific mutations affected 

Ec-NhaA activity in substantially different ways; residues as far apart as 15–20 Å 

from the binding site can have a significant impact on the dynamics of the confor-

mational transitions or on the binding properties of Ec-NhaA [102]. As discussed 

below, the two mechanisms are not mutually exclusive.

2.6.2 Pa-NhaP and Mj-NhaP1

The pH-dependent transport activity of Pa-NhaP suggests a self-regulatory mecha-

nism at pH 5, direct competition between Na+ and H+ for the binding site rather than 

regulation by a separate pH sensor as proposed for Ec-NhaA (Section 2.6.1). 

Nevertheless, at pH 6, the transport becomes cooperative, suggesting an allosteric 

mechanism related to the dimeric interface [38].

Mj-NhaP1 was shown to be active at pH 8, and although its crystal structure has 

not been determined, it has been suggested to be down-regulated at pH 4. Using 

SSM-based electrophysiology, a mechanism of direct competition of Na+ and H+ for 

the active site, similar to that proposed for Ec-NhaA, has been suggested for 

Mj-NhaP1 [49, 72, 103]. Accordingly, at low pH, a 10-fold higher Km was observed. 

Nevertheless, Na+ was shown to compete at pH 4 but not at pH 6 [103]. To explain 

the lack of competition at pH 6, the author concluded that there is another mecha-

nism of pH regulation, e.g., side chain movements, and/or small helix movements 

that cannot be seen at low resolution.

In summary, there is currently no answer as to how the proteins of the NhaA fold 

are pH-regulated at the molecular level. The two proposed mechanisms of pH regula-

tion described above obviously represent different mechanistic concepts, although 

they are not mutually exclusive, and the conformational transitions involved are not 

necessarily different. As stated above, given the ligand exchange mechanism, compe-

tition between the ligands, Na+ and H+, is expected to take place. The question remain-

ing is whether in addition to the competition there is a pH-induced activation step.

It is important to note that the experiments supporting the allosteric mechanism 

were based on biochemical-biophysical approaches, whereas those supporting the 

direct competition mechanism were mainly based on SSM-based electrophysiology 
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[72, 104]. As discussed in Section 2.4.2, there are differences between the results 

obtained by electrophysiology and those obtained by classical transport assays. We 

believe that the differences in time resolution of the assays (electrophysiology: mil-

liseconds; biochemistry: seconds) and driving forces (electrophysiology: chemical 

gradient; biochemistry: potential gradient) of the transport assays are the main fac-

tors driving the differences observed.

In conclusion, it is clear that capturing multiple distinct conformations of a given 

transporter is an essential step in elucidating the transport mechanism. Unfortunately, 

as yet, such a task has proven challenging to accomplish for many transporters. 

Instead, comparative analyses were performed in order to obtain mechanistic insight 

[105]. Additional structures and rapid assays of transport kinetics are needed in order 

to clarify by what means ion binding and release processes are coupled to structural 

changes and to driving forces, as well as to reveal how these systems are regulated.

3  Eukaryotic Na+/H+ Antiporter Proteins and Their 
Properties

Eukaryotic Na+/H+ antiporters have recently been the subject of several reviews, 

stressing their biological and clinical importance [3, 106–109].

3.1  The NHE Eukaryotic Na+/H+ Exchangers

The NHE Na+/H+ antiporters are ubiquitous ion transporters. They are present in all 

animal species, in the cytoplasmic membranes of cells and in the membranes of 

many organelles, and they have homologues in all kingdoms of life, from prokary-

otes to eukaryotes. Currently, 13 evolutionarily conserved NHE isoforms are known 

in mammals [9, 21, 107, 110, 111]. Most species possess multiple Na+/H+ antiport-

ers, which may serve redundant and/or specific functions.

The NHE Na+/H+ exchangers are encoded by the SLC9 gene family (Solute 

Carrier family 9) (HUGO nomenclature, http://www.genenames.org) and are a sub-

group of the eukaryotic and prokaryotic monovalent CPA1 family (Transport 

Protein database http://www.tcdb.org) [9, 10, 21, 107]. The genes are dispersed 

throughout the genome, some of which are subject to alternative RNA splicing to 

yield multiple transcripts. The primary structures of the encoded proteins vary con-

siderably in both sequence identity (13–68 % amino acid identity) and size 

(48–99 kDa).

On the basis of phylogeny, the SLC9 gene family is divided into three subgroups 

(http://www.bioparadigms.org). The SLC9A subgroup encompasses plasmalemmal 

isoforms NHE1-5 (SLC9A1-5) and the predominantly intracellular isoforms 

NHE6-9 (SLC9A6-9) [108]. However, NHE3 and NHE5 exist in a dynamic equilib-
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rium with the recycling endosomal pool. The SLC9B subgroup consists of NHA1 

(SLC9B1) and NHA2 (SLC9B2). The SLC9C subgroup consists of a sperm- specific 

plasmalemmal NHE (SLC9C1), as well as SLC9C2, a putative NHE for which 

functional data are currently lacking [107].

As yet, there are no available crystal structures for any of the NHEs, except for 

structures of short segments of NHE1 (see Section 3.1.1.2). Nevertheless, it is possi-

ble to conclude, on the basis of a large volume of biochemical data, that all NHEs are 

organized in a similar fashion: A very short N-terminus facing the cytoplasm followed 

by an N-terminal domain composed of 11–14 TMs (~450 residues) that carries out the 

Na+/H+ exchange, and an intracellular C-terminal domain (~125–440 residues, 

depending on the isoform) that is involved in regulation of the exchange activity. The 

C-terminal domain is suggested to associate with many regulatory factors and also 

with the intracellular aspects of the N-terminal domain as well as with the inner leaflet 

of the plasma membrane via interactions with negatively-charged phospholipids [112, 

113]. All SLC9 members appear to exist as dimers, while transport function occurs in 

a monomer [114]. The dimerization is believed to provide stability.

Plasma membrane NHEs function by coupling to the Na+ electrochemical gradient 

generated by the ubiquitous sodium pump (Na+/K+ ATPase), moving one Na+ ion into 

the cytoplasm in exchange for removal of one H+. The reported affinities of NHE1, −2, 

and −3 for extracellular Na+ are in the range of 5–50 mM [115, 116]. The dependence 

of NHE1, −2, and −3 on [Na+] shows simple Michaelis–Menten kinetics [106]. For 

NHE4, both Michaelis–Menten-type [Na+] kinetics [117] and sigmoidal [Na+] 

 dependence have been reported [118]. In addition to Na+ and H+, Li+, K+,  

and NH4  are also substrates of NHEs [106, 107, 119]; K+ transport has been proposed 

to be a major function of the organellar NHE isoforms, NHE6, −7, and −9 [107].

Despite being bathed in neutral or slightly alkaline solutions, mammalian cells 

require active, continuous extrusion of protons to maintain their cytosolic pH within 

the physiological range. Excess acid equivalents are produced by a variety of meta-

bolic pathways, and protons (equivalents) are driven into the cells through conduc-

tive pathways by the negative membrane potential. NHE1-5 participate in the 

regulation of cytosolic and organellar pH, cation composition, and cell volume, 

thereby contributing to the creation of environments suitable for cell function and 

survival. For example, in the intestine and kidney, NHEs, operating together with 

bicarbonate transporters, are critical for transepithelial movement of Na+ and HCO3  

and thus for whole body volume and acid–base homeostasis [106].

A bewildering collection of physiological agonists and antagonists regulates the 

NHEs, in most cases via the C-terminal domain; each NHE’s regulation process will 

be described below (for review see [106, 120]). An interesting example is that many 

agents that stimulate NHE1 inhibit NHE3, and vice versa. NHE2 generally responds 

in a manner akin to NHE1 while the limited information available suggests that 

NHE5 shares regulatory properties with NHE3. The regulation can be targeted to 

changes in the proton set point, protein exchange activity, protein expression, redis-

tribution in different membranes and protein synthesis and stability [121, 122]. For 

a summary of the various inhibitors of NHEs, turnover and trafficking, see a com-

prehensive recent review [3].
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NHE6 and NHE9 are currently the only NHEs directly linked to human disease 

(Sects. 3.1.6 and 4.3); mutations in these genes cause neurological disease in 

humans. However, it is becoming increasingly apparent that members of SLC9 gene 

family contribute to the pathophysiology of multiple human diseases (see Section 4).

3.1.1 SLC9A1-NHE1

NHE1 is a plasma membrane protein that uses the chemical energy of the Na+ gra-

dient maintained by the Na+/K+ ATPase across the plasma membrane of eukaryotes 

for electro-neutral counter transport of H+ [123–127]. It can operate reversibly 

[128, 129]. The Na+/H+ stoichiometry is 1/1 [130] or 2/2 [131]. Hence, NHE1 is 

electroneutral and does not disturb membrane potential during activity. This is 

particularly critical for excitable cells, in which the membrane potential must be 

stringently regulated. NHE1 can exchange Li+ for Na+, but other alkali cations are 

excluded.

NHE1 exists in the plasma membranes of almost all mammals [124], with some 

exceptions [132, 133]. It is the most abundant antiporter in the heart. It resides 

almost exclusively at the surface of cells, but preferentially accumulates in discrete 

microdomains within the plasma membrane, depending on the type and state of the 

cell [133–135]. In migrating fibroblasts, NHE1 concentrates at the leading edge of 

the cell along the border of lamellipodia [136]. NHE1 abundance at the plasma 

membrane is regulated by ubiquitination [122].

NHE1 is critical for regulation of intracellular pH, salt concentration and cell vol-

ume [3, 107–109, 137, 138]. As a result, NHE1 is often referred to as the “housekeep-

ing” NHE isoform. By modifying the cytosolic pH, NHE1 also indirectly contributes 

to the regulation of the pH of the endoplasmic reticulum and of the nucleus, both of 

which seemingly lack independent pH homeostatic mechanisms [106], and whose 

membranes are freely permeable to H+ equivalents. Notably, at the cytoplasmic mem-

brane, NHE1 operates in conjunction with Na+-coupled bicarbonate transporters [106].

NHE1 has numerous other indirect physiological roles that accompany or are a 

result of its pH regulatory function (see Section 3.1.1.3). NHE1 has long been a 

drug target because it has been suggested to play a role in heart pathology [109], 

hypertrophy [139], cardiac ischemia [140], and hypertension [141] (see Section 4.1).

3.1.1.1 Topology Model of NHE1

Hydropathy plots and extensive biochemical studies indicate that NHE1 has two 

functional modules [106, 142]: (i) the N-terminal ion translocation module, which 

is an integral membrane domain of 12–14 TMs (~500 amino acids), and (ii) the 

C-terminal regulatory module comprising ~300 cytoplasmic amino acids. The regu-

latory function is exerted by many agonists and antagonists through association 

with a number of signaling molecules (see Section 3.1.1.3). The NHE1 protein is 
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both N- and O-glycosylated, although glycosylation is not required for transport 

function [143, 144].

A topology model of the translocation module of NHE1 has been suggested on 

the basis of hydropathy plots and Cys scanning accessibility tests [109, 145] (see 

Sects. 2.3.2 and 2.3.3). Intracellular- and extracellular-accessible Cys replacements 

were identified through the use of whole and permeabilized cells. The constructed 

model, called herein the Wakabayashi model, shows 12 TMs (designated here I-XII) 

with Nin-Cin topology and a glycosylation site at N75 between TMs I and II. TM X 

in the hydrophobicity plot has extracellularly-accessible residues on both ends, and 

therefore was proposed to be a re-entrant loop rather than a TM. Two intracellular 

loops, TMs IV-V and TMs VIII-IX, were also suggested to be re-reentrant loops. 

For further details see [126].

A three-dimensional homology model of the membrane part of NHE1 has been 

built [11] using the Ec-NhaA crystal structure [31, 51] as a template (Figure 6a), in 

spite of very low homology (sequence identity of ~10 %). According to this model, 

called herein the Landau model, the topology of NHE1 also contains 12 TMs 

(denoted here 1–12 to avoid complexity). The model has some similarities to and 

differences from the Wakabayashi model as follows: (a) the two first TMs (I and II) 

are absent in the Landau model because they are poorly conserved and are not 

important for functionality [146]. However, fully and partially glycosylated NHE1 

(between Wakabayashi’s TM 1 and 2) are often found in Western blots of NHE1, 

raising the possibility that there are 14 TMs in NHE1. (b) Excluding these first two 

TMs, the other first six helices (TMs 1–6 in the Landau model), and TMs III-VIII in 

the Wakabayashi model, have similar assignments in the two models. (c) TM IX of 

the Wakabayashi model is split and extended into two short helices in the Landau 

model (TMs 7–8). (d) The reentrant loop (between IX and X of the Wakabayashi 

model) is now reassigned as TM 9 in the Landau model. (e) The helix assignment 

of TM 10–12 is similar in both models. (f) Resembling the TM IV/XI assembly in 

Ec-NhaA (see Section 2.2.1), TM 4 and TM 11 are disrupted by extended chains in 

the Landau model (Figure 6).

The Landau model is supported by observations of conserved charged residues 

in the core of the protein, at the extended chain region [11]: D238 is thought to be 

equivalent to D133 in Ec-NhaA, compensating for the helix-end dipole charges. 

D163 and D164, which, in Ec-NhaA, are essential and bind ligands [62] (see 

Section 2.2.1), are replaced with N266 and D267 in NHE1 [11]. In addition, NHE1 

contains conserved amino acid clusters facing extra-cellularly, which are important 

in pH regulation and inhibition of NHE.

The two models are reviewed in [126]. Another model has been suggested on the 

basis of the Ec-NhaA structure and a single-electron paramagnetic resonance mea-

surement [147]. This model differs from the previous models [148]. Remarkably, 

strong support for the Landau model has recently been obtained: in vitro topology 

analysis has shown the presence of a signal sequence in NHE1, suggesting possible 

cleavage of the N-terminus [149]. Furthermore, recent amino acid sequencing anal-

ysis of NHE1 purified from fibroblasts or SF9 insect cells has revealed that cleavage 
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indeed occurs between Gly36 and Leu37 just after TM I of the Wakabayashi model 

[109]. Therefore, the Wakabayashi topology model might have based on a minor 

fraction of NHE1 in which the N-tail was under forced expression.

According to the Landau model, TM 4 and TM 11 of NHE1 are in close proximity 

to each other and contain an unwound crossing region in the middle of the TMs, generat-

ing an extended antiparallel arrangement that is thought to form part of the ion perme-

ation pathway [11]. This notion has been supported by mutational analyses of amino 

acids in TMs 4 and 11 [23, 150, 151] that altered affinities for Na+ and H+, respectively. 

These helices, along with TM 9 and TM 10 of the Landau model, also confer sensitivity 

Figure 6 Evolutionary conservation scores projected on the modeled structures of the human 

antiporters NHE1 and NHE9. The modeled structures of human NHE1 [11] (a) and NHE9 [248], 

(b) based on the Ec-NhaA [31] crystal structure, are displayed in a ribbon representation. The rib-

bons are colored according to evolutionary conservation scores calculated with the ConSurf server 

with turquoise-through-maroon indicating variable-through-conserved [397–399]. The images on 

the left side are viewed in the membrane plane, with the intracellular side facing upward. Tentative 

boundaries of the membrane are shown. In the images on the right side, the molecule is rotated 

about 90°, and viewed from the cytoplasmic side into the membrane.
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to competitive inhibitors of Na+ transport (for a review see [106]), consistent with a 

prominent role for these regions in ion translocation. Hence, remarkably, the membrane 

domain structure of NHE1 shares the NhaA fold together with the prokaryotic Ec-NhaA 

[31], NhaP [38, 43, 57], ASBT [36, 37], and NapA [35].

NHE1 exists as a homodimer in the plasma membrane [106, 114, 152–154]. A 

dominant negative effect was observed [155] at neutral pH but not at acidic pH. This 

observation supports the view that dimerization of two active subunits is required 

for NHE1 to possess exchange activity in the neutral pH range, although each sub-

unit is capable of catalyzing transport in the acidic pH range [131].

3.1.1.2 A Long Way Remains to an Atomic Structure of NHE1

Experimental structural information on NHE1 has been obtained only for segments 

of the protein. Fractions of its soluble domain were analyzed by nuclear magnetic 

resonance (NMR) [156] or by crystallography [157, 158]. The structures of single 

putative TMs of the membrane domain were modeled by NMR [127, 159]. While 

much of the required structural information is contained within the primary amino 

acid sequences of the TM segments, interactions between TM segments can obvi-

ously not be studied with single segments. Additionally, in some cases, the interac-

tions between helices and the presence or absence of inter-helical loops can affect 

the conformation of TM segments [160]. Recently, the structure of a region span-

ning two transmembrane domains (TMs 4–5 in the Landau model) was determined 

using NMR [161]. Tryptophan scanning and site-directed mutagenesis of the first 

segment (TM 4 in the Landau model) supported the structure [161].

The C-terminus of NHE1 extends into the cytoplasm and is the least conserved 

region among the NHE family members (ranging in length from ∼50–450 amino 

acids). This segment contains numerous putative as well as proven recognition sites 

for protein kinases and other ancillary factors that regulate the exchanger activity in 

response to diverse stimuli, though the molecular mechanisms by which these sig-

nals are transduced from the regulatory domain to the catalytic domain remain 

obscure. In silico analyses predict that intrinsic disorder exists in the distal part of 

the C-terminal tail [3]. Interestingly, in this part of the SLC9A tail, the intrinsic 

disorder is much more strongly conserved than the sequence is.

Three important crystal structures of parts of the C-terminus tail have paved the 

way to better understanding of NHE1 regulation [156, 158, 162] (see Section 3.1.1.3).

3.1.1.3 The Regulation of NHE1

At the N-terminal module, NHE1 is allosterically regulated by H+ [115, 117, 119, 

123, 128, 163–165]. As the cytosol becomes acidified, increased substrate ( ( )Hin ) 

availability tends to accelerate Na+/H+ exchange. However, this thermodynamic 

response is insufficient for accurate pH homeostasis. The concentration dependence 

of cytosolic H+ on Na+/H+ exchange is much steeper, with a Hill coefficient of >2 
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[23, 116, 128]. Such pHin dependence suggests the existence of two H+ binding 

sites. One H+ is bound at the active site as a substrate, while the other binding site 

uses cytosolic H+ to activate the exchange activity (this site is called the H+-modifier 

site or “H+-sensor” or “set point”). The latter exerts an allosteric effect on the 

exchanger: Transport becomes markedly activated when the intracellular pH drops 

below a threshold level or “set point” [116, 165]. The existence of a modifier site 

has also been interpreted as a necessary feature to safeguard cells from excessive 

alkalinization, while effectively protecting them against acidosis. Not coinciden-

tally, the set point of the housekeeping isoform NHE1 is similar to the resting physi-

ological pH [166, 167]. It was also proposed that the stimulating effect of growth 

factors and other stimuli at the C-terminal module on NHE1 can be explained by 

these agents causing an increase in the apparent H+ affinity of the allosteric H+-

binding site [109].

Notably, a recent study reports that H+ activation of NHE1 is best explained by 

an allosteric model for a dimer transporter that does not include an additional H+ 

sensor site [103, 168, 169]. Although a definitive conclusion for the mechanism 

underlying H+ activation awaits detailed mapping of H+-binding sites on the NHE1 

molecule, several critical amino acid residues such as Glu131, Arg327, and Arg440 

have been identified as important determinants of the pHin dependence of NHE1 

[151, 170].

NHE1 is highly sensitive to amiloride and is also sensitive to lipophilic amiloride 

derivatives including ethylisopropylamiloride (EIPA), benzoylguanidines HOE694 

and capiroide [171]. Derivatives of the NHE1 inhibitor amiloride are known to 

interact with the N-terminal domain of NHE1 [172, 173]. Ec-NhaA is only sensitive 

to an amiloride derivative, 2-aminoperimidine (AP [174]), whose binding site has 

been identified on the Ec-NhaA crystal structure using the Landau NHE1 model and 

mutagenesis [11].

The regulation of NHE1 at the C-terminal module [175] involves phosphoinositi-

des, postranslational modifications (phosphorylation, ubiquitylation), and binding 

proteins [3, 109]. The cytoplasmic region proximal to the membrane (∼60 resi-

dues), termed the lipid-interacting domain (LID), is an important regulatory domain 

of NHE1. Modulation of NHE1 activity by various activators and inhibitors occurs 

through the direct binding of these molecules to the LID, which alters the associa-

tion of the LID with the plasma membrane; ATP and the NHE1 activator phospha-

tidylinositol 4,5-bisphosphate bind competitively to the LID [109, 176].

The second messenger, Ca2+, is involved in NHE1 regulation via four Ca2+ bind-

ing proteins, including calmoduline (CaM), which bind to two sites at the C-terminus 

of the regulatory module. A crystal structure (2.3 Å resolution) of the NHE1 bind-

ing region (amino acids 622–684) in complex with CaM (amino acids 5–48) and 

Ca2+ has been determined [158]. Calmodulin binds to a high-affinity site (amino 

acids 636–656) and to a low affinity site (amino acids 657–700). The structure sheds 

light on how Ca2+ might regulate NHE1 activity [158]. In the absence of calmodu-

lin, the high-affinity binding site of NHE1 interacts with another region of NHE1, 

most likely the proton modifier site in the transmembrane domain, acting in an auto- 

inhibitory manner. In the presence of increased intracellular Ca2+ and calmodulin, 
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this interaction is released, and activation of NHE1 follows. In support of this 

model, deletion of the high-affinity calmodulin binding site on the C-terminus ren-

ders NHE1 constitutively active [158]. Association of NHE1 and CaM through 

endothelin-dependent signaling pathways has recently been shown in vivo [177]. 

For an extensive review see [109].

Calcineurin homologous proteins (CHPs) 1–3 constitute another well-studied 

group of NHE1-binding proteins (review in [109]). CHP1 is cytosolic and 

 myristoylated, binds Ca2+ and interacts with a hydrophobic cluster of residues in 

NHE1 located between amino acids 510 and 530. CHP1 is an obligatory binding 

partner of NHE1 in the membrane (and also of NHE2 and NHE3), and its pri-

mary function in NHE1 appears to be stabilization of the NHE1 structure in the 

physiologically relevant conformation for optimal surface expression and 

exchange activity [178, 179]. Thus, NHE1 or CHP1 mutations that interfere with 

the interaction result in a dramatic loss of both NHE1 activity and NHE1 protein 

expression in the plasma membrane. Furthermore, CHP1 is co-purified with 

NHE1 from fibroblasts at nearly 1:1 stoichiometry [180]. CHP1 is phosphory-

lated in cells [181]; however, the role of this phosphorylation awaits further 

investigation. It is not clear whether or how CHP1 is involved in the external 

stimulus-induced activation of NHE1 [157, 178]. In cardiac muscles, both CHP1 

and CHP3 are expressed; however, it is not yet known how cardiac NHE1 is dif-

ferentially regulated via interaction with these distinct CHP isoforms.

CHP2 has 61 % amino acid identity to CHP1 and binds to the same juxta- 

membranous region on the NHE1 C-terminus. CHP2 is highly expressed only in the 

intestine and in tumor cells and protects cells from serum deprivation-induced cell 

death by activating NHE1 and increasing cell pH. The crystal structure of CHP2 in 

conjunction with the juxta-membranous portion of the NHE1 C-terminus has 

recently been solved [156, 162].

Evidence suggests that NHE1 binds ATP [182]. However, the need for ATP is 

largely the result of cellular depletion of PIP2 when ATP is depleted [183]. The 

inner leaflet of the plasma membrane is rich in PIP2, which at physiological pH 

bears between 3 and 4 negative charges on average. The high charge density prob-

ably attracts positively charged regions of the tail of NHE1, which have been shown 

to be essential for optimal NHE1 activity [106]. Such polycationic motifs are dis-

cernible in the cytosolic domains of NHE1 and NHE3 [184, 185]. NHE1 contains 

two C-terminal juxta-membrane stretches of positively charged amino acids that 

bind PIP2 in vitro [184]. Mutation of these two sites greatly reduces NHE1 activity 

and PIP2 binding. Accordingly, synthetic peptides mimicking the polycationic 

motifs of NHE3 detach from the membrane when PIP2 is depleted [186]. Because 

depletion of ATP is accompanied by net dephosphorylation of PIP2 into inositides 

of lower charge, detachment of the tail from the membrane could readily account 

for the observed inhibition of transport [184]. Indeed, NHE1 function in ATP- 

depleted cells can be restored by direct perfusion of PIP2 into the cell. Nevertheless, 

the underlying mechanisms by which PIP2 affects NHE1 activity remain unknown.

Sardet et al. first demonstrated that NHE1 is a phosphoprotein [187]. All relevant 

in vivo phosphorylation sites map to the NHE1 C-terminal 636–815 amino acids. 

However, deletion of these sites resulted in only a ~50 % loss of the growth factor 
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stimulatory effect on NHE1 activity, suggesting that activation of NHE1 by growth 

factors occurs via additional mechanisms that do not require its direct phosphoryla-

tion. Several kinases have been shown to be involved in NHE1 phosphorylation [12, 

22, 107, 188, 189]; other kinases and isoforms potentially involved in phosphoryla-

tion have been investigated poorly, if at all. Dephosphorylation of NHE1 is carried 

out by protein phosphatases PP1 and PP2a, and prevention of dephosphorylation by 

inhibition of phosphatases maintains NHE1 in an active state.

A recently identified NHE1 splice variant is an Na+/Li+ exchanger and not an 

Na+/H+ exchanger. The functional relevance of this protein has not been established. 

Notably, NHA2 also carries out Na+/ Li+ exchange (see Section 3.2).

3.1.2 SLC9A2-NHE2

The NHE2 protein [190, 191], an epithelial Na+/H+ exchanger, has 812 amino acids 

and is O-, but not N-linked glycosylated [192]. In contrast to the ubiquitous expres-

sion of NHE1, NHE2–5 show a restricted expression pattern: for example, NHE2–4 

are predominantly expressed in the epithelial cells of the kidney, small intestine, and 

stomach, and NHE5 is mainly expressed in the brain [193–196]. When expressed in 

epithelial cells, NHE2 predominantly localizes to the apical membrane [193, 196]. 

For further details see [107, 190, 191, 193]. NHE2 has been suggested to be involved 

in intestinal and renal Na+ absorption and possibly also in repair of epithelial dam-

age [197]. Most recently, NHE2 expression was shown to be localized in the pitu-

itary, with functional implications [198].

3.1.3 SLC9A3-NHE3

The NHE3 protein [190, 199] contains 834 amino acids in humans and is an exam-

ple of the NHE isoforms that continually traffic between the recycling endosome 

system and the plasma membrane with their major function being in the plasma 

membrane [200, 201]. NHE3 is thus most related to NHE5 and is dissimilar to the 

intra-organellar NHEs, whose major function is in the organellar membranes [9] 

(Section 3.1.6). NHE3 is highly resistant to amiloride and its derivatives [202].

NHE3 is present in the Na+ absorptive cells of the mammalian small intestine, 

colon, gall bladder, renal proximal tubule, and thick and thin limbs of the loop of 

Henle [193]. The apically-localized NHE3 is responsible for the majority of intesti-

nal and renal Na+ absorption [107, 203]. In these absorption processes, NHE3 is 

linked to members of the SLC26A family of Cl/HCO3 exchangers, particularly 

DRA (SLC26A3) [204]. The linkage is established indirectly via changes in pHin, 

although there may also be a direct physical linkage between NHE3 and DRA.

In intestinal Na+ absorptive cells, nutrient (D-glucose and D-galactose, L-amino 

acid) related Na+ absorption and neutral NaCl absorption via NHE3 were once thought 

to be independent processes [203]. However, it is now known that D-glucose, acting 

via an SGLT1 transporter (SLC5A1), increases NHE3 trafficking to the brush border 

of intestinal Na+ absorptive cells [205, 206]. Specifically, SGLT1 uptake of D-Glu 
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initiates an apical signaling cascade to increase NHE3 exocytosis. This process, along 

with changes in tight junctional permeability, is likely to contribute to the stoichiom-

etry of Na+ to glucose absorption occasionally being higher than that of SGLT1 (2 

Na+:1 D-Glu). The involvement of NHE3 in respiration is not well defined [207].

Despite being classified as plasmalemmal, NHE3 and NHE5 are also present in 

internal membranes, specifically in recycling endosomes [208, 209]. Operation of 

the NHEs in their conventional (H+ excretion) mode predicts that Na+ trapped during 

endocytosis drives the translocation of cytosolic protons into the endosomal lumen, 

where these protons accumulate. Indeed, a modest yet significant acidification attrib-

utable to Na+/H+ exchange has been reported [208, 210]. Vesicular traffic along the 

endocytic pathway is known to be dependent on proper luminal acidification [211]. 

Accordingly, knocking out the NHE3 gene or inhibiting its activity have been associ-

ated with impairment of albumin delivery to sorting endosomes and lysosomes in 

renal cells, as well as with tubular proteinuria in whole animals [210, 212]. Despite 

these fascinating observations, it is not clear whether the plasmalemmal- type NHEs 

can contribute significantly to organellar pH homeostasis. Because they are highly 

selective for Na+, these exchangers can only operate transiently, since their luminal 

substrate becomes rapidly depleted, unless replenished by active Na+/K+-ATPases. 

However, in the case of polarized epithelial cells, the apically derived vesicles bear-

ing NHE3 are devoid of Na+/K+-ATPases.

It must be borne in mind that vacuolar-type H+ pumps (V-ATPases) are generally 

acknowledged to be the primary determinants of luminal acidification in all the sub- 

compartments of the endocytic pathway. Hence, it is unclear whether the limited 

contributions of NHE3 and similar exchangers have a measurable impact on the 

maintenance of the luminal pH of endosomes. It is also not clear how this function 

interacts with the organellar V-ATPase.

NHE3 is one of the most highly regulated transport proteins, with regulation 

occurring acutely, as well as on both an intermediate and a long-term basis, includ-

ing circadian regulation [213, 214]. For detailed reviews of second-messenger and 

ligand regulation of NHE3, see [107, 200, 201, 203, 206, 213, 215–218].

The NHE3 C-terminus is necessary for NHE3 regulation. The NHE3 C-terminus 

acts as a scaffold binding multiple proteins and various lipids [188, 213, 219–224]. 

It has recently been shown that NHE3, when complexed with CHP1, undergoes a 

shift in pHin sensitivity (0.4 units) toward the acidic side in comparison with NHE3 

alone, as measured by oscillating pH electrodes combined with whole-cell patch 

clamping [225]. Thus, CHP1 interaction with NHE3 apparently establishes the 

exchanger set point for pHin.

Structurally, the C-terminus of NHE3 is predicted to have multiple helical 

domains close to the N-terminal transport domain. One of these domains, NHE3 

amino acids 473–497, is highly homologous to a domain in the NHE1 C-terminus 

(amino acids 516–540) for which the structure has been solved when bound to 

CHP2 [157].
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3.1.4 SLC9A4-NHE4

Human NHE4 has 798 amino acids [107]. NHE4 expression is highest in the stom-

ach and is also found, although at lower levels, in the kidney medulla, hippocampus, 

zymogen granules of the pancreas, and salivary gland.

NHE4 localizes to the basolateral membrane of epithelial cells. In the stomach, 

NHE4 is expressed in parietal cells. In the salivary gland, it is expressed in acinar 

and duct cells. However, NHE4 is not found in the small or large intestine. When 

expressed in fibroblasts, NHE4 is virtually inactive but can be activated by cell 

shrinkage or by an anion transporter inhibitor [195]. NHE4 is relatively resistant to 

amiloride and its analogs. NHE4-knockout mice have provided some insights into 

the protein’s physiological and pathological functions [226, 227] (see Section 4.2).

3.1.5 SLC9A5-NHE5

Human NHE5 [228] has 896 amino acids. Its expression is highly restricted to the 

brain and sperm, although it is also observed in the spleen and skeletal muscle 

[228–230]. NHE5 found in multiple regions of the brain, suggesting that the protein 

might be neuron-specific.

NHE5 has high homology with NHE3 (50 % amino acid identity) and shares 

similar pharmacological, regulatory, and cell localization properties. Thus, NHE5 is 

located at both plasma membrane and recycling endosomes when expressed in 

mammalian cells, and it cycles between these two pools [209]. The internalization 

of NHE5 is clathrin-mediated, and the protein forms a complex with β-arrestins 

[231, 232]. Mutations within NHE5 amino acids 702–714 have been shown to abol-

ish phosphorylation and binding of β-arrestin-2 in vitro. However, the mutant 

retained its ability to form a complex with β-arrestin-2 in vivo. Phosphorylation of 

NHE5 by the kinase CK2 is required for binding to β-arrestin-2 and for internaliza-

tion of NHE5 to recycling endosomes [231, 233]. For further details see [107, 164, 

233, 234].

NHE5 has recently been suggested to control dendritic spine growth via a pH- 

dependent negative-feedback mechanism [235]. A human brain cDNA library for 

NHE5-interacting proteins was screened, and a 2-catalytic subunit of AMP-activated 

protein kinase (AMPK) was identified as a putative partner [236]. AMPK is an evo-

lutionarily conserved serine/threonine protein kinase that functions as a key sensor 

and master regulator of energy homeostasis at the cellular and organismal levels. 

Experimental results show that NHE5 forms a complex with both catalytic subunits 

of AMPK, and that activation of AMPK regulates hippocampal neuronal pHin 

response to metabolic stress-induced acidosis by promoting cell surface accumula-

tion of NHE5. This interaction represents a potentially novel mechanism for cou-

pling energy metabolism to pHin homeostasis in nervous tissue. It is puzzling that 

the allosteric effect of cytosolic H+ was not detected in the case of NHE5 [237].
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3.1.6  SLC9A6, SLC9A7, and SLC9A9-Intracellular NHEs: NHE6, 
NHE7, NHE9

NHE6, NHE7, and NHE9 [111, 238] are considered together as intracellular mem-

bers of the NHE family derived evolutionarily from the Saccharomyces cerevisiae 

Nhx1, the first member of the NHE family to be molecularly identified [239]. Nhx1 

can probably serve as a model for the function of the other intracellular NHEs, and 

is a K+ and Na+/H+ antiporter. It is present in the yeast vacuolar membrane, where it 

serves to exchange intra-vacuolar H+ for cytosolic K+ and thus sets the vacuolar and 

cytosolic pH. It also appears to be involved in membrane trafficking from the late 

endosome to the vacuole and fusion in the vacuole [240]; these processes are depen-

dent on intra-vacuolar pH. Abnormalities in these steps due to Nhx1 knockout can 

be reversed by correcting the vacuolar pH. Nhx1 has also been studied in a cell-free 

system [241].

In contrast to the transport of plasmalemmal NHEs, active transport by endo-

somal NHE is driven by the H+ gradient generated by the V-type H+-ATPase, result-

ing in cation (Na+ or K+) sequestration coupled to removal of protons from the 

compartmental lumen. Hence, the plasma membrane and endosomal subtypes have 

different ion selectivity, with the former being Na+-selective, whereas most intracel-

lular isoforms transport both K+ and Na+ ions [242]. The intra-organellar NHEs 

have similar Vmax and Km for Na+ and K+. The cation selectivity of endosomal NHEs 

has been related to the presence of multiple charged residues at the putative second 

extracellular loop.

In the endocytic pathway, organellar pH gradually decreases from early endo-

somes to lysosomes, with the latter exhibiting a pH of 4.5–5 [243]. Large pH gradi-

ents also exist within the recycling endosomal system of polarized cells [244]. 

Organellar pH is a critical regulator of enzyme activity, intracellular trafficking, 

membrane fusion, posttranslational modifications, dissociation reactions of recep-

tor–ligand complexes, and uptake of neurotransmitters [242]. Despite the impor-

tance of tightly-controlled endomembrane pH, the molecular mechanisms 

maintaining pH in each organelle remain poorly understood. It is generally accepted 

that organellar pH is not set by regulation of V-ATPase activity per se but by proton- 

leak pathways (e.g., NHEs) and counter-ion conductance (e.g., Cl− channels) [243, 

245].

Compared with the extensive research done on plasma membrane isoforms, 

functional characterization of mammalian endosomal NHE has been conspicuously 

slow. This is in part due to methodological limitations. Standard assays of plasma 

membrane-NHE activity, which follow pH-dependent recovery, consistently fail to 

detect endosomal NHE function. Measurement of luminal pH uses compartment- 

specific pH-sensitive green fluorescent protein (GFP) constructs, which often show 

only modest changes, possibly, in part, because of the buffering role of GFP itself in 

small vesicles. In COS7 cells, an elevation of 0.4 pH units in recycling endosomes 

upon overexpression of NHE9 has been observed [246]. However, in the latter 

study, no effect of NHE6 overexpression was observed.
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Nevertheless, in light of their distinct localization primarily along the endosomal 

and secretory pathways [242, 246], it is likely that intracellular NHEs play a critical 

part in the regulation of organellar pH. NHE6 is mostly considered a recycling 

endosomal protein [247], NHE7 is present in trans-Golgi [238], and NHE9 is pres-

ent in late and recycling endosomes and late endosomes/lysosomes [246]. NHE8, 

which is discussed separately (see Section 3.1.7) is present in mid- to trans-Golgi, 

although it appears to be present in the brush border of some epithelial cells. 

Providing additional supportive evidence of the role of intracellular NHEs, studies 

have shown that overexpression or loss of these NHEs alters organellar pH [208, 

246, 248, 249]. This notion is challenged, however, by studies in which knockdown 

or loss of individual organelle-specific NHEs had no effect on pH [250–252], 

although redundancy may theoretically explain the latter finding. Nevertheless, the 

spatial and temporal regulation of intracellular NHE expression in the brain may 

hold clues to the distinct and diverse phenotypes associated with these proteins, 

including autism and neurological disorders [111] (see Section 4).

In specialized tissues, NHE6, NHE8, and NHE9 appear, at least transiently, at 

the plasma membrane. NHE6 has been detected in the basolateral membrane of 

mineralizing osteoblasts, where it seemingly contributes to the maintenance of cyto-

solic pH [253]. NHE6 and NHE9 were also detected at the surface membrane of 

hair cell stereocilia of the inner ear [254]. In this system, the exchangers seem to 

exchange cytosolic H+ for K+, which is concentrated in the endolymph facing the 

extracellular surface of the hair cells.

Since NHEs exchange cations for protons, they affect not only intraluminal H+ 

concentration but also the concentration of Na+ and K+, depending on ion selectiv-

ity. However, very little is known about the regulation of organellar Na+ and K+ by 

cation/proton antiporters. It is likely that organellar cations participate in the regula-

tion of many processes, as does pH [246, 248, 253–255].

Regulation of the intracellular NHEs has not been comprehensively studied. 

NHE6 binds RACK1 (as do NHE7 and NHE9), using the NHE cytoplasmic 

C-terminus. Knocking down RACK1 leads to higher expression of intracellular 

NHE6 and less expression of plasma membrane NHE6 and is accompanied by 

higher pH in the recycling endosomes [242, 256]. This suggests a RACK1-dependent 

regulated trafficking of NHE6 between the plasma membrane and recycling endo-

somes. NHE9 also binds RACK1 via its cytoplasmic C-terminus, and this interac-

tion seems to affect the steady-state distribution of NHE9 between endosomes and 

the plasma membrane. For additional reviews see [108, 111, 257].

NHE6 and NHE7 have multiple C-terminal binding partners (cytosolic proteins); 

however, the functions relating to regulation of these NHEs are poorly understood 

[258, 259]. NHE7 appears to be the NHE isoform present in the trans-Golgi, 

although it also traffics to the recycling system and to the plasma membrane [238]. 

Like other NHEs, it is partially localized to lipid rafts and associates with caveolin. 

The NHE7 C-terminus appears responsible for its trans-Golgi localization com-

pared to NHE6, but NHE6 localization to the recycling system could not be attrib-

uted to the NHE6 C-terminus. An unusual feature of NHE7 is its insensitivity to 

amiloride, together with its inhibition by benzamil and quinine.
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3.1.7 SLC9A8-NHE8

Human NHE8 [260] has 581 amino acids. On the basis of phylogenetic analysis, 

SLC9A8 has been predicted to encode an intracellular NHE and shares about 25 % 

homology with other members of the gene family [9]. Furthermore, the C-terminus 

of NHE8 is 50–100 amino acids shorter than that of other NHEs and shares no sig-

nificant amino acid similarity, suggesting that the regulation of NHE8 is different 

from that of other family members. NHE8 is sensitive to amiloride [261].

NHE8 is ubiquitously expressed in human tissues, with the highest expression in 

the skeletal muscle and kidney. In the human kidney, NHE8 expression is restricted 

to the proximal tubule, whereas in the intestine, NHE8 is found in the stomach, 

duodenum, jejunum, ileum, and colon. NHE8 is also present ubiquitously in the 

trans-Golgi network and multivesicular bodies or late endosomes but is uniquely 

enriched in the apical membrane of some epithelial cells [261, 262]. It is unclear 

whether NHE8 is an intracellular or a plasma membrane NHE [107, 197, 246, 

263–267].

NHE3 and NHE8 are developmentally regulated; NHE8 seems to be the major 

intestinal brush border NHE in neonates, and NHE3 is the predominant brush bor-

der NHE in adults [264, 268]. In renal proximal tubules, brush border NHE8 protein 

expression decreases with maturation, although the total amount of NHE8 in renal 

cortical membranes is higher in adults than in neonates. Furthermore, immunostain-

ing of adult proximal tubules has revealed NHE8 in coated pit regions in addition to 

brush borders [251, 262].

Silencing NHE8 in HeLa-M cells results in perinuclear clustering of endosomes and 

lysosomes and perturbs endosomal protein trafficking, suggesting that NHE8 might be 

a negative regulator of inward vesiculation or that it might promote back fusion [269].

3.2  The NHA Eukaryotic Na+/H+ Exchangers

The SLC9B exchangers have recently been added to the SLC9 family [9, 240], and 

have also been classified as part of the CPA1 family. Compared with NHE isoforms 

1–9, these newly identified antiporters have higher homology to prokaryotic Na+/H+ 

antiporters such as Ec-NhaA, and have thus been named NHA1 and NHA2, respec-

tively. NHAs are predicted to contain 12 transmembrane domains, but unlike NHEs 

1–9, seem to possess only short intracellular N- and C-termini.

NHA1 is 515 amino acids long [270] with ~50 kDa. According to RT-PCR 

experiments of human RNA tissue samples, it is expressed exclusively in the testis. 

The human biologic function of NHA1 remains unclear. The Drosophila melano-
gaster homologues of NHA1 and NHA2 (CG10806 and CG31052 or Dm-NHA1 

and DM-NHA2) are localized in the apical plasma membrane of Malpighian (renal) 

tubules, together with the proton pumping V-ATPase [271, 272]. It has been pro-

posed that they secrete cations into the tubular lumen, in conjunction with the 

V-ATPase. This close coupling of a primary V-ATPase with a secondarily active 
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cation/H+ exchange has been referred to as the Wieczorek model [271, 273]. Upon 

heterologous expression in NHE-deficient yeast (Saccharomyces cerevisiae), 
Dm-NHA1 localized to the plasma membrane and conferred protection against 

excess K+. Heterologously overexpressed Dm-NHA2, on the other hand, was pres-

ent on the vacuolar membrane, and transformed yeast displayed increased tolerance 

towards excess Na+.

The subcellular localization of human NHA2 has been a matter of controversy 

[274–276]. Xiang and coworkers [276] showed that NHA2 is ubiquitously expressed 

in mouse tissues. According to immunofluorescence studies, pancreatic β-cells, dis-

tal tubular cells of the kidney (MDCK) and NHE-deficient yeast heterologously 

express human NHA2. NHA2 can also be found at the plasma membrane of native 

osteoclasts or in transfected mammalian cells. In addition, NHA2 has been found in 

endosomes at both functional and biochemical levels [250, 275].

