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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 field 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 lons 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 first four volumes (2006-2008) with John Wiley & Sons,
Ltd., Chichester, UK, and the next five 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 lons in Life Sciences
(MILS-1).



vi Historical Development and Perspectives of the Series

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, meta-
bolism 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 efficient catalysts, (v) the determination of high-
resolution structures of proteins, nucleic acids, and other biomolecules, (vi) the
utilization of powerful spectroscopic tools allowing studies of structures and
dynamics, and (vii), more recently, the widespread use of macromolecular engi-
neering to create new biologically relevant structures at will. All this and more is and
will be reflected 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 lons 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 interdiscipli-
nary 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 “field” 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
Institute of Inorganic Chemistry,
Unversity of Ziirich, CH-8057 Ziirich, Switzerland

October 2005,
October 2008,
and August 2011



Preface to Volume 11

Cadmium: From Toxicity to Essentiality

Chapter 1, devoted to the bioinorganic chemistry of cadmium(II), sets the
scene for Volume 11, which covers the whole range from toxicity to essentiality
of this element. Cadmium, discovered in 1817, is technically used for many
purposes, e.g., as a yellow-orange pigment when combined with chalcogenides,
as an anticorrosion agent in steel, as a stabilizer for plastic or in NiCd batteries.
Of biological relevance is its high affinity for sulfur sites, which means, e.g., that in
metallothionein with ZnS, units, Cd** concentrations need to be only one thou-
sandth of those of Zn>* for an effective competition. Indeed, Cd** is toxic to almost
all forms of life and therefore the understanding of its biogeochemical cycling and
release into the environment is of high relevance as is pointed out in Chapter 2.
Cadmium is released to the environment through natural and anthropogenic
sources. Already at the end of the 1980’s the total industrial and natural weathering
cycle has been estimated as 24’000 t/yr and 4.5 t/yr, respectively, demonstrating the
dominance of anthropogenic discharges. The cadmium content of zinc ores ranges
from about 0.2 to 0.7% by weight, making this by-product extraction the major
source of cadmium. From about 20 t/yr at the beginning of the 20th century, the
global production rose to 21°500 t in 2011 with the bulk production occurring in
China (7°500 t), the Republic of Korea (2’500 t), and Japan (2’000 t). In Chapter 3
an effort is made to quantify the speciation of cadmium in the atmosphere, in
marine and fresh waters as well as in soils and sediments. The behavior of cadmium
is assessed by modeling its reactivity towards the main classes of ligands usually
present in natural systems, like chloride, carbonate, sulfate, carboxylates, amines,
amino acids, phosph(on)ates or thiols.

It is evident that the precise determination of cadmium in biological samples,
including blood, plasma, serum, and urine as well as hair, saliva, and various tissues
is an important issue. Chapter 4 describes the relevant analytical tools like induc-
tively coupled plasma mass spectrometry (ICP-MS), atomic absorption spectrome-
try (AAS), electrochemical methods, neutron activation analysis (NAA), and X- ray

vii
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fluorescence spectrometry (XRF). The very modern approach of direct imaging and
sensing of Cd** in cells is in the focus of Chapter 5, where the application of
fluorescence imaging in a variety of cell types is described. The use of ''*Cd NMR
to probe the zinc binding sites in metallothioneins as well as those in Ca* binding
proteins is reviewed in Chapter 6. It is not surprising that Cd** is a good surrogate
for Zn>* as both are in the same group of the periodic table with a d'® valence
electron configuration and similar ligand and coordination number preferences,
although the ionic radius of Cd** is larger than the one of Zn®*. It is probably
more surprising that Cd** is also a good substitute for Ca®* even though their
coordination chemistry is quite different, Cd** having a preference for N/S and
Ca”* for O ligation, but the ionic radii are quite similar.

