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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 

Rodgers and Armentrout



109

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.   
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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), 
M + (Pro) (red circles), and M + (His) (light green triangles) for M +  = Li + , Na + , K + , Rb + , and Cs +  are 
plotted  versus  the inverse metal cation radius (in Å −1 ). The lines are linear regression fi ts to the data 
constrained to pass through the origin. Adapted from [ 90 ].       
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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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