When overexpressed in NHE-deficient yeast, NHA2 conferred tolerance to Li+ 

and Na+ but not K+, in a pH-dependent manner [274, 276, 277]. NHA2 was inhibited 

by phloretin but not by the classical NHE-inhibitor amiloride, even at high concen-

trations. Mutation of two conserved aspartic acid residues (equivalent to Asp163 

and Asp164 in Ec-NhaA) in the putative TM 5 of NHA2 (likely involved in cation 

binding and/or transport) led to loss of salt tolerance in transfected yeast [276].

Rao and colleagues [278] recently discovered an unconventional chemiosmotic 

coupling of NHA2 to a plasma membrane H+ gradient, via V-ATPase in mammalian 

cells. They observed NHA2-mediated phloretin-sensitive Na+/Li+-counter transport 

in MDCK cells overexpressing NHA2, with important functional implications (see 

Section 4.4). While detailed kinetic studies are currently lacking, these studies 

clearly indicate that NHA2 is a bona fide NHE.

3.3  SLC9C, Sperm NHEs

A review of the physiology of Na+/H+ exchangers in the male reproductive tract has 

recently been published [279]. The Slc9c1 gene encoding sperm-specific NHE was 

originally identified in a mouse spermatid (haploid cell)-enriched cDNA library 

[280, 281]. Mammalian SLC9Cs lack distinct orthologues in non-mammalian 

genomes and are grouped separately from NHEs (SLC9A subfamily) and NHAs 

(SLC9B subfamily) in a distinct SLC9C subfamily.

SLC9Cs comprise an NHE-like N-terminal domain and a long non-conserved 

C-terminal part. with similarity to the Na+-transporting carboxylic acid decarboxyl-

ase transporter family, a subfamily of the CPA superfamily [9, 240]. Northern blot-

ting and dot blot analysis of a wide array of mouse tissues indicted that SLC9C1 

mRNA expression is restricted to testicular tissue [280]. The putative open reading 

frame of mouse Slc9c1 encodes 1120 amino acids. Based on hydropathy analysis, 

the protein is proposed to contain 14 transmembrane domains, which include a 

unique voltage-sensing motif and a cyclic nucleotide-binding domain [280].
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When transfected in NHE-null fibroblasts, full-length sperm NHE was poorly 

expressed. A chimeric construct in which the first transmembrane domain of sperm 

NHE was replaced with that of NHE1, however, exhibited improved expression at 

the plasma membrane and measurable NHE activity, suggesting that sperm NHE is 

indeed a functional Na+/H+ exchanger [278].

4  Na+/H+ Antiporters in Human Disease and as Drug Targets

Certain important functions in cell physiology are accomplished by cooperation of 

several NHEs [106]. Researchers should take this cooperation into account when 

seeking to identify specific NHEs as drug targets. Here we will relate separately to 

each antiporter. Mutations, knockout mice and use of NHE inhibitors are highly 

instructive in the study of the physio-pathological roles of a transporter. Furthermore, 

improvements in DNA sequencing technology have enabled large-scale sequencing 

of the human genome to be used to discover mutations associated with specific 

diseases or traits, including diseases or phenotypes not widely known or previously 

identified [282].

Nevertheless, although invaluable as a spotlight on the NHEs, genetic analyses 

and gene sequencing approaches alone do not provide definitive functional insight 

in the absence of structure-function information. Functional/structural evaluation of 

disease-associated NHE variants will be essential to predict clinical outcome, as a 

prerequisite to personalized therapy in patients with autism and other neurological 

diseases (see following subsections). Thus, a given alteration may be a harmless 

polymorphism or causal to the disease.

4.1  NHE1

Because NHE1 is critical for maintaining fundamental processes in cellular physiol-

ogy, homeostasis of intracellular pH, salt concentration and cell volume [107, 109, 

137, 138] (see Section 3.1.1), a change in its activity is detrimental to the cell. 

Furthermore, NHE1 has numerous indirect physiological roles that accompany or 

are a result of its pH regulatory function.

Two different Slc9a1-knockout mice have been reported. One is a spontaneous 

mutation that arose with a subsequent NHE-null phenotype [283]. The second 

knockout was engineered by homologous recombination resulting in deletion of 

NHE1 transmembrane domains 6 and 7 [284]. Compared with wild-type mice, 

NHE1 knockout mice showed lower steady-state pHin, attenuated pHin recovery 

from cell acidification (even in the presence of HCO3 ) and increased expression 

and current density of voltage-gated Na+ channels in hippocampal and cortical 

regions [285–287]. Loss of NHE1 was compatible with embryogenesis but was 

associated with a lower rate of postnatal growth and higher mortality [284]. In 
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 addition, knockout mice suffered from ataxia and epileptic seizures. This phenotype 

was associated with brain and other neural damage.

Ischemia-reperfusion induces cardiac injuries that are mediated by NHE1 [8, 

288]. This conclusion is based on studies indicating that NHE1 inhibitors (review in 

[109]) afford significant protection against these injuries in many animal models 

and in patients undergoing coronary interventions [289, 290]. Evidence that NHE1- 

knockout mice are resistant to ischemia-reperfusion injury further supports the 

potential involvement of NHE1 in these injuries [291]. However, in a recent report, 

paradoxical resistance to myocardial ischemia-reperfusion injury was observed in 

transgenic mice overexpressing NHE1. This resistance may have been due to a 

stress response rather than NHE1 activation [292].

Overexpression of NHE1 also exaggerates the damage that occurs during myo-

cardial ischemia and reperfusion. Enhanced NHE1 activity can cause substantial 

intracellular Na+ accumulation that, through the activity of the plasmalemmal  

Na+/Ca2+ exchanger, induces a deleterious increase of intracellular Ca2+ that ulti-

mately leads to cell death [293]. Pharmacologic inhibition of NHE1 during episodes 

of ischemia–reperfusion has been shown to mitigate cardiac and neural injuries both 

in vivo and in vitro in rodents and pigs [294], with the mechanism presumably being 

lower accumulation of Na+-driven intracellular Ca2+.

NHE1 is also implicated in the cardiac hypertrophy and heart failure that often 

result from post-infarction remodeling. In addition to causing dysregulation of 

intracellular Ca2+ homeostasis, enhanced activities and/or expression levels of 

NHE1 are thought to be responsible for the cardiac remodeling observed in various 

animal models. In addition, treatment with NHE1 inhibitors reduced the pathologi-

cal phenotypes of these animals [295–297] all of which exhibited pathological 

hypertrophy. The inhibition of Na+/H+ exchange prevented hypertrophy, fibrosis, 

and heart failure in β1-adrenergic receptor transgenic mice in which cardiac NHE1 

was up-regulated [139]. A similar protective effect of cariporide was reported in 

other cases [298]. Furthermore, in both animal and human hearts, sarcolemmal 

NHE1 activity was demonstrated to be significantly elevated during chronic end- 

stage heart failure. For reviews of downstream signaling leading to cardiac hyper-

trophy and heart failure, see [109, 299–301].

Because many signal transduction pathways are activated during hypertrophy, it 

is not clear whether activation of NHE1 alone is sufficient to induce hypertrophy. 

This question was directly addressed by Wakabayashi and colleagues, who devel-

oped a transgenic mouse that selectively overexpressed a constitutively active 

NHE1 in the heart [179, 302]. This form of NHE1 lacks the CaM-binding autoin-

hibitory domain [163], which results in an alkaline shift of pHin-dependence and 

hence mimics the pathological states in which hormonal stimulation occurs. 

Activation of NHE1 was found sufficient to initiate cardiac hypertrophy and heart 

failure via activation of Ca2+-dependent prohypertrophic signaling pathways, and 

possibly via acceleration of Ca2+-induced cell death.

Thus, NHE1 inhibitors have been promising in preclinical trials, protecting the 

myocardium from various diseases [303]. However, clinical trials in humans have 

not been promising, showing no overall benefit of NHE1 inhibition by cariporide in 
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acute coronary syndromes and no benefits in patients with acute myocardial infarc-

tion. The failure to obtain practical benefit from NHE1 inhibitors in humans is 

largely due to a lack of inhibitor specificity [8, 109, 304]. Hence, increased knowl-

edge of the atomic structure of NHE1 may facilitate the development of improved 

inhibitors for clinical use.

NHE1 also participates in cell migration [136, 305–307]. Inhibition or genetic 

ablation of NHE1 from fibroblasts significantly reduces migration speed and inhib-

its chemotaxis. Both ion translocation and anchoring of cytoskeletal proteins 

through the intracellular NHE1 C-terminus are required in order for migration to 

take place [136]. Involvement of NHE1 in cell migration is apparent in vitro in cer-

tain cell types; however, inhibition of NHE1 transport in granulocytes does not 

affect chemotaxis and chemokinesis [308].

NHE1 also plays a role in the pathogenesis of cancer (see [309] for a comprehen-

sive review). In athymic nude mice, CCL39 hamster lung fibroblasts deficient in 

NHE1 caused tumors less frequently than did wild-type cells with functional NHE1 

[310]. NHE1-dependent intracellular alkalinization seems to play an important role 

in the development of a transformed phenotype, which can be prevented by NHE1 

inhibition [311]. In breast cancer and leukemic cells, inhibition of NHE1 exerts a 

protective effect against cancer, inducing apoptosis [312, 313]. As described above 

in this section, NHE1 has a fundamental role in cell migration. In breast cancer 

cells, serum deprivation activates NHE1 to induce cell motility and invasion [183]. 

The protons extruded by NHE1 at the cell front create an acidic environment opti-

mal for the activity of proteinases involved in the degradation of the extracellular 

matrix. Low pH also enhances cell–matrix interactions and cell adhesion at the front 

[309, 314–317]. Thus, NHE1 seems to promote tumorigenesis at several levels, 

including cell proliferation, cell migration, invasion, metastasis, and suppression of 

apoptosis [318, 319]. However, there is no evidence that inhibition of NHE1 is use-

ful in the treatment of cancer in humans.

Investigations of polymorphisms [282] in the SLC9A1 gene have shown that the 

Ser771Pro mutant is defective in expression and has unusual activation under sus-

tained intracellular acidosis [161]. This is the first characterization of the effect of a 

human mutation on the SLC9A1 gene.

4.2  NHE2-NHE5 and NHE8

4.2.1 NHE2

Because the physiological role of NHE2 is not known (see Section 3.1.2), the patho-

logical impact of this protein is also not clear [107]. NHE2-knockout mice display 

higher renal and plasma renin levels compared with wild-type mice [320]; further-

more, NHE2 shows a role in salivation responses [321]. Despite this, the knockout 

mice do not differ from their wild-type counterparts with respect to blood pressure, 

plasma aldosterone levels, renal sodium excretion or feedback responses, although 
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significant NHE2 expression and activity has been observed in relation to these 

processes. It appears that the absence of NHE2 can be compensated for, most likely 

by NHE3 and NHE8 [322–328]. Most recently, NHE2 expression was localized to 

the pituitary, and its absence was shown to result in gross histological abnormalities, 

suggesting that the protein fulfills additional roles [198]. Ultimately, there is no 

known human disease ascribed to defects in this transporter [329].

4.2.2 NHE3

Linkage of SLC9A3 to human diseases is limited, although animal models suggest 

likely clinical implications: NHE3-knockout mice display metabolic acidosis and 

alkaline urine [330, 331] and absorptive defects of both sodium and water in both 

intestinal and renal tubular epithelia [325, 332, 333]. This results in volume deple-

tion and hypotension despite increased renin expression [331]. Knocking out 

NHE3 in the intestine and conditionally knocking out renal NHE3 [330, 334] con-

firmed that both systems contribute to the significant decrease in circulating volume 

observed in NHE3-knockout mice. Given the large amounts of sodium and water 

that are not reabsorbed from the proximal tubule in the absence of NHE3, it is sur-

prising that the NHE3-knockout mice survive at all [335, 336]. For further details 

see [107, 327, 331, 337].

NHE3 is also implicated in Ca2+ homeostasis. Specifically, it is likely that NHE3 

provides the driving force for Ca2+ absorption from renal and intestinal epithelia 

[108, 338, 339]. NHE3 has also been found to play a role in intestinal inflammation 

[323, 340–343] and is a target for treatment of acute diarrhea [206].

4.2.3 NHE4

The physiological function of NHE4 is not clear, although NHE4-knockout mice 

have provided some insight into the protein’s physiological and pathological func-

tions [107, 226, 227].

4.2.4 NHE5

NHE5 is of particular interest in the nervous system, as its expression is largely 

confined to nervous tissue (see Section 3.1.5). Knockdown of SLC9A5, or expres-

sion of a dominant-negative mutant (E209 mutant), results in spontaneous spine 

outgrowth. It is therefore suggested that NHE5 controls dendritic spine growth via 

a pH-dependent negative-feedback mechanism [235]. Enhanced neuronal activity 

targets NHE5 from endosomes to plasma membranes of dendritic spines. The 

increased activity of NHE5 results in alkalinization of the dendritic spine and con-

comitant acidification of the synaptic cleft. This local acidification may serve as an 

autocrine feedback mechanism that regulates pH-sensitive proteins at the 

12 Sodium-Proton Antiporters in Health and Disease



438

post-synapse membrane and possibly also at the pre-synapse membrane. Hence, 

NHE5 may be a very important pharmacological target.

4.2.5 NHE8

The pathophysiology of NHE8 is not clear. While brush-border NHE activity is 

diminished in patients with congenital Na+ diarrhea (as compared with healthy indi-

viduals), there is no identified exonic mutation in SLC9A3 or SLC9A8 in these 

patients (the same applies to SLC9A1/2/5). Intestinal inflammations are associated 

with decreased expression of both NHE3 and NHE8, accounting for reduction of 

Na+ absorption in inflammatory diarrhea. Somatostatin stimulates NHE8 but not 

NHE3 expression in the mouse intestine [333].

Loss of NHE8 has been shown to decrease mucus secretion and to increase sus-

ceptibility to gastric ulcers [344]. In addition, compared with wild-type mice, 

NHE8-knockout mice exhibit disorganized mucus layers and greater adhesion of 

bacteria to the distal colon, and are more susceptible to mucosal injury [345]. A 

combination of studies in mutant mice indicates that NHE8 plays an important role 

in proximal tubular Na+ and HCO3  reclamation as well as in the protection of intes-

tinal epithelia from bacterial infections. However, NHE8-knockout mice do not 

demonstrate metabolic acidosis and have unaltered blood pressure compared to 

wild-type mice. This is probably due to compensatory up-regulation of brush- border 

NHE3 in the kidney [346]. In support of this, NHE3/NHE8 double-knockout mice 

were shown to have lower blood pressure and lower proximal tubular NHE activity 

compared with NHE3-knockout mice.

4.3  NHE6, 7, 9

For a comprehensive review of NHE6, 7, and 9, see [111]. Notably, neuronal activ-

ity and synaptic transmission require precise control of ionic balance, as well as 

vesicular trafficking to ensure appropriate surface delivery and turnover of synaptic 

membrane receptors and transporters [347]. Therefore, the family of intracellular 

cation/proton exchangers (NHE6, 7, and 9) residing on endosomal and recycling 

compartments, regulating luminal pH [242, 246, 247, 252, 254, 348, 349] and con-

troling vesicular trafficking, have been implicated in a range of neuropsychiatric 

disorders [9, 242, 251, 350–354].

Mutations in the NHE6 or NHE9 genes cause neurological disease in humans. 

These are currently the only NHEs directly linked to human disease, in keeping with 

the importance of maintenance of organellar pH [355]. NHE6 is encoded by the 

X-chromosome both in mice and in humans. Nonsense and missense mutations, as 

well as deletions in the SLC9A6 gene, have been observed [251, 308, 352]. These 

cause three phenotypes in humans: (a) X-linked Angelman syndrome, characterized 

by intellectual disability, microcephaly, epilepsy, ataxia, and behavioral 

 abnormalities [251, 353]; (b) an Angelman-like syndrome known as Christianson 
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syndrome [356]; and (c) a syndrome presenting with corticobasal degeneration with 

severe intellectual disability and autistic behavior [352]. The abnormal accumula-

tion of glutamate in the brain of patients with NHE6 mutations is indicative of an 

underlying problem in glutamate clearance from the synapse [251]. Glutamate is 

excitotoxic at high concentrations, and aberrant glutamate levels are associated with 

neurological abnormalities of epilepsy and cerebellar degeneration, both character-

istic symptoms of Angelman-like syndrome associated with NHE6 mutations [251]. 

The bulk of glutamate released into the neuronal synapse is cleared by rapid uptake 

into astrocytes, the single largest population of cells in the brain. Aside from the 

neurological phenotypes discussed above, little is known about extra-cranial conse-

quences of SLC9A6 gene mutations [251, 356].

The neurological phenotype of NHE6-knockout mice has recently been described 

[357]. Mutant mice have no obvious phenotype, even at older ages. Extensive 

behavioral testing revealed that certain histological abnormalities result in mild 

motor hyperactivity and deficits in motor coordination in the mutant mice. 

Remarkably, studying the same knockout mouse model, Morrow and co-workers 

recently found that NHE6-deficient neurons exhibit over-acidified endosomes 

[358]. This over-acidification leads to disruption of endosomal signaling; this dis-

ruption leads to neuronal endolysosomal storage disease with cell death, as well as 

to more subtle alterations in endosomal signaling pathways that impair the wiring 

of neuronal circuits.

A possible function of NHE6 has also been demonstrated in hepatoma cells 

[257] expressing a splice variant of Slc9a6 (NHE6.1). Knockdown of NHE6.1 low-

ered recycling endosomal pH and surprisingly disrupted the apical canalicular 

plasma membrane, causing failure to traffic or maintain apical proteins; these effects 

were associated with reduced amounts of apical lipids and suggests an effect of 

NHE6 in regulating apical recycling that involves lipids as well as proteins [257]. 

However, in other cell models, knocking down NHE6 did not alter endosomal pH, 

while knocking down both NHE9 and NHE6 did lead to acidification of early endo-

somes, suggesting either protein is sufficient for pH regulation [252].

NHE7 has recently been identified as a novel target gene for Alzheimer’s disease 

[359] and X-linked mental retardation contiguous gene syndromes [360]. It has been 

proposed that NHE7 works in a reverse mode compared with plasma membrane 

NHEs, by using cytosolic potassium in exchanging vesicular protons. A recent study 

of a fibroblast cell line that expresses wild-type NHE7 at the plasma membrane 

indeed shows that, contrary to the prevailing model, NHE7 functions as a proton-

loading transporter in a manner additive to V-ATPases [361]. This function is com-

patible with the neuronal distribution of the NHE7 protein observed in the study.

Genetic approaches have identified NHE9 as a candidate gene in attention deficit 

hyperactivity disorder (ADHD), addiction, autism and mental retardation [283, 355, 

358, 362–368]. Two other NHE9 mutations were identified in a rat model of ADHD, 

although the causal link to the disease was not established [368]. Therefore it could 

not be excluded that the variants associated with autism or ADHD represent benign 

polymorphisms [251, 283].

Remarkably, the functional consequences of human NHE9 missense mutations in 

astrocytes have recently been clarified [111, 248]. Overexpression of wild-type NHE9 
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but not of NHE9 mutants in astrocytes caused endosomal alkalinization and enhanced 

transferrin and glutamate uptake, indicating that the three missense mutations found 

in human NHE9 are loss-of-function mutations. As discussed above in this section, 

the abnormal accumulation of glutamate in the brain of patients with NHE6 mutations 

is indicative of characteristic symptoms of the Angelman-like syndrome [251]. Given 

the shared clinical symptoms in patients, it seems probable that, like NHE6, NHE9 

could regulate glutamate clearance in the synapse. Altered gene dosage can signifi-

cantly change vesicular pH and modulate cell surface expression and activity of glu-

tamate transporters in murine cortical astrocytes, where these transporters have the 

potential to impact neurotransmission. Kondapalli and colleagues [111, 248] have 

developed a neurobiological model that establishes a role for NHE9.

4.4  NHA1 and NHA2

The physiological and pathological roles of NHA1 are not clear.

Regarding NHA2, Battaglino and coworkers first identified and cloned Slc9b2 

from osteoclast precursor cells [369]. SiRNA-mediated knockdown significantly 

inhibited osteoclast differentiation and osteoclast function in vitro. Surprisingly, 

characterization of an NHA2-deficient mouse [275] showed normal development; 

in contrast to the published in vitro evidence, Slc9b2-deficient mice had normal 

bone density and their bones were characterized by normal structural parameters. 

These findings were recently confirmed independently [370]. Even when osteoclast 

differentiation and activation were stimulated by ovarectomy, no difference in bone 

loss could be observed between the two groups of mice up to 12 weeks after the 

intervention (Fuster, Hofstetter et al., unpublished observations). These findings 

suggest that NHA2 is dispensable for osteoclast differentiation and bone resorption 

in mice both in vitro and in vivo, at least under the conditions employed so far. The 

reason for the discrepancy between the in vitro and in vivo findings remains unclear.

On the basis of expression pattern, genomic localization and inhibitor character-

istics (amiloride resistance and phloretin sensitivity), NHA2 has been proposed to 

be the Na+/Li+ counter transporter [276] originally described in the early 1980s at a 

functional level, linked to the development of arterial hypertension and diabetes 

[371–373]. In support of this hypothesis, Moe and coworkers found NHA2 to be 

expressed in the distal tubule of the rat kidney, a renal tubular segment that is para-

mount for Na+ and blood pressure homeostasis in mammals [274].

Remarkably, Rao and colleagues [278] have recently established a mechanistically 

novel virtual H+-coupled Na+ (Li+)-efflux pump in mammalian cells that mediates 

phloretin-sensitive Na+-Li+ counter-transport activity driven by V-ATPase [278, 374]. 

Although plasma membrane H+ gradients have been observed in some specialized 

mammalian cells, the ubiquitous tissue distribution of NHA2 suggests that H+-coupled 

transport is more widespread. The coexistence of Na+ and H+-driven chemiosmotic 

circuits has implications for salt and pH regulation in the kidney [278].

A recent study looked at the role of NHA2 in the endocrine pancreas in detail 

[108, 250, 375]. NHA2 was found to be expressed both in human as well as rodent 
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β-cells and β-cell lines. Knockdown of NHA2 in the murine β-cell line Min6 

reduced glucose- and sulfonylurea-induced insulin secretion. Simultaneous overex-

pression of wild-type but not functionally dead human NHA2 rescued the insulin 

secretion deficit induced by knockdown of endogenous NHA2. Cellular insulin or 

pro-insulin contents were unaltered in NHA2-deficient Min6 cells. Therefore, 

impaired insulin synthesis or maturation was not the cause of the insulin secretion 

deficit observed. Identical findings were observed in vitro when insulin secretion 

was studied with islets from two different NHA2-deficient mice or when islets were 

subjected to an NHA2 inhibitor. Interestingly, islets isolated from heterozygous 

mice were not normal but also exhibited a secretory deficit, suggesting haplo- 

insufficiency. In vivo, both strains of NHA2-deficient mice displayed a pathological 

glucose tolerance with impaired insulin secretion but normal peripheral insulin sen-

sitivity, compatible with the insulin secretion deficit observed in vitro. Loss of 

NHA2 may therefore affect insulin secretion indirectly, and much of the underlying 

mechanisms remain unknown [376–379].

In summary, strong evidence points to the involvement of NHA2 in essential 

hypertension and diabetes. These interesting results highlight NHA2 as an impor-

tant drug target [375].

4.5  Sperm NHEs

Slc9c1-null male mice are completely infertile with severely diminished sperm 

motility but normal sperm numbers and sperm morphology [279, 280]. The corre-

sponding protein was detected in testicular lysates of wild-type but not Slc9c1- 

knockout mice. Addition of ammonium chloride and cell-permeant cAMP analogues 

partially rescued the motility and fertility defects. Knockout of sperm-NHE1 results 

in a complete loss of full-length bicarbonate-sensitive soluble adenylate cyclase, 

and a substantial reduction of bicarbonate-stimulated soluble adenylyl cyclase 

activity [281].

SLC9C2 (also known as NHE11) is another member of the SLC9C family for 

which no functional data exist. EST databases indicate that the protein is expressed 

in the testis and is probably also present in the ovary, skin and connective tissue.

Despite being likely candidates for drug targets, sperm NHE and NHE11 have 

not been linked to male infertility in humans.

5  Bacterial Homologues of Human Na+/H+ Antiporters 
as Models for Drug Design

The crystal structure of a target protein that is involved in a disease is an important 

basis for drug design. However, although many transporters are now known to be 

involved in pathogenesis in humans, we are still far behind in obtaining crystal 

structures of mammalian transporters. GLUT1, the human glucose uniport, is the 
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first human transporter to be determined [380]; its crystallization constitutes a great 

step towards understanding the mechanistic role of disease-causing mutations and 

their effects on the malfunction of the protein or its overexpression. The cause of the 

delay in structural determination of human transporters compared with bacterial 

ones stems from the great difficulty in overexpressing, purifying, and crystallizing 

eukaryotic membrane proteins.

Nevertheless, several of the human transporters that are involved in human dis-

eases have bacterial homologues. Although bacterial integral membrane transport-

ers are also difficult to crystallize, bacteria offer a great advantage in growth 

manipulation in addition to molecular tools for overexpression and purification of 

proteins. Thus, the crystal structures of several prokaryotic transporters that are 

homologues to clinically-important human transporters have been determined. 

Several examples include: LeuT from Aquifex aeolicus, a bacterial homologue for 

the neurotransmitter transporter that transports biogenic amines from the synapse to 

the cytoplasm of neurons and glia [61]; Gltph from Pyrococcus horikoshii, homolo-

gous to the eukaryotic glutamate transporter that is critical in glutaminergic synapse 

[381]; Ec-NhaA from E. coli [31], a homologue of the human NHA2 Na+/Li+/H+ 

antiporter implicated in essential hypertension [278] and diabetes [250, 375] (see 

Section 4.4). Furthermore, archaeal and mammalian CPA1 antiporters are suggested 

to work essentially in the same way [274], given that they share several common 

features such as sequence homology, particularly in unwound stretches, as well as 

pH profile and transport kinetics. Thus, the novel Pa-NhaP and Mj-NhaP1 crystal 

structures can serve as models for the membrane part of NHE1 [38, 43]. Finally, 

Nm-ASBT from Neisseria meningitidis and Yf-ASBT from Yersinia frederiksenii 
are the bacterial homologues of the eukaryotic bile acid transporter (Section 2.1.3).

The Ec-NhaA structure has been used to model several structures of related 

human transporters of clinical importance. A model of NHE1 was used to predict 

the binding site of NHE1 inhibitors [11]; a model of NHA2 associated with essen-

tial human hypertension [276, 278] was used to guide mutagenic evaluation of 

transport function, ion selectivity, and pH dependence in yeast [13]. A model of 

NHE9 (Figure 6b), which is genetically linked to autism, was used to evaluate 

autism-associated mutations in the transmembrane domain [111, 248]. A model of 

a plant antiporter has guided mutagenesis [382].

Nm-ASBT and YF-ASBT, which share the NhaA fold, are homologues of the 

human bile acid transporter (see Section 2.2.3). Mutations in the human ASBT gene 

cause a condition of primary bile acid malabsorption [383]. ASBT is a pharmaceuti-

cal target for drugs aimed at lowering cholesterol [384] and type 2 diabetes [385]. 

Several ASBT inhibitors are effective in animal models [386, 387]. Because some 

drugs are poorly absorbed in the intestine or need to be targeted to the liver, ASBT 

and its close liver paralogue, NTCP, have also received attention as pro-drug carri-

ers capable of transporting various compounds coupled to bile acid [388, 389]. The 

prokaryotic ASBT structure should aid the design of new inhibitors against ASBT 

with the goal of treating hypercholesterolaemia.
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6  Na+/H+ Antiporters in Pathogenic Bacteria

There are several examples of the role of Na+/H+ antiporters in virulence and/or their 

importance in the adaptation of pathogenic bacteria to their ecological niches. These 

were revealed by deletions of the antiporter genes and testing the viability and viru-

lence of the deleted mutants. Recently, the genome project has given rise to popula-

tion genetics approaches for identifying virulent genes.

The E. coli species is divided into phylogenetic groups that differ in their viru-

lence and commensal distribution. Strains belonging to the B2 group are involved in 

extra-intestinal pathologies but also appear to be more prevalent as commensals 

among human occidental populations. Recently, the genetic specificities of the B2 

sub-group, using 128 sequenced genomes investigated [19]. The authors identified 

genes in the core genome that differ substantially from those in non-B2 genomes. 

Remarkably, the strongest divergence between B2 and non-B2 strains was observed 

in the antiporter gene nhaA. Sequence analysis and experiments in a murine model 

of septicemia revealed that the nhaA operon in the core genome has an important 

role in extra-intestinal virulence without strong effect on commensalism. Thus, 

nhaA is a landmark of the B2 pathogenic strains. This important work shows that 

NhaA is a drug target for developing antibiotics against E. coli pathogens.

NhaA is widely spread in enterobacteria. The NhaA-type Na+/H+ antiporter of 

the Bubonic plague pathogen, Yersinia pestis, has recently been shown to be essen-

tial for its virulence [18]. The NhaA-type Na+/H+ antiporter of Vibrio cholera is 

important for the viability of the pathogen in its Na+ rich biotope [390]. NhaP2, a 

K+/Na+/H+ antiporter of Vibrio cholera, is important for its adaptation to acidic envi-

ronment [391, 392].

There are several reasons why antiporters might serve as human drug targets and 

as targets for eradicating bacterial pathogens from an environment: (i) Although the 

major bacterial antiporters share a structural fold with the eukaryotic antiporters, their 

evolutionary conservation is low and different enough to design specific inhibitors, 

which may lead to new antibiotic drugs. (ii) Many pathogens live in environments 

characterized by high concentrations of salt and/or extreme pH levels, and therefore it 

is crucial to determine the role of their Na+/H+ antiporters in virulence or viability.

7  Perspective

A central aim in the structural research of prokaryotic Na+/H+ antiporters is to obtain 

the crystal structures of the active conformations of these proteins (e.g., Ec-NhaA). 

Nevertheless, crystal structures are snapshots, whereas antiporters such as Ec-NhaA 

are highly dynamic ‘nano-machines’. It is necessary to complement structural 

efforts with studies of structural and functional dynamics. The latter studies should 

use interdisciplinary approaches, including biochemistry, biophysics, and computa-

tion, in order to understand the mechanism of antiport activity and pH regulation.
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The NhaA fold is shared by many Na+/H+ antiporters and secondary transporters, 

as revealed by the crystal structure alone without sequence homology. Comparative 

structural/functional biology can shed light on how a similar fold is manipulated to 

transport very different substrates and to couple differently to the proton motive 

force (stoichiometry of 1Na+/1H+ or 1Na+/2H+), and can provide insight into the 

regulation of these processes (activated at alkaline pH or at acidic pH).

Regarding eukaryotic Na+/H+ antiporters, a central aim is to obtain high- 

resolution structural information on the SLC9As and NHA2. All existing models 

are based on bacterial NhaAs, with the NhaA fold being a consensus. However, 

NhaAs and SLC9As are clearly also fundamentally different; they exhibit distinctly 

different stoichiometry and cooperativity, and Ec-NhaA is activated at alkaline pH, 

whereas NHE1 is activated at acidic pH.

Abbreviations and Definitions

ADHD attention deficit hyperactivity disorder

Ala, A alanine

AMP adenosine 5′-monophosphate

AMPK AMP-activated protein kinase

AP 2-aminopermidine

Arg, R arginine

ASBT apical sodium-dependent bile acid transporter

Asn, N asparagine

Asp, D aspartic acid

ATP adenosine 5′-triphosphate

CaM calmodulin

cAMP cyclic adenosine monophosphate

CHPs calcineurin homologous proteins

ClC chloride/proton antiporter

CPA cation proton antiporter superfamily

Cys, C cysteine

D-Glu D-glucose

DDM n-dodecyl-β-D-maltoside

Ec-NhaA Na+/H+ antiporter of Escherichia coli
EC50 the concentration of an agent that gives half maximal response

EIPA ethylisopropylamiloride

EM electron microscopy

ESR electron spin resonance

GFP green fluorescent protein

Gln, Q glutamine

GltPh glutamate transporter

Glu, E glutamic acid

GLUT1 human glucose uniporter
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Gly, G glycine

His, H histidine

Ile, I isoleucine

ITC isothermal titration calorimetry

Leu, L leucine

LeuT leucine transporter

LID lipid-interacting domain

Lys, K lysine

MD molecular dynamics

MDCK MDCK cell line derived from a kidney

Met, M methionine

MFS major facilitator superfamily

Mj-NhaP1 homologue of human NHE1 from Methanocaldococcus 
jannaschii

MTSES 2-sulfonatoethyl methanethiosulfonate

MTSET [2-(trimethylammonium)ethyl]methanethiosulfonate bromide

NaT-DC Na+-transporting carboxylic acid decarboxylase transporter 

family

NHA eukaryotic Na+/H+ exchangers from the SLC9B family

NhaA Na+/H+ antiporter

NHEs the human Na+/H+ exchangers encoded by the SLC9 gene 

family

NHX plant NHX cation/proton antiporters

Nm-ASBT bacterial homologues of the human apical sodium-dependent 

bile acid transporter from Neisseria meningitidis
NMR nuclear magnetic resonance

NTCP a close liver paralogue of ASBT

Pa-NhaP homologue of human NHE1from Pyrococcus abyssi
Phe, F phenylalanine

PIP2 phosphatidylinositol 4,5-bisphosphate

PP protein phosphatase

Pro, P proline

RACK a receptor for Activated Protein Kinase C

RMSD root-mean-square deviation of atomic positionsreal-time 

PCR systems

RT-PCR reverse transcription polymerase chain reaction

Ser, S serine

SH sulfhydryl

SLC10 sodium bile acid co-transporter family

SLC9 gene family Solute Carrier family 9

smFRET single-molecule fluorescence resonance energy transfer

SOS1 Arabidopsis thaliana Na+/H+ antiporter

SSM solid support membrane

Thr, T threonine
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TM transmembrane segment

Trp, W tryptophan

Tt-NapA Na+/H+ antiporter of Thermus thermophilus
Tyr, Y tyrosine

V-ATPase vacuolar ATPase

Val, V valine

Yf-ASBT bacterial homologues of the human apical sodium-dependent 

bile acid transporter from Yersinia frederiksenii
YvgP a_monovalent_cation/H_antiporter from B. subtilis that 

exhibits homology to the cation:proton antiporter-1 (CPA-1) 

family.
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   Abstract     As a physiological phenomenon, acid secretion from the stomach was 
known already at least in the 17th century. But its mechanism was elucidated in more 
recent times only. At the end of the 20th century, gastric H + /K + -ATPase in the parietal 
cells was found to be responsible for a fi nal step of H +  secretion in these cells. In this 
century, several Cl − -transporting proteins for gastric acid (hydrochloric acid; HCl) 
secretion have been found. As inhibitors of gastric acid secretion, histamine H 2  recep-
tor antagonists (H 2  blockers) were developed in the 1970’s. This discovery brought a 
great benefi t; that is, peptic ulcers became treatable by administration of a drug. In 
1980’s, proton pump inhibitors (PPIs) were developed. The target of PPIs is gastric 
H + /K + -ATPase and the PPIs exert generally more potent effects compared with H 2  
blockers. Most recently, several K + -competitive inhibitors of the ATPase are being 
developed. Here, we introduce gastric H + /K + -ATPase and its related proteins for gas-
tric acid secretion, and several gastric diseases and their treatment by medicines.  

  Keywords     Cl −  transporter   •   Gastric acid   •   K +  channel   •   Parietal cell   •   PPI   •   Proton 
pump   •   Stomach  

 Please cite as:  Met. Ions Life Sci.  16 (2016) 459–483 

1        Introduction 

 In virtually all vertebrates, gastric acid secretion is a common physiological pro-
cess, and it is essential for food digestion. The acid (H + ) secretion is mediated by 
gastric H + /K + -ATPase, which establishes a million-fold gradient of protons across 
the apical canalicular membrane of the gastric parietal cell. Interestingly, the earli-
est phylogenetic appearance of gastric acid secretion is in cartilaginous fi shes and 
the expression of gastric H + /K + -ATPase was actually found in them [ 1 ]. 

 Gastric H + /K + -ATPase is composed of α- and β-subunits. The α-subunit is a large 
catalytic subunit (around 1030 amino acids), whereas the β-subunit is a heavily 
glycosylated subunit (around 290 amino acids) and stabilizes expression of the 
α-subunit in the plasma membrane of the cells [ 2 ]. The α- and β-subunits have ten 
and one transmembrane domains, respectively. Primary sequence of the H + /K + -
ATPase is highly conserved from fi sh to mammals: that is, the cDNA sequence of 
the α-subunit of Atlantic stingrays is over 80 % identical to that of mammals [ 3 ]. 

 Gastric H + /K + -ATPase is the major therapeutic target in the treatment of acid- 
related diseases such as peptic ulcer and gastroesophageal refl ux disease. So far, 
several proton pump inhibitors (PPIs) have been clinically used. The PPIs are the 
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most effective among current acid-suppressive drugs. In addition, various K + -
competitive inhibitors of the ATPase are being developed, with the advantage of 
complete and rapid inhibition of acid secretion [ 4 ]. 

 The main component of gastric acid is hydrochloric acid (HCl). H +  is actively 
secreted by the H + /K + -ATPase. On the other hand, the mechanism of apical Cl −  
transport for HCl secretion is not well established yet. 

 Apical K +  recycling is essential for maintaining H + /K + -ATPase activity. So far, 
expression and function of a variety of K +  channels and transporters have been 
reported. However, the K +  recycling mechanism in the apical canalicular membrane 
may be more complex than we imagine. 

 In this review, we summarize molecular, biochemical, structural, and physiologi-
cal aspects of gastric H + /K + -ATPase, the mechanism of gastric acid secretion, Cl − - 
and K + -transporting proteins associated with H + /K + -ATPase, gastric acid-related 
diseases, and the H + /K + -ATPase inhibitors.  

2     Mechanism of Gastric Acid Secretion 

2.1     Food Intake and Acid Secretion 

 The stomach secretes 1–2 L of gastric juice per day. Maximal speed of the secretion 
is 2.5 mL per minute at the stimulated phase. Cationic composition of the juice in 
this phase is different from that at the resting phase. At the stimulated phase, the 
juice contains more than 100 mM of H + , 5–10 mM of K + , and 10–20 mM of Na + . In 
contrast, the juice at the resting phase contains 20–30 mM of H + , 10–15 mM of K +  
and 60–80 mM of Na +  [ 5 ]. The main anion involved in the gastric juice is Cl − , and 
its concentration is 120–160 mM at the stimulated and resting phases [ 6 ].

   The stomach has four anatomical regions: the cardia, fundus, corpus (body), and 
pylorus (Figure  1 ). The cardiac region is closest to the esophagus, and it contains 
cardiac glands which secrete mucus. The fundus and corpus regions are the largest 
parts of the stomach, and they contain gastric (fundic) glands which secrete hydro-
chloric acid (HCl), pepsinogen (a precursor of pepsin), gastric lipase, and mucus. 
The pyloric region is closest to the duodenum of the small intestine, and it contains 
pyloric glands, which secrete mucus and gastrin. 

 Regulation of gastric secretion associated with eating is divided into three stages 
called the cephalic, gastric, and intestinal phases. In the cephalic phase, the mere 
sight, smell, taste, or thought of food sends nervous impulses to the medulla oblon-
gata. Vagal efferent activation promotes the secretion of entero-pancreatic hor-
mones, including ghrelin, which increases food intakes and body weight [ 6 ]. Then, 
via the vagus nerve, parasympathetic neurons stimulate secretion of gastric juice 
containing HCl, pepsin which breaks down proteins, and lipase which breaks down 
fats. The parasympathetic stimulation also causes gastrin secretion from the pyloric 
region of the stomach. Gastrin travels through the bloodstream and further stimu-
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lates the gastric secretion in the corpus venticuli of the stomach. In the gastric phase, 
food enters and distends the stomach. This distension activates a parasympathetic 
refl ex via the medulla oblongata, and also has a direct stimulatory effect on the gas-
tric glands. Then secretion of HCl and pepsinogen is activated and continues. In the 
intestinal phase, the stomach contents (chyme) enter the duodenum. The duodenum 
initially enhances gastric secretion, but soon inhibits it.  

2.2     Gastric Gland 

 The gastric mucosa of the fundus and corpus regions forms invaginations called 
gastric pits. The lamina propria contains gastric (fundic) glands which open into the 
bases of the pits. The gastric glands contain several types of cells such as surface 
epithelial, mucous neck, parietal, chief, and enterochromaffi n-like (ECL) cells 
(Figure  2 ).

   Surface epithelial cells produce the mucus which protects the gastric mucosa 
from strong acid and enzymes in the lumen. The life of these cells is 4–6 days. 
Mucous neck cells are located in the isthmus and neck of gastric glands, and secrete 
mucus. Parietal cells are located in the isthmus, neck, and base of the glands. The 
cells have the largest diameter (20–30 μm) in the glands. They produce gastric acid 
(HCl) and intrinsic factor which is required for the absorption of vitamin B 12  (cobal-
amin) in the small intestine. Chief cells are located in the base of gastric glands and 
secrete pepsinogen, a precursor of pepsin. ECL cells in the bases of the glands 
secrete histamine, an acid secretagogue.  

pyloric
(antral)
zone

greater curvature

lesser curvature

cardia

pylorus

duodenal bulb

angular incisure

stomach

duodenum

esophagus

  Figure 1    Outline of each region of the stomach.       
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2.3     Gastric Parietal Cell 

 A higher concentration of HCl (160 mM at the stimulated phase) is secreted by 
gastric parietal cells in the stomach. The cells are rich in mitochondria which can 
produce a large amount of ATP for promoting the enzymatic activity of gastric 
H + /K + -ATPase. Gastric acid secretion is accompanied with dramatic morphological 
changes of the parietal cells (Figure  3 ). In resting parietal cells, tubulovesicles, 
which are rich in H + /K + -ATPase, are present in intracellular compartments underly-
ing the apical membrane and forming a reticulated meshwork. Upon stimulation, 
tubulovesicles translocate and connect with the apical membrane, resulting in mas-
sive acid secretion [ 7 ,  8 ]. In this stimulated phase, the tubulovesicular and apical 
membranes do not mix but remain separate and distinct [ 9 ,  10 ] (Figure  3 ).

   On the other hand, the parietal cell has the muscarinic M3 receptor, the cholecys-
tokinin- 2 (CCK-2) receptor, and the histamine H 2  receptor in its basolateral mem-
brane. In this membrane, cytoprotective Cl −  channels are abundantly present 
(20,000–30,000 in a parietal cell) [ 11 ]. These Cl −  channels are activated by prosta-
glandin E 2  and cGMP [ 11 ,  12 ], and inhibited by interleukin-1β [ 13 ]. Opening of the 
channels can attenuate the ethanol-induced cell injury [ 14 ]. This cytoprotective 
function may explain why the parietal cells have a long lifespan (150–200 days) 
compared with that of surface epithelial cells (4–6 days). 

 The parietal cells migrate from the luminal to the basal region of gastric glands, 
and the (younger) luminal parietal cells much more actively secrete acid than do the 
(older) basal parietal cells [ 15 – 17 ].  

parietal
cell

mucous
neck cell

surface
epithelial
cell

chief
cell

gastric acid
(HCl)

gastric acid
(HCl)

lumen

gastric glands

ECL cell

immature
parietal cell

stem cells

  Figure 2    An illustrated 
model for several types of 
cells in gastric glands.       
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2.4     Acid Secretagogues 

 Acetylcholine, gastrin, and histamine are the three major factors that stimulate gas-
tric acid secretion in gastric parietal cells [ 18 ] (Figure  4 ). Acetylcholine is secreted 
by parasympathetic nerve fi bers of both short and long refl ex pathways, and it binds 
to the muscarinic M3 receptor in the parietal cell. Gastrin is a hormone produced by 
G cells in the pyloric glands, and it can directly bind to cholecystokinin-2 receptor 
in parietal cells. Gastrin also activates the parietal cell through an indirect pathway 
involving the release of histamine from ECL cells. The released histamine binds to 
histamine H 2  receptor of the parietal cell in a paracrine manner. In the gastric 
mucosa of the mammalian stomach, histamine is stored in ECL cells and in mucosal 
mast cells. At least 80 % of the gastric mucosal histamine resides in ECL cells [ 19 ].

   In gastric parietal cells, the CCK-2 and muscarinic M3 receptors couple to the 
G-protein Gq, which activates phospholipase C to induce an increase in inositol 
trisphosphate (IP 3 ) and release of intracellular Ca 2+  [ 20 ,  21 ]. The histamine H 2  
receptor couples via the G-protein Gs to adenylate cyclase and stimulates cyclic 
AMP formation [ 22 ]. Intracellular Ca 2+  and cAMP act as the second messenger for 
gastric acid secretion (Figure  4 ).   

gastric acid
gastric acid

apical membrane

tubulovesicles

resting phase stimulated phase

gastric acid

tubulovesicles

gastric acid

tubulovesicles

apical
membrane

apical
membrane

stimulation

stimulation

H+,K+-ATPase

Gastric
parietel cell

  Figure 3    An illustrated model for the gastric parietal cell showing the basal acid secretion in the 
resting phase and the strong acid secretion in the stimulated phase.       
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3     Properties of Gastric H + /K + -ATPase 

3.1     Physiological and Biochemical Studies of Gastric 
H + /K + -ATPase 

 Physiological evidence that Na +  is not essential but K +  is the more important ion for 
acid secretion was obtained in 1963 from studies of frog gastric mucosa [ 23 ]. Later, 
the acid secretory rate from isolated frog gastric mucosa set in Ussing chambers was 
found to depend on the free K +  concentration in the intracellular K +  pool. The pool 
K +  concentration was a function of the serosal medium K +  concentration following 
a Michaelis-Menten equation and it was also linearly related with the mucosal 
medium K +  concentration [ 24 ,  25 ]. 

 The reason why K +  is necessary for acid secretion was solved based on bio-
chemical evidence. Ouabain-insensitive K + -ATPase activities in isolated gastric 
microsomes were found in 1965 [ 26 ] and 1967 [ 27 ], which hinted at the presence of 
a Na + /K + -ATPase-like but ouabain-insensitive specifi c molecule for gastric secre-
tion. In 1973, K + -dependent ATPase activity in microsomes was found to be stimu-
lated by the presence of valinomycin, a K +  ionophore, in the medium [ 28 ]. But the 
acid secretion by isolated frog mucosa set in Ussing chambers was not stimulated 
by the addition of valinomycin in bathing solutions. This paradox was quickly 
solved in 1974 by the fi ndings that gastric microsomes are inside-out closed vesi-
cles, addition of ATP in the medium induces accumulation of H +  in vesicles, valino-
mycin increases K +  infl ux into vesicles, the amount of H +  accumulation depends on 
the amount of K +  in vesicles, and K +  is actively transported from the inside to the 
outside of the vesicles [ 29 ]. The K + -ATPase was found to be the H + /K + -ATPase. The 
H + /K +  exchange is non-electrogenic [ 30 ]. 
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  Figure 4    Secretagogues for gastric acid secretion and their receptors in the basolateral membrane 
of the parietal cell.       

 

13 Proton-Potassium ATPases in Health and Disease



466

 The biochemical reaction steps of H + /K + -ATPase consist of phosphorylation and 
dephosphorylation accompanying cyclic conformational changes as E 1  → E 2  → E 1 , 
where cation binding sites of H + /K + -ATPase face the cytoplasm at the E 1  state or the 
extracellular surface at the E 2  state (Figure  5 ) [ 31 – 34 ]. Although these reaction steps 
resemble those of Na + /K + -ATPase, E 2 K and E 1 K states of H + /K + -ATPase are nearly 
equivalent energetically while E 2 K is 3 orders of magnitude more stable than E 1 K in 
Na + /K + -ATPase [ 35 ]. Na + /K + -ATPase can be phosphorylated from acetyl phosphate 
and dephosphorylated resulting in active ion transport, while H + /K + -ATPase can be 
also phosphorylated from acetyl phosphate but the conformational states of phos-
phorylated intermediates are not energy-rich resulting in non-active ion transport [ 36 ].

   The sum of the H + - and K + -transport steps in H + /K + -ATPase is non-electrogenic 
because both H + - and the K + -transport steps are electrogenic, but oppositely directed 
[ 37 ,  38 ]. It is noted that Na + /K + -ATPase is an electrogenic pump with an electro-
genic Na +  step and an electroneutral K +  step. 

 The complete inhibition of K + -ATPase activity and proton uptake by a specifi c 
proton pump inhibitor rabeprazole (E3810) occurred when rabeprazole was bound to 
half of the H + /K + -ATPase α-subunit (Figure  6 ), suggesting that dimeric interaction 
between the α-subunits is involved in the enzyme activity and proton transport [ 39 ].

3.2        Molecular and Structural Studies of Gastric H + /K + -ATPase 

 Gastric H + /K + -ATPase consists of one catalytic α-subunit and one non-catalytic 
β-subunit. Molecular cloning of α- and β-subunits was fi rst reported in 1986 and 
1990, respectively [ 40 ,  41 ]. Figure  7  shows the schematic model for the N domain 
(nucleotide), the P domain (phosphorylation), and the A domain (actuator). Naming 
of N, P, and A was fi rst proposed for sarcoplasmic reticulum Ca 2+ -ATPase [ 42 ]. The 
α-subunit of H + /K + -ATPase in different species consists of 1031–1035 amino acids 
and has 10 transmembrane segments M1 – M10. The catalytic center resides in the 
large cytoplasmic domain between M4 and M5 segments. The β-subunit (290–299 
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  Figure 5    Reaction 
scheme of gastric 
H + /K + -ATPase. Cation 
binding sites of 
H + /K + -ATPase at the E 1  
state face the cytoplasm 
and the ones at the E 2  state 
face the lumen. “In” and 
“out” indicate free cations 
in the cytoplasm and 
lumen, respectively.       
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amino acids) consists of a short cytoplasmic domain, single transmembrane domain, 
and a large ectodomain which has 6–10 carbohydrates chains (Figure  7 ).

   The transient functional expression of gastric H + /K + -ATPase α- and β-subunits in 
a HEK-293 cell line was fi rst reported [ 43 ], which enabled to study site-directed 
mutagenesis of the putative cation binding site and catalytic center. Then, the stable 
expression of H + /K + -ATPase α- and β-subunits was reported [ 44 ]. 

 Asp 387  in the P domain is phosphorylated from ATP. Glu 345  in the M4 segment, 
Glu 797 , Lys 793 , and Gln 794  in the M5 segment [ 45 ,  46 ], and Lys 819 , Glu 822 , Asp 826 , 
Ile 827 , and Leu 833  in the M6 segment [ 47 ,  48 ] are involved in cation binding 
(Figure  7 ). Fluorescein isothiocyanate (FITC) covalently binds with Lys 519  in the N 
domain. K +  binding in the cavity surrounded by transmembrane M4, M5, and M6 
segments induces the gross conformational change, resulting in the local hydropho-
bicity change around Lys 519  which is remote from the transmembrane domain 
(Figure  7 ). 

 Gastric H + /K + -ATPase transports 2 mol of H + /mol of ATP hydrolysis in isolated 
hog gastric vesicles (Figure  5 ) [ 30 ]. There is an interesting question whether the 
H +  transport mechanism is due to charge transfer and/or transfer of hydronium ion 
(H 3 O + ). The measurement of transport of [ 18 O]H 2 O showed that 1.8 mol of water 
molecules/mol of ATP hydrolysis was actively transported [ 49 ]. The molecular 
dynamics simulation of the three-dimensional structure model of the 
H + /K + -ATPase α-subunit at E 1  conformation and site-directed mutagenesis studies 
predicted (i) the presence of a charge transfer pathway from the hydronium ion in 
cytosolic medium to Glu 345  in the cation binding site 2 (H 3 O + -Lys 164 -Gln 161 -Glu 345 ) 
and (ii) the presence of a charge transfer from sites 2 to 1 via a water wire and a 
charge transfer pathway (H 3 O + -Asn 794  -Glu 797 ). Figure  8  shows that protons are 
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  Figure 6    Relationship between the amount of bound rabeprazole (E3810) and the K + -ATPase 
activity ( a ) and between the amount of bound rabeprazole and the rate of proton uptake ( b ) in 
gastric vesicles measured at 0.2 mM ATP. Taken with permission from Figures  6  and  7  in [ 39 ].       
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charge-transferred from the cytosolic side to H 2 O in sites 2 and 1where the H 2 O 
comes from the cytosolic medium, and H 3 O +  in the sites is transported into the 
lumen during the conformational transition from E 1 P to E 2 P [ 49 ].

   The β-subunit is also involved in H + /K + -ATPase activity, formation of the 
αβ-subunit complex, and surface delivery of the complex. The β-subunit has six 
extracellular cysteine residues and form three disulfi de bonds (Figure  9 ). Each of 
these S-S crosslinking is necessary for functions of the β-subunit [ 50 ]. The ectodo-
main of the rabbit β-subunit is modifi ed with seven  N -linked carbohydrate chains. 
Mutagenetic deletion of any one of seven carbohydrate chains did not affect the 
function of H + /K + -ATPase, but deletion of more than three carbohydrate chains 
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accompanied decrease in β-subunit expression level, αβ complex formation, and 
H + /K + -ATPase activity [ 51 ].

3.3        Gastric H + /K + -ATPase in Tissues Other than Stomach 

 In mammals, gastric H + /K + -ATPase is predominantly expressed in parietal cells of 
the stomach, and is responsible for gastric acid secretion. Aside from the stomach, 
the same or similar ATPases have also been found to be functionally present in 
other tissues. 

 In the kidney, gastric H + /K + -ATPase mRNA [ 52 ] and protein [ 53 ,  54 ] are 
expressed. The ATPase is localized at the apical membrane of intercalated cells in 
the collecting duct. Acid secretion was impaired in the collecting duct of gastric 
H + /K + -ATPase-defi cient mice, suggesting that the ATPase is responsible for the 
luminal acidifi cation of the collecting duct [ 55 ]. On the other hand, the pump may 

  Figure 8    An illustrated model for proton transport in gastric H + /K + -ATPase. In the E 1  conforma-
tion, H 2 O in the cytosolic medium is transported to cation binding sites 1 and 2. Charges of H 3 O +  
in the cytosolic medium are transported to the H 2 O molecule in site 2  via  the charge transfer path-
way H 3 O + -Lys 164 -Gln 161 -Glu 345 -H 2 O. Charges of H 3 O +  in site 2 are transported to the water mole-
cule in site 1  via  the water wire and the charge transfer pathway H 3 O + -Asn 941 -Glu 797 -H 2 O. Finally, 
H 3 O +  in sites 2 and 1 is transported to the lumen during the conformational transition from E 1 P to 
E 2 P. Taken with permission from Figure  10  in [ 49 ].       
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not be involved in K +  absorption of the collecting duct [ 56 ,  57 ]. Renal K +  absorption 
is mediated by another type of H + /K + -ATPase (colonic H + /K + -ATPase or non-gastric 
H + /K + -ATPase) expressed in principal cells of the collecting duct [ 54 ,  57 ]. In the 
large intestine, colonic (non-gastric) H + /K + -ATPase is involved in K +  absorption in 
the crypt cells of the distal colon and rectum [ 58 ,  59 ]. In the heart, mRNA and the 
protein of gastric ATPase are expressed, and the ATPase may be involved in the 
regulation of K +  and H +  homeostasis (pH regulation) in cardiac myocytes [ 60 ]. In 
the pancreas, mRNA and protein of gastric ATPase are expressed and may be 
involved in pancreatic secretion in ducts [ 61 ]. In the cochlear of the ear, mRNA and 
the protein of gastric ATPase are expressed, and it is involved in the formation of the 
endocochlear potential [ 62 ]. In the lung, an immunohistochemical study showed 
that gastric ATPase is expressed in mucous cells and ducts in the glands [ 63 ].   
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  Figure 9    A schematic model of the β-subunit of gastric H + /K + -ATPase. Taken with permission 
from Figure  1  in [ 50 ].       
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4     Ion Transporting Proteins Associated with H + /K + -ATPase 

4.1     Cl − -Transporting Proteins 

 In gastric parietal cells, Cl −  effl ux across the apical membrane is necessary for gas-
tric acid secretion. It has been assumed that Cl −  moves passively down its electro-
chemical gradient through apical channels. Although the intracellular 
Cl −  concentration of the parietal cell has not been reported, it is speculated to be 
much lower than that of the luminally-secreted HCl. Thus, Cl −  transport through 
Cl −  channels would require a large electrical potential difference across the apical 
membrane (~60 mV). But the actual electrical potential difference across the apical 
membrane is estimated to be low, such as 20–25 mV [ 64 ], suggesting that the Cl −  
secretory mechanism may be more complex than previously assumed. 

 The location and function of tubulovesicles, which are rich in H + /K + -ATPase, 
dramatically changes between resting and stimulated phases in the parietal cells 
(Figure  3 ). In the stimulated phase, the tubulovesicular and apical membranes do 
not mix but remain separate and distinct [ 9 ,  10 ]. So far, several Cl −  channels and 
transporters such as the K + -Cl −  cotransporter-4 (KCC4) [ 9 ], the cystic fi brosis trans-
membrane conductance regulator (CFTR) Cl −  channel [ 65 ], SLC26A9 [ 66 ], CLIC-6 
(parchorin) [ 67 ,  68 ], and ClC-5 [ 69 ] have been suggested as candidates that could 
be involved in the luminal Cl −  effl ux for HCl secretion in tubulovesicles or the api-
cal membrane. 

 KCC4 is predominantly expressed and associated with H + /K + -ATPase in the api-
cal membrane of gastric parietal cells. In contrast, it is not signifi cantly expressed in 
the tubulovesicles. KCC4 can increase the H + /K + -ATPase activity by effectively 
supplying K +  to the luminal surface of the ATPase. Thus, KCC4 is an important 
molecule for maintaining H + /K + -ATPase activity in the apical membrane, and is 
suggested to contribute to basal HCl secretion in resting parietal cells [ 9 ]. 

 The CFTR Cl −  channel is localized predominantly in the tubulovesicles [ 9 ]. 
Secretagogue-induced H + /K + -ATPase activity in isolated gastric glands from mice 
could be signifi cantly reduced by an inhibitor of CFTR [ 65 ]. SLC26A9, which 
functions as a Cl −  channel and Cl − /HCO 3    exchanger, is also expressed in tubulo-
vesicles and plays an essential role in HCl secretion by regulating Cl −  secretion 
and/or by affecting the viability of tubulovesicles/secretory canaliculi in parietal 
cells [ 66 ]. SLC26A9-knockout mice exhibited a signifi cant decrease in gastric acid 
secretion during acid stimulation [ 66 ]. CLIC-6 is distributed throughout the 
 cytosol [ 67 ]. ClC-5 is predominantly expressed in the tubulovesicles. ClC-5 and 
H + /K + -ATPase are functionally associated [ 69 ].

   Figure  10  summarizes the putative mechanisms of HCl secretion in two different 
phases. In the resting phase, KCC4 together with H + /K + -ATPase that is present in the 
apical membrane is involved in the basal acid secretion. Upon stimulation, CFTR, 
SLC26A9, CLIC-6, ClC-5, and KCC4 are involved in massive gastric acid secretion.  
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4.2     K + -Transporting Proteins 

 For maintaining H + /K + -ATPase activity in the luminal membrane of gastric parietal 
cells, K +  recycling across the membrane is necessary. Several K +  channels and 
transporters are expressed in the parietal cells and the properties of the apical K +  
recycling systems have been reported (Figure  10 ). 

 KCNQ1 and its subunit KCNE2 are highly expressed in parietal cells [ 70 ]. 
Knockout mice of heteromeric KCNQ1/KCNE2 exhibited a signifi cant decrease in 
gastric acid secretion during acid stimulation [ 71 ,  72 ]. A highly selective inhibitor 
of the KCNQ1 channel did not inhibit the acid secretion in the resting phase, while 
it signifi cantly inhibited the secretagogue-stimulated acid secretion [ 73 ]. The 
KCNQ1/KCNE2 channels act as the K +  channels that provide K +  to the external 
binding site of the H + /K + -ATPase in the apical canalicular membrane during acid 
secretion [ 71 ,  72 ]. 

 A recent study using knockout mice of the Kir1.1 (ROMK) K +  channel suggested 
that Kir1.1 plays a crucial role in gastric acid secretion and functions together with 
the KCNQ1/KCNE2 channel to recycle K +  across the apical canalicular membrane 
of the parietal cells [ 74 ]. 

 Kir4.1, an inwardly rectifying K +  channel, is also expressed in parietal cells [ 73 , 
 75 ]. An excellent study using knockout mice of Kir4.1 suggested that the physiolog-
ical role of the Kir4.1 channel may be to provide a balance between rapid K +  loss 
via the KCNQ1/KCNE2 channel and K +  absorption via the slower action of the 

  Figure 10    Molecular machineries involved in putative mechanisms of HCl secretion in the apical 
and tubulovesicular membranes of gastric parietal cells. HK, H + /K + -ATPase.       
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H + /K + -ATPase, and that Kir4.1 may infl uence the luminal K + /H +  concentration, 
membrane potential, and tubulovesicular membrane recycling [ 76 ]. 

 Microarray analysis showed that the Kir4.2 channel is the most highly specifi c 
K +  channel in the stomach, and a biochemical study suggested that the Kir4.2 
 channel is translocated from cytoplasm to the apical membrane upon stimulation 
and may be responsible for apical K +  recycling [ 77 ].   

5     Acid-Related Diseases 

5.1     Gastric and Duodenal Ulcers 

 Normally, gastric cells are protected by the mucosal defense systems which are 
achieved by the mucus barrier against HCl and by secretion of bicarbonate (HCO 3   ) 
which neutralizes acid. Peptic ulcer is a defect in the mucosa of the stomach (gastric 
ulcer) and the duodenum (duodenal ulcer) that extends through the muscularis 
mucosae.  Helicobacter pylori  is one of the most common causes of peptic ulcer. 
This bacterium secretes urease which converts urea to ammonia. The production of 
ammonia (NH 3 ) neutralizes the acidity around  Helicobacter pylori . Therefore, the 
bacterium can survive in the strong acidic environment of the stomach. 

 Taking aspirin and non-steroid anti-infl ammatory drugs, which inhibit cyclooxy-
genase, is also a well-known risk factor for peptic ulcer. These drugs inhibit synthe-
sis of prostaglandins which serve as an important function in maintaining normal 
gastric mucosal integrity [ 78 ]. Gastric hypersecretion and hyperacidity act as the 
attack factor against the mucus barrier. 

 Once mucosal defense systems are impaired due to imbalance between defensive 
and aggressive factors, the ulcers may be generated. As a therapy, taking proton 
pump inhibitors or histamine H 2  receptor blockers and eradication of  Helicobacter 
pylori  are effective.  

5.2     Gastroesophageal Refl ux Disease 

 A ring of muscle fi bers in the lower esophagus prevents refl ux of stomach contents 
into the esophagus. These muscle fi bers are called the lower esophageal sphincter 
(LES). When the LES does not work well, the stomach contents refl ux back up into 
the esophagus. Esophageal mucin secretion in patients with gastroesophageal refl ux 
disease (GERD) was found to be signifi cantly impaired [ 79 ]. Therefore, strong 
acids in the contents damage the lining of the esophagus and may cause infl amma-
tion and damage of the esophagus. 

 The risk factors for refl ux include obesity, pregnancy, and smoking. Recently, 
an alternative pathogenic mechanism of GERD has been reported [ 80 ]. In this 
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report, human esophageal squamous cells exposed to an acidic bile salt medium 
(similar in composition to gastric juice) secrete chemokines, including interleu-
kin-8, which can induce the migration of infl ammatory cells: that is, refl uxed 
gastric juice does not directly damage the esophagus, but rather stimulates 
esophageal epithelial cells to secrete chemokines that mediate damage of esoph-
ageal tissue. PPIs can block chemokine (interleukin-8) production through 
mechanisms independent of their inhibitory effects on gastric acid secretion [ 81 ]. 
Some of the patients with GERD develop Barrett’s esophagus, a risk factor for 
cancer of the esophagus.  

5.3     Zollinger-Ellison Syndrome 

 The Zollinger-Ellison syndrome is characterized by gastrin-secreting tumors (gas-
trinomas) in the distal duodenum, proximal jejunum or pancreas. The gastrinomas 
secrete large amounts of gastrin which produces too much acid in the stomach. Then 
peptic ulcers are generated by excess acid [ 82 ]. Surgery is often required for treat-
ment of this syndrome, although medical therapy with PPIs may be effective for 
reducing acid secretion.   

6     H + /K + -ATPase as a Therapeutic Target 

6.1     Proton Pump Inhibitors 

6.1.1     Proton Pump Inhibitors and Their Different Binding Sites 
in the H + /K + -ATPase 

 Gastric H + /K + -ATPase that resides in the canaliculus membrane of parietal cells 
secretes acid. Commercially available proton pump inhibitors (PPIs) such as 
omeprazole, lansoprazole, rabeprazole (E3810), pantoprazole, esomeprazole have 
similar chemical structures (Figure  11 ).

   PPIs are prodrugs. With a p K  a  of 4.0 (omeprazole, lansoprazole, and pantopra-
zole) and 5.0 (rabeprazole), they accumulate in the acidic lumen of gastric parietal 
cells, are transformed into acid-activated active compounds, and bind with 
H + /K + -ATPase Cys residues that are accessible from the luminal side. The candi-
dates are Cys 323 , Cys 815 , and Cys 824  in the α-subunit of H + /K + -ATPase (Figure  7 ). 
Omeprazole binds Cys 815  which is located near the K + -binding site [ 83 ,  84 ]. 

 Rabeprazole binds Cys 323  at the luminal end of the α-subunit of H + /K + -ATPase 
[ 85 ]. Because rabeprazole has a long moiety of OCH 2 CH 2 CH 2 OCH 3  at the R 2  posi-
tion of the pyridine ring (Figure  11 ), it cannot penetrate into the K + -binding site of 
H + /K + -ATPase. The conformation of H + /K + -ATPase changes as E 1  → E 2  → E 1  during 
the cyclic enzymatic reaction. The rabeprazole-bound H + /K + -ATPase is at the E 1  
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state as determined by FITC fl uorescence and the conformational state is not fi xed: 
it can change to the E 2  state after the addition of K +  in the medium, indicating that 
the binding of rabeprazole does not block K +  penetration into the K + -binding site 
(Figure  12 ) [ 86 ].

   The omeprazole-bound H + /K + -ATPase is at the E 2  state, the addition of K +  in the 
medium induces no further conformational change indicating that the binding of 
omeprazole blocks K +  penetration into the K + -binding site. The recovery from 
omeprazole-induced inhibition returns the conformational state to the E 1  state 
(Figure  12 ) [ 86 ]. The partial enzyme reactions that were most differently affected 
by these two inhibitors were the conformational change from E 2 K +  to E 1 ATPK +  for 
omeprazole and the luminal K + -dependent dephosphorylation (E 2 PK +  → E 2  K + ) for 
rabeprazole [ 86 ]. 

 When omeprazole fi rst debuted in 1979, PPIs were generally considered to be 
irreversible inhibitors because of the chemical S-S crosslinking between 
H + /K + -ATPase and the PPIs. One important question was how the parietal cell 
 reactivates acid secretion to normal level after the irreversible inhibition of 
H + /K + -ATPase. The normal half-life of H + /K + -ATPase is about 30–48 hrs so all of 
the H + /K + -ATPase is replaced every 72–96 hrs. 

 In 1991, rabeprazole was reported to restart acid secretion earlier than omepra-
zole in dogs [ 87 ]. This is due to the fact that the S-S crosslinking between rabepra-
zole and Cys 323  of the H + /K + -ATPase α-subunit is more easily breakable by luminal 
endogenous glutathione compared with that between omeprazole and Cys 815 . Soon, 
the reversal of the S-S crosslinking between omeprazole and H + /K + -ATPase by 
endogenous glutathione was also proposed [ 88 ]. Omeprazole induced a two-fold 
increase in the steady state mRNA level of the H + /K + -ATPase α-subunit in isolated 

  Figure 11    Chemical structures of proton pump inhibitors (PPIs).       
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canine parietal cells [ 89 ]. Taken together, in long-term use, rabeprazole compared 
with omeprazole may have less stress on  de novo  synthesis of H + /K + -ATPase with 
less damage to the parietal cells which have a half-life of several months. 
Pantoprazole binds with Cys 824  of the H + /K + -ATPase α-subunit and S-S crosslinking 
may not be easily breakable because endogenous glutathione cannot reach to the 
deep location of Cys 824  (Figure  7 ) [ 90 ]. 

 When rabeprazole or lansoprazole was singly administrated in gastric fi stula rats, 
the complete arrest of acid secretion, which refl ected the complete inhibition of 
H + /K + -ATPase in the secretory canaliculus membrane of parietal cells, occurred 
within 1–2 hrs after administration of both PPI while the complete inhibition of 
H + /K + -ATPase in intracellular tubulovesicles of gastric parietal cells occurred 4 hrs 
after administration of rabeprazole and more than 10 hrs after administration of lanso-
prazole [ 91 ]. These results suggest that inhibition of H + /K + -ATPase fi rst occurs in the 
secretory canaliculus membrane, the inhibited H + /K + -ATPase in the secretory cana-
liculus is translocated into intracellular tubulovesicles, and the translocation speed of 

  Figure 12    The 
conformational state of 
H + /K + -ATPase depends on 
the bound PPIs. ( a ) With 
the rabeprazole (E3810)-
bound H + /K + -ATPase, the 
addition of K +  in the 
medium induces the 
conformational change 
from the E 1  to the E 2  state 
as with uninhibited 
H + /K + -ATPase. ( b ) The 
conformational state of the 
omeprazole-bound 
H + /K + -ATPase is at the E 2  
state and the addition of K +  
in the medium did not 
induce further 
conformational change. 
The recovery from 
omeprazole-induced 
inhibition returns the 
conformational state from 
E 2  to E 1 . Taken with 
permission from Figures  3  
and  5  in [ 86 ].       
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the inhibited H + /K + -ATPase by rabeprazole is faster than that by lansoprazole. 
Furthermore, 24 hrs after a single dose of rabeprazole in rats, H + /K + -ATPase activity 
in tubulovesicles recovered by about 50 % in food-stimulated rats but only 
slightly in fasting rats, indicating that food stimulates the translocation of 
H + /K + -ATPase between the apical canaliculus and intracellular tubulovesicles and the 
reactivation of H + /K + -ATPase from the inhibition occurs in the apical canaliculus [ 91 ]. 

 At present, new PPIs that show a stronger acid suppression above the already 
existing PPIs are expected to result in an elevated clinical effi cacy for acid-related 
diseases, which still stimulates development of new PPIs such as E3710 [ 92 ] and 
new potassium-competitive acid blockers described below.  

6.1.2     Metabolism of Proton Pump Inhibitors by Liver Cytochrome 
Enzymes, the Polymorphism of the Enzymes, and Clinical Effi cacy 
of Proton Pump Inhibitors 

 PPIs are metabolized by liver cytochrome enzymes such as CYP2C19 and CYP3A4. 
Polymorphism of CYP2C19 affects acid suppression because extensive metabolizers 
(EM) of CYP2C19 have lower serum concentrations of PPIs compared with poor 
metabolizers (PM). The prevalence of homoEM, heteroEM, and PM of CYP2C19 in 
Caucasians are 60–70 %, 27–37 %, and 3–6 %, which are in contrast with those in 
Asians of 28–42 %, 46–50 %, and 13–23 %, respectively. The standard doses of PPIs 
in Caucasians would refl ect mainly homoEM and in part heteroEM. The standard 
doses in Asians would refl ect mainly heteroEM and in part homoEM and PM, thus 
the standard doses of PPIs tend to be not enough for Asian homoEM patients. 

 For example, the recurrence rate during GERD maintenance therapy using 15 mg 
lansoprazole for 6 months in Japanese was reported to be 39 %, 22 %, and 0 % in 
CYP2C19 homoEM, heteroEM, and PM [ 93 ]. The metabolisms of omeprazole and 
lansoprazole mainly depend on CYP2C19 and CYP3A4, while the metabolism of 
rabeprazole by CYP2C19 and CYP3A4 contribute a small fraction to the overall 
metabolism. In fact, a recent study of effects of PPIs on CYP activity assessed by 
the [ 13 C]-aminopyrene CYP human breast test showed that omeprazole and lanso-
prazole inhibit CYP activity, while rabeprazole does not [ 94 ].  

6.1.3     Interference Between Proton Pump Inhibitors and Other Drugs 

 PPIs are frequently, administrated concomitantly with other drugs, which requests 
special caution to select PPIs. Three examples are shown hereafter. 

 Dual antiplatelet therapy with aspirin and clopidogrel after percutaneous coro-
nary intervention requests concomitant administration of PPIs to prevent aspirin- 
induced gastrointestinal bleeding. Clopidogrel is a prodrug and changes into the 
active metabolite by CYP2C19. A cross-over Japanese patient study showed that 
the antiplatelet effects of clopidogrel is weakened by omeprazole which is also 
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metabolized by CYP2C19 but not by rabeprazole which is only slightly metabo-
lized by CYP2C19 [ 95 ]. 

 In CYP2C19 homoEM, omeprazole had no effect on clopidogrel-induced plate-
let inhibition, while in CYP2C19 heteroEM, omeprazole reduced the clopidogrel 
anti-platelet effect but rabeprazole did not [ 96 ]. 

 Tacrolimus, an immunosuppressant, is metabolized by CYP3A4. The trough 
concentration of tacrolimus in CYP2C19 heteroEM patients, who received kidney 
transplantation, increased markedly after the introduction of lansoprazole which is 
metabolized by CYP2C19 and CYP3A4. The trough concentration returned to the 
therapeutic range after administration of lansoprazole was stopped [ 97 ].   

6.2     Potassium-Competitive Acid Blockers 

 SCH28080 is a typical potassium-competitive acid blocker (PCAB) (Figure  13 ). 
H + /K + -ATPase in the E 2  state forms a SCH28080-binding cavity but not in the E 1  
state. Amino acid residues involved in SCH28080 binding in M4, M5, and M6 seg-
ments of H + /K + -ATPase are shown in Figure  7 . The proposed locations of the cavity 
for the two PCABs SCH28080 and SPI-447 are shown in Figure  14  [ 98 ].

   SCH28080 inhibits H + /K + -ATPase but not Na + /K + -ATPase while ouabain inhib-
its Na + /K + -ATPase but not H + /K + -ATPase. Construction of the ouabain-binding cav-
ity in gastric H + /K + -ATPase was possible by substitution of only seven amino acids 
of H + /K + -ATPase with corresponding amino acids of Na + /K + -ATPase [ 99 ]. The 
three dimensional structural study at 7 Å resolution showed that the shape and loca-
tion of the SCH28080 cavity in H + /K + -ATPase roughly overlaps with those of the 
ouabain cavity in Na + /K + -ATPase [ 100 ].

   AZD0865 (Figure  13 ) is a PCAB which underwent large-scale clinical trials. 
AZD0865 shares an imidazopyridine ring structure with SCH28080 and  in vitro  
inhibition of H + /K + -ATPase by AZD9865 can be washed out. Although AZD0865 
has superior pharmacodynamic properties of acid inhibition, the effi cacy in treat-
ment of GERD patients was similar to that of esomeprazole [ 101 ]. TAK-438 (vono-
prazan) (Figure  13 ), another PCAB, has long-lasting anti-secretory effects because 
the binding of TAK-438 in its binding cavity is stabilized by additional hydrogen 
bonding [ 102 ]. Their acid-inhibitory effect is much more potent than that of lanso-
prazole. In a phase 2 clinical trial, treatment of GERD patients with TAK-438 was 
not inferior to lansoprazole, but TAK-438 accompanied much higher serum gastrin 
levels ± SD compared with lansoprazole [ 103 ].   

7     Concluding Remarks and Future Directions 

 At present, the molecular mechanisms of Cl −  secretion and apical K +  recycling for 
gastric acid secretion have been partly elucidated. Although several potent drugs for 
treating acid-related diseases have been developed, pathological conditions in some 
patients are still not improved by these medicines. 
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  Figure 14    Binding sites of PCABs (SCH28080 and SPI-447) in the transmembrane domain of 
H + /K + -ATPase. Taken with permission from Figure  9  in [ 98 ].       
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 For the future, one may expect that further mechanisms of Cl −  and K +  transport 
will be elucidated and that more effective inhibitors of gastric H + /K + -ATPase will be 
introduced. The Cl −  and K +  channels/transporters are also attractive targets for 
developing new drugs.
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   Abstract     In Nature, all biological systems present a high level of compartmental-
ization in order to carry out a wide variety of functions in a very specifi c way. 
Hence, they need ways to be connected with the environment for communication, 
homeostasis equilibrium, nutrition, waste elimination, etc. The biological mem-
branes carry out these functions; they consist of physical insulating barriers 
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constituted mainly by phospholipids. These amphipathic molecules spontaneously 
aggregate in water to form bilayers in which the polar groups are exposed to the 
aqueous media while the non-polar chains self-organize by aggregating to each 
other to stay away from the aqueous media. The insulating properties of membranes 
are due to the formation of a hydrophobic bilayer covered at both sides by the 
hydrophilic phosphate groups. Thus, lipophilic molecules can permeate the mem-
brane freely, while the small charged or very hydrophilic molecules require the 
assistance of other membrane components in order to overcome the energetic cost 
implied in crossing the non-polar region of the bilayer. Most of the large polar spe-
cies (such as oligosaccharides, polypeptides or nucleic acids) cross into and out of 
the cell via endocytosis and exocytosis, respectively. Nature has created a series of 
systems (carriers and pores) in order to control the balance of small hydrophilic 
molecules and ions. The most important structures to achieve these goals are the 
ionophoric proteins that include the channel proteins, such as the sodium and potas-
sium channels, and ionic transporters, including the sodium/potassium pumps or 
calcium/sodium exchangers among others. Inspired by these, scientists have created 
non-natural synthetic transporting structures to mimic the natural systems. The 
progress in the last years has been remarkable regarding the effi cient transport of 
Na +  and K +  ions, despite the fact that the selectivity and the ON/OFF state of the 
non-natural systems remain a present and future challenge.  

  Keywords     Ion carriers   •   Ion channels   •   Ionophores   •   Ion selectivity   •   Potassium   • 
  Sodium   •   Transmembrane transport  

1        Introduction 

1.1     Natural Systems 

 Transmembrane ion transport and its equilibrium are vital in any living cell. In this 
regard, the two most studied and relevant ions are Na +  and K + , together with all the 
transporter systems like carriers, channels, pumps and receptors that permit their 
fl ow in the living organisms (Fig.  1 ) [ 1 ,  2 ]. These ions are fundamental for cell sur-
vival, thus membranes maintain the osmotic balance across the animal cell, keeping 
the intracellular concentration of sodium low [ 3 ,  4 ]. Therefore, other cations, mainly 
potassium, have to be pumped into the cell to balance the fi xed pH and charge deter-
mined by the intracellular anion concentration. The cells create a membrane poten-
tial between the interior and the exterior of the cell that is critical for many vital 
physiological functions. For this purpose, membranes contain proteins embedded in 
the bilayer, called ionophoric proteins, to transport ions across the membrane. 

 These membrane proteins include the channel proteins, such as the sodium and 
potassium channels, and ionic transporters, including the sodium or potassium 
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pumps or calcium/sodium exchangers, among others. In addition, certain cells, 
called excitable cells, have the ability or the need to generate electrical signals. 
Several types of excitable cells are known, such as neurons, muscle cells and touch 
receptor cells, which convert chemical or mechanical messages into electrical sig-
nals through the use of ion channels. Biologically, the ion channels are responsible 
of maintaining the resting potential of the cells. For example, in excitable cells, such 
as neurons, the delayed counter fl ow of potassium ions shapes the action potential. 

 The sodium and potassium channels are ion transport membrane proteins whose 
main functional difference is its transport selective fi lter, which is caused by the resi-
dues located in the narrow part of the inner cavity of the protein. These kinds of chan-
nels are transmembrane proteins with an internal hydrophilic pore that extends from 
one side of the membrane to the other. Ion transport is considered to be passive as far 
as the ion fl ow is controlled solely by the concentration gradient, with transport rates 
close to diffusion in bulk water. In general, these proteins are in a closed state, in which 
no ions can fl ow. The channels are subsequently activated by an external stimulus, such 
as a neurotransmitter, a hormone or a voltage variation, which induces a protein con-
formational change that opens a pore allowing the ions to cross the membrane [ 2 ,  5 ,  6 ]. 

 In general, almost any transmembrane forming nanopore species (leukocidins, 
gramicidins, hemolysins, etc.) can transport alkali metal ions, but the key feature of 
the sodium and potassium ion channels and pumps is their transport selectivity and 
the control over the open/closed states. Many nanopore proteins, like the hemoly-
sins, do not require the control of the opening and closing state because their func-
tion demands being always in the open state. In general, these types of molecules 
are toxins whose function is to destabilize the cell ion balance by forming large 
holes in their membranes. 

 The function of potassium channels is to conduct this alkali metal ion directed by the 
electrochemical gradient. This transport is carried out both rapidly (close to its water 
diffusion rate) and selectively, excluding other ions, most notably, sodium. The discrimi-
nation between potassium and sodium ions, whose difference in radius is only in the 
sub-ångstrom range, is remarkable especially considering that this differentiation takes 

K+ / Na+

K+ / Na+
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K+
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  Figure 1    Models of mechanisms of sodium and/or potassium transport.  Left : ion channel; 
 center : ion pump;  right : ion carrier.       

 

14 Bioinspired Artifi cial Sodium and Potassium Ion Channels



488

place at transport rates close to one hundred millions of ions per second. One of the 
biological functions of these channels is to set or reset the resting potential in the cells. 

 In excitable cells, such as cardiac muscle, potassium channels contribute to regu-
late the functional potential and are also involved in maintaining vascular tone. 
Thus, the malfunction of these channels may cause arrhythmias. In addition, the 
potassium channels are also present in irregular cellular processes such as the 
 secretion of hormones, as for example the release of insulin from beta-cells in the 
pancreas, thus their malfunction can lead, among other diseases, to diabetes. 

 On the other hand, sodium channels are responsible in excitable cells (neurons, 
myocytes, or endocrine cells) for the rising phase of action potentials, the short- 
lasting event by means of which the electrical membrane potential of a cell rapidly 
rises and falls. Sodium channels also play a central role in rapidly transmitting the 
depolarizing impulses all through cells and cell networks, thereby enabling 
 coordination of complex and multifunctional processes extending from locomotion 
to cognition.

   Once the sodium or potassium channels are open and the corresponding ions move 
downhill across membranes, the living systems need to recover the original ion gradient. 
The ion pump proteins, such as the sodium or potassium pumps, are responsible of 
carrying out these functions. The process requires energy input to overcome the ther-
modynamic cost related with moving the ions against the concentration gradient. 

 The Na + /K +  pumps are membrane proteins formed by two subunits, alpha and 
beta, that self-assemble into tetrameric structures. They carry out active transport by 
consuming energy (ATP). These pumps can translocate three Na +  outside the cell 
(extracellular medium) while two K +  are transported into the cell (intracellular 
medium) [ 7 ]. They are responsible of maintaining the low Na +  concentration 
(~5 mM) in the cell plasma compared to the extracellular medium (~145 mM; 
10–30 times higher concentration). On the other hand, K +  concentration inside the 
cell is very high (~140 mM) compared with the low concentration (~5 mM) in the 
external medium. 

 The extensive research carried out in the fi eld of natural transport systems has 
also revealed that Na + /K +  pumps play a central role in an enormous number of sig-
naling mechanisms in the cells, as a consequence, any minor malfunction of these 
channel proteins triggers the appearance of some illnesses known as channelopa-
thies, such as fi bromyalgia or cystic fi brosis [ 8 ,  9 ]. 

 Nature also uses other transport systems to interfere in the ion balance of the cell. 
The ion carriers (Figure  1 ), which also transport ions passively, are perhaps the best-
known systems. Despite the fact that just a few are voltage-dependent [ 10 ], all of 
them exhibit high ion selectivity. Generally, they are lipid-soluble molecules pro-
duced by a variety of microbes as a defense weapon against other (competing) 
microbes. One of the best known is valinomycin (Figure  2 ) [ 11 ], a cyclic depsipep-
tide with antibiotic properties that selectively recognizes and transports K +  across 
the lipid membranes. Some of the carriers are small molecules that shuttle ions from 
one side of the membrane to the other, while in the case of the largest carriers, in 
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general, the transport system implies mechanisms that are not related with their dif-
fusion, but the transporter undergoes conformational changes in the carrier 
structure. 

 The properties of all these natural transport systems (channels, pumps, carriers 
and ionophores) can be summed up in three characteristics: effi cient ion mobility, 
high selectivity and externally (ligand or voltage) mediated transport. 

 In this review we will cover the most relevant synthetic transporting systems 
prepared to transport potassium and sodium ions. The chapter is divided into the 
previously mentioned systems, that are carriers and ion channels, but we have also 
included a third class, the membrane-spanning ionophores. This term includes a 
large family of molecular transporters that facilitate the transport of ions across 
the membranes despite the fact that they neither bind specifi cally the ions nor form 
structurally well defi ned and water-fi lled pores. These systems are generally amphi-
philic molecules that can insert into the bilayer by increasing the permeability of the 
membranes, therefore granting the movement of ions across them in a passive and, 
sometimes, selective way, even though they do not possess a central channel  per se .  

  Figure 2     Top left : Structure of α-hemolysin (PDB code 3ANZ) formed by seven subunits (each 
color corresponds to a different monomer) that self-assemble through the formation of a β-barrel. 
In addition, the structures of the ion carrier valinomycin ( top right ) and the pentadecapeptide 
gramicidin A ( bottom ) are shown.       
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1.2     Supramolecular Approaches 

 Natural systems have inspired scientists to develop synthetic systems which resem-
ble the previously described carriers and channels, searching for the properties that 
Nature has mastered over the evolutionary process: transport effi ciency, ion selec-
tivity, and a tunable “ON/OFF” state control. Originally, these synthetic transporters 
were prepared seeking to mimic some of these properties but also looking for under-
standing them by means of simpler components. In the last years, authors were 
aiming to improve some of the natural properties or even to develop (create) func-
tions not previously observed. 

 Due to the great complexity and size of most of the channels, carriers, and pumps, 
their synthesis by classical chemical methods based on covalent bond-forming pro-
cesses are not feasible because they would require unapproachable long synthetic 
routes and a high need of manpower. Such large molecules would also suffer similar 
folding problems than natural proteins. In addition, the membrane transporters 
would require hydrophobic properties to facilitate their membrane insertion and 
hydrophilic characteristics to facilitate the ion transport, making their synthesis 
almost unaffordable. 

 Not surprisingly for a long time, one of the main drawbacks of membrane protein 
studies derived from the diffi culties to get high-resolution crystal structures. 
Therefore, in the last decades chemists are searching for alternative strategies that 
rely on supramolecular chemistry. Supramolecular chemistry is based on appropri-
ately designed basic components that interact with each other  via  weak forces 
(hydrogen bonding, π-stacking, dipole-dipole interaction, hydrophobic effect and so 
on) to eventually form super- or supra-molecules with the appropriate topology for 
carrying out a specifi c function. One of the main advantages of supramolecular 
chemistry is its effi ciency and simplicity. Only relatively simple building blocks are 
required and synthesized and they have the ability to associate into more complex 
structures driven by the thermodynamics of the process. The fi nal structure is 
achieved by different equilibria to form the thermodynamically most stable com-
plex. Self-assembly and recognition processes are the two most important strategies 
for the supramolecular construction, the former one being the most relevant in the 
preparation of complex structures. 

 Inspired by the simple structure of the natural receptor valinomycin (Figure  2 ), 
the researchers have developed a variety of ion receptor carriers to mimic its natu-
ral function and selectivity. For the synthetic designs, the molecular recognition 
processes have played the most relevant role. For the synthesis of non-natural 
receptors, prior knowledge of the charge, the size, and the electronic properties of 
the ion allows the design of very selective receptors. The receptor/ion complex 
must form a lipophilic structure that facilitates the diffusion through lipid 
membranes.

   On the other hand, in order to form transporters with an internal pore, natural 
systems like gramicidins, for their simplicity, or hemolysins, due to their robust-
ness, have inspired the construction of non-natural channels (Figure  2 ) [ 12 – 14 ]. 
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Gramicidins are linear pentadecapeptides made of alternating  L - and  D -amino 
acids that self-assemble on the membrane to form dimeric helical structures with 
an internal pore that is perpendicularly oriented to the membrane. The resulting 
channel is selective to alkali metal ions compared to divalent cations or anions but 
it can vaguely discriminate between alkali metal ions. Hemolysins are pore-form-
ing toxins with a mushroom-shaped structure made of seven homo-oligomeric 
monomers that self-assemble into a β-barrel structure (Figure  2 ). This channel 
remains open indefi nitely allowing the uncontrolled permeation of water, ions, and 
small molecules. 

 Based on these attractive structures a variety of synthetic helical or barrel-shaped 
constructions with the ability to insert in the lipid bilayer and form channels have 
been prepared. The creativity of the researchers has also derived in structures not 
previously observed in Nature. For example, the gramicidin A (gA) have inspired 
the design of peptide nanotubes made of cyclic molecules than can self-assemble on 
top of each other [ 15 ,  16 ]. A system in which small cyclic components adopt a fl at 
conformation and stack on top of each other to form the nanotubes. In general, these 
synthetic approaches show a high transport rate, but other properties of natural ion 
systems, such as ion selectivity and fully controlled opening and closing, are not 
completely achieved. Finally, synthetic systems able to effi ciently carry ion trans-
port against the concentration gradient such as the Na + /K +  pumps remain elusive 
and will need more efforts. 

 Regarding the stoichiometry and transport direction, the ion translocation is 
classifi ed as uniport, symport, and antiport (Figure  3 ). In the fi rst type the conveyor 
translocates a single ion across a phospholipid membrane, while the last two refer 
to transporters that translocate simultaneously two different ions. The symport 
involves the movement of two or more ions, generally a cation and an anion, in the 
same direction while the antiporter (also called exchanger or counter-transporter) 
moves the ions across the membrane in opposite directions.

  Figure 3    Models of transport mechanisms depending on stoichiometry and directionality of ions 
translocation: uniport, symport, and antiport.       

 

14 Bioinspired Artifi cial Sodium and Potassium Ion Channels



492

2         Ion Carriers 

 Ion carriers are liposoluble compounds that facilitate ions to cross the membrane. 
In general, the carriers are ionophores that bind to a particular ion shielding it from 
the surrounding environment. Most of the carriers exhibit great selectivity and, 
generally, the transport is potential-dependent [ 17 ,  18 ]. Considering the transport 
mechanisms, they can be differentiated between the carriers that translocate from 
one side of the membrane to the other facilitating the diffusion of the ions and those 
transmembrane structures whose active transport mechanisms only require confor-
mational changes to facilitate the ion movement. To differentiate both types of 
mechanisms we have divided the carriers in this chapter in two different groups: 
receptor-carriers and membrane-spanning ionophores. 

2.1     Receptor-Carriers 

 Receptors-carriers bind ions with high affi nity at the water-membrane interface. 
The resulting complex is lipophilic and can translocate between both sides of the 
lipid bilayer to release the ion in the most diluted aqueous solution. 

 Regarding their structure, in general these compounds have several polar groups 
(amide, ester or ether) oriented towards the central cavity (recognition center) in 
which the ion can be located. The resulting hydrophilic cages surrounded by a 
hydrophobic surface facilitate the immersion of the whole structure in the lipophilic 
media. Thus, this special arrangement produces lipophilic structures with highly 
hydrophilic cavities that can diffuse through the membrane bilayer shuttling the 
ions from one side to the opposite side. Generally, a conformational change at the 
membrane interface allows the release or capture of the ions. 

 The high selectivity achieved by some carriers is attributed to the size of the hydro-
philic cage. Thus, only cations whose radius fi ts perfectly in the cavity are entrapped. 
Larger cations have to deform the cage while smaller ones do not fi nd the appropriate 
coordination geometry. Regarding the structure there are two classes, the neutral and 
the ionic (carboxylate) carriers. The latter form neutral complexes with the cation 
because the carboxylic group is deprotonated and generally the transport properties are 
related to their ability to exchange protons and cations in an electroneutral process. 

 There are several natural compounds with receptor-carrier properties that inter-
act with different ions to transport them across the biological membranes [ 17 ]. 
In general, the alkali metal ion transporters are oxygen-rich organic compounds as 
simple as oligoester chains with low molecular weight [ 19 ]. Many antibiotics, 
particularly the macrolide antibiotics, are carriers that exhibit high affi nities for dif-
ferent ions such as valinomycin (Figure  2 ; binds selectively to potassium cations), 
calcimycin (divalent ion carrier), monensin (important role as Na + /H +  antiporter), 
enniatin (binds selectively to ammonium ions), beauvericin (alkaline earth metals), 
nigericin (acts as an H + , K + , Pb 2+  transporter) among others (Figure  4 ) [ 20 – 22 ].
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   Valinomycin is a well-known natural product that selectively binds a potassium 
ion, forming a complex that transports this cation across biological membranes 
[ 23 ]. It is a cyclic dodecadepsipeptide,  cyclo -[( D -Val- L -Lac- L -Val- D -HyV) 3 −] with 
alternating amide and ester bonds. This structure confers the conformational prop-
erties that result in its excellent cation-carrier activity [ 24 ,  25 ]. It binds numerous 
cations including those of the alkali, alkaline earth, and transition metals but pres-
ents a remarkably high selectivity to complex K +  compared to Na + . 

 The stability of the K +  complex is between three and four orders of magnitude 
higher than that of the sodium complex. Apparently, its structure is so well designed 
that all stages of potassium transport have similar energetic barriers and no ‘bottle 
necks’ occur [ 26 ]. Therefore, in order to study the structure–function relationship, 
different analogues have been synthesized by changing their side chains, the confi gu-
ration or the ring size [ 27 ]. Some of these analogues present a different ion selectiv-
ity, such as those in which the number of monomeric fragments, three instead of four, 
were modifi ed such that they prefer to recognize bulky cations. Most of the ana-
logues were less effi cient in transporting ions than the natural compound. 

 Further studies were carried out with modifi ed depsipeptides, such as those pre-
pared by the group of Ranganathan [ 28 ]. They synthesized cyclic depsipeptide ana-
logues in which a serine residue was used to link different adamantanebiscarboxylate 
groups to provide the desired membrane solubility and conformational constraints to 
facilitate the effi cient ion transport in membranes (Figure  5 ). The resulting derivatives 

  Figure 4    Structures of some natural receptor-carriers: enniatin, monensin, calcimycin, beauveri-
cin, and nigericin.       
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were almost as effi cient as valinomycin (with respect to the lipid:receptor ratio) in 
Na + , Mg 2+ , and Ca 2+  cation transport, but unfortunately most of its selectivity was lost.

   Enniatins (Figure  4 ) are also natural cyclic hexadepsipeptides whose ring is half 
the size of valinomycin [ 29 – 32 ]. In addition, the skeleton amide functionality is 
 N -methylated, so no amide protons are involved in hydrogen bond stabilization of 
the ion/complex structure. The enniatins bind weaker to potassium, are less active, 
and the potassium/sodium selectivity is smaller than that of valinomycin. They can 
form different complexes with the ion [1:1, 2:1 (sandwich) or 3:2 (stacks)]. 
Biophysical studies showed that complex types change depending on the alkali 
metal ion, being 1:1 for sodium, 2:1 for potassium, and 3:1 for cesium. 

 Macrotetralide nactins (Figure  5 ) are a series of natural cyclic esters produced by 
various strains of  Actinomyces  [ 33 – 35 ]. They are called (nonactin, monactin, dinac-
tin, trinactin, and tetranactin) by the number of ethyl radicals present in their struc-
ture instead of the methyl groups. The repeating units of nonactin (R = Me) and 
tetranactin (R = Et) are asymmetric, and both enantiomeric forms of the hydroxy-
acids can alternate in the macrotetralides. The ion/macrocycle complex was found 
to resemble the form of a molecular tennis ball. For the nactin series, antibiotic 
activity augmented with the increase of ethyl group substituents that is also related 
with the increase of affi nity of complexation ratios between Na +  and K + . 

 Transport properties of these natural systems triggered the interest of chemists to 
develop  de novo  synthetic compounds that could facilitate the understanding of this 
process and also improve the observed transport properties. Original studies by 
Petersen, Lehn and Cram developed simple receptors like the crown ethers or cryptands 
that provided the fi rst step towards the understanding of the structural characteristic of 

  Figure 5     Top left : Structures of nonactin (R = Me), tetranactin (R = Et), and monactin, dinactin, 
trinactin if one, two or three methyl groups, respectively, are replaced by ethyl groups.  Top right : 
Structure of a non-natural depsipeptide that mimics the ion carrier properties of valinomycin. 
 Bottom : Examples of crown ether, lariat ether, and cryptand (2.2.2-cryptand, n = 1) structures.       
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ion recognition (Figure  5 ) [ 36 ]. It was found that it was possible to differentiate the 
alkali metal ions with simple macrocycles by modifying the number of ethylene oxide 
units. Therefore, 12-crown-4 ethers recognized preferentially lithium ions while the 
18-crown-6 ethers, like valinomycin, preferably bind potassium ions. 

 Another important concept in ion recognition introduced by Cram is the preorga-
nization, in which the macrocycles based on six phenol rings bind Li +  with a very 
large selectivity (Figure  6 ) as a consequence of the organization of the oxygen lone 
pairs towards a small area in which only a small ion like lithium can fi t in [ 37 ,  38 ]. 
Further designs described the macrobicycle effects using cryptands, i.e., macrobi-
cycle systems (Figure  5 ) made by three ethylene ether chains that showed even 
larger selectivities [ 39 ]. The substitution of one of the three ethyleneoxide tethers by 
an alkyl group, although it reduced the binding affi nity, increased the selectivity 
between alkali ions and divalent cations like Ba 2+  or Ca 2+ . 

 These systems also allowed studying the differences between thermodynamic 
and kinetic effects, showing that an important characteristic of the cryptate forma-
tion process is the rate of cation exchange. Therefore, the most stable cryptate com-
plexes release the ion very slowly [ 40 ,  41 ]. The dissociation rates are several orders 
of magnitude slower than those of macrocyclic or antibiotic complexes, and there-
fore an increase in ion release supposes a reduction of complex stability. Such 
effects were later used to explain the differences in the transport selectivity in favor 
of the less stable but more dynamic complexes. In general, the transport rates are 
often discussed in connection with models in which the rate-limiting step is the dif-
fusion across the membrane of the metal complex while the complexation/decom-
plexation equilibria at the membrane interface is very fast.

   The modifi ed crown ethers, i.e., lariat ethers that are macrocyclic compounds 
with one or more pending side-arms (Figure  5 ) [ 42 ], have acceptable complexation/
decomplexation dynamics coupled with the possibility of three-dimensional cation 
encapsulation by the crown ether unit and the side arm. In order to effectively trans-
fer the metal ion in a separation process, the system must have a soluble counter 
anion in both the aqueous and the organic phases. 

 Surprisingly, some of these neutral molecules extract only the cation and do not 
require a counterion (uniport); its action is thus electrogenic, resulting in a change 
of potential across the membrane. However, the distribution coeffi cients of com-
plexes formed with common anions, such as chlorides, sulfates, or nitrates, between 
the aqueous and the organic phases are too low to be useful. Attaching a proton- 
ionizable sidearm to the crown ether ring can eliminate the need to transfer anions 
from the aqueous into the organic phase. In addition, the presence of carboxylate 
groups increase the selectivity towards the cations of high charge density (Li +  and 
Na + ) reducing the effects derived from the ring size. 

 Another advantage of proton-ionizable lariat ethers as ion carriers in liquid mem-
brane transport processes is the coupling of metal ion transport from the aqueous 
source phase into the aqueous receiving phase with the back-transport of protons. 
Thus, a pH gradient provides the potential for metal ion transport [ 43 ]. In some 
cases, as for the macrocycle bearing the acetate group illustrated in Figure  6 , very 
high sodium selectivity in polymer inclusion membranes is observed. The best 
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transport was achieved with large alkyl groups (R = C 9 H 18 ) with no lithium or 
potassium detected in the receiving phase. 

 Polymers containing crown ethers have also been prepared and their ion selectiv-
ity studied, they showed some cooperative effects between adjacent crown ethers 
[ 44 ]. Malonate-derived crown ethers were described, and the carbonyl group 
showed no particular sodium/potassium selectivity (Figure  6 ). Righetti et al. 
described their incorporation in polymers containing other carboxylic groups [ 45 ]. 

 The transport behavior for the monomer and the polymer presented also some 
differences. For example, the 17-crown-5 ether has transport rates higher for the 
smaller cation (Na + ), probably because this ion fi ts better in its cavity. On the con-
trary, the selectivity is shifted toward the K +  ion in the corresponding polymer. 
Additionally, the transport rate for the sodium ion was lower than in the  corresponding 
monomer. This change in the sodium transport effi ciency must be related to the 
polymer binding effi ciency; it is possible that the conformation required for the 
selective binding of sodium in the monomer could not be reached in the polymer. 

 All these studies suggested that the ion transport based on this type of ion carriers 
could not exceed a maximal velocity. Thus, new alternatives to surpass this dilemma 
became very attractive in which the structure of the carriers could be reversibly inter-
converted between the strong-binding form (increase the interaction with the ion) and 
the less prone shape that would facilitate the ion release. With this idea light-driven 
transport systems were studied [ 46 ]. In this respect, azabis-crown ethers were prepared, 
in which the two macrocycles were attached by an azo group (Figure  7 ). This group 
isomerizes ( cis/trans ) upon selective light irradiation (ultraviolet or visible light). The 

  Figure 6     Top : Dialkylated malonate crown ether (left) used as monomeric model of correspond-
ing polymer (right) [ 45 ].  Bottom : Lariat ether with a carboxylic acid for selective transport of 
sodium ions (left) and Cram spherand that selectively recognizes lithium ions (right).       

 

Rodríguez-Vázquez, Fuertes, Amorín, and Granja



497

 Z -isomers bring together both macrocycles and large cations can bind in a 1:1 ratio in 
a very tight way (sandwich-type complexes), while the  E -form separates the rings facil-
itating the cation release.

   Since these compounds can change their complexation properties on the basis of 
reversible isomerization, it is possible to control the uptake or the release velocity 
when light irradiation is applied to the transport system. An acceleration of the 
transport rate of alkali metals was observed. The results observed depend on the 
cation and the macrocycle size. For the less-stable complexes (Na + ) the transport 
rate was proportional to the concentration of the ( Z )-formed carrier. For K +  com-
plexes it was found to depend on the counter-anion type and light used. Such behav-
ior was explained on the basis of the rate-limiting step of the process, which was the 
cation extraction for hydrophilic anions, thus, the light increased the  cis -form rais-
ing the cation affi nity. 

 On the other hand, hydrophobic anions modifi ed the rate-limiting step from the 
extraction step to the cation release, so the increase of the  cis -form reduced the 
transport rate. These experiments carried out with hydrophobic anions showed that 
the transport was retarded upon UV irradiation, whereas with more hydrophilic 
counter-anions the transport was signifi cantly increased. In this case, visible light 
irradiation, which effi ciently mediates  cis/trans  isomerization, retarded the trans-
port rate. As expected, alternate irradiation of the membrane by UV and visible light 
signifi cantly accelerated the rate of K +  translocation when hydrophobic counter- 
ions were used. In contrast, the same alternating irradiation protocol retarded the 
rate of Na +  transport. 

 In general, salt transport studies through liquid membranes with these simple- 
molecular models could be related to the Gibbs’ energies of the ion hydration and 
transfer in the membrane [ 47 ]. For example, the transport rates of potassium salts 
using 18-crown-6 ethers vary in eight orders of magnitude depending on counter-
ion properties. The anions with smaller hydration free energies give faster cation 
transport. 

  Figure 7    The  cis/trans  isomerization permits effi cient K +  complexation/liberation of the azabis- 
crown ether.       
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 The calixarene motif (Figure  8 ) is another chemical platform extensively studied 
as alkali metal ion carrier. The calix[n]arenes are cyclic oligomers derived from the 
condensation between a phenol and an aldehyde in which “n” denotes the number 
of repeating units in the macrocycle. These amphiphilic compounds have a hydro-
philic ion-binding cavity with an external lipophilic surface that protects the polar 
ion from suffering strong repulsive interactions with the lipid membrane and hence 
allowing the ion fl ow. In fact, in 1996, Jin et al. synthesized the fi rst selective artifi -
cial sodium transporter based on a calix[4]arene derivative [ 48 ].

   The calixarenes are interesting compounds because of their pre-organized core 
of aromatic units, which provides the possibility of establishing interactions between 
the electron-rich aromatic ring and the cation (cation-π interaction). The combina-
tion of these mentioned characteristics is fundamental for its transport properties, 
demonstrating that the mentioned calix[4]arene ether (Figure  8 ) mediates selective 
Na +  transport through phospholipid bilayer membranes. Despite the fact that the 
linear organization of two calix[4]arene could form a channel across the membrane, 
the studies showed that in this case the Na +  transport was explained by the carrier 
mechanism, where the complex Na + -calixarene diffuses through the membrane as a 
monomeric species. In particular, the calixcrowns in which an oligo(oxyethylene) 
chain links two oxygens of a non-adjacent phenolic ring of the macroarene 
 framework, are important groups of these carriers due to their highly selective metal 
ion recognition. 

 The observed selectivity depends on the size of the oxyethylene chain, on the 
calixarene conformation and on the type and structure of substituents at the upper or 
lower rims (the wide and narrow part, respectively, of the characteristic three- 
dimensional basket structure of calixarenes) [ 49 ]. For example, it has been shown 
that the 1,3-alternating conformation of calix[4]arene-crown-6 derivatives bind Cs +  
ions with improved selectivity and strength than simple crown ethers [ 50 – 52 ]. Such 
selectivity was later implemented for Cs +  transport in supported liquid membranes 
[ 53 ]. Calixarenes have also been used for studies of alkali metal cations through 
polymer inclusion membranes (PIMs) [ 54 ]. 

 A dimeric tubular-shaped receptor has been designed by Beer’s group that 
displays a high affi nity for potassium ions compared to other alkali metals due to 
the presence of eight coordinating binding sites (Figure  8 ) [ 55 ]. These dimeric 
calixarenes could potenially work as membrane-spanning compounds but, based on 
the results reported in this article, because of their length and transport rates, they 
present properties that correspond to an ion carrier. 

 Larger calixarenes were also studied such as the pentamethyl ester of 
calix[5]arene derivatives bearing benzyl or  tert -octyl moieties at the  para- position. 
These studies by liquid-liquid extraction experiments showed a high selectivity 
within the alkali metal cation series [ 56 ]. This selectivity depends on different fac-
tors such as the macrocycle conformation, the substituents on the  para -positions 
and the solvent. Another example of calixarene macrocycles is a dimeric channel in 
which diazobenzenes were placed at the membrane interface to achieve responsive-
ness to light by their incorporation in the larger rim of the macrocycle [ 57 ].  
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2.2      Membrane-Spanning Ionophores 

 Membrane-spanning ionophores are defi ned as molecular systems that insert in lipid 
membranes and modulate the ion permeability without a strong and selective binding 
to the cation, neither through the formation of a structurally well-defi ned nor a water-
fi lled pore [ 19 ,  58 ,  59 ]. Because of their structural properties, they are not shuttling 
ions through the membrane by means of their membrane diffusion. These systems 
cannot be considered as molecular channels because they do not form structurally 
defi ned architectures but they can induce membrane permeability through a variety 
of mechanisms that include the formation of toroidal channels (Figure  9 ). The per-
meability of these compounds is usually voltage-dependent and some of the trans-
port active structures give similar signals in planar lipid bilayer as the ion channels. 
These transporters can also give groove- or trench-like structures in which the mol-
ecules span the bilayer and the ions move through different binding sites of the trans-
port system. It seems that there are, in general, various conducting structures.

   Although some of them may be membrane-spanning, the most prevalent are 
those that involve the formation of transmembrane structures that provide the ion 
with a continuous pathway from one face to the other of the bilayer. To form the 
active structures, the transporter must start penetrating the bilayer. This process is 
occasionally described as the rate-limiting step and sometimes has the characteris-
tics of the lipid fl ip-fl op mechanism [ 60 ]. Once the monomeric transporter interacts 
and inserts on the membrane, it might adopt different conformations depending on 
the structure of the compound and the interactions with the membrane. The differ-
ent parameters to consider are the fl exibility of the ionophore, which might induce 
bending or folding, the segment length, the complementarity with the leafl et thick-
ness, and so on. Some of these folded structures, depending on their depth, disrupt 
one of the layers generating a conducting pathway through some water penetration. 
These membrane perturbations can also give rise to aggregates and eventually to 
microphase separation. These initial loosely aggregates are also good candidates of 
some of the conducting structures. 

  Figure 8    Structure of calix[n]arenes ( left ) and the calix[4]crown ether derivative ( center ) used in 
Na +  transport through lipid membranes.  Right : dimeric calix[4]arene that forms a tubular 
structure.       
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 In general, such structures would have relatively long-lived transporting events 
but with relatively low conductance. Such behavior is due to the stabilization by the 
phase behavior of the single monolayer [ 3 ]. Finally, the transporter could also uncoil 
to form a structure that spans the membrane. These extended forms could aggregate 
to form homo- or heteromeric species with transporting properties. These mem-
brane structures are responsible of channel recording with large conductances but 
short-living and less regular conducting events. These transporting properties are a 
consequence of the stress derived from the large mechanical forces on the spanning 
structures that have independent motions compared to the bilayer. Finally, the trans-
port properties of some of these ionophores correspond to the toroidal model in 
which the transporters are intercalated with the membrane phospholipids stabilizing 
the positive curvature perpendicular to the bilayer plane. These structures, in gen-
eral, are responsible of long living and very high-conductance channels. 

 Despite the fact that for some of the transporters mentioned in this section the 
authors claimed the construction of membrane channels, the lack of rigidity and/or 
hydrophilicity to form water fi lled pores in the membrane and also due to the lack of 
experimental evidences of ion channel formation we decided to include them here. 

 The design of these synthetic ionophores requires the adequate organization of 
donor groups in the supramolecular architecture in order to ensure a highly effi cient 
and selective ion transport. Here we have included also a variety of synthetic designs 
whose aim was to create components that spanned the lipid bilayer by itself or by 
association into dimeric components. Some of them include a macrocyclic compo-
nent in which several pendant chains were attached. Depending on the position of 
the macrocycle on the membrane there are designs with the ring in the central part 
of the membrane whereas some others present it at the polar side of the membrane. 
Finally, simpler designs were also prepared; these were linear amphipathic mole-
cules, which, depending on their chain length, could span the whole membrane 
bilayer or only one of the leafl ets. Most of these compounds are derived from the 
idea of designing ion channels that are structurally similar to the amphotericin 
active form while using simple and synthetically accessible compounds. 

 Following the initial studies with crown ethers and lariat structures and with the 
aim of developing synthetic ion channels, Lehn and coworkers described one of the 

  Figure 9    Different approaches for the ion transport mechanism of the amphiphilic molecules 
(see text).       
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fi rst structures incorporating a macrocycle in the central part of the membrane [ 61 –
 63 ]. These compounds were called bouquet-like molecules or  chundle  approach 
(hybrid word of  chan nel and bun dle ). For that purpose they described crown ethers 
in which two of the ethylene groups were substituted by enantiomerically pure tar-
taric acid moieties (Figures  10  and  11 ). The carboxylate groups of the tartaric acid 
have a strong conformational preference for their anti-disposition, restricting the 
conformational freedom of the macrocycle and facilitating the functionalization of 
the ring at both sides. The incorporation of the PEG chains on the carboxylic groups 
(two per carboxylate) provided the active components [ 61 – 63 ]. Carboxylic groups 
are placed at the end of each PEG chains to ensure their positioning at the water 
interface.

   Fyles and coworkers also exploited the same idea but using a core unit of polycar-
boxylate crown ethers made by a variable number of ( R , R )-tartaric acid subunits 
[ 64 – 66 ]. Macrocyclic tetraesters of maleic acid were attached to the carboxylates to 
play the role of molecular walls on the channel. At the opposite side of the central 
ring the head groups were incorporated to ensure their location at the membrane 
interface. The macrocyclic tetraester and polycarboxylate crown ether hybrids were 
studied in bilayer vesicles by measuring proton and ion transport by NMR or fl uores-
cence spectroscopy on liposome-entrapped dyes. In general, the active compounds 
were less active than gramicidin. Some of the derivatives, those with only two wall 
molecules, have carrier properties while the larger (tetra and hexa) derivatives were 
assigned channel-like properties. The results also suggest that these highly oxygen-
ated synthetic transporters can migrate throughout the whole liposome population. 

 Cyclodextrins (CDs, Figure  10 ) are other macrocyclic structures commonly 
used in molecular recognition in water due to their hydrophobic cavity. Albeit the 

  Figure 10    Ionophores formed by a central ring at which several chains are attached. The chains 
are oriented towards both sides of the membrane interfaces.       
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  Figure 11    Example of ionophores containing a central macrocyclic molecule.  Left : crown ether. 
 Right : Calixarenes in which the two conformers, the extended (1,3 alternating) and the cone- 
shape, ( bottom ) are shown. The more active component is the extended one ( top ).       
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hydrophobic character, one of the fi rst synthetic designs of ring-shaped transporters 
was based on CDs [ 67 ]. This initial work inspired other authors to use the CD 
motif in the design of other transport systems. For example, Lehn et al. designed 
another bouquet-like molecule that spans the lipid bilayer and mediates the alkali 
metal ion transport [ 68 ]. This structure has a central core made by the CD and 
again oligoethylene glycol chains were attached to both sides of the cyclic oligo-
saccharide to ensure the spanning of the membrane. These bouquet structures were 
found to cause a one-for-one antiport ion, sodium  versus  lithium, exchange. The 
transport studies were carried out by  23 Na NMR experiments and no channel mech-
anism was proven, although the observation that the sodium transport rates were 
similar both in fl uid- and gel-state membranes suggests that ion migration does not 
take place through a carrier-type mechanism.

   The calix[4]arene platform has also been used in combination with cholic acid in 
this type of designs (Figure  11 ) [ 69 ]. Cone-shaped and 1,3-alternate calixarene 
derivatives were prepared and they showed effective transport of sodium ions and 
protons across liposomal membranes. The extended, 1,3-alternated conformation, 
was more active than the cone-shaped. This, together with the observed unimolecu-
lar mechanism, suggests that the ion transporting properties depend on the overall 
length of the transporter. Active components are those whose length roughly 
matches the thickness of the hydrophobic core of the membrane. 

 The same macrocyclic moieties were used for the second group of membrane 
ionophores. In this case all the pending chains were attached at the same side of the 
ring forming a kind of molecular octopus-like transporters. Most of the transporters 
were prepared using chains long enough to span the phospholipid bilayer while the 
hydrophilic macrocycle would reside at the water/membrane interface. A second 
group of transporters contain chains inserted suffi ciently deep in only one of the 
leafl ets of the membrane. Such a structure would be active just by allowing the 
 penetration of some water molecules that would open a conducting pathway. On the 
other hand, a fl ip-fl op mechanism could facilitate the incorporation of the half- 
channel at both sides of the membrane, whose dimerization process would form the 
full transmembrane channel. Although some authors have attributed to this form the 
active species, mostly there is not enough driving force (molecular interactions) that 
can stabilize the dimers, especially considering the independent motion of the two 
layers of the membrane. 

 The fi rst design of this type was the previously mentioned work of Tabushi et al. 
searching for novel synthetic ion channels [ 67 ]. This design consists of a 
β-cyclodextrin derivative, in which several alkyl chains were linked to the smaller 
base of the frustum, where the primary hydroxyl groups are projected. The alkyl 
chains had also amide groups at their ends to facilitate the interactions with the ions. 
The original idea behind this design was the formation of ion-channel mimics by 
associating two CDs into the channel (Figure  12 ). The cyclic oligosaccharide would 
reside at the membrane surface, with the polar hydroxyl groups in contact with 
water, while the hydrophobic chains dipped in the membrane. The transport rate for 
divalent ions was much faster than for the specifi c monovalent carriers like 
18- azacrown-N6 and it was interpreted by the metal ion rapidly jumping from one 
binding site to another within the structure.
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   Similarly, a CD with seven amino-5,10,15,20-tetraoxatetracosanol moieties 
instead of alkyl groups was also prepared [ 70 ,  71 ]. In principle, this ionophore 
would only require one molecule to span the bilayer, considering the length of the 
pentabutylenglycol pendants. The NMR studies suggested that the Na +  transport 
rate in liposomes is about 36 % of that of gA activity. It should be mentioned that 
the liposome experiments only provide information on transporter formation and 
not about ion transport rate because the diffusion on the membrane and assembling 
or folding are the rate-limiting step in this process and not the ion diffusion. Probably 
this is one of the reasons why no difference in transport rates for other alkali metal 
ions was found. In any case, the transport rates depend on the type of counter-anion 
and, interestingly, present the selectivity (I −  > Br −  > Cl − ). Perhaps this is an after-
effect of the basic amine groups at the chain-functionalized rim of the CD that can 
be protonated. Actually, the ion transport rates (both for cation and anion) increased 
upon augmentation of pH, probably as a consequence of the unique electrostatic 
properties of the multiple ammonium groups that line up the channel pore and the 
symporter properties of the channel. 

 Recently, Chui and Fyles carried out the most rigorous study of CD-based trans-
porters [ 72 ]. They prepared a variety of synthetic semi-channels in which several 
different substituents were attached to the CD (α and β) at the small base of the 
frustum by means of the copper-catalyzed “click” cycloaddition reaction. In this way, 

  Figure 12    Structures of the membrane-spanning ionophores with a cyclic component (resorcin-
arenes, pyrogalloarenes, cavitands, and CyPLOS) that generate cavities at the lipid membrane 
surface.       
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several transporter precursors were prepared with different structural characteristics 
such as alkyl chains, perfl uorated chains, cholic acid esters, and so on. All of them 
have in common the presence of chains with a polar group at their end. The activity 
of these CD derivatives was assessed using the bilayer clamp technique and ana-
lyzed using the activity grid analysis [ 73 ,  74 ]. 

 The activity grid analysis is a method that provides quantitative information 
about conductance and opening duration in a fi ve-level color code, representing 
qualitative information on the nature of the conductance time profi les. Analysis of 
the cumulative dataset suggests that the reported conductance data can refl ect the 
structural features of the compounds prepared, but it also refl ects the energetic land-
scape of the bilayer membrane in which synthetic ion channels function. Using this 
method they could detect the signal of the expected channel structure, together with 
the characteristic complexities of the small-molecule transporters. Thus, regarding 
the ion recording, the addition of this type of compounds to bilayers always gave a 
number of parallel pathways working simultaneously. In fact, defect- related chan-
nels were superior to the design expectations. Transport activity for the derivatives 
with shorter pendants was observed only after the addition of the transporter to both 
sides of the membrane, thus the inserted monomer must not be suffi cient to facili-
tate ion migration (Figure  13 ). The CD derivatives with longer chains, such as ste-
roidal moieties, can be active in the monomeric form, probably because they are 
able to interfere in the opposed bilayer leafl et.

   Other proposed transporting species are the end-to-end dimers, in which the ions 
pass through the hydrophobic cavity of the CD, and large aggregates in which the 
ions travel through the contact regions of two or three CDs. The observed Eisenman 
I sequence indicates that ion dehydration must take place during the membrane 
crossing [ 75 ]. The activity was also studied by experiments of transient blockage of 
the channel through the addition of hydrophobic guests. Again these experiments 
were consistent with the formation of the dimeric channel but together with other 
competing and interconverting motifs. 

 A similar idea was developed and exploited by Kobuke et al. for the preparation 
of K + -selective channels using resorcin[n]arenes instead of a CD [ 76 ,  77 ]. These 
macrocycles, like calixarenes, were obtained by condensation of resorcinol and 
aldehydes with long aliphatic chains whose principal characteristic is the presence 
of two hydroxylic groups per aromatic ring in the wide upper rim. The proposed 
structure is again a semi-channel that has alkyl chains with similar lengths to the 
lipids used in the study. The dihydroxylated aryl rings force the molecule to place 
the cup at the interface with the alkyl group penetrating the membrane. Therefore, 
the proposed active channel should be a dimeric structure. The transport studies 
were carried out in planar lipid bilayers, showing stable transitions between open 
and closed states with constant conductance at different voltages. The observed 
symmetry in the channel current suggests the existence of a symmetric channel 
structure. The ion permeability value between potassium and chloride ions was 
found to be 20, showing similar selectivity as other natural transporters like 
gA. Additionally, their analysis reported a remarkable K + /Na +  ratio of 3, represent-
ing one of the fi rst examples of an artifi cial ion channel that displays selectivity for 
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K +  ions. Interestingly the incorporation of a nitrile group between both hydroxylic 
groups provided pH-depending conductivity changes. The reason of the observed 
variation of conductance values at pH 8.5 is not clear but it might be related to the 
change of acidity of the hydroxyl groups at the mouth of the channel that might 
interfere in the solvation and interaction with the transporting ion. 

 Another example is based on cavitands derived from resorcinarenes in which the 
phenolic groups of two adjacent resorcinols are covalently linked through a methy-
lene bridge. In this study diazobenzenes were incorporated at the upper rim to place 
them at the membrane interface with the purpose of achieving a light-responsive 
transport process [ 78 ]. Successive short opening and closing states in transport 
experiments were obtained after incorporation of the thermodynamically favored 
EE isomer of 11,23-dimethyl-bis(5,17- p -phenylazophenyl-aminomethyl)-cavitand 
into the bilayer. The authors proposed a tail-to-tail dimer as the active component 
because channel activity was not observed when only resocinarene derivatives were 
added into one side of the lipid bilayer. 

 Pyrogallol[4]arenes are also calixarene-type structures derived from pyrogallol 
that were fi rst exploited by Gokel’s group (Figure  10 ). They prepared macrocycles 
formed from pyrogallol and dodecanal that could insert in phospholipid bilayers 
and form conducting pores that undergo reversible switching over a wide range of 
potentials [ 79 ]. The analogue with a short alkyl chain (propyl) was membrane- 
active but showed a very irregular behavior, suggesting some kind of membrane 
disruption. The derivative with long chains (dodecyl) showed current–time traces with 

  Figure 13    Schematic representation of several ion transport models systems based on 
cyclodextrins.       
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fast open–close behavior. The estimated pore diameter, using the Hille equation [ 3 ], 
was around 11 Å, suggesting that the active form is derived from a bundle of trans-
porter aggregates made of six molecules. Finally, derivatives containing branched 
chains formed supramolecular interlocked nanotubes composed by six monomers 
connected via an extensive hydrogen bond network [ 80 ]. These large nanotubes 
were also active in transport [ 81 ]. 

 A very simple approach was the family of cyclic glycomimetics, called CyPLOS 
(Figure  12 ). They consist of a phosphodiester of β-phenyl- D -glucopyranoside with 
a variety of substituents linked to the hydroxyl groups at C2 and C3 [ 82 – 84 ]. The 
most active derivative contained a tetraethylenbenzyl ether chain (TEB). This iono-
phore appears to be active as a monomer. The proposed mechanism supposes that 
the polar anionic macrocyclic head remains on the surface of the membrane while 
TEB chains are inserted in the bilayer. The TEB chains are not able to span the 
membrane and must be located between the polar surface and the hydrocarbon core. 
Probably, this produces a destabilization of the leafl et of the bilayer, altering its 
permeability. 

 The idea of preparing ion-transport systems constructed on the basis of placing a 
macrocycle, azacrown ethers, at both bilayer interfaces was extended to other models 
that included also a ring in the central part of the membrane (Figure  14 ) [ 85 – 87 ]. 
The designed channels were called hydraphiles, because they are two-headed mol-
ecules that resemble the mythical hydra serpent. They are composed of three crown 
ethers attached initially through two alkyl chains facilitating the incorporation of 
two of the rings at both sides of the membrane. Other derivatives with different link-
ers were prepared later. The third ring would be in the center of the bilayer, chains 
that contain between 12 and 16 carbons being the optimal spacer length for the typi-
cal phospholipids. The transport studies were measured by  23 Na NMR in large 
 unilamellar vesicles. To facilitate the incorporation of the transporter into the mem-
brane, it was necessary to heat the mixture of vesicles and the trismacrocycle to 
50 °C. These transport experiments showed that the synthetic channel exhibits fi rst-
order kinetics with a cation fl ux about 40-fold greater than that of the simple carrier 
but two orders of magnitude poorer than that of gramicidin. The selectivity for Na +  
over K +  is 4:1. The authors proposed a transporting system with a groove shape 
similar to the one proposed in the Figure  14  whose transport mechanism is based on 
the ions relaying from ring to ring. The covalently linked macropentacycle is more 
active than the linear hydraphiles [ 88 ]. These derivatives might work more like an 
ion channel in which the ions are translocated in the hydrated state and therefore the 
transport enhancement observed for the cyclic tetra-crown ether can be due to the 
increase of donor atoms placed deep within the channel. Interestingly, these com-
pounds have antimicrobial properties and their activity is correlated with their ion 
transport activity [ 89 ,  90 ].

   From these initial studies different authors started to study less complex mole-
cules fi nding also remarkable transport properties. Most of these designs were pre-
pared with the idea of forming a barrel-stave structure in the membrane similar to 
the amphotericin (AmB) active form [ 91 ,  92 ]. In this way, some of the designs were 
constructed with a length similar to the natural product size, half-channel, although 
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  Figure 14    Hydraphile structures composed of two, three ( top ) or four ( bottom ) crown ethers and 
proposed model for the transport-active form in the lipid bilayers.       

 

Rodríguez-Vázquez, Fuertes, Amorín, and Granja



509

other derivatives were already prepared to span the full membrane thickness in 
order to reduce some of the entropic costs of forming large aggregates in the mem-
brane. These types of molecules were called bolaamphiphiles, which are amphipa-
thic molecules characterized by a long hydrophobic chain that contains hydrophilic 
groups at both ends [ 93 ]. In some cases a lipid-like structure was used as building 
block component in the preparation of these kinds of systems. 

 Cholic acid is a very well known steroid that presents two different faces on its 
topology. Because of its amphipathic behavior and rigidity, this compound was used 
very often in the preparation of ionophores. The hydrophilic groups are oriented 
towards its concave face, providing a conformation with a hydrophobic external 
surface and also forming a cavity in which small molecules can interact (Figure  15 ). 
The presence of the three hydroxyl groups in the hydrophilic face provides the 
appropriated environment for cation transport [ 94 ]. Other groups, such as ureas, 
were added to build cholic acid analogues suitable for anion transport [ 95 ]. Using 
this compound, Kobuke et al. synthesized transmembrane ionophores by attaching 
two molecules of the dimethyl ether of cholic acid through a biscarbamate link. The 
resulting dimeric compounds showed high cation selectivity even when either an 
anionic (carboxylate) or cationic (trimethylammonium) group was incorporated at 
the end of steroid side chains [ 96 ,  97 ].

   The acid derivative showed permeability ratios for the potassium cation seven-
teen times faster than for the chloride anion. Interestingly, the incorporation of the 
trimethylglycine moiety provided also an ion transporter but with reduced potas-
sium/chloride selectivity, refl ecting the importance of the ionic character of the 
polar heads in transport selectivity. Both transporters showed a 3:1 selectivity for 
potassium over sodium. The authors have proposed a channel model in which three 

  Figure 15     Top : Cholic acid showing the two amphipathic faces.  Bottom : Cholic acid dimers 
connected by a covalent linker (biscarbamate) or a palladium complex through the coordination to 
a pyridine motif.       
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membrane-spanning derivatives self-assemble directed by the formation of  hydrogen 
bonds between the hydroxyl or the methoxy groups of cholic acid, in this last case 
mediated by water molecules. Such aggregates form a hydrophilic cavity through 
which the cations can migrate. The larger conductance events observed for the tet-
ramethoxybischolic acid derivative was explained by the larger cavity of the water-
mediated trimer. The equilibrium between trimeric and tetrameric aggregates would 
explain the different channel events observed for the same transporter. The use of 
asymmetric anionic head groups on the bolaamphiphiles provided, upon bilayer 
incorporation, assemblies that exhibited rectifi cation properties for the fi rst time for 
non-peptidic transporters [ 98 ]. 

 More recently, in 2008, Wilson and Webb reported the preparation of non- 
covalent analogues of Kobuke’s compounds by replacing the carbamate linker with 
a metal complex [ 99 ]. With this aim, they incorporated a pyridine moiety at the C3 
hydroxyl group. The coordination with Pd(II) forms a rigid framework that can also 
span the membrane and facilitate ion transport. The resulting complex showed an 
increased activity for transporting Na +  and K +  compared to Kobuke’s carbamate- 
linked dimer. In contrast to this compound, the rate of K +  transport was slower than 
that of Na + . U-tube ion transport experiments allowed discarding the carrier mecha-
nism. A remarkable aspect of this design is the inhibition of transport by a chemical 
signal. Thus, the addition of a palladium(II) chelating agent (hexathia-18-crown-6 
ether) stops the ion fl ow probably by inducing the channel dissociation. Hence, it 
could be considered as a tunable transporter, as far as the fl ow can be controlled 
(switched on and off) by external stimulus such as the addition of a specifi c metal 
cation. In this sense, other authors used also the metal-mediated self-assembling 
approach to develop new synthetic ion transporters that will be discussed in the 
following section [ 100 ]. 

 Another attractive approach by Kobuke used the idea of combining two 
components with different properties [ 77 ,  101 ]. This approach is based on the self- 
organization properties directed by salt bridge interactions between carboxylates 
and ammonium groups. Therefore, they used two components with different prop-
erties, one hydrophilic and the second one hydrophobic. The resulting couples have 
amphipathic properties that allow the interaction with the bilayer providing a hydro-
philic environment that facilitates ion transport. Among others, an oligobutylene 
glycol bearing a carboxylic group and an ammonium derivative that contains two 
long alkyl chains were combined and showed to have transport activities similar to 
the ion channels. The planar lipid bilayer experiments showed the formation of 
three conductance levels that were frequently coexisting. The permeability ratio 
between potassium and chloride, calculated by the Goldman-Hodgkin-Katz equa-
tion, was approximately fi ve [ 102 – 104 ]. These channels do not seem to discriminate 
among monovalent cations. 

 Very interesting results were obtained when an azobenzene moiety was incorporated 
in one of the components (the hydrophobic ammonium) (Figure  16 ). The resulting 
amphipathic couple gave photoswitched conductance responses [ 105 ]. The  trans - azo  
isomer was active while the  cis  derivative did not transport. The UV light irradiation 
of the membrane causes isomerization of the azo group to the  cis  form that must 
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disrupt the structure responsible of the transport. Although the  trans -azo compound 
showed a small conductivity, it provided a high K + /Na +  selectivity (six times more 
active), something quite uncommon for this type of supramolecular ion channels. 

 Simple bolaamphiphiles molecules were also studied and found to be membrane- 
active [ 93 ]. Very recently, Fyles has covered the ion transport properties of these 
simple materials [ 19 ]. The fi rst compounds described were two macrocyclic tet-
raesters of maleic acid attached by two sulfi des through an aromatic spacer [ 106 , 
 107 ]. These synthetically simpler compounds preserved all the essential features of 
the activity of the more complex derivatives in which the same type of macrocycles 
were attached to crown ethers [ 64 ]. Clearly, the bis-macrocycles were capable of 
assembling to form transport-competent structures. Later, this group prepared even 
more simple structures such as the linear oligoester derivative illustrated in 
Figure  16 .

   These compounds provided also very active transport properties [ 74 ,  108 ,  109 ], 
with conductance traces that were similar to the more complex structures. The 
bilayer conductance analysis suggested, like previously mentioned for CDs, that 
typically several conducting structures are formed (Figure  9 ). Thus, the transport 
mechanism must include a number of different active species that work simultane-
ously. In some cases transport appears to be associated with fi rst-formed and poorly 
structured species, rather than with well-defi ned and more complex structures. 
The formation of these aggregates must be induced by gathering and eventually 

  Figure 16    Examples of transporters based on linear amphiphilic molecules.       
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microphase separation as driving force. In some cases, transport events can be 
derived from the formation of an open structure at one half of the bilayer that would 
perturb the opposing leafl et of the membrane thereby opening a conducting path-
way. In addition, the fl exible bolaamphiphiles can uncoil to form the spanning state 
that would aggregate and eventually give microphase separation. These aggregates 
are also responsible of some of the observed transporting properties. 

 Moreover, extremely simple amphiphilic structures, so-called  aplosspans  
(Figure  16 ), can span the bilayer and transport ions in a very similar manner [ 110 , 
 111 ]. Even simpler are the fatty acid esters of oligo-(ethylene glycol) that provided 
a surprising channel-like activity in which the cations have to strip off, at least 
partially, their hydration layer in order to pass through the membrane [ 112 ]. 

 The family of polyether macrocycles that incorporate two residues of 3,4,6-tri- O-
benzoyl mannose was also described as ion transporters (Figure  16 ) [ 113 ]. These 
systems were studied by  23 Na NMR techniques, showing differences in fl ux rates that 
correlate quite well with the length of the polyoxyethylene chains. The compounds 
with lengths larger than 26 Å were active in lipid bilayers, but analogues larger than 
38 Å were less active. This suggests that the higher fl exibility was in detriment of the 
sodium transport. Therefore the active transporter system must be formed once these 
molecules span the membrane and facilitate the ion transport. 

 Simple compounds such as pure membrane lipids have also been reported to 
form the so-called “lipid channels” [ 114 ,  115 ]. Thus, the pore mechanism has been 
used to describe a variety of transport processes as, for example, the proton perme-
ation in membranes composed of pure lipids with short alkyl chains (less than 20 
carbons) [ 116 – 118 ]. In the proposed mechanism the permeation across this type of 
phospholipid bilayer takes place through temporary pores generated by thermal 
fl uctuations. This permeation avoids the thermodynamic cost associated to high- 
energy barriers required in partitioning and diffusion of the proton into the 
hydrophobic layer [ 119 ]. This latter mechanism, commonly described as the solu-
bility-diffusion mechanism, is the one that apparently uses larger ions (e.g., potas-
sium) or neutral molecules to cross the membranes in lipid vesicles [ 116 ,  120 ,  121 ]. 
It is worth mentioning that simple molecules like Triton X-100 can also transport 
ions by means of a pore mechanism that cannot be easily explained by a simple 
model based on some type of transmembrane structure (Figure  16 ) [ 122 ,  123 ]. It is 
clear that there is a fi ne line between ion channel formation and general membrane 
disruption. Triton X-100 is apparently capable of straddling the line under some 
circumstances.   

3     Ion Channels 

 Ion channels are perhaps the most relevant and effi cient group of proteins respon-
sible for the selective transport of sodium and potassium ions. These transporters 
facilitate the passive diffusion of analytes through membranes by lowering the high 
activation energy required for the desolvation of the ions prior passing across the 
lipid bilayer (Figure  17 ).
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   Their architecture is based on the presence of an inner cavity, normally fi lled 
with water molecules, that facilitates the fl ow of ions from one side of the mem-
brane to the other, whereas it presents a hydrophobic outer surface that allows the 
insertion into the hydrocarbon layer of the membrane. Based on these simple design 
principles, researchers have developed a variety of strategies and structures to fab-
ricate active synthetic membrane pores [ 124 ,  125 ]. 

3.1     Helical Structures 

 The pioneering studies by Montal in San Diego with different helical peptides that 
mimic the sequence of the putative transmembrane domain of natural ion channels 
established the molecular basis of transmembrane ion transport [ 126 – 130 ]. In his 
groundbreaking studies with short helical peptides that mimic the sequence of the 
transmembrane domains of the voltage-dependent sodium channel, he was able to 
identify the basic structural requirement to form ionic channels in lipid bilayers. 
The resulting structure was generated by the assembling of several helical peptides. 
Like the natural protein, it was cation-selective although it did not discriminate 
between Na +  and K + . In this respect, the  de novo  design of amphipathic-type pep-
tides by DeGrado et al. allowed establishing the minimal system able to form trans-
membrane pores [ 131 ,  132 ]. 

 The helical motif is present in many different natural channel-forming proteins 
with a barrel-stave type structure composed of a variable number of parallel- oriented 
helices. In addition, since the discovery of gramicidin D more than 70 years ago, 
designs based on a single helix have also attracted a great deal of attention [ 133 , 
 134 ]. The gramicidins (Figure  18 ) are a group of short linear peptides with alternat-
ing  L - and  D -amino acids that adopt a helical structure, being the most abundant 
gramicidin A (gA).

   It has been found that gramicidins mainly adopt two major folding motifs; the 
single-stranded helical dimer that has been proposed as the active channel form and 
the double-stranded helix [ 135 ,  136 ]. Interestingly, the preference of one form to the 

  Figure 17    Migration of polar solutes (green sphere) across a lipid bilayer. In the central part the 
free energy comparison between the non-promoted translocation (blue, left) and channel assisted 
process (red, right) is depicted.       
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other depends on the media; the double-helical conformation is favored in organic 
solvents while the membrane-bound structure is the helical dimer [ 137 ]. Apparently 
the double-helical structure does not seem to be consistent with channel activity 
because its pore is too narrow for ions passing through. The active channel structure 
fi ts well with a head-to-head dimer of the initially denominated π   LD   6  -helix [ 135 ], 
and nowadays called β 6.3 -helix to better correlate the type of hydrogen-bonding pat-
tern [ 138 ]. 

 Due to its sequence in which  L - and  D -residues are alternated, all the amino acid 
side chains are projected outwards, in contact with neighboring lipid fatty chains. 
The interior of the channel, with a diameter size of ~4 Å, is decorated with the 
polar peptide backbone. The dimeric structure is held by fi fteen intramolecular 
hydrogen- bonding interactions that stabilize the helical structure and six intermo-
lecular hydrogen bonds that bring together the two-peptide subunits. As a result of 
the dynamics of the self-association process (monomer-dimer equilibrium), the 
channel presents the typical gated events, with a fast transition between the open 
and closed states. Hydrated ions have larger diameter than the gramicidin pore, so 
partial ion desolvation must take place prior to passing through the polypeptide 
orifi ce. The observed Eisenman I selectivity [ 75 ] for alkali metal ion is related with 
the increase of hydration energy from cesium to lithium. Presumably, the hydration 
shell is removed at the entrance of the channel mouth. Divalent cations are not 
transported as a consequence of their higher desolvation energies but, also, it has 

  Figure 18    The natural mixture of gramicidins (gramicidin D) contains mostly gramicidin A 
(about 85 %) in which residue 11 is Trp (in green). In the other gramicidins (B and C) the Trp at 
position 11 is replaced by Phe or Tyr, respectively. Furthermore, Val at position 1 (in purple) can 
be replaced by Ile in about 5 to 20 % of molecules. There are two major folding motifs of grami-
cidins, i.e., a single-stranded helical dimer (PDB code 1GRM) ( top left ) and a double-stranded 
helix ( top right ) (PDB code 1BDW).       
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been  suggested that these cations block the channel [ 139 ]. The ions, once in the 
pore, are coordinated to the amide bonds (π-orbital and oxygen lone pairs) and a 
couple of water molecules. 

 During the last decades several gramicidin modifi cations have been developed to 
better understand its transport and gating properties and to improve/modify the ion 
selectivity [ 140 – 145 ]. The strategies were mainly directed to introduce additional 
functional groups at the central part of the channel in order to increase the dimer 
stability by covalent strategies or assist the desolvation of the cations at the channel 
entrance. Although, the detailed analysis of all the wide variety of gA derivatives that 
have been prepared in the last few years is beyond the scope of this chapter, it is 
worth mentioning some clever synthetic designs. In this respect, the incorporation of 
an aza-[18]crown-6 ether linked to the gA through the side chains of residue twelve 
(Lys was used instead of Leu) and the C-terminus is a good example of a combina-
tion of the ion transport properties of gA with the ion selectivity properties of crown 
ethers [ 146 ]. The two-point attachment ensures the positioning of the crown ether 
precisely at the mouth of the channel. The resulting transporting channel showed a 
reversal in the potassium/cesium selectivity, transporting K +  twice as fast as Cs + . The 
partial desolvation of the potassium ion facilitated by the crown ether at the entrance 
of the channel resulted in an improved transport rate for this ion. 

 The incorporation of ionic groups at the channel mouth modifi es the transport 
properties of gA [ 144 ,  147 ]. The anionic modifi ed channel (phosphate or sulfonate 
groups attached at the C-terminus) presented increased single channel conductances 
as compared to the natural peptide, while a cationic group (trimethylamonium 
group) provided channels with reduced transporting properties. The preparation of 
asymmetric channels incorporating a cationic gA in one layer and the anionic deriv-
ative on the opposite layer provided heterodimeric assemblies with rectifying prop-
erties. Due to the diffi culties of the ionic gA to cross the membrane the transport 
properties were stable for several hours. 

 The dimeric structure of the gA channel provides an additional place for channel 
modifi cation. The central channel region allows the incorporation of new functional 
groups to increase the channel stabilization and so on. In this regard, the covalent 
link between both subunits through a cyclohexylaminoalcohol moiety modifi ed the 
transport properties of the resulting transmembrane structure [ 148 ,  149 ]. The oxy-
gen and nitrogen incorporated at the linker must be oriented towards the pore pro-
viding new properties. The covalently linked gA showed good conductivity 
properties for cesium or ammonium anions but only very poor activity for potas-
sium and almost neglectable ones for sodium. This fi nding suggested that the incor-
poration of functional groups at the central part might create a fi lter area that 
improves the selectivity properties of the natural peptide. Some other pore modifi -
cations have also been reported, such as the use of δ-amino acids that contain a 
tetrahydrofuran moiety. Several units of the amino acid were linked in one of the gA 
subunits through a tartaric acid to provide a transmembrane channel with several 
coordination sites in the inner cavity. Unfortunately, the resulting channel did not 
provide any remarkable improved transport properties [ 150 ]. 
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 Inspired by the helical structure of the natural polymers, in the last few years 
synthetic oligomers called foldamers have also been designed [ 151 ,  152 ]. Some of 
these fold in a helical conformation generating an empty space, like the gramicidins, 
and they have been used in ion transport studies. The family of aromatic amide or 
hydrazide-made oligomers represent a remarkable example (Figure  19 ) [ 153 ]. 
These compounds adopt a variety of conformations and structures because of their 
rotation restriction around the C-N bond and the stabilization caused by aromatic 
ring substituents through the formation of hydrogen bonds with the NH groups. The 
conformational curved oligomers adopt helical structures whose internal diameter 
pore depends on the number of monomers per turn and also on the size and substitu-
ents of the aryl group.

   Recently, a helical hydrazide oligomer with 1 nm internal diameter whose cavity 
can host alkyl saccharides has been described [ 154 ]. The incorporation of a phenyl-
alanine tripeptide in the solvent-exposed surface of these foldamers facilitates inser-
tion in the lipid bilayers [ 155 ]. These helical structures form channels that show 
NH 4

+

  /K +  selectivity larger than the natural gA [ 156 ,  157 ]. This experimental obser-
vation was attributed to the differences in the ion desolvation step. In the proposed 
channel model the helical hydrazide foldamer was not able to span the lipid bilayer 
but the incorporation of a triphenylalanine peptide guides lateral pressure of the 
lipids to orient the helical foldamer parallel to its alkyl chains. Thus, peptide chains 
must be pushed by the lipids to contract the channel and increase its rigidity and 
hence prevent their collapse, facilitating the ion migration. 

 Cholic acid, as mentioned before, is an amphipathic steroid that has been used 
quite often as a building block in synthetic transport systems [ 158 ]. The fi rst studies 
using this moiety comprised linear oligomers that formed nanopores with hydro-
philic internal properties [ 159 ]. The transport experiments confi rmed their capacity 
to translocate polar molecules across membranes although the channel mechanism 

  Figure 19    Helical aromatic hydrazide oligomers that form channels with better NH 4
+

 
 /K +  selectiv-

ity than gramicidin A.       
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was not fi nally confi rmed [ 160 ,  161 ]. Clearly, the foldamer studies suggest that it 
may be possible to design new helical systems in the future for transporting cations 
in a more specifi c way by incorporating appropriated functional groups into their 
cavity.  

3.2     Barrel-Stave Methods 

 In addition to α-helical motifs described above, β-barrel is another protein architec-
ture extensively found in natural transporters [ 162 ]. This structure is formed by the 
interaction of several peptide chains with a secondary β-sheet structure [ 163 ]. In this 
motif all hydrophilic side chains are pointing into the inner cavity of the barrel, 
while a layer of lipophilic amino acids forms the hydrophobic belt that favors the 
insertion into the lipid bilayer. β-Strands of these β-barrels are typically arranged in 
an antiparallel fashion. The barrels are classifi ed depending on the number of 
strands that form the cylindrical structure. In general, they have wider pores than the 
α-helical proteins. For this reason, they are normally used to translocate relatively 
large molecules such as porins and other bacterial toxins [ 164 ]. While the design 
and synthesis of α-helical peptides and their aggregation properties have already 
been understood, the synthesis of peptide β-barrels have not been mastered yet. In 
this respect β-sheet aggregates have been suggested as being responsible of some 
intractable protein aggregation diseases, such as Alzheimer’s, Huntington’s, or 
Parkinson’s disease as well as diabetes, among others [ 165 – 167 ]. A variety of dif-
ferent approaches has been developed to design soluble and structural stable β-sheet 
aggregates to understand better the β-sheet properties [ 168 ]. 

 The existence of naturally occurring barrel staves has also been reported for 
small molecules, one of the best known examples is the transport-active structure of 
amphotericin B (AmB) [ 91 ]. The AmB is a polyenic macrolide antibiotic generally 
used in the treatment of systemic fungal infections (Figure  20 ). The selectivity 
against fungal cells is believed to derive from its association with biological mem-
branes that contain ergosterol. Apparently, the macrocycle in the presence of the 
fungal sterol assembles into a transmembrane pore in the lipid bilayer. The barrel 
structure implies eight AmB molecules alternated with ergosterol to generate a half 
channel that dimerizes to form the active structure. The internal diameter of the 
channel lumen was estimated to be around 8 Å. Despite the fact that its biological 
action does not involve exclusively the transport of alkali metal ions, apparently it 
acts as an antimicrobial membrane-disrupting agent, as suggested by some recent 
studies in which the formation of the barrel-stave structure is not required for its 
antifungal activity [ 169 ,  170 ].

   AmB channels transport monovalent ions, especially alkali metal ions, being Li +  
the most permeable one for AmB channels containing ergosterol [ 171 ]. The potas-
sium, sodium, and chloride selectivity changes with the amphotericin concentration 
and type. The changes in selectivity observed with antibiotic concentration and time 
suggest the existence of different types of channels. 
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 The development of bio-inspired channels for ion transport based on this kind of 
barrel-stave approach has been carried out. One of the most remarkable examples 
are the transporter systems developed by Fyles’ group, some of which were already 
mentioned in the previous section [ 19 ]. In his designs the entropic penalty to pay for 
the formation of the supramolecular channel was avoided by using rigid rod-shaped 
molecules that could span the membrane bilayer and self-assemble into the barrel 
structure. The previously mentioned use of polycarboxylate crown ethers made by 
a variable number of ( R , R )-tartaric acid subunits represent one of the designs cre-
ated to mimic an AmB channel model [ 64 ]. Macrocyclic tetraesters of maleic acid 
were attached to the carboxylates to play the role of molecular walls of the channel 
displayed by the polyene macrocycle of the natural antimicrobial. 

 Oligocholates of the type shown in Figure  21  with up to eleven moieties present 
membrane-active properties. The authors proposed a barrel-type channel model 
based on the formation of bundles in one leafl et that dimerize to form the transmem-
brane hydrophilic pore [ 172 ,  173 ]. The transport measured by  23 Na NMR experi-
ments suggested different aggregation states, dimeric to monomeric, depending on 
the type of spacer used in the central part of the oligolysine core [ 174 ]. The change 
from unimolecular (rigid spacer) to supramolecular barrel-stave channels must be 
related to the reduction of the thermodynamic stability.

   Another interesting example of this type of designs is the use of rigid  p - 
septiphenyl  and  optiphenyl  rods by Matile (Figure  21 ) [ 175 ]. In his initial studies, 
the oligophenyl rods were attached through the phenol group of each ring to a 
variety of diols that were able to transport protons by a two-step hop-and-turn 
mechanism [ 176 – 178 ]. The experiments carried out in vesicles suggested that the 
proton selectivity compared to that for potassium ion was more than 15 times 
larger. Other simple rigid-rod components were designed to study the effect of the 

  Figure 20    Structure of amphotericin B (in green) and ergosterol (in blue) associated for the for-
mation of a barrel-stave structure ( right ) that disrupts the ionic balance of the cells.       
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cation-π interaction on the selectivity of ion transport [ 179 ]. In this case the oligo-
phenyl rods were modifi ed to increase its solubility in water with an iminodiacetate 
moiety that was exposed to the aqueous interface. Additionally, this group coordi-
nates metals to facilitate the assembling process and the formation of the barrel 
structure. Thus, addition of a polyhistidine and Cu(II) induced the aggregation into 
fl exible arene arrays of the rods in the lipid bilayer as confi rmed by circular dichro-
ism spectroscopy. The ion transport activity of the resulting ligand-receptor complex 

  Figure 21     Top : Example of cholic acid oligomers used in ion channel formation whose proposed 
mechanism is the barrel-stave structure.  Bottom : Examples of channel structures based on  p - 
septiphenyl  rods that promote the transport of K +  across the membranes. On the right, a polyhy-
droxylatedoctiphenyl rod precursor of ion channels is depicted.       
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was carried out with fl uoroscopic micelles and showed a value that was comparable 
to that of AmB. 

 These studies showed a biomimetic Eisenman IV topology 
(K +  > Rb +  > Cs +  > Na +  > Li + ) and biomimetic blockage with tetraethylammonium 
cations similar to the one found in natural ion channel proteins [ 75 ]. The nature of 
the substituents near to one end of the channel plays also an important role in the 
transport properties as a consequence of modifying the septiphenyl packing. 
The authors suggest a sort of ion hopping mechanism for the transmembrane ion 
translocation process. Although recent studies with natural proteins have ruled out 
the importance of cation-π interactions in the fi lter area of the channel in the ion 
selectivity, it provides a chemically attractive concept for the design of novel transport 
processes [ 179 ]. 

 Based also on polybisphenols, but incorporating short peptides on each phenol 
hydroxyl group (Blue, Figure  22 ), Matile’s group has prepared a more robust 
 supramolecular channel for a wide range of applications [ 180 ]. The short peptides 
with an odd number of residues were attached in such a way that allows their inter- 
digitation in an antiparallel fashion to form tetrameric aggregates. The pore diame-
ter depends on the number of staves that form the channel but also on the number 
and type of amino acids of the peptides chains [ 181 ,  182 ]. Because of this design, 
one out of two amino acids, the ones at the even position, orientate their side chains 
towards the lumen of the channel allowing a simple tuning of their pore properties. 
The remaining residues have their side chains exposed towards the external surface 
allowing their incorporation or formation in different media.

   This special design is also interesting for different applications, such as molecu-
lar transport systems [ 183 ,  184 ], biosensors [ 185 ], catalytic systems [ 174 ], etc. The 
β-barrels can recognize a variety of guests depending on their electronic and/or 
structural properties and the residues placed at even positions [ 181 ]. The barrel 
staves derived from the rods containing tripeptides (LHL) were more stable than 
those formed by pentapeptides (LHLHL) as can be inferred from the open-state 
lifetimes on planar lipid bilayers [ 186 ]. Interestingly, the fi rst one presents an excel-
lent ion channel activity while the last one acts as an esterase. The ion selectivity 
can be modulated depending on the peptide sequence and conditions. For example, 
the β-barrel that contains the pentapeptide LRLHL, in which side chains of Arg and 
His are projected into the channel cavity, reverts the potassium/chloride selectivity 
with the pH. While at acidic pH (<5.5) the channel is anion-selective, at higher pH 
it starts acting as potassium-selective channel [ 187 ]. 

 On the other hand, the substitution of the Arg residue by Lys provided channels 
that give a high-conductance with a long life-time in planar bilayers at an applied 
voltage of 25 mV and ohmic behavior characteristic for symmetric pores [ 174 ]. The 
mean life-time of a single pore of this kind decreased upon increasing voltage. The 
life-time of high-conductance observed for this β-barrel at low voltage was beyond 
the transporting properties of gA. The observed conductance allowed estimating a 
pore diameter ( d  Hille ) of 12 Å using Hille’s equation [ 2 ]. The versatility of this syn-
thetic channel allowed the preparation of channels whose transport properties can 
be modulated (gated or blocked) by external signals [ 188 ,  189 ]. For that purpose the 
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authors used pentapeptides (LHRHL) with one cationic residue exposed towards 
the external surface. Therefore, the resulting channel cannot form active pores in 
lipid membranes. Interaction with hydrophobic anionic ligands form lipophilic 
structures that dissolve in the membrane to generate transmembrane channels with 
effi cient transport properties. If the ligand is added as an ester, then esterase enzymes 
are required to hydrolyze the ester and activate the channel. Finally the active channel 
was blocked by addition of polyglutamate that interacts strongly with the cationic 
cavity of the channel. 

 Push-pull systems were also designed using different substituents at the edge of 
the oligophenylen rods, allowing the preparation of asymmetric barrels [ 190 ,  191 ]. 
In this design, the authors incorporate a donor (methoxy) and an acceptor (sulfone) 
group in each side of the push-pull rod creating a macrodipole. The resulting push- 
pull β-barrel recognized polarized bilayer membranes at nanomolar concentration 
and amplifi ed the selectivity and activity. Another clever modifi cation was the 
incorporation of a short hydrophilic peptide chain at one of the ends of the rod 
[ 192 ]. The resulting nanopore can still operate at low concentration showing high 
selectivity because of the increased solubility of the barrel components. The tetralysine 

  Figure 22    Barrel stave forming oligobisphenol models used in transmembrane transporting chan-
nels.  Top : β-barrel formed by polybisphenols that incorporate short peptides (in blue).  Bottom : 
model of ligand-gated barrel-stave ion channels prepared from the octaphenylene that contains 
NDI moieties (in red). This conjugate forms in the membrane a π-helix structure (closed state) that 
switches to the β-barrel form upon addition of an electron-rich aromatic compound (in green).       
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anchor was designed as an extension from the transmembrane β-barrel into the 
membrane water interface. 

 Moreover, the hydrophilic anchors are expected to enforce vectorial partitioning, 
and promote transmembrane orientation of the pore. This approach, in which the 
pendant is interacting with the membrane environment and interface, might open 
the opportunity to develop selective antimicrobial properties to these β-barrels. 
Substitution of the phenolic short peptides by naphthalenediimide units (NDIs) in 
the rigid rod template provided a nice example of ligand-gated barrel-stave channel 
(Figure  22 ) [ 184 ,  193 ]. 

 The NDIs-octaphenylene conjugate allowed the construction of helical, π-acidic 
π-stack architectures through the combination of hydrogen bonds between the NDI 
chains and the aromatic (π-stacking) interactions between the NDIs themselves. 
This π-helix structure corresponds to the closed form of the channel that was 
designed to open, producing the formation of a β-barrel, by addition of electron-rich 
aromatic compounds in response to a charge-transfer complex formation. The tran-
sition from the helix to the barrel occurs because of the distance between the 
π-stacks, which was initially shorter than in the previous β-sheets. Thus, to satisfy 
NDI electronic properties, the structure collapses into the helical structure closing 
the aggregate pore. Although the barrel interior has cationic properties, this ligand- 
gated ion channel presents low anion selectivity, with a permeability ratio P Cl  − /P K  +  
of only 1.4 [ 102 ]. The transport studies showed a selectivity sequence of Cl −  > K +  > H +  
as could be inferred from the experiments in which the channel was sensitive to the 
known proton carrier carbonylcyanide- p -trifl uoromethoxyphenyl-hydrazone (FCCP) 
but not to valinomycin [ 194 ]. 

 The construction of nanometer-size toroidal structures has also been reported 
using rigid/fl exible amphiphilic small molecules that are composed of a rigid aro-
matic fragment (olygophenylens) and fl exible coil segments (Figure  21 ) [ 195 ]. 
These supramolecular entities have also been used as ion channel models [ 196 ]. In 
these studies, a hexaphenylen rod was attached to a polyethyleneoxide chain at both 
ends of the oligoarene moiety. The resulting macrocycle assembled into barrel-like 
nanostructures directed by the parallel packing of the hexa- p -phenyl rods, which are 
surrounded both in their interior and exterior by the hydrophilic fl exible segments. 
The incorporation of the resulting toroidal structure in fl uorogenic vesicles produced 
a signifi cant change in the fl uorescence intensity, thereby indicating membrane 
activity. The channel structure might interact with hydrophilic head groups of the 
phospholipids and also with the hydrophilic fl exible coil segment facilitating 
the penetration in the membrane and the formation of the membrane pore. 

 Lee’s group also described an alternative strategy for the formation of transmem-
brane channels based on a different toroidal structure [ 197 ]. They used a more fl ex-
ible curved component by designing a T-shaped hybrid building block (Figure  23 ) 
made of a β-sheet-forming peptide and an oligoethylenoxide dendron attached to the 
side chain of one of the central amino acids. The bulky dendron, because of the steric 
repulsion, induces curvature at the interface between building blocks. The resulting 
toroids formed by the antiparallel β-sheet organization of the undecapeptide have an 
interior decorated with the tryptophan side chain. Replacement of the oligoethyl-
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enoxide dendron by a hydrophobic one, provided a barrel structure that can be incor-
porated in the lipid membranes. Black lipid membrane experiments gave strong 
evidence of a single-ion channel despite their hydrophobic character. Hille’s equa-
tion [ 2 ] gave an estimated internal diameter of 0.5 nm, smaller than the inner diam-
eter (3 nm) of hydrophilic nanorings measured by TEM. This diameter contraction 
might derive from the further stabilization of the β-sheet structure induced by the 
membrane but also from the hydrophobic character of the nanoring pore.

   A G-quadruplex is a supramolecular complex formed by stacks of four guano-
sine bases associated through Hoogsteen type hydrogen-bonding interactions 
(Figure  24 ). The four-guanines complex has a square planar structure called a 
G-quartet, and two or more guanine tetrads stack then on top of each other to form 
a G-quadruplex [ 198 – 200 ]. Generally, the quadruplexes are stabilized by alkali 
metal cations forming a sandwich type structure in which the cation is fi lling the 
central cavity between each pair of G-quartets. These structures are also formed in 
G-rich nucleotides (RNA and DNA) like telomeres, RNA packing sites or gene 

  Figure 23    β-sheet forming T-shaped peptide that forms a toroidal structure thanks to the interfa-
cial curvature generated by the β-sheet aggregate. The hydrophobic character of the dendron pro-
vided the lipophilic properties to solubilize it in the phospholipid membranes. The lower part is 
reproduced from [ 197 ] with permission from Wiley & Sons, © copyright 2011.       
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promoter regions among others [ 201 – 203 ]. The role of the G-quadruplexes  in vivo  
is still an area of intense debate; nevertheless it is quite obvious that these DNA and 
RNA structures are very relevant [ 204 – 207 ].

   Nowadays intramolecular G-quadruplexes formed by human telomeres are attrac-
tive anticancer targets [ 208 ,  209 ]. The G-quadruplexes are implicated in  cancer ther-
apies as potential targets for new small molecules that would bind the quadruplexes 
interfering in telomerase activity and thereby reducing tumor growth. Other mole-
cules similar to guanosine such as isoguanosine or folic acid also can form this kind 
of structures [ 210 – 212 ]. The incorporation of nonpolar protecting groups on the 
sugar hydroxyl groups of guanosine or analogues provided hydrophobic G-quartets 
that can dissolve in a membrane-like environment. The entrapped cation of 
G-quadruplexes formed by dimeric guanosine derivatives can stack on top of each 
other in the membrane lipids forming a transmembrane tubular structure that can 
transport alkali metal ions, as we will see in the next section [ 213 ]. Alkali metal ions 
(Na + , K + ) can be translocated through fi lms made of G-quadruplex polymers [ 214 ]. 

 These supramolecular guanosine quartets represent another example of barrel- 
stave architecture used in ion transport [ 215 ]. In this strategy, and inspired by previ-
ous studies of Kobuke’s group, guanosine dimers were linked through semi-rigid 
bis-cholic acid derivatives [ 98 ]. Using these ditopic guanosine-sterol derivatives 
they found two types of channels, in which the smaller conductance events may 
correspond to the ions moving through the central channel of the G-quadruplex. The 
estimated channel diameter, using Hille’s equation [ 2 ], of around 2.6 Å fi ts quite 
well with the dimensions of central cavity of the quartets. The larger transport 

  Figure 24     Top : Structure of a bis-guanosine derivative linked with a channel-forming cholate. 
 Bottom : Proposed ion channel model based on stacking of G-quartets: at the left a single channel 
and on the right a cartoon model of tetrameric G-quartets stacks of a macropore is given.  Middle : 
G-quartet structure generated by Hoogsteen-type hydrogen bonds (in purple).       
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events correspond to larger channels for which the authors suggest the formation of 
very large metallopores in which the stacks of G-quadruplexes form columns that 
arrange into tetrameric or even larger aggregates through the bis-cholic linkers 
(Figure  24 ). Interestingly the channels are very stable, with seconds of “open” 
times, and cation-selective ( P  K  +  >  P  Cl  − ) [ 102 ]. Two different linkers were studied that 
differ in the connectors (carbamante or urea), providing the last linker channels of 
larger life times. These results support the proposed macrochannel structure that 
must be stabilized by interconnector hydrogen bonds [ 216 ]. 

 In the last few years, DNA molecules have been also shown to be effi cient plat-
forms for building a variety of nanoparticles with different shapes [ 217 – 220 ]. In 
fact, DNA nanotubes have been prepared by different strategies, including barrel- 
stave or ring stacking [ 221 – 226 ]. In this respect, DNA-based barrel-stave synthetic 
channels have been described very recently (Figure  25 ) [ 227 ]. Despite the fact that 

  Figure 25    The fi rst design 
of DNA-based nanotubes 
used a mushroom-shaped 
structure in which six 
double helices penetrate 
and span the lipid 
membrane acting as the 
stem ( top ). The second 
model used DNA modifi ed 
with porphyrin moieties to 
facilitate the insertion in 
the lipid bilayer ( bottom ). 
The lower part is partially 
reproduced from [ 229 ] by 
permission of Wiley & 
Sons, © copyright 2013.       
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intuitively the polyanionic skeleton of this biomolecule does not appear to be 
suitable to insert in lipid bilayers, the incorporation of hydrophobic tails is enough 
to favor it. Inspired by the shape of naturally occurring α-hemolysin (Figure  2 ) 
(mushroom- shaped barrel-stave structure), Simmel’s group designed a DNA channel 
formed by 54 double-helical DNA domains packed on a honeycomb structure [ 227 ]. 
The resulting transporting system has two different regions; the six double helices 
domain that penetrates and spans the lipid membrane acting as the stem and the 
upper cap that is responsible of its adhesion to the membrane.

   Actually, the adhesion to the membrane is driven by the twenty-six cholesterol 
moieties that are conjugated to the barrel at the bottom part of the barrel-shaped cap, 
close to the membrane-spanning domain. The internal diameter of the resulting 
billycock-shaped structure is 2 nm and allows the transport of potassium ions up to 
values close to 1 nS (nanoSiemens). Remarkably, the pore size allowed also the 
translocation of short DNA hairpins, detected by the changes on potassium trans-
port recordings. This property might have application in the development of DNA 
sequencing methods [ 228 ]. 

 Almost in parallel, Howorka and collaborators designed a simpler transmem-
brane channel based on only six DNA double helices (Figure  25 ) [ 229 ]. To facilitate 
the incorporation of the nanotube in the lipid membrane initially they prepared 
DNA barrels using six ethyl-phosphorothioate-modifi ed scaffold strands that form 
the hydrophobic bell around the assembly [ 224 ]. Later, in order to position the 
barrel in a directional manner, they also used oligonucleotides containing two 
tetraphenylporphyrins linked to deoxyuridine residues [ 230 ,  231 ]. The tetraphenyl-
porphyrin was also useful in terms of fl uorescence detection in the key inclusion 
step in the membrane. The DNA nanopore was prepared by typical heating and 
cooling procedures using an equimolar mixture of four regular DNA strands together 
with two strands containing the porphyrin. The incorporation of the assembly into 
the lipid membrane was visualized by fl uorescence microscopy. The resulting DNA 
barrel was found to successfully span the membrane and it showed steady conduc-
tance events for K +  with large transport events. The porphyrin-modifi ed barrels were 
around 40 % less active than the original ethyl-phosphorothioate derivatives. 
The differences might derive from the way in which the nanotube is inserted into the 
membrane, such as the insertion at the initial part (porphyrin-conjuganted channel) 
or in the central part. This difference might modify the inner tube cross-section 
because of the differences in the lateral membrane pressure. 

 In concluding this section, we would like to mention the recent work published 
by Fyles et al. using a bolaamphiphile triazolic compound that assembles forming 
hollow columns that mimic the properties of gA (Figure  26 ) [ 232 ]. However, the 
proposed mechanism of action does not involve the same vertical disposition struc-
ture in the membrane than gA. Instead, the authors propose a horizontal pile of 
molecules, which forms an octagonal column in which eight different amphiphilic 
molecules expose to the pore the carbonyl and amino groups. This hydrophilic cav-
ity has been demonstrated to possess the ability of forming water wires that easily 
facilitate protons diffusion. In addition, they have a cation/anion transport selectiv-
ity (K + /Cl − ) larger than 2.
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3.3        Cyclic Structures 

 One of the most promising strategies for the construction of synthetic ion channels 
is the stacking of cyclic molecules, despite the fact that this structural motif is not 
present in Nature  per se . One of the advantages of the piling-up strategy is the pre-
cise control of the internal diameter of the nanotube. The diameter depends solely 
on the size of the stacking macrocycle used in the self-assembling process. Different 
types of cyclic compounds have been applied to the nanotube formation providing 
nanotubes with different properties and also extending and diversifying the strate-
gies of nanotube preparation. Depending on the specifi c characteristics of the 
desired channel, the stacking between the macromolecules has been achieved by 
covalent bonding strategies that link the rings in an ordered and irreversible manner 
or by means of weak forces (supramolecular means). The later approach is more 
versatile and relevant nowadays because the process is self-regulated. The mono-
mers contain all the information to recognize other molecules to assemble in a 
reversible manner, and, fi nally, the stacking can be controlled by media conditions 
or chemical signals [ 124 ]. 

3.3.1     Ring Stacking Induced by Covalent Bonds 

 Crown ethers have been shown to interact with different types of ions depending 
mainly on their ring size and number of donor atoms [ 36 ]. As mentioned before, 
they have been studied as ion transporting entities using several different designs 
and strategies. The high ion affi nity and selectivity observed with crown ethers have 
led to large attempts of designing original strategies to align the macrocycles in the 
membrane environment. In this regard, the fi rst approach to align crown ethers per-
pendicularly to the membrane was described by Nolte et al. using a polymeric tem-
plate (Figure  27 ) [ 233 ,  234 ]. The polymer was an isocyanide structure that formed 
very regular and rigid helices with four repeating units per turn. The polymer 

  Figure 26    Triazol bolaamphiphile ( left ) and model of supramolecular channel fi lled with water 
molecules ( right ). The model at the right is reproduced from [ 232 ] by permission of Nature 
Publishing Group, © copyright 2014.       
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contained benzo-18-crown-6 ether, as side chains, attached to the iminium group. 
As a consequence of the rigidity of the polymeric backbone, the macrorings are 
spatially disposed on top of each other at a distance of 4 Å. In this way, four chan-
nels are oriented parallel to the polymer axis. Transport experiments were carried 
out in bilayers of dihexadecyl phosphate vesicles, showing the transmembranous 
transport of cobalt ions. The determination of ion transport rates provided an 
Arrhenius activation energy parameter similar to gramicidin, which confi rmed that 

  Figure 27    Schematic representation of covalently linked crown ethers to rigid templates, such as 
the α-helix ( top left ), rigid rods ( top right ) or isocyanate helical polymer ( bottom ), aligned on top 
of each other to form transmembrane channels.       
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the transport was mediated by a pore mechanism. The alkali metal transport proper-
ties were studied in liquid-liquid or solid-liquid extraction experiments, using poly-
mers with benzo-crown ethers of different sizes [ 235 ]. These experiments confi rmed 
their interaction with these ions and their ability to incorporate them to the lipo-
philic media.

   A more structurally defi ned model was prepared by Voyer et al., who used a 
modifi ed helical peptide structure that incorporated synthetic amino acids with 
 different types of crown ethers (Figure  27 ) [ 236 – 239 ]. The crown ether residues 
were placed at strategic positions (i, i + 4, i + 7, i + 11…) of the polypeptide chains in 
concordance with the helical structure to ensure their axial arrangement on top of 
each other. From these studies, they established the peptide length required to span 
the membrane bilayer, which was found to be 21 residues. The shorter ones (7 and 
14 residues) were not able to actively transport ions. The crown ether size was also 
tested, and peptides bearing residues with 21-crown-7, 18-crown-6, 15-crown-5, 
and 13-crown-4 were prepared. As expected, the smallest crown ether was selective 
for Li +  compared to other alkali metal ions, although it was not very active. Transport 
of the other alkali metal ions was almost negligible. 

 The 15-crown-5 presented some selectivity for Na +  compared with K + , although 
unfortunately no selectivity was observed between Li +  and Na + . Actually, all chan-
nels transported Li + . On the other hand, Cs +  was easily transported by 21-crown-7, 
but the transport decreased dramatically with the 18-crown-6 and was almost not 
observed for smaller crowns, in which a nonspecifi c hopping mechanism might be 
responsible for the observed transport. In comparison, K +  is translocated through 
both 21- and 18-crown ethers very effi ciently, being the last one selective for this 
ion. They also prepared peptide-helix hybrids with a different number of subunits 
and distances between crown ethers to establish the importance of the ring separa-
tion to act as ion relays [ 236 – 239 ]. These studies indicated that a distance of 17 Å 
is too long to achieve effi cient transport. Interestingly, despite the fact that the opti-
mal distance between two relays for sodium cation transport is 6 Å, a distance of 
11 Å was tolerated. It should be remarked that these observations are in agreement 
with the results obtained with gA [ 240 ]. 

 Similarly, Matile’s group used the previously mentioned oligophenylen strategy 
to precisely attach several 18-azacrown-6 ethers and align them on top of each other 
(Figure  27 ) [ 241 ,  242 ]. In the initial studies, they used rigid push-pull rods, fi nding 
that the non-symmetric rod depolarized more effi ciently the polarized bilayer mem-
brane than the nearly identical symmetric derivatives. They further analyzed the 
transport properties through the incorporation of substituents with different elec-
tronic properties (cationic and neutral, with and without axial dipole). These studies 
were carried out in isoelectric, anionic, and polarized bilayer membranes under 
comparable conditions. The planar lipid bilayer studies reported that the higher 
activity observed corresponds to the asymmetric rod in polarized membranes as a 
consequence of their single channel rectifi cation properties. The most relevant 
results were obtained from the cationic derivatives. Two model channels were pre-
pared, one with an ammonium group near the negative end of the rod dipole, mim-
icking the bee toxin melittin, and the regioisomer in which the cationic group is near 
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the positive end, simulating the structure of the natural antibiotic magainin. The fi rst 
one showed higher activity in polarized membranes due to the constructive align-
ment of the molecular dipole with the potential. Such behavior might explain the 
low affi nity of magainins for mammalian cells. 

 Simpler channels were also designed using the aza-crown ethers but linked lin-
early using the fl exible alkyl chains mentioned previously [ 89 ,  243 ]. The original 
design contained three lariat aza-18-crown-6 ethers aiming to create a transmem-
brane channel by stacking co-facially all three aza-crown ethers (Figure  14 ). Later, 
studies with other derivatives suggest that the central ring must lay perpendicularly 
to the other two, being this central macrocycle essential for high activity. Addition 
of a larger number of crown ethers to form a macropentacycle provided channels 
three times more active than the original linear tricycle [ 88 ]. Interestingly, these 
hydraphiles are toxic to both Gram-positive and Gram-negative bacteria, and, appar-
ently, this activity appears to be correlated with their ion channel activity [ 90 ]. The 
linear tricyclic compound was able to depolarize the membrane on cells as well. 

 The ferrocene moiety has also been applied to link two diaza-18-crown-6 ethers 
to develop a redox-active ion channel (Figure  27 ) [ 244 ,  245 ]. The ferrocene bridge 
provides rigidity within the channel structure and is necessarily placed at the central 
part of the bilayer. A second 18-crown-6 ether was attached to the other amino 
group through an alkyl chain, thus four-stacked rings form the transmembrane 
channel. Transport properties were confi rmed by cation fl ux in unilamellar vesicles 
by  23 Na NMR spectroscopy and also with planar lipid bilayer measurements. 
Additionally, ‘inside-out’ clamp experiments with living cells tested K +  transport 
across the membrane and showed that the ion transport was promoted by the artifi -
cial channel. Moreover, a reduction of the transmembrane current was observed as 
the interior of the cell changed from negative to positive potential. A channel deriva-
tive containing diaza-15-crown-5 ether instead of the 18-crown-6 at the central ring, 
in an attempt to create a selective fi lter, showed a 2–3-fold selective permeability 
for Na +  over K + , assuming that the channels were impermeable to chloride. 
Unfortunately, this selectivity was not consistent and some experiments reported on 
cation selectivity. Finally, the introduction of an oxidizing agent to both recording 
chambers cancelled the ion channel activity, so this ferrocene channels could be 
considered as an example of a switchable transporter, as far as the electronic nature 
of the media controls its ability to permeate ions on lipid bilayers.  

3.3.2     Supramolecular Stacking 

 An alternative approach for tubular structure formation is piling macrocyclic com-
pounds using non-covalent interactions to facilitate their appropriate alignment 
[ 125 ,  246 ]. In this strategy, simple molecules that adopt a fl at conformation are held 
together through a variety of weak interactions such as hydrogen bonds, π-π stack-
ing, and so on. Despite the fact that each individual contribution to the overall 
energy balance is very weak, the supramolecular approach combines, in general, a 
large number of these weak interactions to generate a total enthalpic contribution 
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large enough to overcome the unfavorable entropic penalty derived from the ordered 
disposition. In addition, the dielectric properties of the lipid media reinforce the 
strength of some non-covalent interactions and contribute also to lipophilic 
interactions. 

3.1.1.1    Nanotubes Based on Cyclic Peptides 

 One of the pioneer works in this fi eld was the peptide nanotubes (Figure  28 ) [ 16 ]. 
These are biomaterial structures with tubular shape formed by β-sheet-type interac-
tions between several cyclic peptides (CPs) that adopt a fl at-shaped conformation. 
To ensure the required fl at conformation, the original nanotubes were prepared 
using cyclic peptides with an even number of residues with alternating α-carbon 
chirality. These peptides arrange all the residue side chains projected in the 
ring/nanotube external surface, leaving an internal hollow cavity. In this pioneer 
work the incorporation of glutamic acid and glutamine residues allowed the use of 
a pH- triggered assembling process. Under appropriate conditions the peptides are 
soluble through the ionization (protonation/deprotonation) of their polar side chains, 
but the pH change reduced the peptide solubility inducing the assembling process 
and nanotube formation.

   One of the advantages of this process is the precise control of the internal nano-
tube pore. In addition, it is possible to alter the nanotube diameter by modifying the 
ring size of the CP, simply through the increase or reduction of the number of amino 
acids. Therefore, changing the eight-residue CP, which formed nanotubes with an 
estimated internal diameter of 7.5 Å, with a dodecapeptide provided nanotubes with 
13 Å diameter [ 247 ,  248 ]. 

  Figure 28    Scheme of a peptide nanotube formed by the self-assembly of cyclic peptides.       
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 The radial orientation of all the side chains dresses the nanotubes, thus, depending 
on the selected sequence, it is possible to prepare ensembles with different external 
properties, such as the previously mentioned soluble in acidic or basic media nano-
tubes. The use of hydrophobic amino acids allowed the preparation of nanotubes 
soluble in lipid media (Figure  29 ) [ 249 – 251 ]. Thus, the cyclic octapeptide  c- [ L -Gln-
( D -Leu- L -Trp) 3 - D -Leu-] provided ion channels with a conductivity for alkali metal 
ions three times faster than the native gA. In general, most of these peptide channels 
do not transport divalent ions, such as Ca 2+ , or anions like Cl − . The rates of transport 
for the alkali metal ions follow their diffusion rates in water (Cs +  > K +  > Na +  > Li + , 
Eisenman I sequence) [ 75 ], in which the selectivity is related to the hydration energy. 
A characteristic feature of these channels are the different conductance levels 
observed in their current recordings. These levels were assigned to nanotubes with 
different numbers of stacked peptides. The length of the nanotube is restricted to 
multiples of fi ve, considering an inter-subunit distance of 4.85 Å [ 252 ].

   The Nernst–Planck equation [ 103 ,  104 ] allowed establishing the relationship 
between conductance and channel length, being composed the most common chan-
nels by six stacked subunits. This distance matches with the thickness of the hydro-
phobic part of the membrane. The nanotube formation was confi rmed by infrared 
spectroscopy through the observation of the typical absorption bands of the antipar-
allel β-sheet interaction [ 249 ,  253 – 255 ]. This technique was also used to confi rm 
the nanotube orientation on the membrane [ 256 ]. Thus, the parallel polarized graz-
ing angle IR spectrum and analysis of the polarized ATR-IR indicated a nanotube 
tilt angle relative to the membrane plane of 7–15°, similar to the observed angle for 
the alkyl groups of the phospholipid bilayers. The relationship between ion trans-
port properties and channel diameter of these systems was also studied with a series 
of CPs with different ring size (six, eight, ten and twelve residues). It was found that 
the channel dwell opening time (τ) was reduced upon increasing the nanotube diam-
eter [ 250 ,  257 ,  258 ]. Interestingly, the channels made of cyclic decamers can trans-
port hydrophilic molecules such as glucose or glutamic acid while the octamer was 
unable. This experiment confi rmed that the transport was carried out by the supra-
molecular nanotube that is able to discriminate between different substrates accord-
ing to their size. 

 The different microenvironmental properties of the CPs, which are at the edge of 
the nanotube, at the membrane interface where the phospholipid heads are, or the 
rest of the nanotubes, allowed the preparation of heteromeric nanotubes (Figure  29 ) 
[ 259 ]. Therefore, addition of two cyclic peptides with different properties, one 
hydrophilic and another hydrophobic, to the aqueous solutions that contain the lipid 
bilayers immediately formed the tubular structure. The transport properties of the 
resulting nanotube suggest the incorporation of both peptides to satisfy the optimal 
interactions with the membrane and the interphase. Some of these nanotubes pre-
sented non-ohmic current rectifi cation derived from the electronic properties of the 
nanotube cap regulating the entry of ions into the pore. Thus, cyclic peptide caps 
bearing positive charged groups (ammonia) decreased the channel conductance val-
ues while the transport properties were enhanced with those that incorporated car-
boxylic groups. 
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 The incorporation of polymeric chains linked to the peptides allowed the prepa-
ration of cyclic peptide nanotubes with control of their length and also properties 
(Figure  30 ) [ 260 ]. The incorporation of hydrophobic polymers (polyacrylates with 
different alkyl substituents) allowed the formation of hybrid derivatives (peptide 
nanotubes/polymers) that can be incorporated in membrane bilayers. The transport 
properties were studied using liposome assays containing pH-responsive fl uores-
cent dyes, similar to those carried out with original nanotubes [ 249 ]. The proton 
transport activity confi rmed the formation of transmembrane channels. The activity 
of these channels was related to the hydrophobic properties of the alkyl groups 
attached to the acrylates, confi rming that the limiting step was the incorporation of 
the peptide nanotube to the membrane. No further experiments were carried out to 
confi rm the ion transport activity but, considering the characteristic of the nanotube 
cavity, similar ion activity and selectivity should be expected. Perhaps longer open 
times could have been observed.

   Very recently, Jolliffe et al. have reported the preparation of nanotubes with dual 
functionality in the form of either two faces or mixed polymeric corona through the 
incorporation of two different polymer types, two miscible for mixed polymers or 
two that give microphase separation for the non-mixed nanotubes [ 261 ]. The pore 

  Figure 29    Peptide nanotubes inserted in a lipid membrane with the proposed mechanism for gat-
ing and current levels.  Top : Different types of cyclic peptides studied in transmembrane ion trans-
port.  Inset : model of heterodimeric nanotubes used to explore the different membrane 
microenvironment.       
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formation was proved by calcein release of the Janus-type nanotube (two faces) 
while no nanotube incorporation was observed in mixed nanotubes. The transport 
properties derived from the association of the nanotube hybrids to form a macro-
pore. This nanotube bundle explained the release of the calcein dye, because this 
dye cannot pass through the nanotube pore as a consequence of its large size. 

 Other peptide platforms were prepared and shown to form nanotubes through 
similar mechanisms, e.g., using peptides made of β-, γ- and δ-amino acids that have 
different properties [ 262 – 266 ]. Additionally, peptide hybrids made of α- and β-Aas, 
α- and γ-Aas, or α- and ε-Aas have been reported to form different type of peptide 
nanotubes [ 267 – 271 ]. 

 The β-peptide nanotubes were prepared using amino acids in which the side 
chains are in the β-carbon (HAa) such as  c -[(β 3 -HAla−) 4 ]. In the crystal structure, 
this peptide appears in a fl at conformation forming four hydrogen bonds with each 
of the two neighboring subunits, leading to nanotubes whose internal diameter was 
2.6–2.7 Å [ 262 ]. The greater fl exibility of β-residues allows that both cyclic pep-
tides of  R,S -alternating amino acids or the homochiral ones adopt a fl at conforma-
tion and therefore form nanotubes. A special feature of the resulting nanotubes, 
which are formed by CPs through a parallel-type interaction, is the resulting net 
macrodipole moment similar to the one observed in α-helices [ 272 ]. Almost simul-
taneously to this work, Ghadiri’s group synthesized cyclic tetrapeptides composed 
of the hydrophobic β-amino acids homotryptophan (HTrp) and homoleucine 
(HLeu) and studied their ion transport properties (Figure  29 ) [ 273 ]. The cyclic 
peptide made of four HTrp residues has transport properties similar to the original 
nanotubes. The permanent macrodipole character of the channel, contrary to the 
initial expectations, did not infl uence their conductance through effects such as 
voltage gating or current rectifi cation. 

  Figure 30    Cyclic peptide-polymer hybrids and model of the formation of bundles of Janus-type 
nanotubes. The lower part is reproduced from [ 263 ] by permission of Nature Publishing Group; © 
copyright 2013.       
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 The use of α,γ-cyclic peptide hybrids brought new properties to peptide nanotubes 
(Figure  31 ) [ 274 – 277 ]. These peptides are made of an even number of residues with 
alternating α- and γ-amino acids. The γ-amino acids,  cis -3-aminocycloalcanecarbox-
ylic acids (γ-Acas), used in the nanotubes are cyclic derivatives possessing a  cis -
confi guration [ 278 ]. The ring rigidity and the  cis  - confi guration of the γ-Acas facilitate 
the peptides to adopt the required fl at conformation and, consequently, their stacking 
to form nanotubes. In addition, in this conformation the β-methylene group of each 
γ-residue is projected towards the disk center. The resulting nanotube has an internal 
cavity with partial hydrophobic properties. In spite of these properties, computa-
tional studies showed that in water or membrane bilayer the nanotubes are immedi-
ately fi lled with partially ordered water molecules [ 279 ,  280 ]. Not surprisingly, the 
membrane nanotubes made of these cyclic peptides were able to effi ciently facilitate 
the transmembrane transport of ions.

   Transport studies in liposomes (H +  migration) showed activity of both tryptophan- 
rich hexamers and octamers (Figure  29 ), while the planar lipid bilayer confi rmed 
that only the last one has an orifi ce diameter large enough to facilitate the ion migra-
tion (Na + , K + , and Cs + ) [ 281 ]. The partial hydrophobic properties of the nanotube 
channels could provide microenvironment conditions appropriated for ion selectiv-
ity. In fact, this nanotube is selective for alkali metal ions, not observing transport of 
divalent cations or chloride. Among the alkali metal ions the transport rate follows 
the Eisenman I selectivity [ 75 ]. Transport rates are directly proportional to relative 
mobilities in the bulk solution, although sodium fl ux was 30–40 % greater than that 
of the heavier alkali metal ions compared to their relative bulk diffusion coeffi -
cients. Such differences might account for the infl uence of the ion dehydration on 
the transport rate. 

 The presence of the methylene group projected towards the nanotube lumen 
brings another key feature of these cyclic peptide hybrids: the modifi cation of the 

  Figure 31    Representation of the self-assembling process of the  c -[( D -α-Aa-γ- L -Aca-) n ] that leads 
to the nanotube formation ( left ) or dimers ( right ) depending on the presence and position of 
methyl groups (R 1  and R 2 ). The two nanotube interactions, the α,α-interaction (blue) and γ,γ- 
interaction (red) were studied in the dimers ( right ).       
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internal cavity properties through the functionalization of the β-carbon, something 
that is not easily affordable in other peptide nanotubes [ 282 ,  283 ]. The γ-amino acid 
that would play this role must contain the substituent on the β-carbon  trans- oriented 
with respect to the carboxylic and amino groups. The fi rst examples of the nanotube 
pore functionalization were carried out using the 4-amino-3- hydroxytetrahydrofuran-
2- carboxylic acid (γ-Ahf), which was used in the CP dimeric model,  c -[ D -Leu-γ- 
Ahf- D -Tyr(Me)- Me N-γ-Acp-], as a proof of concept (Figure  32 ).

   The presence of the hydroxyl group in the cavity facilitates the assembling pro-
cess towards the ensemble in which each cyclic peptide is hydrogen-bonded. 
Alternatively, the methylene group was substituted by oxygen using a glucuronic acid 
derivative with similar results (Figure  32 ) [ 264 ]. These amino acid modifi cation 
strategies might allow the preparation of more selective ion channel models.  

3.1.1.2    Other Nanotubes Based on Cyclic Molecules 

 Cyclic ureas and amide/urea hybrids can also form nanotubes by stacking of the 
cyclic components in a fl at conformation through the formation of hydrogen-bonds 
between the carbonyl and NH groups that are lying perpendicularly to the plane of 
the ring [ 284 – 286 ]. Hydrophobic derivatives were also studied as ion transporters. 
In these studies the cycloureas were anion-selective due to the observed 

  Figure 32    Designs of α,γ-cyclic peptides with functionalized inner cavity.       
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anion- macrodipole interactions but the mechanism is not related with the migration 
through the nanotube cavity [ 287 ]. 

 Crown ethers were also studied in macroring self-assembling strategies 
(Figure  33 ). The strategy tried to substitute the previously mentioned synthetic 
rods (Figure  27 ), which were diffi cult to obtain, by rigid templates obtained by a 
self-forming process to direct the ring stacking. For that purpose 15-crown-5 or 
18-crown-6 ether derivatives containing an aromatic ring functionalized with an 
urea group were prepared [ 288 ]. The crystal structure of one of the derivatives 
confi rmed the formation of the urea ribbon in which the molecules are organized in 
an antiparallel dimeric fashion. The benzocrown ethers are interdigitated with the 
other substituent of the urea group (hexyl chain) in such a way that each alkyl group 
is asymmetrically sandwiched between two benzocrown ethers. Thus, two parallel 
crown ether channels are formed per urea ribbon. Most of these compounds showed 
membrane disruption properties in which the majority of opening events are spikes 
of very short duration and variable amplitude. In some cases at initial stage of time 
recording, some square-top openings of relatively long duration with spikes super-
imposed can be observed, being almost impossible to fi nd openings without com-
peting membrane disruption activity. Only the ureido-15-crown-5 ether with a hexyl 
chain presented typical channel openings at low concentrations in potassium trans-
port experiments. Solution experiments had shown that they initially assemble to 
form dimers at low ureido-crown ether concentration. At higher concentration 
the dimers further assemble to form higher oligomers. For that reason, transport 
experiments were also carried out at higher ureido-crown ether concentrations. 
Surprisingly, the mentioned 15-crown did not show evidence of any regular behavior 
at higher concentration, meanwhile ureido-18-crown-6 ether displayed an extremely 

  Figure 33     Top : Self-assembly of crown ethers bearing urea functional groups to form nanotubes. 
 Bottom : The attaching of mesogenic dendrons to crown ethers induce them to stack parallel to the 
column axis.       
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wide range of conductance levels, both in terms of conductance values and life-
times, from milliseconds to seconds.

   Apparently, there are small current channels with a step-like behavior of rela-
tively narrow levels. Additionally, there are also long-lived channels with very large 
currents. Each channel type was assigned to different supramolecular entities. While 
the shorter ones were assigned to an oligomeric stack of dimers similar to the one 
observed in the crystal structure, the larger channels were attributed to a possible 
supramolecular organization of oligomeric dimers forming a toroidal structure. The 
loss of one of the crown ethers from the stack reduced the channel length and 
 therefore gave a higher transport level. On the other hand, the high crown ether 
concentration used in these experiments gave multiple copies of these double-bar-
reled channels that produced different levels for each species. Each channel is gain-
ing and losing the outermost crown ethers to account for the observed variety of 
transport events. Crown ether columnar channels orientated along a silica mesopo-
rous pore were prepared that evolve over time to form the fi ttest ion channels 
improving the transport properties [ 289 ]. 

 Additional supramolecular forces were used to align crown ethers, in this case 
the strategy was based on forming crown ether stacks within liquid crystalline 
phases. In this approach the benzo-15-crown-5 ether was attached to mesogenic 
dendrons that direct the formation of supramolecular columns (Figure  33 ) [ 290 ,  291 ]. 
These mesogenic forces drive the crown ether moieties to stack parallel to the 
column axis, forming ion channels. The material showed ionic conductivity in its 
mesophase with lithium ions passing through the membrane faster than sodium or 
potassium ones (Eisenman XI) [ 75 ]. 

 Oligoamide macrocycles were also used in designing synthetic ion channels. 
For instance, aromatic cyclic oligoamides, similar to the previously shown helical 
channels, have demonstrated a good ion transport activity (Figure  34 ) [ 292 ,  293 ]. 
These macrocycles have pores ranging from 10 to 30 Å and a good K +  translocation 
 activity. Single channel recording carried out with similar cyclic hexameric oli-
goamides indicated that ion transport occurs through the cavities of these molecules. 
The observed conductances were similar to that of α-hemolysin. The use of Hille’s 
equation [ 2 ], considering a 40 Å channel length, suggests a pore diameter 
of 8.5 Å.

   The same authors reported the unusual mass-transport properties of self- 
assembling hexa( m- phenylene ethynylene) macrocycles (Figure  34 ) [ 294 ]. The 
incorporation of an alanine residue in each phenyl moiety allowed the alignment 
and stacking of the rings by reinforcing the π-π interaction of the aromatic rings 
with hydrogen bonds. The transport test established that the macrocycle ensemble 
mediates a highly selective transmembrane ion transport, one of the few examples 
of a synthetic nanopore, and also highly effi cient transmembrane water permeabil-
ity. Transport experiments with liposomes enclosing a pH-sensitive dye (HPTS), 
showed high proton selectivity (P H +/P Cl  − ratio > 3,000) [ 102 ]. In addition, planar 
lipid bilayer studies carried out under high KCl concentration reported potassium 
permeability, although it was 2,000 times smaller than H +  activity. No transport of 
Na +  or Li +  ions was observed, illustrating the striking selectivity of these channels. 
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Analysis of the open/closed probability [ 131 ] gave a Hill’s coeffi cient consistent 
with a functional transmembrane channel made of nine molecules. 

 Other examples of cyclic oligoamides for transporting ions are those that com-
bine  m- aminobenzoic acids with hydrophobic natural amino acids (Figure  35 ) [ 295 , 
 296 ]. These type of peptides were described as receptors of a variety of ions and 
polar molecules [ 297 – 300 ]. The proposed structure resembles those of cyclodex-
trins or calixarenes, a toroidal basket with two rims of different sizes, creating a 
cavity decorated by the aromatic rings of the γ-amino acid. The incorporation of an 
additional substituent at the  meta  position of carboxylic and amino groups allowed 
increasing the membranephilicity and planarity of the ring. A variety of macrocy-
cles made from six to ten residues were prepared and their transport properties 
studied. The planar lipid bilayer clearly showed for all of them well-defi ned single- 
step conductance changes with permeation ratios six times faster for potassium ion 
than chloride and almost twice if compared to sodium. The axial orientation of the 
alkyl groups and their projection towards the smaller opening of the toroidal struc-
ture prevents their stacking and nanotube formation. Instead, a channel model simi-
lar to those described in the previous section for CDs was proposed. Surprisingly, 
all the current recordings of hexamers, octamers, and decamers have almost the 
same conductance values, what might suggest that the ions do not fl ow through 
the interior of the CP. If so, larger voltage differences should be observed for the 

  Figure 34     Top : Design of aromatic oligoamides that form ion channels.  Bottom : Hexakis( m  -
pheneylene ethynylene) macrocycles that also form channels by ring stacking.       
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larger macrocycles. Another possible explanation is that the rate-limiting step is the 
movement through the alkyl chains attached to the aminobenzoic moiety.

   Cyclopeptoids have also been used for cation transport properties [ 301 ]. The 
smaller macrocycles bind strongly to small ions (Li + , Na +  ,  and K + ). Experiments 
carried out in vesicles showed that the hexapeptoid presented high sodium selectivity 
while the octapeptoid had a preference for Cs +  transport. In this case the Hill plots 
suggested a carrier mechanism without formation of other supramolecular structures. 

 Cucurbit[6]urils (CB[6], Figure  35 ), a macrocycle made of six glycoluril mono-
mers linked by methylene bridges, are cavitands whose entrance is fl anked by six 
carbonyl groups and have a diameter of 3.9 Å. CB[6]s bearing hydrophobic chains, 
which are equatorially surrounding it, are membrane-soluble. It was found that this 
family of macromolecules could transport protons and alkali metal cations across 
phospholipid membranes in fl uorometric vesicle assays involving pH- sensitive dyes 
[ 302 ]. The transport selectivity corresponds with a Eisenman I topology [ 75 ] with 
abnormal prevalence for lithium ion (Li +  > Cs +  > Rb +  > K +  > Na + ), which is opposite 
to the binding affi nity of CB[6] toward alkali metal ions [ 303 ]. The contracted 

  Figure 35    Model structure of 3-aminobenzoic acid CPs, cyclopeptoids ( top ) and cucurbiturils 
( bottom ) used in alkali metal ion transport.       
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pentameric analog CB[5] exhibits also Li +  over Na +  selectivity but does not show 
transport of the larger alkali metal ions. Apparently, the macrocycle acts as a 
selectivity fi lter that retards the transport of the best-bound cations. Interestingly, 
acetylcholine, a well-known highly affi nity guest, blocked the proton fl ux mediated 
by CB[6], supporting the hypothesis that ion transport takes place through its cavity. 
The planar lipid bilayer experiments exhibited short-lived, heterogeneous single-
channel conductances what made their complete characterization unfeasable as pre-
viously reported for cyclodextrin analogues [ 72 ,  304 ]. The formation of unimolecular 
channels based on the formation of micellar domains in the bilayer around the 
macrocycle could be a possible transport model.    

3.4     Self-Assembling of Arc-Shaped Molecules 

 In this section, we will consider the last approach used in the construction of 
synthetic channels, which consists in the design of arc-shaped molecules (sector 
molecules) that form cyclic structures  via  non-covalent or metal interactions. 
The resulting cyclic aggregates further assemble into nanotubes, following a pattern 
known as rosette model [ 305 ]. Alternatively, the arc-shaped molecules can form 
supramolecular helical structures with an internal pore. 

3.4.1     Non-covalent Interactions to Form Cyclic Aggregates 

 As mentioned previously [ 210 ,  213 ], G-quartets are cyclic supramolecular aggre-
gates generated by the formation of Hoogsteen-type hydrogen bond interactions 
between four guanine bases. In the presence of alkali metal ions they form sandwich- 
type structures. The incorporation of hydrophobic groups in the saccharide hydroxyl 
groups allowed their incorporation in lipidic media and their use as ion channel 
transporters. However, only the strategy based on the covalent oligomerization, 
through a ring-closing metathesis reaction (RCM), allowed the active transport of 
potassium ions (Figure  36 ) [ 213 ]. The metathesis reaction was carried out on the 
already preformed G-quadruplex to spawn an oligomeric complex whose molecular 
weight suggests that it is formed by sixteen 2,3′-isopropylidene guanosine units. 
This molecular weight correlates with four stacked G-quartets. These unimolecular 
G-quadruplexes oligomers can easily exchange sodium and potassium ions.  23 Na 
NMR experiments provided evidence of transmembrane transport and, importantly, 
no transport was observed when the monomeric precursor was used under identical 
conditions. The covalently linked G-quartets generate stable channels with a good 
K +  selectivity in contrast to Cl − .

   Analogously to guanine, folate can also self-assemble to form similar quadru-
plexes (Figure  36 ) [ 211 ]. The incorporation of hydrophobic dendrons provides the 
self-assembling driving force for quadruplexes stacking without cation templation 
[ 306 ]. In addition, they can be incorporated in lipid bilayers forming hydrophilic 
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pores. These pores are based on planar cyclic tetramers that can coordinate cations 
with the carbonyl lone pairs pointing towards the center of the cavity. Sodium ion is 
the one that fi ts best [ 307 ]. In planar bilayer measurements, the dendritic folate 
rosettes gave remarkably homogeneous, long-lived single-channel currents. They 
also showed the expected preference for cations over anions (P K +/P Cl  −  of 4.9). The 
observed Eisenman I sequence implies dominance of cation dehydration energies 
over binding selectivity [ 75 ]. The estimated Hille diameter (3.7 Å) was consistent 
with the size of the central cavity of the folate quartet [ 2 ]. 

 The preparation of multiple channel structures with combined self-assembled 
helical rosette nanotubes and crown ethers (15-crown-5 or 18-crown-6) was 
described by Fenniri et al. [ 308 ]. The nanotube formation is based on a heteroaro-
matic bicycle system that possesses the Watson–Crick donor-donor-acceptor groups 
of guanine and the complementary acceptor-acceptor-donor of cytosine with a 120° 
arrangement. Under physiological conditions the basic heterocycle forms a six- 
membered aggregate held together by 18 H-bonds. The resulting supermacrocycle 
has an increased hydrophobic character that favors their stacking. The external 
properties of the nanotube can be modifi ed by incorporating different groups at 
position 1 of the pyrido[4,3- d ]pyrimidine-2,5(1 H ,6 H )-dione system. In this case, 
benzo-crown ethers have been attached. Interestingly, dynamic light scattering and 
small-angle X-ray scattering studies confi rmed that the presence of cations (Na + /K + ) 
does not affect the 1-D organization, thereby reinforcing the potential exhibited by 
these ensembles in the preparation of selective ion channels. 

  Figure 36     Top : Model of guanosine channel formation by initial assembling followed by RCM 
reaction to form covalently linked structures.  Bottom : Folates can also form tetrameric structures, 
the incorporation of hydrophobic dendrons allows the formation of the membrane pore.       
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 Based on this design, several systems based on amphiphiles and peptides have 
been constructed, some of them have been included in Section  2.2  [ 195 ].  

3.4.2     Metal-Assisted Channel Formation 

 This section is focused on the construction of synthetic channels by stacking of 
cyclic components through metal coordination to appropriated ligands [ 309 ]. In this 
respect, Fyles and Tong described a very simple design using square-shaped palla-
dium complexes. The cyclic component was prepared by mixing the Pd(II) diamino 
complex that contains a long alkyl chain and a 4,4′-bipyridine ligand. Structural 
studies carried out on lipid membranes confi rmed the ring formation and also the 
transport properties. In general, the current-time records showed both erratic, short-
lived and stable, long-lived ion channel events. These results suggest that the trans-
port mechanism is unlikely due to the “square” channel.

   A similar approach was described using a porphyrin ring that contains two pyri-
dine moieties [ 310 ]. The palladium complex forms, by itself, very large, high con-
ductance and long-lived channels. The authors compared the channel activity of the 
palladium complex with that observed for ceramide [ 59 ]. They suggest the forma-
tion of a toroidal pore in the membrane by the stabilization of positive membrane 
curvature perpendicular to the plane of the lipid bilayer. A very similar approach but 
using a rhenium(I) complex to coordinate the pyridine moieties of the porphyrin 
was also described (Figure  37 ) [ 311 ]. The coordination properties of the Re(I) com-
plex facilitate the formation of the square-shaped structure. The presence of carbox-
ylic groups orthogonally oriented to the pyridines facilitates ring stacking through 
hydrogen bond formation between the four groups of each ring. The formation of 
nanopores, which is likely to be dimeric, was confi rmed in liposomal membranes. 
The transport activity is intermediate between those of AmB and gA. The channel 
does not show selectivity toward fi rst group cations or inorganic anions as could be 
expected for transport systems with a large pore diameter. The addition of G2 
PAMAM dendrimer blocks the transport activity. The presence of amino groups that 
coordinates to the zinc of the porphyrins and the side of the dendrimer are funda-
mental to block the nanopore. 

 Kobuke’s group created metallacycle units using three metal trisporphyrin com-
ponents (Figure  38 ) [ 312 ]. The  meta  substitution of each of the phenyl moieties ori-
ented the porphyrin rings with a 120° angle. The imidazole rings at both ends of the 
trisporphyrin ensure the oligomerization process. The central porphyrin contains two 
carboxylic groups perpendicular to the axis defi ned by the three porphyrins. The two 
 N -methylimidazole rings are also aligned in this axis. The coordination between the 
zinc and the imidazole moiety induces the assembling process to form a trimeric 
cyclic component that was, fi nally, covalently trapped by RCM. The trimeric unit 
self-assembles, only two cyclic units are required, through the formation of hydrogen 
bonds between the carboxylic acids to form the transmembrane channel. The studies, 
as in the precedent example, do not show ion selectivity, observing ion current also 
for lithium and calcium ions, even though the large hydration energy of these ions 
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normally precludes them to pass through the channels. Fourth-generation PAMAM 
dendrimers were used to block the channel current. Reversing the applied potential 
and replacing the buffer solution allowed the recovering of the channel activity.

   Three-dimensional (3D) metal-organic cages or polyhedra (MOP) are novel nano-
metric size materials consisting of metal ions or clusters coordinated to organic mol-
ecules that, generally, leave empty spaces in their interior [ 313 – 316 ]. These MOPs 
have been recently applied to the preparation of proton and alkali metal ion channels 
(Figure  38 ) [ 317 ]. For that purpose, the previously reported MOP-18 was used, which 
is a charge-neutral cuboctahedron core constructed by the self- assembling process of 
twelve dimeric copper complexes. These complexes form the so-called paddlewheel 
units, through the coordination with twenty-four molecules of 5-dodecoxybenzene-
1,3-dicarboxylic acids. The dodecoxy groups provide a hydrophobic bell that sur-
rounds the MOP structure providing the required lipophilic properties. 

 The complex has a hydrophilic cavity (13.8 Å diameter) that is accessible through 
triangular and square windows whose diameters are 3.8 Å and 6.6 Å, respectively 
[ 318 ,  319 ]. Fluorimetric vesicles and voltage-clamp methods confi rmed the trans-
porting properties. The studies showed the expected preference for cations over 
anions, with a K + /Cl −  selectivity of 5.5, estimated by using the Goldman–Hodgkin–
Katz equation [ 102 ]. Hille’s equation provided a diameter of approximately 5.4 Å 
[ 2 ], therefore ion transport must take place through both windows of MOP com-
plexes. Actually, a careful analysis of current measurements revealed the existence of 
two types of channels with different single-channel currents. The cation selectivity 

  Figure 37    Nanotubes formed by cyclic molecules through metal bonds.       
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follows the order Li +  > > Na +  > K +  > Rb +  > Cs + . This Eisenman XI sequence has a high 
preference for lithium ions [ 75 ]. This is quite unique, suggesting that the interactions 
between cations and the aromatic rings lining at the portals of the cavity must play a 
crucial role in the ion transport. 

 Similarly, C-alkylpyrogallol[4]arenes were also assembled in metallocapsules 
similar to MOP-18 by treatment with copper acetate [ 320 ,  321 ]. The incorporation 
of the long alkyl chains on the pyrogallarene facilitates its membrane insertion; the 
substitution of the undecenyl groups for ethyleneoxy units diminished the transport 
effi cacy. One signifi cant aspect is the greater stability of the open states upon volt-
age increase. The potassium  versus  chloride permeability ratio was smaller than 
the previously mentioned cuboctahedron (2.4:1). Cation selectivity follows the 
sequence Na +  > K +  > > Cs + . A dimeric transmembrane model was proposed to explain 
the transport properties in which the movement of one molecule with respect to the 

  Figure 38    Trimeric structure derived from the zinc triporphyrin derivative through the zinc- 
imidazole coordination followed by RCM capture. Proposed MOP structure (MOP-18) of the 
cuboctahedron core constructed by assembling 5-dodecoxybenzene-1,3- dicarboxylic acids with a 
copper complex.       
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other would explain the observed gating. Furthermore, at increasing voltages, the 
enhanced fl ow of ions through the two capsules forces the two components of the 
channel to stay aligned, explaining the observed stability of the open states.    

4     Concluding Remarks and Future Directions 

 Nature uses the ionic gradient across cell membranes as a driving force for trans-
membrane interchange. To maintain the cell membrane potential, the intercellular 
media exhibits a low concentration of sodium ions and high levels of potassium. 
Although both ions are very similar, their radii differences are on the sub-ångstrom 
scale; cells have developed almost perfect membrane machines (ion channels, car-
riers or pumps) that transport selectively each ion in opposite directions. This selec-
tivity is even more remarkable considering that channels can pass ions at up to 
diffusion-limited rates. Export of sodium ions from the cell provides the driving 
force for several secondary active transport proteins, which import glucose, amino 
acids, and other nutrients into the cell benefi tting from the sodium gradient. 

 Not surprisingly, chemists have developed a variety of artifi cial transport sys-
tems that try to mimic the natural functions. The initial designs were based on ion 
carrier systems based on crown ether motifs. Some of them were very complex and 
able to switch from active to non-active systems. Later, synthetic ion channels have 
been created and most of them were programmed to self-assemble in the presence 
of biological membranes. In this direction, a variety of supramolecular designs were 
developed using different strategies, such as barrel, rosette or disk stacking. All this 
background allowed the preparation of systems that compete in effi ciency and rates 
with the biological transporters. In addition, some of the synthetic systems are able 
to discriminate between different ions, and even some selectivity between sodium 
and potassium has been achieved. Finally, some of the synthetic models also present 
rectifi cation and voltage or ligand gating in which the transport is controlled by 
external chemical stimuli. 

 Unfortunately, no synthetic system can compete with natural ion channels in 
rates and selectivity at the same time so far. Perhaps, the last challenge is the prepa-
ration of effi cient ions pumps. Membrane transporter systems that work against the 
ionic gradient using an external stimulus are still a further challenge that will be 
achieved in the near future. Without any doubts, if chemists had access to these 
kinds of molecular machines, a new horizon would rise for novel technological 
applications.

  Abbreviations 

  τ    dwell opening time   
  Aa    amino acid   
  Aca    3-aminocycloalcanecarboxylic acid   
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  Acp    3-aminocyclopentanecarboxylic acid   
  Ahf    4-amino-3-hydroxytetrahydrofuran-2-carboxylic acid   
  AmB    amphotericin B   
  Arg    arginine   
  ATP    adenosine 5′-triphosphate   
  ATR-IR    attenuated total refl ection infrared   
  CB[6]    cucurbit[6]urils   
  CD    cyclodextrin   
  CP    cyclic peptide   
  CyPLOS    cyclic phosphate-linked oligosaccharide   
  FCCP    carbonylcyanide- p -trifl uoromethoxyphenyl-hydrazone   
  G2 PANAM    second generation poly(amidoamine) dendrimer   
  gA    gramicidin A   
  Gln    glutamine   
  HAa    homoamino acid   
  HAla    homoalanine   
  HLeu    homoleucine   
  HPTS    pyranine (8-hydroxypyrene-1,3,6-trisulfonic acid, trisodium salt)   
  HTrp    homotryptophan   
  HyV    2-hydroxy-3-methylbutanoic acid   
  Ile    isoleucine   
  IR    infrared   
  Lac    lactic acid   
  Leu    leucine   
  LHL    leucyl-histidyl-leucine (Leu-His-Leu)   
  LHLHL    leucyl-histidyl-leucyl-histidyl-leucine (Leu-His-Leu-His-Leu)   
  LHRHL    leucyl-histidyl-arginyl-histidyl-leucine (Leu-His-Arg-His-Leu)   
  LRLHL    leucyl-arginyl-leucyl-histidyl-leucine (Leu-Arg-Leu-His-Leu)   
  MOP    metal-organic cages or polyhedra   
  NDIs    naphthalenediimide units   
  NMR    nuclear magnetic resonance   
  nS    nanoSiemens   
  PEG    polyethylene glycol   
  Phe    phenylalanine   
  PIMs    polymer inclusion membranes   
  RCM    ring-closing metathesis   
  TEB    tetraethylenbenzyl ether chain   
  TEM    transmission electron microscopy   
  Trp    tryptophan   
  Tyr    tyrosine   
  Val    valine         
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Abstract In this chapter, we review the mechanism of action of lithium salts from 

a chemical perspective. A description on how lithium salts are used to treat mental 

illnesses, in particular bipolar disorder, and other disease states is provided. 

Emphasis is not placed on the genetics and the psychopharmacology of the ailments 

for which lithium salts have proven to be beneficial. Rather we highlight the appli-

cation of chemical methodologies for the characterization of the cellular targets of 

lithium salts and their distribution in tissues.

Keywords Bipolar disorder • Glycogen synthase kinase-3β • Lithium • Mechanisms 

of action

1  Introduction

Lithium (lithos for stone in Greek) was discovered in Sweden in the early part of 

the nineteenth century. It is an alkali metal and the third element on the Periodic 

Table. The electronic configuration of the lithium atom is 1s22s1. The outer elec-

tron is easily removed thereby forming the lithium ion (Li+), which has the stable 

electronic configuration, 1s2, of the noble gas helium. Its high reactivity explains 

why Li never exists by itself, thus accounting for its preferred occurrence as Li+ 

in seawater and in minerals. In organolithium compounds, lithium forms a polar 

covalent bond with carbon by sharing its outer electron [1]. In non-aqueous 

media, organolithium compounds are a source of carbanions that are useful for 

the formation of carbon–carbon bonds [1]. Li and Li+ have found important 

industrial applications, including the manufacture of lithium-ion batteries [2], 

ceramics and alloys [3], and as a source of tritium for nuclear usage [4]. The 

solvent in living systems is water. For lithium salts used in therapy, primarily 

lithium carbonate, the outer electron of Li is completely transferred to the anion 

to form the Li+ cation. Henceforth, any referral to lithium signifies Li+ and not Li, 

because it is Li+ that is therapeutically relevant, and not the anion with which it 

forms a counterion.

Unlike other alkali and alkaline earth metal ions, such as Na+, K+, Mg2+, and 

Ca2+, Li+ is only present in trace amounts in normal individuals. It therefore begs the 

question: How can Li+ impact the levels of these four important ions in human 

physiology? General trends in ionic radii stem from their positions on the Periodic 

Table: (i) increases down a group due to population of additional electron shells; 

and (ii) decreases across a period because of a build-up in nuclear charge within an 

electron shell. It follows from these trends that ionic radii derived from elements 

that are positioned diagonally on the periodical table have similar ionic radii, the 

so-called diagonal relationship.
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In Table 1, the listed coordination numbers and the r values (in pm), are from 

Shannon [5]. As it is apparent from Table 1, when six ligands are bound to the 

central metal ion, Li+ and Mg2+ have similar ionic radii; the same relationship 

applies to coordination number four. Both Li+ and Mg2+ are hard acids that prefer 

hard oxygen- containing side chains of amino acids, such as aspartate, glutamate, 

and asparagine. It is important to note that there is a two-fold difference in the 

charges of the two ions. In addition to stronger binding affinities for Mg2+, the 

differences in charge density may account for distinct preferences in coordina-

tion number and geometries (4 and tetrahedral for Li+ [6], and, for Mg2+, 6 and 

octahedral [7]). More details on the inorganic chemistry of Li+ can be found in 

our previously published review [8].

Frausto da Silva and Williams [9] first proposed that competition between Li+ 

and Mg2+ bound to biological molecules may be the underlying theme in Li+ interac-

tions in cells. This hypothesis has since been demonstrated experimentally by us 

and others using a myriad of spectroscopic techniques [8].

Mg2+ is ubiquitous in the cell and its presence is essential for the function of 

many enzymes and other biological processes. If Li+ were to dislodge Mg2+ from its 

native binding sites, the cell machinery would be disrupted. It is therefore feasible 

that, in an Mg2+-containing protein that has both high-affinity and low-affinity sites, 

Li+ would compete for the low-affinity Mg2+ binding site. Studies using density 

functional theory indicate that solvent accessibility, net charge, and ligand environ-

ment of the Mg2+ sites may all play a part in metal ion competition [10].

For adult patients, lithium carbonate doses of 900 to 1,200 mg/day result in 

steady-state lithium levels in the range of 0.5 mM to 1.2 mM, which are optimal for 

effective maintenance of bipolar patients [11]. For tissues in a 70 kg-adult, the total 

and free concentrations of Mg2+ are, respectively, in the range of 20 mM and 0.2 mM 

[12]. Depending on the geographical location, the highest reported Li+ concentra-

tion in tap water is approximately 160 μg/L, which is three orders of magnitude less 

than that used in the treatment of bipolar disorder and depression. Although there 

are only trace amounts of Li+ in drinking water, some studies have suggested that 

Li+ may aid in suicide prevention both in patients with mood disorders and in nor-

mal individuals [13]. If indeed the putative correlation between suicide prevention 

and lithium levels in tap water is valid, a mechanism other than ion competition at 

low ratios of Li+/bound Mg2+ must be present.

Table 1 Ionic radii of Li+ 

and other biochemically- 

related radii.a,b

Ion r (CN = 4) r (CN = 6)

Li+ 59 76

Mg2+ 57 72

Na+ 99 102

Ca2+ not available 100

ar, ionic radius; CN, coordination number.
bData collected from [5].
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2  Uses of Lithium in Medicine

Originally used to treat bipolar disorder, the use of Li+ has expanded to other ill-

nesses such as Alzheimer’s disease and thyroid cancer. Although lacking specificity, 

Li+ used in tandem with other medications has proven to be effective.

2.1  Bipolar Disorders

Bipolar disorders (BD) are debilitating psychiatric mood disorders characterized by 

repeating cycles of depression and mania. Diagnosis of each type of BD is based on 

meeting a strict set of criteria describing: mania, hypomania, and major depression 

[14]. BD type I manifests itself as a manic state, which may be followed by hypomania 

or major depression. This differs from BD type II, which is characterized by both a 

hypomanic and major depressive state, while unipolar patients suffer solely from major 

depression. Approximately 2 % of the world population struggles with this disease 

while 10–12 % commit suicide to escape the crippling emotional roller coaster [15].

It has been well established that Li+ is effective in treating manic states. Although 

there have been many drugs developed to treat BD, such as valproate and lurasidone, 

their effectiveness varies depending on several factors, including the type of BD and 

unique neurological profile of the patient. With regards to BD type I disorder, after 

an initial delay of 1–2 weeks, Li+ has a response rate of 70–80 % and improvement 

continues until it reaches a plateau at 3–4 weeks [16]. These mood stabilizing effects 

can continue indefinitely without recurrences and is not immediately reversible after 

treatment is discontinued [17]. For treatment of BD type II disorder, Li+ efficacy is 

seen at 6–8 weeks [18] and its effectiveness is the greatest soon after diagnosis [19]. 

Although anti-psychotic drugs, such as quetiapine and olanzapine, are very effective, 

Li+ is still prescribed for treatment of BD type II disorder [20].

2.2  Alzheimer’s Disease

Alzheimer’s disease (AD) is a common chronic form of dementia characterized by 

loss of memory, change in behavior, and inability to concentrate. The exact cause of 

AD is still unknown but identifiable histopathological trademarks have been found, 

such as hyperphosphorylated neuronal microtubule-associated protein (tau), amyloid 

plaques, and a decrease in brain-delivered neurotropic factor (BDNF). Li+ has the 

unique ability to repress each of these AD phenotypes. In a cross sectional study, older 

BD patients undergoing chronic Li+ treatment had a significantly lower incidence of 

AD compared to those untreated or the general population (3 % versus 19 % respec-

tively) [21]. These findings suggest that chronic Li+ treatment of BD patients can 

protect against the development of dementia-type disorders, in particular AD [22].
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The precise mechanism by which Li+ delays the progression of AD has yet to be 

determined. An understanding of the involvement of tau in AD is emerging. Tau 

protein promotes and stabilizes microtubule formation, a process that is regulated 

by glycogen synthase kinase 3 (GSK-3). In AD patients, tau has been found to be 

hyperphosphorylated by GSK-3, causing the formation of paired helical fibers and 

the weakening of the cytoskeleton [23]. Li+ reduces GSK-3-induced tau phosphory-

lation at multiple epitopes in both transfected cells and in neurons [24, 25]. The 

effects are both time- and concentration-dependent and effective at 1 mM and 

3 mM. It was also demonstrated that Li+-induced changes in tau phosphorylation are 

not the result of neurotoxicity, since even at 25 mM Li+ hippocampal cell morphol-

ogy was unaffected and the changes in tau phosphorylation were entirely reversible 

[24, 25].

Like tau proteins, amyloid β-peptides (Aβ) are thought to be one of the primary 

factors that contribute to AD. In recent years, the connection between Aβ plaques 

and AD has been called into question because the concentration of Aβ is not corre-

lated to the degree of cognitive impairment observed in AD subjects. Preceding the 

onset of pathology, Li+ decreased the rate of formation of toxic plaques, and pre-

vented degeneration of memory in a PS1xAPP mouse model [26]. Another group 

found that inhibition of GSK-3 with Li+ led to a decrease of the concentration of 

amyloid precursor protein by enhancing its degradation [27]. Although in both of 

these studies Li+ appeared to act as an inhibitor, there were other investigations that 

contradicted these results [28, 29].

Due to the neuroprotective effects observed in BD patients, it has been proposed 

that Li+ could be used to treat AD. Clinical trials have begun to investigate the effect 

Li+ has on AD patients. Li+ has been shown to increase BDNF, which has been 

linked to a delay and/or stagnation of the cognitive impairment symptoms in AD 

patients [30, 31].

2.3  Thyroid Cancer Treatment

Effects of Li+ on patients with thyroid cancer are well documented and give insight 

on possible mechanistic pathways. Patients undergoing Li+ treatment have a higher 

probability of developing hyperthyroidism. This side effect can be useful because 

Li+ can inhibit thyroid hormones and increase retention of radioactive iodine. 

Therefore, Li+ can be used as an adjunctive therapy in the treatment of hyperthy-

roidism and thyroid cancer [32, 33].

Li+ is thought to inhibit coupling of iodotyrosine residues in the formation of 

thyroxine (T4) and triiodothyrosine (T3), which control the release of iodothyro-

nines. Li+ may also affect deiodinase activity, which originates from a group of 

enzymes that activates thyroid hormones by converting T4 to T3, or inactivate 

hormones by converting either T4 to reverse triiodothyronine or T3 into inactive 

diiodothyronine [32]. In addition, Li+ can participate in a feedback loop mecha-

nism by increasing intrathyroidal iodine, and inhibiting the release of T3 and T4. 
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The excretion of thyroid hormones leads to a decrease of T3 and T4 levels in serum 

during iodine therapy [33, 34]. Due to this feedback loop, iodine retention is 

increased without interfering with iodine uptake, increasing radioactive iodine 

concentration in normal and cancer thyroid cells [35].

3  Methods of Lithium Detection

3.1  Overview of Tools for Lithium Detection

Analytical methods available for the direct detection of Li+ in blood and other tis-

sues fall under two categories: (i) those that measure total Li+ concentrations (atomic 

absorption or flame emission spectrometry, inductively-coupled plasma mass spec-

trometry, solution 7Li NMR (nuclear magnetic resonance spectroscopy) and solu-

tion 7Li MRSI (magnetic resonance with spectroscopic imaging)) and (ii) those that 

detect free Li+ concentrations (optical or fluorescence indicators, ion-selective 

microelectrodes, solution 7Li NMR and solid-state 7Li NMR). If competition 

between Li+ and bound Mg2+ were present, an increase in total Li+ concentration, 

[Li+]total, would increase the concentration of free Mg2+, [Mg2+]free, and decrease the 

concentration of bound Mg2+, [Mg2+]bound, with the total Mg2+ concentration, 

[Mg2+]total, remaining intact.

The total concentrations of Li+ in blood of bipolar patients on lithium therapy are 

well within the detection limits of atomic absorption or flame spectrometry, making 

them the methods of choice for assessing drug response and toxicity in the clinic, as 

well as patient compliance. The principles of atomic absorption and flame spec-

trometry are beyond the scope of this chapter, and for more details the reader is 

referred to an earlier review on these methodologies [36].

Li+-selective chromophores, fluorophores, and microelectrodes have been designed 

based on the premise that, relative to other alkali and alkaline earth metal ions, some 

crown ethers and cryptands selectively bind Li+ [37]. However, the large excess of Na+ 

over Li+ in biological fluids and the low Li+/Na+ selectivity ratio place limitations on 

the usefulness of these methods for measuring free Li+ concentrations, [Li+]free.

The principles behind other more informative methods, such as 7Li NMR spec-

troscopy and 7Li MRSI, or indirect detection of Mg2+ with the aid of fluorophores, 

are explained below, and their applications are described thereafter in this chapter. 

Before continuing with the description of these spectroscopic methods, it is impor-

tant to point out that no radioactive isotope of lithium exists. Also, Li+ and Mg2+ 

have no unpaired d electrons, and therefore they are not amenable to study by  

UV-Vis spectroscopy and electron paramagnetic resonance. In addition, Li+ only 

has two valence electrons and thus, Li+ bound to proteins cannot be detected directly 

by X-ray crystallography. Indeed, no crystal structure with bound Li+ has been 

deposited in the Protein Data Bank. In contrast, the higher electron density of Mg2+ 

enables the investigation by X-ray diffraction of Mg2+ binding sites in proteins, as 

shown in the crystallographic structures described in Section 5.
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3.2  Lithium Nuclear Magnetic Resonance Spectroscopy

In a one-dimensional NMR experiment, a sample is placed in a magnetic field and 

transitions among nuclear states are induced by pulses of radiofrequency; between 

successive pulses, a delay is required to allow for decay of the net magnetization 

from excited states to the ground state, a process that is quantified by spin-lattice 

(T1) and spin-spin (T2) relaxation times [38]. NMR-active nuclei have a nuclear 

spin, I, greater than zero, but, when I is larger than ½, quadrupolar relaxation occurs, 

resulting in broad lines.

Two Li isotopes exist, 7Li and 6Li, with natural abundances of 92.6 % and 7.4 %; 

because their nuclear spin values are 3/2 and 1, respectively, either nucleus can be 

detected by NMR spectroscopy. The quadrupole moments of both nuclei are rela-

tively small, resulting in relatively sharp peaks [38]. In a magnetic field of 11.7 

Tesla (in which 1H resonates at 500 MHz), the resonance frequency for 7Li is 

194.3 MHz and 73.6 MHz for 6Li. These frequencies are easily attainable with mul-

tinuclear NMR probes. Receptivity, the product of the natural abundance and the 

inherent sensitivity of a nucleus, provides insight on the easiness for the detection 

of a specific nucleus; relative to 1H, the receptivities of 7Li and 6Li are, respectively, 

0.27 and 6.31 × 10−4. The T1 values for 7Li are in the msec range whereas those for 
6Li can be as large as one sec.

Two useful parameters in NMR spectroscopy are the chemical shift and the spin- 

spin coupling constant. From the number and positions of the chemical shifts, which 

are reported relative to a reference compound and expressed in ppm, one can garner 

structural information. Multiplet patterns in one-dimensional NMR spectra or cross- 

peaks in two-dimensional NMR spectroscopy are indicative of interactions between 

spins of different nuclei.

For organolithium compounds, Li atoms in distinct chemical environments 

exhibit different chemical shift values [39]. Similarly, depending on the nature of 

the carbon substituents, Li-C covalent bonds exhibit multiplets or cross peaks that 

result from coupling between 6Li (and less often with 7Li) and 13C. Because the T1 

values of 6Li are longer than those of 7Li, solution and solid-state 6Li NMR is prefer-

able to 7Li NMR for the structural analysis of organolithium compounds [39].

As a result of the larger natural abundance of 7Li relative to 6Li, solution 7Li 

NMR spectroscopy is the method of choice for probing Li+ within the 0.5 mM to 

1.2 mM range used in therapy. In the cytosol, Li exists as a tetra- or hexaaqualithium(I) 

ion. Once bound to biomacromolecules, such as proteins or cell membranes, it is 

primarily present as a partially hydrated Li+ ion. Consequently, the Li+ environment 

in biological aqueous media does not vary greatly, resulting in a narrow and, for the 

most part, uninformative scale of chemical shift values. For example, in a solution 
7Li NMR study of Li+ binding to inositol monophosphatase (IMPase), a small 

downfield shift of approximately 0.1 ppm was observed at a [protein]/[Li+] ratio of 

ca. 4 [40]. In contrast, a magic-angle spinning, solid-state 7Li NMR study of Li+ 

binding to lyophilized E. coli IMPase resolved [Li+]free, [Li+]bound, and non- specifically 

bound Li+ [41]. Because of the lack of covalent bonding between Li+ and water or 
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other hard oxygen-containing ligands, spin-spin coupling between the quadrupolar 
7Li nucleus and ligand hydrogens is not observed in solution [42].

However, useful information can be obtained from chemical shifts. Figure 1A 

[43] shows that, in a red blood suspension, intracellular Li+ cannot be distinguished 

from extracellular Li+. Representative lanthanide shift reagents, such as dysprosium 

triphosphate, [Dy(PPP)2]
7−, or thulium 1,4,7,10-tetraazacyclodecane-N,′N″,N‴-

tetramethylenephosphonate, [HTm(DOTP)]4−, are, as a virtue of their high negative 

charge, impermeable through the hydrophobic interior of a cell membrane. 

Therefore, these reagents only shift the extracellular pool of Li+; see Figure 1B for 

an example of packed red blood cells (RBCs) suspended in an isotonic medium 

containing [Dy(PPP)2]
7−. A control experiment using coaxial tubes confirm the 

assignments (Figure 1C).

Figure 1 (A) 7Li NMR 

spectrum (104.8 MHz, 

37 °C) of gently packed 

RBCs (hematocrit was 

13 %) in a medium 

containing 140 mM Na+, 

5 mM K+, 3.5 mM Li+, 

10 mM glucose, and 

50 mM HEPES at pH 7.5. 

Packed RBCs were 

incubated with 3.5 mM Li+ 

at 37 °C for 12 h prior to 

NMR measurements. (B) 
7Li NMR spectrum of the 

same RBC suspension as 

in part A with the 

exception that 5 mM 

Na7Dy(PPP)2 was present 

in the medium instead of 

50 mM NaC1. (C) 7Li 

NMR spectrum of a 

concentric sample (5-mm 

inner tube inside a 10-mm 

outer tube) containing 

20 mM Li+ in the inner 

tube while the outer tube 

contained the same 

suspension medium as in 

part B. Labels a and c 

represent inner pools of Li+ 

while b and d denote outer 

pools. Reproduced with 

permission from [43]; © 

copyright 1987, American 

Chemical Society.
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The T1/T2 ratio is a measure of Li+ immobilization. For [Li+]free, where the Li+ 

rotational correlation time, τc (which is a scale of Li+ motion) is short relative to the 

its NMR resonance frequency ω (ωτc ≪ 1), T1 ≈ T2. When Li+ is immobilized in 

cells, τc is larger, and ωτc ≫ 1, T1 is longer than T2 [44]. Determination of Li+ bind-

ing constants, KLi, to cellular fractions can be calculated as follows:
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where [Li+]total and [B] are the concentrations of Li+ and binding sites. Robs, Rfree and 

Rbound are, respectively, the values of the relaxation rates (the reciprocals of relax-

ation times), observed for the sample itself, with saturating [Li+], or with bound Li+. 

From a James-Noggle plot [45], in which ΔR−1 is plotted against [Li+]total, KLi can be 

calculated.

3.3  Lithium Magnetic Resonance with Spectroscopy Imaging

Unlike 7Li NMR, 7Li MR with spectroscopy imaging (MRSI) uses a fixed magnetic 

field and magnetic field gradients affording the opportunity to map distribution of 

Li+ in organs, including human brains. T1-weighted measurements enhance image 

resolution [46].

3.4  Indirect Fluorescence Detection

The levels of free Mg2+, [Mg2+]free, can be measured by using Mg2+-selective fluores-

cent dyes, such as furaptra [47]. As Figure 2 [48] indicates, indirect fluorescence 

detection of [Mg2+]free can be used for probing competition between Li+ and bound 

Mg2+ in biological samples, with [Mg2+]free being calculated as per equation (2) [48]:
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where Kd and K ′d are, respectively, the dissociation constants of the furaptra com-

plexes with Mg2+ and Li+; Smin, Smax and S′
max are the fluorescence intensities at 

374 nm in the absence and in the presence of saturating concentrations of Mg2+ and 

Li+; and R, Rmin, Rmax, and R′
max are the fluorescence intensity ratios (342 nm/374 nm) 

observed for the sample, and in the absence and in the presence of saturating 

amounts of Mg2+ and Li+. Competition between Li+ and Mg2+ bound to a protein 

could be determined by adding a third term to equation (2) [49].
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4  Lithium in Living Systems

4.1  Lithium Transport Across Cell Membranes

Li+ measures using atomic absorption and flame emission spectrophotometry may 

be error-prone because blood processing steps, such as centrifugation and cell lysis, 

may result in additional transmembrane Li+ transport during sample preparation. 7Li 

NMR studies are advantageous because cell suspensions can be investigated non- 

invasively. Figure 1 shows how RBC suspensions have been studied in this way. For 

nucleated cells (Figure 3 [50]), such as human neuroblastoma SHSY-5Y cells, con-

tinuous perfusion with aerated medium of gel-anchored cells is however required.

Li+ uptake by RBCs takes place via a leak pathway, and through the transmem-

brane Cl− exchanger or band 3 protein. The leak pathway contributes 70 % toward 

Li+ influx and is thought to occur via water pores in the RBC membrane. In princi-

ple, a Li+ cation could not use the Cl− exchanger whose function is to transport Cl− 

anions. However, CO3
2

 is believed to form an ion pair with Li+, [LiCO3]
−, resulting 

in net Li+ influx in exchange with Cl− efflux. Li+ efflux from Li+-loaded RBCs (for 

example, RBCs from blood of bipolar patients on Li+ therapy), is mediated by the 

Na+/Li+ countertransporter. When the [Na+] gradient that it generated by active 

transport-mediated by Na+/K+-ATPase is partially dissipated, Li+ efflux against a 

[Li+] gradient occurs, indicating that the Na+/Li+ countertransporter provides sec-

ondary active transport for Li+. We later found out that Na+/Li+ countertransport is 

mediated by the Na+/H+ exchange protein located in the RBC membrane [51]. 

Mediation of Li+ transport through other pathways, such as Na+/K+ cotransporter 

and Na+/K+-ATPase, has been reported; however, it does not occur at physiological 

concentrations of Na+ and K+.

Figure 2 Fluorescence excitation spectra of 2 μM furaptra in a solution containing 5.0 mM ATP, 

2.5 mM MgCl2, 150 mM Tris-Cl (pH 7.4) and (a) 0 mM LiCl, (b) 5 mM LiCl, (c) 10 mM LiCl, (d) 

20 mM LiCl, (e) 50 mM LiCl, and (f) 100 mM LiCl. Reproduced with permission from [48]; © 

copyright 1987, American Chemical Society.
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It was earlier speculated that the rates of Na+/Li+ countertransport in RBCs of 

bipolar patients undergoing Li+ treatment were slower than for normal individuals, 

and that Li+ ratios ([Li+]RBC/[Li+]plasma) were elevated for the patients. However, the 

rates of Na+/Li+ countertransport and of Li+ ratios in RBCs of bipolar patients before 

and after undergoing chronic Li+ therapy were not significantly different, indicating 

that the previously reported differences for RBCs of bipolar patients were not bio-

logical markers but a result of Li+ treatment. Hypertensive patients have unequivo-

cally shown to have significantly elevated rates of RBC Na+/Li+ countertransport 

relative to normotensive controls [52]. The cofounding effect of hypertension make 

earlier data from studies with RBCs of bipolar patients difficult to interpret. Details 

on RBC Li+ transport pathways and their potential abnormalities have been previ-

ously described [36].

Instead of testing whether differences in rates of RBC Na+/Li+ countertransport and 

Li+ ratios are biological markers, we studied RBCs from thirty Li+-treated bipolar 

Figure 3 (A) 7Li NMR spectra of Li+ influx into human neuroblastoma SH-SY5Y cells embedded 

in agarose gel threads in a medium containing 3 mM [HTmDOTP]4− and 15 mM Li+ at 11 min 

(spectrum a), 39 min (spectrum b) and 133 min (spectrum c) after starting the perfusion. (B) 7Li 

NMR spectra of Li+ efflux from Li+-loaded cells at 75 min (d), 90 min (e), and 120 min (f). The 

symbols i and o denote the intracellular and extracellular 7Li NMR signals. Reproduced with per-

mission from [50]; © copyright 2002, John Wiley & Sons.
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patients and found significant correlations between Li+ affinity to the RBC membrane, 

as calculated from T1 measures, and response to and toxicity of Li+ therapy [53].

Figure 3 illustrates how Li+ uptake and efflux can be monitored in eukaryotic 

cells, in this case human neuroblastoma SHSY-5Y cells [50]. Because oxygen is 

required for their viability, the cells, which were anchored on gel threads, were con-

tinuously perfused with an aerated medium. Addition to the medium of veratridine, 

a known inhibitor of voltage-sensitive Na+ channels, reduced the rates of Li+ uptake 

and efflux, suggesting that Li+ transport may be mediated via Na+ channels. A fol-

low-up study indicated that 40 % of Li+ uptake in the same cell line takes place via 

the Na+/Ca2+ exchanger, with the leak pathway providing the remaining balance [54].

4.2  Cellular Accumulation of Lithium

We have used T1/T2 ratios to investigate Li+ immobilization in intact human RBCs 

and in neuroblastoma SHSY-5Y cells, as well as in their cellular components [50, 

55]. The cytosol and other subcellar fractions are viscous. Therefore, the viscosity 

of all fractions was adjusted to 5 cP (centipoise) by addition of glycerol. Under 

these conditions, a 3.0 mM viscosity-adjusted LiCl solution gave a T1/T2 ratio of 

approximately of 1. Table 2 indicates that the ratio is larger in intact SHSY-5Y cells 

than in RBCs, presumably because there are organelles present in the former that 

are absent in the latter. From the T1/T2 ratio values in subcellular fractions from 

SHSY-5Y cells, we concluded that the order of Li+ immobilization is: plasma mem-

brane ≫ microsomal membrane > nuclear membrane [50, 55].

We used the fluorescent dye furaptra to investigate Li+/Mg2+ competition in 

human neuroblastoma SHSY-5Y cells. Chronic incubation of the cells for 24 to 72 

hours with Li+ resulted in a significant increase in [Mg2+]free, leading credence to the 

competition mechanism between Li+ and bound Mg2+ in the therapeutic range (0.7 

to 1.5 mM) [56].

Table 2 T1/T2 ratios for 

intact RBCs and SHSY-5Y 

cells as well as their 

subcellular fractions.a

Sample [Li+] (mM) T1/T2 ratio

RBCs 3.5 14

SHSY-5Y cells 2.9 100

RBC membrane 3.0 52

SHSY-5Y membrane 3.0 42

Cytosol-free homogenate 4.0 74

Cytosol-enriched fraction 4.0 6

Plasma-membrane fraction 4.0 106

Nuclear-membrane fraction 4.0 26

Mitochondrial-enriched fraction 4.0 14

Microsome-enriched fraction 4.0 52

aData collected from [50] and [55].
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4.3  Distribution of Lithium in Tissues

7Li NMR has been used to study brains from patients with limited success; the 

images were however concentrated on wide brain slices or were unlocalized [57]. In 

contrast, with 7Li MRSI, high-resolution images from brains of bipolar patients 

were obtained that allowed the determination of [Li+]total and the observation of non-

uniform Li+ distribution [46]. Figure 4 [46] shows Li+ brain maps from the same 

patient two weeks apart. In the first visit (Figure 4a), serum [Li+] was 0.3 mM lower 

than in the second visit for which the two sets of images were reproducible 

(Figures 4b and 4c). The detection of uneven Li+ distribution in the brain of Li+-

treated bipolar patients is intriguing in that it may lead to the exploration of brain 

regions that are associated with emotion. This and similar studies show the promise 

on how Li+ distribution can be investigated using Li+ MRSI.

1.00a

b

c

0.90

0.80

0.70

0.60

0.50

(mM)

0.40

0.30

0.20

0.10

0.00

Figure 4 Comparison of Li+ brain maps obtained from the same patient at visits two weeks apart. 

In the first visit (a), serum [Li+] was 0.5 mM, and, in the second visit, the two sets of images were 

at serum [Li+] of 0.8 mM (b and c). Reproduced with permission from [46]; © copyright 2012, 

John Wiley & Sons.
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4.4  Lithium Toxicity

For most drugs, the concentration at which toxicity sets in is several orders of mag-

nitude larger than the pharmacological level. In contrast, lithium treatment has to be 

monitored closely because at 2.0 mM significant side effects and toxicity occur, 

including, among others, weight gain, blurred vision, tremor [58], and, if left 

untreated, seizures and renal failure [59].

Weight gain impacts treatment compliance, and so do dermatologic side effects. 

Due to its high charge density, Li+ has a very high hydration energy, which may 

account for the reported weight gain [60] and cutaneous adverse conditions [61].

5  Cellular Targets of Lithium

Considering the number of enzymes that utilize a magnesium cofactor, Li+ acts on 

relatively few cellular targets. Curiously, Li+ seems to mostly target enzymes associ-

ated with psychiatric disorders. This section provides an overview of the research 

into the mechanisms of action of Li+ on some of the better studied Mg2+-containing 

targets (Figure 5).

Li+ inhibition is not limited to competition with the Mg2+ cofactor. Alternate 

mechanisms are thought to occur. This is the case for proteins such as the transcrip-

tional factor cAMP response element-binding protein (CREB) [62, 63].

5.1  Guanine Nucleotide Binding Proteins

5.1.1  Mechanism and Li+ Inhibition

Guanine nucleotide binding proteins (G-proteins) are regulatory membrane-bound 

proteins that play an indispensable role in transferring extracellular information 

across the cell membrane to affect intercellular functions. G-proteins are heterotri-

meric in that they are composed of an α subunit (Gα), which regulates the activity of 

the effector protein, and a βγ subunit complex. G-proteins are attached to G-protein 

coupled receptors (GPCR), which are a type of hepta-helical serpentine transmem-

brane domain receptors. G-proteins regulate intracellular signaling cascades in 

response to specific GPCR activation by neurotransmitters or hormones. Once acti-

vated, GPCRs induce conformational changes in the Gα subunits, which contain the 

guanine nucleotide, resulting in exchange of GDP for GTP and dissociation of the βγ 

dimer. The dissociated α subunit then binds to its specific effector where it will stim-

ulate or inhibit. This process is self-regulated with hydrolysis of bound GTP to GDP, 

effectively deactivating Gα and reforming the heterotrimeric GDP-bound G-protein 

conformation [64]. Gα subunits are separated into 4 primary classes based on their 
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Figure 5 Li+ affects many cellular pathways. (a) Li+ is a noncompetitive inhibitor of GSK. (b) 

The PI signalling pathway is inhibited by IMPase, which prevents the cell from producing the 

secondary messengers DAG and PIP2, further limiting the activity of downstream signaling pro-

teins such as PKC. (c) The down regulation of MARCKS by Li+ interrupts PKC signaling. (d) 

G-proteins Gαs and Gαq activate AC and PLC, respectively. (e) AC is inhibited both directly by Li+ 

and indirectly by Gαs. (f) The transcription factor CREB is activated by Li+. AC, adenylyl cyclase, 

ATP, adenosine 5′-triphosphate, CREB, cAMP response element-binding protein, cAMP, cyclic 

AMP, DAG, 1,2-diacylglycerol, GPCR, G-protein coupled receptors, GSK-3, glycogen synthase 

kinase-3, IMPase, inositol monophosphatase, (InsP3), 1,4,5-inositol triphosphate, (InsP2), 

4,5- inositol bisphosphate, (InsP), inositol phosphate, Ins, inositol, PI, phosphatidylinositol, (PIP2), 

phosphatidylinositol 4,5-bisphosphate, PKA, protein kinase A, PKC, protein kinase C.
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structure, Gi, Gs, Gq, and G11. Each can be further separated into several different 

subgroups. The subunits Gs and Gi, which are involved in stimulation and inhibition 

of adenylyl cyclase, respectively, and Gq [64, 65], which stimulate IMPase.

In rat cortex membranes, adrenergic and cholinergic activation of Gs and Giα1, 

respectively, was reported to be inhibited by Li+ [65]. In bipolar patients, Gs was postu-

lated to be associated with mania whereas Giα1 with depression. Li+ inhibition of Gs 

would result in a decrease in mania, while Li+ inhibition of Giα1 would alleviate depres-

sion. Because Gs and Giα1 are Mg2+-containing proteins, Li+ competition for Mg2+ 

bound to these G-proteins might explain the effects of Li+ on mania and depression.

Originally G-protein involvement in both manic and depressive cycles offered a 

simple and yet elegant explanation for Li+ action in BD [66–68]. The hypothesis of 

Li+ inhibition of G-proteins in BD was primarily based on cadaver and animal 

 studies at therapeutic concentrations [65]. Studies have shown inhibition of Giα1 to 

be negligible and not enough to produce the significant change observed in Li+ treat-

ment of BD [69]. However, these reports are in conflict with others [67, 70]. Several 

laboratories have examined deceased patients with mood disorders that were 

untreated or treated with Li+. These studies focused on G-protein concentration and 

function. Conflicting data indicate increased levels of Gαs, Gi α2, and Gα1/2 for patients 

with major depression [71] and increased Gαs and Gαq for BD [72], while many other 

studies showed no change in any G-protein concentration [68, 73]. Intrinsic vari-

ables, such as tissue storage, patient’s age, and the inability to diagnose BD or major 

depression via tissue samples may account for these variances [65]. Furthermore, 

animal studies originally showed inhibition of G-proteins, but discrepancies and 

inconsistencies in the reported data have led to the conclusion that the results are not 

reproducible [74]. Lacking a universally accepted animal model for BD, makes 

drawing conclusions on therapeutic effects of Li+ tenuous and the relevancy to BD 

debatable [74]. Although G-proteins are no longer the main focus of Li+ inhibition 

in BD, they still remain a viable player in long-term treatment efficacy [75, 76].

G-proteins are Mg2+-dependent and our recent fluorescence study on Gs and Giα1 

indicated that they contain two Mg2+ binding sites, one with high affinity and one 

with lower affinity. However, crystallographic reports of Gαs and Giα1 only showed 

the presence of one Mg2+ binding site [77–82]. However, these studies were con-

ducted at very high [Li+], which may have displaced Mg2+ from the low affinity 

Mg2+ site. Interestingly, for Ral, a monomeric G-protein, its crystal structure 

obtained in polyethylene glycol depicts two Mg2+ binding sites [83]. Regardless of 

their participation in Li+ action in BP patients, G-proteins are therefore invaluable 

systems for studying Mg2+/Li+ competition due to being well characterized.

5.1.2  Li+ Inhibition of Adenylyl Cyclase

Adenylyl cyclase (AC) is a membrane-bound enzyme responsible for converting 

adenosine triphosphate (ATP) to 3′,5′-cyclic adenosine monophosphate (cAMP), 

which serves as a secondary level of amplification of many signal transduction 

cycles. The increase of cAMP induces multiple effects, including opening of Ca2+ 
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channels and activation of protein kinase A (Figure 5). Li+ is thought to inhibit AC in 

two ways, first by competing for its Mg2+ binding site or by inhibiting Gαs, which is 

a known stimulator of cAMP formation [69]. The formation of forskolin-induced 

cAMP has been shown to be inhibited by Li+ at therapeutic concentration in cerebral 

rat cortex [84]. In a study of euthymic BD patients undergoing Li+ treatment, 0.5 mg 

of epinephrine, which is known to activate Gαs and stimulate the formation of cAMP, 

the plasma cAMP levels were lower when compared to untreated patients [85]. 

Similar studies in rodents showed a decrease in cAMP levels in cerebral cortex slices 

of rats treated with 2 mM of Li+ [86] and at 1 mM Li+ in guinea pig cortex [87, 88].

There are 10 isoforms of AC each having a different inhibition response to Li+. 

Of these isoforms, AC-II, AC-V, and AC-VII are responsible for epinephrine-signal 

amplification and have been shown to be hypersensitive to Li+ inhibition. Therefore, 

they have been implicated as being part of the array of the mechanisms of action for 

Li+ treatment of BD [84, 89]. AC-V in particular is found in specific areas of the 

brain, including the nucleus accumbens and basal ganglia, which are associated 

with emotional responses. Further experiments using AC-V knock-out mice showed 

reduced mobility when performing the swim test, in which reduced mobility indi-

cates BD-like behavior [84].

5.2  Inositol Monophosphatase

5.2.1  Phosphoinositide Turnover

Inositol phospholipids are the components of the phosphoinositol (PI) cycle. They 

represent an important class of secondary messengers, which are involved in trig-

gering the formation and release of intracellular messengers that are vital for physi-

ological responses within cells. Figure 5b outlines the PI cycle which is initiated by 

the activation of phospholipase C (PLC) by the α subunit of a specific G-protein, 

Gq, resulting in the conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) into 

1,4,5-inositol triphosphate (InsP3) and 1,2-diacylglycerol (DAG). DAG modulates 

the activity of protein kinase C (PKC) and InsP3 induces the release of the second-

ary messenger Ca2+ [90]. The secondary messengers are then recycled and at the 

center is inositol monophosphatase (IMPase). IMPase catalyzes the hydrolysis of 

inositol derivatives and plays a crucial role in physiological response by maintain-

ing the cellular levels of inositol (Ins), which is a precursor for many secondary 

messengers including DAG and PIP2 [91].

5.2.2  Li+ Inhibition of Inositol Monophosphatase

Mammalian IMPase is a highly conserved homodimer in which each 30 kDa subunit 

contains a key secondary structural feature of five alternating α-helices and β-sheets 

[92]. IMPase requires a trinuclear Mg2+ cofactor to function and is inhibited by Li+ in 
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an uncompetitive manner with an inhibitor constant (Ki) of 1.0 mM [40, 93]. 

Inhibition is thought to involve Li+ binding to the enzyme-substrate complex and 

partial displacement of the Mg2+ cofactor [94]. As for G-proteins (see section 5.1), 

IMPase crystals collected from high-salt solutions showed only one Mg2+ site [95]. 

A subsequent study in which IMPase crystallization was conducted in polyethylene 

glycol demonstrated the presence of three Mg2+ binding sites [93], supporting the 

notion that Li+ may compete in part for weakly bound Mg2+ in IMPase.

5.2.3  Inositol Depletion Hypothesis

Cellular concentrations of up to 10 mM Ins are found in the brain which reflect 

their importance in cell signaling [94]. One of the most appealing hypothesis for 

the mechanism of Li+ action is the inositol depletion hypothesis. Ins represents the 

basis for two important signaling molecules, DAG and InsP3. By inhibiting 

IMPase, Li+ has been proposed to control the symptoms of bipolar disorder by 

depleting the cell of inositol, which in turn, would reduce the concentration of 

inositol-based secondary messengers such as DAG and PIP2, preventing further 

signal transduction via PKC [96]. Several experiments with brain slices support 

this hypothesis [94].

The inositol depletion hypothesis does have some limitations. Klein and Melton 

demonstrated that Li+ did not inhibit IMPase in Xenopus and proposed a new target 

for Li+, glycogen synthase kinase-3(α) [97]. This has been further contradicted in 

genetic experiments which found that depletion of inositol had no effect on lithium- 

sensitive behavior [98].

5.3  Glycogen Synthase Kinase-3

GSK-3 is a constitutively active (no stimulation required) serine/threonine kinase. 

The name of the enzyme originates from a function that was early discovered: regu-

lation of glycogen levels through inhibition of glycogen synthase. To regulate 

GSK-3 in this system, GSK is inhibited by insulin [99]. Extensive studies have 

provided evidence of GSK-3 functioning as an important regulatory kinase in a 

number of important roles, including inflammation, apoptosis, embryonic develop-

ment, heart function, and synaptic transmission in neurons [100–105]. In fact, 

GSK-3 has now been shown to phosphorylate at least 50 different proteins, thus 

providing important regulation in an array of signaling pathways vital for homeosta-

sis. Improper regulation on the part of GSK-3 can lead to a number of disease states. 

Indeed, hyperactive GSK-3 has been linked to several devastating illnesses includ-

ing: Alzheimer’s disease [101], diabetes [102], cancer [100, 106], Huntington’s dis-

ease [107], and schizophrenia [108], to name a few.

GSK-3β can be found in the cytosol and in the nucleus as well as in mitochon-

dria. It exists in two different splice variants GSK-3β1 and GSK-3β2. GSK-3β1 is a 
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shorter variant and lacks exon 9 (a 13-residue exon), whereas GSK-3β2 is longer 

and does contain the 13-residue exon 9 in the catalytic domain [109]. While 

GSK-3β1 is expressed ubiquitously, GSK-3β2 is expressed almost exclusively in 

the central nervous system during development as well as into adulthood [109, 110]. 

The function of exon 9 in GSK-3β2 is still poorly understood. Unless otherwise 

stated, the rest of this section will be referring to GSK-3β1.

5.3.1  Mechanism of Glycogen Synthase Kinase-3

Serine/threonine kinases typically utilize a combination of alpha helices and beta 

sheets, which must be aligned in a specific orientation for enzymatic activity. 

GSK-3β does contain moieties with these unique secondary structural motifs. Most 

kinases use phosphorylated residues in an allosteric activation domain to achieve an 

active conformation. GSK-3 is more tightly regulated and phosphorylation may 

inhibit or activate it depending on the phosphorylation site. GSK-3 is inactivated 

when phosphorylated at the amine terminal serine (S) 9 in GSK-3β or at S21 in 

GSK-3α (Figure 6). When phosphorylated at these residues, a primed pseudo- 

substrate is formed in the active site, which acts as a competitive inhibitor [111]. In 

contrast, phosphorylation at tyrosine (Y) 216 in GSK-3β or Y279 in GSK-3α seems 

to promote activity, but because GSK-3 is a constitutively active enzyme it is 

unknown how important this phosphorylation actually is for activity [112].

Crystal structure analysis shows another unique trait of GSK-3β in that it prefers 

a phosphoserine on the substrate. More specifically, GSK-3 recognizes the sequence 

S/TXXXS, in which the P + 4 serine has been previously phosphorylated by another 

kinase. When the substrate has been “primed” by a prior phosphorylation event, 

GSK-3β is found to be exponentially more efficient [112, 113].

5.3.2  Li+ Inhibition of Glycogen Synthase Kinase-3β

Like any important enzyme, GSK-3β activity must be closely regulated. Cells have 

four mechanisms for regulating GSK-3: phosphorylation of GSK-3β itself, phos-

phorylation of the substrate, subcellular localization and the formation of protein 

complexes [114]. For the native enzyme, the most effective mechanism of regula-

tion is through phosphorylation of key residues in GSK-3. Inhibition of GSK-3β has 

therefore become a research topic of much significance. Li+ has been shown to 

inhibit GSK-3β and is effective in the 1–2 mM range [97]; therefore, GSK-3β is 

significantly inhibited by Li+ at therapeutically relevant concentrations.

There has been much debate as to the exact composition of the active site but 

what is known is that the active site of GSK-3β requires a Mg2+ cofactor to function. 

Li+ is a noncompetitive inhibitor of GSK-3β with respect to substrate [97] but evi-

dence has shown that Li+ is a competitive inhibitor with respect to Mg2+ [115, 116]. 

This is a fairly unusual mechanism in that Li+ binds the enzyme-substrate complex 

by partially displacing Mg2+ from the active site [97]. Because Li+ and Mg2+ are 
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similar in atomic radius, and both are positively charged, Li+ is thought to be able to 

fit in the active site and displace, in part, the Mg2+ ion.

GSK-3 has been crystallized by several research groups. Figure 7 shows that, in 

the case of the ADP-bound structure the active site contains a mononuclear Mg2+ 

center in which a solvent-accessible cleft is lined with an aspartate and an aspara-

gine residue [117]. In contrast, when an ATP analog is bound, an additional aspar-

tate is present forming a binuclear Mg2+ center [118].

There has been much effort put into developing inhibitors of GSK-3 due to its 

involvement in a wide array of diseases. Design of such inhibitors has been met with 

challenges. Surrounding hydrophobic residues make accurately targeting the active 

site difficult [119].

P

Ser9

GSK-3b
(Inactive)

P

Substrate

P
P

Substrate

GSK-3b
(active)

Ser9

Figure 6 Roles of phosphorylation and dephosphorylation in the activity of GSK-3β. The 

N-terminus of GSK-3β acts as a pseudo-substrate and sterically hinders the active site when phos-

phorylated at Ser9. Upon dephosphorylation, the pseudo-substrate sways away from the active site 

making it accessible to the substrate. Active GSK-3β prefers to phosphorylate primed substrates.
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5.4  Protein Kinase C and Myristoylated Alanine-Rich 
C-Kinase Substrate

The protein kinase C superfamily has been studied for many years and has greatly 

improved our knowledge of cell signaling and the use of secondary messengers 

within the cell. All isoforms of PKC contain a catalytic domain as well as a regula-

tory domain but their regulatory domains differ considerably in their primary struc-

ture. These differences dictate the activators that will bind to the mature enzyme.

Figure 7 Crystallographic studies have shown GSK-3 to have mononuclear Mg2+ when ADP is 

bound in the active site (gold structure; Mg2+, magenta). In contrast, when an ATP analog is bound, 

a dinuclear Mg2+ center (green) was observed (blue structure). Courtesy of the Protein Data Bank 

with the entries 1J1C (gold) [111], 1PYX (blue) [112]. Molecular graphics and analyses were 

performed with the UCSF Chimera package. Chimera is developed by the Resource for 

Biocomputing, Visualization, and Informatics at the University of California, San Francisco (sup-

ported by NIGMS P41-GM103311) [131].
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PKC plays such a central role in cell signaling and is involved in many cellular 

functions. It is therefore not surprising that improper regulation of PKC has been 

observed in many diseases ranging from cancer [120] to BD [120, 121]. The first 

level of regulation is a maturation process that all PKC isoforms must undergo 

before they become active. Like GSK-3β, PKC also contains an autoinhibitory 

sequence (i.e., a pseudosubstrate) in the regulatory moiety that sterically hinders the 

active site, and must first be removed. This is accomplished by having a cofactor 

bind to the regulatory moiety [122]. At rest, PKC can be membrane-bound but is 

predominantly found in the cytosol [123]. PKC must also be phosphorylated at key 

residues and translocated to the membrane before it can be active [122, 124]. These 

post-translational modifications are necessary to correctly position key residues 

within the catalytic domain and to free the necessary space in the active site. PKC 

can be activated by certain upstream kinases including GPCRs, receptor tyrosine 

kinases, Ca2+, and, depending on the isoform, DAG [120, 125]. Once activated, PKC 

can respond to secondary messengers and phosphorylate a number of specific 

downstream substrates, which, in turn, can regulate a variety of cell signaling path-

ways [122], one being the Wnt pathway of which is GSK-3β is a part [126, 127].

Myristoylated alanine-rich C-kinase substrate (MARCKS) is a highly conserved 

yet unstructured membrane-bound 32kD protein that is a common protein substrate 

for PKC and is myristoylated at the N-terminus. In addition to the N-terminal 

myristate, an acidic domain is crucial for MARCKS to bind negatively charged 

phospholipids in the membrane such as PIP2. MARCKS and PKC colocalize on the 

membrane, allowing PKC to become active [128, 129]. Chronic Li+ use has shown 

to inhibit PKC indirectly by altering the transcription levels of MARCKS, the key 

PKC substrate [130].

6  Concluding Remarks and Future Directions

With the exception of its general ability to compete with bound Mg2+ in Mg2+-

containing enzymes, Li+ is a promiscuous inorganic ion that lacks binding specific-

ity. However, recent theoretical studies have shed light on factors that may afford 

Li+ affinity for cellular targets: (i) exposure of the Li+ binding sites to solvent; (ii) 

the amino acids involved in metal ion coordination; and (iii) the net positive charge 

of a buried binding site [10]. Li+ salts are, however, toxic drugs.

The understanding from Li+ interactions with the cellular targets that have been 

identified may provide leads for the development of organic- based drugs with lower 

toxicity and higher specificity for GSK-3β and IMPase. Medication alone is not the 

only avenue that should be pursued when treating the chemical imbalance that is the 

hallmark of bipolar disorder. Patients with this illness must work closely with psy-

chiatrists or psychologists in order to develop the tools for recognizing and seeking 

help for impending manic or depressive episodes [14].
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Abbreviations

Aβ amyloid β-peptides

AC adenylyl cyclase

AD Alzheimer’s disease

ATP adenosine 5′-triphosphate

[B] concentration of binding sites

BD bipolar disorder

BDNF brain-delivered neurotropic factor

cAMP 3,5′-cyclic adenosine monophosphate

cP centipoise, a unit of viscosity

CREB cAMP response element-binding protein

DAG 1,2-diacylglycerol

[Dy(PPP)2]
7− dysprosium triphosphate

Gα G-protein α subunit

Gαs G-protein αs subunit (AC stimulatory)

Gαq G-protein αq isoform (IMPase stimulatory)

Giα1 G-protein iα1 isoform (AC inhibitor)

G-proteins guanine nucleotide binding proteins

GDP guanosine 5’-diphosphate

GPCR G-protein coupled receptor

GSK-3 glycogen synthase kinase-3

GSK-3α glycogen synthase kinase-3α
GSK-3β glycogen synthase kinase-3β
GSK-3β1 glycogen synthase kinase-3β1

GSK-3β2 glycogen synthase kinase-3β2

GTP guanosine 5’ -triphosphate

HEPES 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid

HTm(DOTP)4− thulium 1,4,7,10-tetraazacyclodecane-N′,N″,N‴-tetramethylene- 

phosphonate

IMPase inositol monophosphatase

InsP inositol phosphate

InsP2 4,5-inositol bisphosphate

InsP3 1,4,5-inositol triphosphate

KLi Li+ binding constant

Kd dissociation constant of the furaptra complex with Mg2+

Kd
′ dissociation constant of the furaptra complex with Li+

Ki inhibition constant

[Li+]bound bound lithium concentration

[Li+]free free lithium concentration

[Li+]total total lithium concentration

MARCKS myristoylated alanine-rich C-kinase

[Mg2+]bound bound magnesium concentration

[Mg2+]free free magnesium concentration
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[Mg2+]total total magnesium concentration

MHz megahertz (109 s−1)

MRSI magnetic resonance with spectroscopic imaging

Msec millisecond (10−3 seconds)

NMR nuclear magnetic resonance spectroscopy

PI phosphatidylinositol

PIP2 phosphatidylinositol 4,5-bisphosphate

PKA protein kinase A

PKC protein kinase C

PLC phospholipase C

pm picometer (10−12 meter)

r ionic radius

R fluorescence intensity ratios observed for the sample

RBC red blood cell

Rbound relaxation rate (reciprocal of T1) for bound Li+

Rfree relaxation rate (reciprocal of T1) with saturating [Li+]total

Rmax fluorescence intensity ratio in the presence of saturating amounts 

of Mg2+

R′
max fluorescence intensity ratio in the presence of saturating concen-

trations of Li+

Rmin fluorescence intensity ratios in the absence of Mg2+ and Li+

Robs relaxation rate (reciprocal of T1) observed with the NMR sample

Ser, S serine

Smin fluorescence intensity in the absence of Mg2+ and Li+

Smax fluorescence intensity in the presence of saturating concentrations 

of Mg2+

S′
max fluorescence intensity in the presence of saturating concentrations 

of Li+

T1 spin-lattice relaxation time

T2 spin-spin relaxation time

T3 triiodothyrosine

T4 thyroxine

Tris tris(hydroxymethyl)aminomethane

τc correlation time

UV/Vis ultra-violet/visible spectroscopy

ω NMR resonance frequency

Tyr, Y tyrosine
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   Abstract     Alkali metals, especially sodium and potassium, are plentiful and vital in 
biological systems. They take on important roles in health and disease. Such roles 
include the regulation of homeostasis, osmosis, blood pressure, electrolytic equilibria, 
and electric current. However, there is a limit to our present understanding; the ions 
have a great ability and capacity for action in health and disease, much greater than our 
current understanding. For the regulation of physiological homeostasis, there is a cru-
cial regulator (renin-angiotensin system, RAS), found at both  peripheral and central 
levels. Misregulation of the Na + -K +  pump, and sodium channels in RAS are important 
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for the understanding of disease progression, hypertension, diabetes, and neurodegen-
erative diseases, etc. In particular, RAS displays direct or indirect interaction important 
to Parkinson’s disease (PD). In this chapter, the relationship between the regulation of 
sodium/potassium concentration and PD was sought. In addition, some recent bio-
chemical and clinical fi ndings are also discussed that help describe sodium and potas-
sium in the context of traumatic brain injury (TBI). TBI is caused from the heavy 
striking of the head; this strongly affects ion fl ux in the affected tissue (brain) and 
damages cellular regulation systems. Thus, inappropriate concentrations of ions (hyper- 
and hyponatremia, and hyper- and hypokalemia) will perturb homeostasis giving rise 
to important and far reaching effects. These changes also impact osmotic pressure and 
the concentration of other metal ions, such as the calcium(II) ion.  

  Keywords     Ion fl ux   •   Na + -K +  pump   •   Renin-angiotensin system   •   Sodium channel   • 
  α-synuclein  

1        Introduction 

1.1     Scope and Interrelationships 

 The connection between metal ions and diseases stands as an important interrela-
tionship that involves the concept of homeostasis, and has been elucidated at vary-
ing degrees in many studies. In living organisms, although the weight amount (or 
mole fraction) of metal ions is small, relative to, e.g., carbon-containing compounds 
(e.g., carbohydrates, proteins, lipids), they are very highly concentrated with respect 
to transition metals and are important in mediating various physiological processes. 
Alkali metals (especially sodium and potassium) are greatly important in the pro-
cesses of osmotic control, electrolytic equilibria, and electric current. Free alkali 
metal ions (Na + , K + ) are stable and nontoxic, relative to transition metal ions [ 1 ]. 
However, because they involve more electrolytic-type interactions, and rely less on 
covalent bonding (like  d -block metals), the infl uence of their coordination chemis-
try is more diffi cult to pin down at the molecular level. 

 In this chapter, the effect of sodium and potassium on Parkinson’s disease (PD) 
and traumatic brain injury (TBI) is discussed. Importantly, the effects of sodium and 
potassium on certain physiological regulations in human subjects are also presented. 
Additionally, sodium and potassium ions, related compounds, related proteins, their 
presence in vital organs, details of certain channels in biological membranes and 
neurons, and regarding relationships to neurodegenerative disease research (particu-
larly PD) will be discussed. 

 There is a paucity of PD studies that relate to sodium and potassium ions directly. 
Rather, mechanisms of the homeostasis of sodium and potassium, in particular, e.g., 
the renin-angiotensin system (RAS), were explored. These well-elucidated, ion-
dependent systems are a clear potential for therapeutic strategies for PD. Therefore, 
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this chapter will focus more on homeostasis mechanisms of sodium and potassium 
than on discrete sodium or potassium coordination chemistry.  

1.2     Parkinson’s Disease: Alkali Metal Concentration 
and Interactions 

1.2.1     Proteins Implicated in Parkinson’s Disease 

 After Alzheimer’s disease (AD), PD is the second-most common neurodegenerative 
disease characterized by three principal clinical symptoms, bradykinesia (slow 
movement), resting tremor, and muscle rigidity. Many medicinal compounds have 
been developed and investigated for potential therapeutic use with PD [ 2 – 5 ]. 
However, little remains certain about how PD progression manifests at the molecu-
lar level; long-lasting therapeutic avenues are not yet available [ 6 – 8 ]. Studies 
endeavor to start to link the clinical symptoms by endogenous or exogenous toxic 
materials or genetic (familial) links [ 9 – 12 ]. In particular, certain toxic materials, 
reactive oxygen species (ROS), and uncontrolled transition metal ion concentration 
can disturb the physiological mechanism and induce neurotoxic α-synuclein oligo-
mers. These factors can be correlated well with PD progression [ 13 ,  14 ]. 

 The concentration of transition metal ions is relatively small in the brain 
(μM ~ nM level) [ 15 ]. Because of lesser abundances of these species, cellular trans-
port, and storage regulation is highly sensitive to change in the concentration of 
these ions in cells [ 16 ]. Alkali metal ions, however, are present in high amounts, 
internal or external to cells [ 17 ]. They take on important roles in the regulation of 
osmotic pressure, electric potential, and current [ 18 ]. 

 For the regulation of sodium and potassium concentration, the RAS plays a cen-
tral role using various cellular channels or pumps [ 19 ]. One investigative potential 
therapeutic strategy in PD is related to the regulation of channel functions [ 20 ,  21 ]. 
It has been known that there is a RAS version working independently in the brain. 
In particular, angiotensin II can interact with the T1 receptor found in the cell mem-
brane, which is currently one main potential therapeutic target [ 22 ].  

1.2.2     α-Synuclein Protein and Parkinson’s Disease 

 α-Synuclein is the main hallmark protein in the progression of PD [ 7 ]. One main 
neuropathological symptom is the deposit of α-synuclein in the  substantia nigra  of 
the brain [ 13 ]. Studies focus on the nature of α-synuclein oligomers coincident dur-
ing PD progression [ 23 – 25 ]; these are generated during PD progression and may 
induce neurotoxic effects thought to be critical in the manifestation of PD [ 26 ,  27 ]. 
Although there are many studies about α-synuclein oligomerization with transition 
metal ions [ 28 ,  29 ], there are still few reports about oligomerization due to  alkali  
metal ions; there is no link to date between sodium and potassium ions (redox inac-
tive metal ions) with α-synuclein oligomerization.    

16 Na and K in Parkinson’s Disease and Traumatic Brain Injury



588

2     Parkinson’s Disease and Alkali Metal Ions 

2.1     Sodium 

2.1.1     Endogenous Concentrations 

 There are various reports involving endogenous concentrations of alkali metal ions 
in Parkinson’s disease subjects or model systems [ 30 ]. Frausto da Silva and Williams 
reported the concentration of alkali metals and biologically important anions of the 
cell and sea water; this data is presented in Figure  1  [ 1 ]. As shown in Figure  1 , 
sodium concentration is higher than that of potassium in sea water, ([Na + ] = 460 mmol 
L −1 ; [K + ] = 10 mmol L −1 ); trends found for blood plasma are similar ([Na + ] = 160 mmol 
L −1 ; [K + ] = 10 mmol L −1 ). In red blood cells, however, the reverse is found 
([Na + ] = 11 mmol L −1 ; [K + ] = 92 mmol L −1 , Figure  1 ). This is due to the cellular gra-
dient of metal ions using energy-consuming pumps or channels. Therefore, it is 
essential to consider channels and pumps of sodium and potassium that are further 
related to wider physiological mechanisms and in health and disease states [ 1 ].

   Madelin et al. investigated the sodium concentration in the human brain. This  in 
vivo  study used sodium magnetic resonance imaging (MRI) techniques [ 31 ]. Na +  
levels of ca. 11 mM could be determined in both grey and white matter in the brain. 
A concentration gradient is seen to be maintained between the inside and outside of 
cells. The concentration of sodium within cells is ca. 10–14 mM; external to cells, 
the concentration is ca.140 mM [ 31 ].  

2.1.2     Known Actions of Sodium 

 Sodium concentration is regulated by various factors in biology such as hormones, 
membrane channels, etc. One important regulation function of sodium concentra-
tion involves RAS, a hormone-related system (Scheme  1 ) [ 32 ,  33 ], which can be 
classifi ed into two types: peripheral RAS and central RAS [ 34 ]. Peripheral RAS 
shows direct ionotropic effects on the heart and kidney. The RAS also affects con-
centrations of sodium by using various hormones related to the regulation of vascu-
lar resistance [ 22 ]. Llorens-Cortes and Mendelsohn reported that the central RAS is 
the brain-localized regulation system; this can be divided into two primary brain 
angiotensinogenic pathways: (i) the forebrain pathway and (ii) the connecting path-
way between the hypothalamus and medulla oblongata [ 34 ]. Angiotensins (I–IV) in 
the brain are generated from the same protein origin, angiotensinogen. 
Angiotensinogen is cleaved by renin, an angiotensin-converting enzyme (ACE), 
aminopeptidase A, and aminopeptidase N, in this order [ 34 ].

   In particular, angiotensin II can interact with the T1 receptor to help regulate the Na +  
channel [ 35 ,  36 ]. This channel maintains the sodium concentration within the human 
brain. Many studies support the interplay between angiotensin II and the T1 receptor. 
Factors that also exist are alcohol consumption [ 37 ], baroreceptor refl exes [ 38 ], cellular 
growth [ 39 ], depression [ 40 ], drinking water contamination [ 41 ,  42 ], gastric ulceration 
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[ 43 ], the so-called “salt” appetite [ 44 ], seizure [ 45 ], sexual behavior [ 46 ], stress [ 47 ], 
and vasoconstriction [ 48 ]. Also, incidence of diabetes [ 49 ], PD, and AD exist [ 50 ]. 

 The distribution and concentration of sodium ion is strongly correlated with 
physiological osmosis [ 51 ,  52 ] and the potential of a cellular membrane. This con-
centration gradient is sustained by the Na + -K +  pump, important for the transfer of 
electric potential. In particular, sodium takes on an important role for calcium regu-
lation, cell volume control, glucose transport by sodium channels, the electric 
potential of membranes, pH regulation, and neurotransmission. 

 Kalupahan and Moustaid-Moussa reviewed studies about renin-angiotensin 
system- related obesity, infl ammation, and insulin resistance [ 53 ]. The renin- 
angiotensin system is related to the ROS generation in neuronal cells. In particular, 
angiotensin II can activate NADPH oxidase which converts molecular oxygen to 
ROS (superoxide) [ 54 ]. Such ROS are sometimes important in normal function 
such as biosignalling pathways, but they mediate various cytotoxic pathways, and 
in excess, are deemed oxidative stress and are deleterious to any cell. These ROS 
are related to glucose metabolism, mitochondria function, and NF-κB release. 

  Figure 1    Concentrations of Na +  and K +  in living organisms and in the sea. Values taken from [ 1 ].       

  Scheme 1    Depiction of the regulation of Na +  and K +  concentration by the peripheral renin- 
angiotensin system. ACE, angiotensin-converting enzyme. Adapted from Ref. [ 22 ].       

 

 

16 Na and K in Parkinson’s Disease and Traumatic Brain Injury



590

Although there was no direct mention of the relationship between the renin-angio-
tensin  system and PD, reactive oxygen species are known as crucial factors for PD 
progression [ 53 ]. 

 Mercer et al., reported Na v  1.6 sodium channels in the globus pallidus which take 
on an important role for the regulation of speed and fast spiking in neuronal systems 
[ 55 ]. They mentioned that the Na v  1.6 sodium channel in the globus pallidus is 
related to a prominent resurgent gating mode; the regulation of speed is not related 
with this mode, but fast spiking is affected by resurgence. The position of channels 
in the cell appeared as a primary factor. This result provides further support for 
macroscopic electrical stimulation as a potentially viable tool in Parkinson’s disease 
therapy, not only understanding the cellular mechanisms underlying spiking in such 
neurons [ 55 ]. 

 The Nishimura group reviewed the hypertension-related renin-angiotensin- 
aldosterone system (RAAS). High sodium uptake was found to increase sodium 
levels in cerebrospinal fl uid (CSF). This stimulates epithelial sodium channels, 
RAAS, an endogenous digitalis-like factor, and the sympathetic nervous system, in 
this order. In particular, RAAS promotes oxidative stress in the brain and central 
nervous system [ 56 ]. 

 A report by Zhou et al. involves glycosylation of the sodium channel β4 subunit. 
Relevant developments in mouse models were tracked; normally, glycosylation of 
β4 was found to be regulated. Alteration in glycosylation plays a role in morpho-
logical changes in the β4 subunit to increase the possibility for pathogenesis path-
ways suggested for PD [ 57 ]. 

 Dopamine (DA) metabolism is vital for understanding PD etiology and PD 
progression. Characteristic of the disease is selective degeneration of DA neu-
rons [ 9 ]. Some studies deal with the regulation of DA receptors D1, D2, and D5. 
[ 58 ,  59 ]. Gildea et al. [ 58 ] reported roles of DA receptors in the regulation of 
renal sodium transport. Using chemosensing methods including Förster reso-
nance energy transfer studies, the stimulation of DA receptors was elucidated. 
Namely, D1R and D5R were determined to activate adenylyl cyclase and phos-
pholipase C, which inhibited NHE3 and Na,K-ATPase activities that control 
sodium transport [ 58 ].  

2.1.3     α-Synuclein and Sodium 

 To the best of our knowledge, there are no studies that correlate a sodium ion 
effect on α-synuclein structural changes. However, cellular concentration of 
sodium is related to infl ammation and in generation of ROS in neuronal cells via 
RAS; this means, an irregular sodium concentration can indirectly induce toxic 
effects of e.g., α-synuclein (Scheme  2 ) [ 60 ]. In addition, their partial distribution 
on cellular membranes can generate electric potential related to the depolariza-
tion of the axon.

    In vitro  assays reported by the Standaert group discussed angiotensin II. This sys-
tem was found to take a role of protection against α-synuclein toxicity and protein 
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aggregation [ 61 ]. Angiotensin II was treated with Losartan (2-butyl-4-chloro-1-
[[2′(H-tetrazol-5-yl)[1,1′-biphenyl]-4-yl]methyl-1H-imidazole-5-methanol), a AT1 
antagonist. An 85 % reduction was found in α-synuclein-derived toxicity and a 19 % 
decrease in inclusion formation using α-synuclein overexpressed H4 cell line, a PD 
model. From these results, the regulation of RAS was found to be crucial for the pos-
sible prevention and treatment pathways for PD [ 61 ]. 

 A report by Liss et al. discussed DA release in the midbrain [ 62 ]. In particular, 
 L -type calcium channels and ATP-sensitive potassium channels in the midbrain dis-
play facile breakdown during neurodegeneration within PD. They underscored the 
need to better understand ATP-sensitive K +  channel types. It was concluded that a 
complicated array of ion movement exists in both the substantia nigra [ 62 ] and ven-
tral tegmental areas and in DA-producing neurons. In particular, they remarked that 
increasing Ca 2+  levels in DA-releasing neurons relates to an interplay with sodium 
and potassium channels. Finally, strong links with high ROS levels in mitochondria 
exist, which may then be linked to PD (Figure  2 ).

   A review by Edgerton and Jaeger from 2011 describes a model study to help 
explain cooperation between the dendrites and sodium channels using GENESIS 
2.3 [ 63 ]. A simulation study of globus pallidus (model), which is from a com-
bined electrophysiology and modeling database, was performed. It considered a 
mouse model and the amount of potassium that exists in four related systems 
[ 64 ]. The concentrations allowed for the analysis of normative values. Herein, 
relationships between the concentrations and incidences of myelinogenesis 
were formed. Freeze- dried samples from brain cells of rat models were ana-
lyzed through the use of proton- induced X-ray emission and Rutherford back-
scattering spectrometry. Four different genetic strains were sampled using these 
techniques (Figure  3 ).

   In addition, a paper by Johnson et al. from 1992 described the role of  N - methyl-
  D  -aspartate in the activity of dopaminergic neurons [ 65 ]. DA neurons were dis-
cussed regarding the discharge of the neuron.   

  Scheme 2    Relationship between the concentrations of K + , Na + , and Parkinson’s disease.       
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  Figure 3    Shown are the sagittal ( left ) and horizontal ( right ) views, and the amount of potassium 
concentration (μg/g in dry mass ± SEM) in different parts of mouse brain regarding different 
genetic types. SEM: standard error of the mean. Adapted from [ 64 ]. OB, olfactory bulb; Hypo, 
hypothalamus; Hippo, hippocampus; iTH, intralaminar thalamic nuclei; SuG, superfi cial grey 
layer of the superior colliculus; CB, cerebellum; CC, corpus callosum; CPu, caudate putamen.       
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  Figure 2    Schematic diagram of ion channels in the dopaminergic neurons of substantia nigra. Adapted 
from [ 62 ]. GIRK, G-protein-coupled inwardly-rectifying potassium channel; SK3, small conductance, 
calcium-sensitive potassium channel, NMDA:  N -methyl- D -aspartate glutamate; TRP, transient recep-
tor potential channel; ER, endoplasmic reticulum; ENaCs, epithelial sodium channels.       
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2.2     Parkinson’s Disease and Potassium 

2.2.1     Endogenous Concentrations in Parkinson’s Disease 

 The group of Santosh reported normative and disease-based concentrations of 
potassium [ 66 ]. Human serum was analyzed from 42 healthy controls and 45 diag-
nosed PD patients who were not treated by medicine (drug-naïve PD patients). The 
[K + ] in these samples from PD patients was determined to be 4.17 ± 0.08 mM, rela-
tive to the normative value of 3.63 ± 0.2 mM [ 66 ]. The concentrations of intra-, and 
extracellular potassium were reported as 3,300 mM and 3.5 ~ 5 mM, respectively. 
These values are affected by both dietary uptake and cellular pH [ 67 ].  

2.2.2    Known Actions of Potassium 

 Potassium is critical in many different ways in biology. It is an important regulation 
element for osmotic pressure, electrolytic equilibria, and currents. Because of these 
roles, the action of potassium ion crossing cellular membranes is crucial. Potassium 
homeostasis in cells is regulated by cellular regulation proteins, potassium chan-
nels, and is related to both PD and RAS (Figure  3 ) [ 68 – 73 ]. Mertens et al. discussed 
if angiotensin II and pro-infl ammatory compounds can affect the NADPH depen-
dent oxidase of cellular membranes and can induce toxicity. It was found in these 
studies that ROS selectively degrade dopaminergic neuronal cells [ 73 ]. 

 Potassium channels and their regulation and function exist as possible new thera-
peutic targets. The K + -ATP channels consist of 2 subunits known as Kir6.2 and Sur1, a 
regulatory sulfonylurea receptor subunit [ 74 ]. Some studies have reported that selective 
degeneration of dopaminergic neurons in PD is strongly related with ATP-sensitive 
potassium channels [ 74 ,  75 ]. Liss et al. performed MPTP treatment of mouse models 
and found that substantia nigra dopaminergic neurons underwent degeneration; but in 
this study, the ventral tegmental area was not affected. This was achieved via hyperpo-
larization and electrical silencing [ 75 ]. Zheng et al., suggested that the regulation of 
potassium channels can be a promising therapeutic target for PD, in general [ 76 ]. 

 Zheng et al. reported that Parkinsonian symptoms can be alleviated by the admin-
istration of Iptakalim (IPT, 2,3–dimethyl-N-(1-methylethyl)-2-butanamine•HCl) [ 76 ]. 
In this study, the symptoms, including catalepsy and hypolocomotion, were induced 
by haloperidol. IPT is a novel promotor of ATP-sensitive potassium channel (KATP) 
activity. Symptoms were monitored in a mouse model. From these results, they 
remarked that KATP correlated with incidence of Parkinson’s disease. In this view, 
KATP may become a new therapeutic target [ 77 ]. Similarly, the group of Richter 
reported Retigabine, a Kv7 potassium channel activator, alleviated  L -DOPA-
induced dyskinesias in a lesioned rat model (6-OHDA, 6- hydroxydopamine). They 
found chronic treatment of Retigabine (also, Ezogabine; ethyl N-[2-amino-4-
[(4-fl uorophenyl)methylamino]phenyl]carbamate, GlaxoSmithKline, Valeant) can 
reduce the severity of abnormal involuntary movement. They mentioned Kv7 chan-
nels may be crucial for the pathophysiology of dyskinesias [ 78 ]. 
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 The Trudeau group tried to effect DA release through electrochemical methods 
(fast-scan cyclic voltammetry). These are related to potassium channel activation. 
Voltage-gating of the Kv1 family are important for regulating DA release. And, 
here, only Kv1.2, 1.3, and 1.6 were controlled by Kv subtype-selective blockers. 
Kv1 was found to be key in regulating DA release in the striatum [ 59 ]. The Chen 
group reviewed the role of potassium channels in the basal ganglia region [ 79 ]. 
Potassium channel functions are related importantly in cellular signaling, neu-
rotransmitter release and neuronal excitability in basal ganglia. The authors sug-
gested that the regulation of potassium channels in this brain region can provide 
insight for potential therapeutic targets in PD [ 79 ] .  

2.2.3    α-Synuclein and Potassium 

 α-Synuclein is the hallmark protein for aggregation in PD. One characteristic is the 
deposition of such aggregated protein, not unlike how β-amyloid is deposited into 
senile plaques in AD. Aggregated α-synuclein has been correlated through  in vivo  
studies with potassium concentration, or potassium channel activation [ 80 – 82 ]. 

 Follett et al. reported that the depolarization of potassium can induce the increase 
of [Ca 2+ ]. This increase in turn induces α-synuclein aggregation [ 82 ]. When KCl 
was injected into neuroblastoma cell models (SH-SY5Y), they found an increase in 
intracellular Ca 2+  concentration and an increase in the aggregation of α-synuclein 
relative to control samples. Thus, as described, suspected potassium effects on PD 
are related to the regulation of potassium channels [ 83 ].    

3     Traumatic Brain Injury and Ischemia 

 TBI can lead to death or disability of the body, and can be classifi ed into 3 types: 
penetrating TBI (pTBI), closed TBI (cTBI), and blast TBI (bTBI). Abnormal ion fl ux 
occurs after an accident or incident involving the striking of the head. Brain injuries 
can cause electrolyte disturbances [ 84 ]. Ischemia ( iskhaimous : stopping of blood, 
Greek) is also related to conditions of stroke and brain damage. TBI is also accom-
panied by brain swelling which imparts higher levels of intracranial pressure (ICP). 

3.1     Traumatic Brain Injury, Ischemia, and Sodium 

 Brain injuries are usually found coincident with disturbances in sodium ion concen-
tration. The central nervous system (CNS) has the responsibility for the regulation 
of sodium/water homeostasis. Sodium, by concentration, is one of the major cations 
in biology (Figure  2 ), and it is closely related to osmosis. Ion concentration is regu-
lated by the sodium-potassium ATPase (NKA) pump [ 85 ]. Since TBI relates to the 
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ensuing osmotic pressure of tissue and fl uids inside the skull, the concentrations of 
alkali metals are relevant to the discussion. Within this barometric perspective, the 
relationship between intracerebral Na +  concentration and the content of water in the 
brain has been clearly demonstrated [ 86 ]. Also, these studies demonstrated that a 
decrease in extracellular Na +  concentration induces the osmotic gradient so that the 
intracellular compartment is further fi lled with water. In a macroscopic perspective, 
this is characterized by levels of brain edema and ICP concentration [ 87 ]. 
 Hyponatremia  impairs incidence of edema in the injured brain [ 88 ]. 

 There are two possible mechanisms that can be adapted with regard to hypona-
tremia in the brain [ 89 ,  90 ]; CSF fl ow hydrostatic pressure is increased by hypona-
tremia. Another mechanism is that the amount of intracellular osmolyte is decreased 
because of the lack of sodium ion. Species such as taurine, glutathione, and gluta-
mate are found to be signifi cantly important solutes for the survival of neurons. In 
particular, the role of glutamate is important for the adaptation of the cerebral envi-
ronment, but the glutamate absorbed from extracellular space induces both the exci-
totoxicity of damaged neurons and an exacerbation of astrocyte damage in TBI with 
hyponatremia. Taurine (2-aminoethanesulfonic acid) acts as an antioxidant; it is 
redistributed by the neuron under hypo-osmotic stress in the brain. In this way, glu-
tathione antioxidant is preserved. Neuron is more susceptible to TBI while the anti-
oxidant is being reduced [ 90 ]. Therefore, severe hyponatremia induces specifi c 
processes in the brain and these undergo successive steps [ 89 ]. 

 TBI is commonly accompanied by serious hyponatremia [ 91 ]. Recent experi-
mental studies have involved rat models [ 92 ]. The volume of cortical contusion by 
TBI is different when comparing to cases in which hyponatremia precedes 
TBI. Brain acid buffering and the repairing system of intracellular acidosis are dam-
aged by the occurrence of hyponatremia. Therefore, as a result of hyponatremia, the 
content of water is increased according to an osmotic gradient between the brain 
and blood so that neuronal swelling becomes signifi cant, or severe. In brain stem 
tissue, in particular, the presence of both edema and additional increments of water 
content are observed. The brain stem is more sensitive to osmolarity changes [ 93 ]. 
Importantly, TBI makes neuronal elevation in intercellular sodium concentration 
cause cell swelling [ 94 ]. Intracellular sodium concentration is increased by the re- 
uptake of glutamate; this causes swelling of the cell and intracellular acidosis. 
Extracellular fl uid, in which [Na + ] is decreased, indicates neuronal depolarization. 
Magnetic resonance imaging studies have revealed that a decline of intracellular pH 
in rat brain helps ameliorate TBI (fl uid percussion) [ 95 ]. In astrocytic cells, Type 1 
sodium-hydrogen antiporter (NHE-1), producing further Na +  accumulation is acti-
vated by intracellular acidosis. Both ( i ) sodium-dependent glutamate transport and 
( ii ) NHE-1 activation elevate Na +  concentration. The elevation of [Na + ] impacts 
other metal ion concentrations as well [ 96 ]. Increased ion levels could increase 
sodium-calcium exchanger (NCX) activation; this then initiates the import of toxic 
levels of calcium into the cell. These phenomena contribute to the abnormal func-
tion of astrocyte neurons [ 96 ], affect common astrocytic function, and lead to fur-
ther neuronal excitotoxicity. However, (i) to cut off either the reverse mode of NCX, 
or (ii) to restrict glutamate transport may prohibit continuous damage [ 97 ]. 
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 The sodium gradient dominates both neuronal excitation and synaptic transmis-
sion. NKA is extremely reliant on Na +  concentration to enable homeostasis in the 
cell. To allow for this activity, the brain expends half of its total daily amount of 
ATP. As considerable amounts of glutamate are released, extracellular glutamate is 
thus increased, and hyperactivity appears [ 98 ]. 

 TBI patients residing in the intensive care unit have been found to present with 
hypernatremia upon treatment with hypertonic saline (HTS) solution. Hypernatremia, 
in extreme cases, leads to patient death; TBI patients generally have a greater pos-
sibility for morbidity due to hypernatremia [ 99 ]. About 29 % of TBI patients suf-
fered from hypernatremia based on other experimental fi ndings [ 100 ]. Due to HTS 
treatment, ICP lowering is observed; there are adverse effects as well, however, 
such as a reduction of the intravascular volume of the brain, and the potential failure 
of renal function [ 99 ].  

3.2     Traumatic Brain Injury, Ischemia, and Endogenous 
Potassium Concentrations 

 TBI incidence also has correlations to potassium ion concentration. Potassium 
effl ux may cause swelling in cytotoxic edema and neuronal astrocytes leading to 
uptake of an excess amount of K +  [ 101 ]. Potassium channels have important roles in 
the regulation of the concentration of ion, and in the excitability of cells [ 102 ]. 
Potassium is forced to move oppositely against excitation through membrane action 
due to hyperpolarizability of the membrane. At nerve terminals, glutamate release 
will therefore be inhibited. Releasing glutamate may result in excitotoxicity to a cell 
[ 102 ]. In addition, when there is an incidence of contusion, the level of glutamate in 
patients is elevated [ 103 ]. Based on the characteristics of the ion, researchers have 
assumed that potassium channels and their action might be able to play a role in 
neuroprotection. 

 Namiranian et al. have revealed that the TREK-1 family of potassium channels, 
does not play an important role for protecting the nervous system after TBI, but it is 
neuroprotective with respect to ischemia [ 102 ]. TBI and ischemia have different 
pathological states that might be differently infl uenced by the presence or absence 
of TREK-1, even though the two disorders possess similar biochemical mechanisms 
[ 102 ]. 

 Dyskalaemia is a common condition encountered by patients with 
TBI. Hypokalemia affects TBI patients more than other types of traumatic injury 
patients. Mild or moderate hypokalemia is not very life-threatening, but severe 
hypokalemia ([K + ] < 2.5 mmol/L) may possibly lead to death in patients. When 
compared to mild and moderate hypokalemia, severe hypokalemia patients show 
related symtoms: high sodium ion and low phosphate ion levels. Also, higher mean 
ICP has been observed [ 84 ].   
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4     Conclusions 

 In this contribution, the direct or indirect relationships between alkali metal ion 
concentration and PD and TBI are presented. In almost all studies described here, 
a protein level, receptor or organelle, or organ-wide understanding exists. But, a 
detailed atomic level understanding is virtually absent. That is to say: What do 
characteristics of, e.g., hypernatremia and hyperkalemia look like at the molecular 
level? 

 Where possible, correlative and tabulated data is presented and explained herein, 
and trends in disease indeed relate back to the concentrations of the particular alkali 
metal ions, especially sodium and potassium. Clinical studies, as well as biochemi-
cal studies, were presented here and involve human subjects as well as animal mod-
els (e.g., rat). Attempts were made to connect a discussion of PD with that for TBI, 
and to show voids where efforts for future research may be placed.

  Abbreviations 

  ACE    angiotensin-converting enzyme   
  AD    Alzheimer’s disease   
  AT1    angiotensin receptor1   
  ATP    adenosine 5′-triphosphate   
  CNS    central nervous system   
  CSF    cerebrospinal fl uid   
  DA    dopamine   
  GIRK    G-protein-coupled inwardly-rectifying potassium channel   
  HTS    hypertonic saline   
  IPT    iptakalim, 2,3-dimethyl-N-(1-methylethyl)-2-butanamine hydrochloride   
  ICP    intracranial pressure   
  KATP    ATP-sensitive potassium channel opener   
  Kir    inward-rectifi er potassium ion channel   
  Kv    voltage-gated potassium channel   
  MPTP    1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine   
  NADPH    reduced form of nicotinamide adenine dinucleotide phosphate   
  NCX    sodium-calcium exchanger   
  NHE-1    Type 1 sodium-hydrogen antiporter   
  NHE3    sodium–hydrogen exchanger 3   
  NKA    sodium-potassium ATPase   
  MPTP    1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine   
  MRI    magnetic resonance imaging   
  NF-κB    nuclear factor kappa B   
  PD    Parkinson’s disease   
  RAAS    renin-angiotensin-aldosterone system   
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  RAS    renin angiotensin system   
  ROS    reactive oxygen species   
  SK3    small conductance, calcium-sensitive potassium channel   
  TBI    traumatic brain injury   
  TREK    potassium channel subfamily K member 2 (as known as KCNK2)   
  TRP    transient receptor potential channel   
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   5'-IMP   . See  Inosine 5'-monophosphate 
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   Infrared spectroscopy (IR) , 105, 110, 532  
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141, 272, 352, 372, 374 
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59, 62, 63, 265, 280  
 dehydrogenase (IMPDH) , 280, 281  

   Inosine complex , 52, 53  
 nucleotide complexes , 62  

   Inositol (Ins) , 141, 464, 563, 571, 573–574  
 depletion hypothesis , 574  
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 K +  , 136, 168, 169, 190, 260, 261, 272, 285, 
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 mechanisms , 335, 343  

   Ion-mobility spectrometry (IMS) , 221  
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72–92, 465, 499, 504, 507  
 antibiotic , 28, 74–92, 93  
 carrier-type , 76  
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   Ischemia , 421, 435, 594–596  
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 transplantation , 478  

   Kinase(s) , 266, 267, 271, 424, 427, 575, 578  
 AMP-activated protein (AMPK) , 429  
 glycogen synthase 3 (GSK-3) , 561, 571, 

574–577  
 phosphofructo- , 304  
 protein, A , 571, 573  
 pyridoxal (PLK) , 265, 271–273  
 pyruvate (PK) , 303, 331, 522, 525, 542  
 ribo- , 265, 278, 279  
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   Kinetics of activation , 263  
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   Knockout mice , 393, 429, 434–439, 472  

 NHE1-knockout , 434, 435  
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 NHE3-knockout , 437, 438  
 NHE4-knockout , 429, 437  
 NHE6-knockout , 439  
 NHE8-knockout , 438  
 SLC26A9-knockout , 471  
 Slc9a1-knockout , 434  
 Slc9c1-knockout , 441  
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   Lipid(s) , 351, 356, 357, 374, 376, 378, 400, 
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 batteries , 558  
 blood , 562  
 carbonate , 5, 6, 558, 559  
 complexes , 29, 62, 90  
 inhibition of adenylyl cyclase , 572, 573  
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575–577  
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   LUCA   . See  Last Universal Common Ancestor 
   Luminescence , 211  
   Lung , 327, 436, 470  
   Lurasidone , 560  
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dispersion 

   Magainin , 530  
   Magic-angle spinning NMR , 223, 563  
   Magnesium (Mg 2+ ) , 5, 6, 28, 141, 145, 172, 

174, 178, 184–192, 211, 246, 266, 267, 
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   Magnetic resonance imaging (MRI) , 588, 595  
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   Maize , 294, 305  
   MALDI   . See  Matrix-assisted laser desorption/
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   Maltol , 154  
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   Mammal(ian) , 419, 421, 440, 460, 469  

 cells , 260, 420, 429, 433, 440, 530  
   Manganese (Mn 2+ ) , 83, 264–266, 272  
   Mangroves , 296, 300  
   Mania , 560, 572  
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   Mannose , 66, 67, 512  
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C-kinase substrate 
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   Matrix-assisted laser desorption/ionization 

(MALDI) , 221  
   MD   . See  Molecular dynamics 
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 gastric acid secretion , 461–465  
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 M + -activated enzymes , 264  
 Na + /H +  antiport , 414–417  
 Na +  transport , 293, 312, 315, 353, 356, 

357, 363, 366, 369, 378, 384, 498  
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 experiments , 169, 220, 230, 242  
 temperature , 220, 225–231  

   Membrane(s) , 16, 74, 142, 260, 293, 326, 350, 
393, 460, 486, 563, 586  

 energy-converting , 351, 372  
 lipid , 488, 490, 498, 499, 504, 521, 523, 

525, 526, 533, 543  
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 potential , 16, 260, 303, 308, 309, 352, 395, 

397, 420, 421, 473, 486, 488, 546  
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 adenosyltransferase , 273  
 seleno- , 359  
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   Michaelis–Menten 

 constant , 366, 396, 418  
 equation , 465  
 kinetics , 420  

   Microelectrodes , 21, 562  
   Microorganisms , 261, 354, 393  
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 cryo-electron , 395, 400, 406, 411, 412  
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   Monensin , 76, 82–84, 89, 90, 492, 493  
   Mononucleotide complexes , 54–64  
   Monosaccharides , 66, 74, 282  
   Monovalent ion channel selectivity fi lters , 

325–344  
   Mood disorder , 559, 560, 572  
   MOP   . See  Metal-organic cages or polyhedra 
   Moss(es) , 313  
   Mouse , 393, 429, 434–441, 469, 471, 472, 

561, 573, 590–593  
 athymic nude , 436  
 brain , 592  
 model , 439, 561, 590, 591, 593  
 H + /K + -ATPase-defi cient , 469  
 knockout , 393, 429, 434–439, 472  
 NHA2-defi cient , 440  
 NHE1-knockout , 434, 435  
 NHE2-knockout , 436  
 NHE3-knockout , 437, 438  
 NHE4-knockout , 429, 437  
 NHE6-knockout , 439  
 NHE8-knockout , 438  
 SLC26A9-knockout , 471  
 Slc9a1-knockout , 434  
 Slc9c1-knockout , 441  

   MRI   . See  Magnetic resonance imaging 
   mRNA , 184, 185, 433, 469, 470, 475  
   Mucus , 438, 461, 462, 470, 473  
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(MAD) , 172  
   Multidrug resistance , 355  
   Muscle , 260, 326, 327, 426, 429, 432, 473, 

487, 488, 587  
 cardiac , 426, 488  
 cells , 487  
 rigidity , 587  
 skeletal , 327, 429, 432  

   Muscovite , 294  
   Mutagenesis 

 site-directed , 329, 410, 424, 464  
   Myocytes , 470, 488  
   Myristoylated alanine-rich C-kinase substrate 

(MARCKS) , 571, 577, 578  
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   N. meningitidis    . See   Neisseria meningitidis    
   Na + -selective channel selectivity fi lters , 

337–342  
   Na + -translocating F 1 F O  ATPase , 356, 381, 382  
   Na + -translocating NADH:quinone 

oxidoreductase (Na-NQR) , 353, 
355–369, 383–386  

   Na + :pyruvate cotransporters , 312  

   Na + /H +  antiporters , 312, 352, 354–356, 
394–419, 432, 434–443, 444, 595  

 crystal structures , 398–407  
 intestinal absorption , 427, 438  
 mechanism , 414–417  
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   Na + /K +  ATPase , 293, 352, 420, 421, 594, 596  
   Na + /K +  exchange mechanism , 234  
   Na + /K +  pump , 488, 491  
   Na +  pumps , 352–372, 377, 384–385  
   Na-NQR , 353, 355–369, 383–386  
   Na,K-ATPase , 590  
   Na/Mg buffer , 189  
   Na v  channel , 327–329, 332, 337–342, 343  
   NAD   . See  Nicotinamide adenine dinucleotide 
   NADPH   . See  Nicotinamide adenine 

dinucleotide phosphate reduced 
   Nanotubes , 491, 507, 525–527, 531–539, 541, 

542, 544  
   Necrosis , 296, 305  
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   Nernst equation , 16  

 –Planck equation , 532  
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 signaling , 260  
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   Nitrate 
 lithium , 6  
 uptake , 304  

   Nitrilotriacetate (NTA) , 151  
   Nitrogen fi xation , 369  

  Rhodobacter  (RNF) , 359, 363, 366, 
369, 370  

   NMR   . See  Nuclear magnetic resonance 
   NOE   . See  Nuclear Overhauser effect 
   Non-natural channels , 490  
   Non-steroid anti-infl ammatory drugs , 473  
   Nonactin , 76, 81, 88, 89, 494  
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+
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  205 Tl , 174  
 magic-angle spinning , 223, 563  

   Nuclear Overhauser effect (NOE) , 218  
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 ribo- , 189–191  
   Nucleic acid constituents , 28, 43, 92  

 complexes , 43–66  
   Nucleobase complexes , 44–51  
   Nucleophilic attack , 273  
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 adenosine , 54, 56, 62  
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 di- , 64–66  
 fl avin adenine di- (FAD) , 358, 359, 361  
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363, 365–370, 384  
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 mono- , 54–64  
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54–56, 61, 62, 64, 280, 351, 355, 
369, 370, 385  

 oligo- , 43, 54, 211, 220, 221, 226, 227, 
229, 233, 243, 246, 249, 526  

 thymidine complex , 60, 63  
 uridine complexes , 60, 63  
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   Octapeptide , 120, 532  
   OES   . See  Optical emission spectroscopy 
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   Oligonucleotides , 43, 54, 211, 220, 221, 226, 

227, 229, 233, 243, 246, 249, 526  
   Oligosaccharide(s) , 66, 486, 503, 504, 507  
   Omeprazole , 474–478  
   Oncogenes , 206, 218  
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 gradient , 595  
 pressure , 134, 587, 593, 595  
 stress , 261, 595  

   Osteoclasts , 433, 440  
   Ouabain , 465, 478  
   Oxaloacetate decarboxylase , 353  
   Oxidases , 351, 589, 593  

 cytochrome  c  (complex IV) , 351  
 NADPH , 589  

   Oxidative 
 phosphorylation (OXPHOS) , 351, 352  
 stress , 589, 590  

   Oxidoreductases , 351, 353, 355–369  
 NADH:quinone , 365–369  
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 molecular , 351, 589  
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    P. modestum    . See   Propionigenium modestum    
   Paddy soils , 294  
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   PAGE   . See  Polyacrylamide gel electrophoresis 
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   Parkinson’s disease (PD) , 517, 585–598  
   Pathogenic bacteria , 384, 443  
   PCAB   . See  Potassium-competitive acid 

blocker 
   PD   . See  Parkinson's disease 
   PDB   . See  Protein Data Bank 
   PDC   . See  Pyruvate dehydrogenase complex 
   PDHK   . See  Pyruvate dehydrogenase kinase 
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   PEP   . See  Phosphoenolpyruvate 
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   PET   . See  Positron emission tomography 
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 methyl- , 152  
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   Phosphorus 

  31 P , 174  
   Phosphorylation , 274, 303, 351, 352, 426, 427, 

429, 466, 468, 561, 575, 576  
   Photosynthesis , 301, 305, 313  
   Phytate , 139, 141  
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   Polymethacrylic acid , 150  
   Polysaccharides , 66, 67  
   Polyuria , 135  
   Porcelain manufacturing , 6  
   Porins , 517  
   Porphyrin , 525, 526, 543  
    Portulaca grandifl ora  , 305  
   Positron emission tomography (PET) , 156  
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 K + /Rb +  replacement , 173  
 K + /Tl +  replacement , 172  
 nitrate , 6  
 permanganate , 156  
 plants , 22, 291–316  
 saliva , 136, 137, 143, 155  
 seawater , 6, 147  
 -selective channel selectivity fi lters , 
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395, 397, 420, 421, 473, 486, 488, 546  
 midpoint , 351, 365, 366  
 redox , 351, 365  
 resting , 353, 487, 488  

   Potentiometry , 16, 21  
   PPIs   . See  Proton pump inhibitors 
   Pregnancy , 136, 137, 473  
   Progesterone receptor , 189  
   Prokaryotic 

 antiporters , 394, 395  
 Na v  channel , 337–338  
 Na v  channel selectivity fi lters , 337–338  

   Proline complexes , 33  
   Prolinomycin , 76, 78, 80, 88  
   1,2-Propanediol , 268  
   Properties of gastric H + /K + -ATPase , 459–480  
   Properties of Na + /H +  antiporters , 352, 394–419  
    Propionigenium modestum  , 354  
   Prostaglandin(s) , 463, 473  

 synthesis , 473  
   Proteases , 284, 303  
   Protein Data Bank (PDB) (fi les of protein 

structures; for additional fi les   , see 
 tables in Chapter 3), 76, 77, 170, 172, 
175, 185, 191, 207, 214–216, 238–241, 
243–245, 262, 265–284, 330, 331, 373, 
395, 396, 399–403, 489, 514, 562, 577, 

 143D (d[AG 3 (T 2 AG 3 ) 3 ]) , 240  
 143D (G-quadruplex) , 238  
 1A3W (pyruvate kinase) , 266  
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265–267  
 1Y8O (pyruvate dehydrogenase kinase) , 

265–267  
 1Y8P (pyruvate dehydrogenase kinase) , 

265–267  

 1ZCD (Ec-NhaA monomer) , 395, 396, 
404, 416  

 2A2Q (factor VIIa) , 281  
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coordinating K + ) , 214, 215  
 4KZD (spinach RNA aptamer) , 

183, 186, 187  
 4N7W (Yf-ASBT) , 401, 403  
 4NTW (ASIC) , 331  
 4V41 (β-galactosidase) , 281  
 WIKXUJ (Li +  complex with 

cyanocobalamin) , 29  
 WIKYAQ (K +  complex with 

cyanocobalamin) , 29  

Index



622

   Protein(s) , 21, 29, 103–127, 146, 168, 
245, 292, 326, 351, 393, 461, 
486, 559, 586  

 cAMP response element-binding (CREB) , 
570, 571  

 G- , 464, 570–574, 592  
 heat-shock , 270  
 kinase A , 571, 573  
 –protein interactions , 277  
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525, 542  

   Pyruvate transporter , 293  

    Q 
  Q   . See  Ubiquinone 
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oxidoreductase , 365–369  

    R 
  RAAS   . See  Renin-angiotensin-aldosterone 
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   Renin-angiotensin system (RAS) , 
586–591, 593  

   Renin-angiotensin-aldosterone system 
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   Sodium-motive force (SMF) , 350–354, 

358, 372, 384  
   Sodium-potassium ATPase   . See  

Na + /K +  ATPase 
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