Crystal structures of Cd** complexes as determined by X-ray diffractometry
are the topic of Chapter 7. The authors consider three broad classes of ligands
of potential biological interest: (i) N donors (purines, pyrimidines), (ii) carboxylates
(amino acids, water soluble vitamins), and (iii) S donors (thiols/thiolates,
dithiocarbamates). In Chapter 8 complex formation of Cd** in aqueous solution
with sugar residues, nucleobases, phosphates, nucleotides, and nucleic acids is
evaluated in comparison with mainly that of Zn>*, Co**, Ca®*, and Mg**. Among
many aspects including mixed ligand complex and intramolecular aromatic-ring
stack formation it is shown that the phosphodiester bridge is only a weak binding
site but that it still allows (possibly in part outersphere) macrochelate formation
when N7 of a purine base is primarily coordinated. The effect of a non-bridging
sulfur atom in a thiophosphate group (versus a normal phosphate group) is consid-
ered and it is emphasized that Cd** is regularly used in so-called thiorescue
experiments which help to provide insights into ribozyme catalysis. Complexes
of Cd** with amino acids and peptides, including glutathione as well as peptides
with multiple cysteinyl sites and phytochelatins are dealt with in Chapter 9. Natural
and artificial proteins containing Cd** are described in Chapter 10. It focuses
on designed proteins with the aim to understand the structure, spectroscopy,
and dynamics of proteins that bind Cd®* in general. Metallothioneins are low-
molecular-mass and cysteine-rich proteins with the ability to bind mono- and
divalent metal ions with a d'° electron configuration, especially Cu(I) and Zn(Il),
in the form of metal-thiolate clusters (Chapter 11). However, Cd>* can be bound
to certain metallothioneins in vivo as well, giving rise to the perception that one of
the physiological roles of metallothioneins is the detoxification of heavy metal ions.
Methods applied in the studies of structural and chemical properties of Cd(II)-MTs
are also presented in Chapter 11.

Plants are categorized in three groups concerning their uptake of heavy metals:
indicators, excluders, and hyperaccumulators as is summarized in Chapter 12.
Hyperaccumulators are presently not without reason a vibrant research area; they
can be used biotechnologically for (i) phytoremediation, i.e., cleaning of anthro-
pogenically Cd**-contaminated soils, and (ii) phytomining, i.e., using plants for
commercial metal extraction. The toxicity of Cd** for plants (Chapter 13) includes
oxidative stress, inhibition of the photosynthetic apparatus, a genotoxicity, and
inhibition of root metabolism.
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The detrimental health effects of cadmium were first mentioned in the mid-19th
century. The real challenge in the 21st century is now to cope with the chronic low
exposure that occurs in a global setting mainly from dietary sources. The ubiquity
of cadmium constitutes a serious environmental health problem and therefore the
cellular and molecular mechanisms for chronic (and acute) Cd** toxicity need to be
revealed. Chapter 14 details with great care the Cd** effects on the target organs
including kidney, liver, bone, endocrine glands, hematopoiesis and hemostasis, as
well as on the respiratory, cardiovascular, nervous, and reproductive systems.
Furthermore, cadmium is an established animal and human carcinogen as reviewed
in Chapter 15. Cadmium leads to an elevated risk for lung cancer after occupational
exposure, but associations between such exposures and tumors at other locations
including kidney, breast, and prostate may be relevant as well. As far as its mecha-
nisms of action are concerned, it appears that direct Cd** interactions with DNA are
of minor importance; important are elevated levels of reactive oxygen species
(ROS) which have been detected in diverse experimental systems, presumably
due to an inactivation of detoxifying enzymes. Cd>* interference with proteins
participating in the cellular response to DNA damage, the deregulation of cell
growth as well as resistance to apoptosis appears to be involved in Cd**-induced
carcinogenicity. Moreover, Cd** has been shown to disturb nucleotide excision
repair, base excision repair, and mismatch repair.

The volume terminates with Chapter 16 in which also the essentiality of Cd** for
certain diatoms is pointed out. The distribution of Cd** in the ocean is very similar
to that of major nutrients suggesting that it may be taken up by marine phytoplank-
ton at the surface and remineralized at depth. At high concentration, Cd** is toxic
to phytoplankton as it is for many organisms. However, at relatively low concen-
trations, Cd** can enhance the growth of a number of phytoplankton species under
Zn** limitation; possibly Cd** is taken up either by the Mn”* or the Zn** transport
system. The only known biological function of Cd*" is to serve as a metal ion
cofactor in cadmium-carbonic anhydrase (CDCA) in diatoms. The expression of
CDCA is regulated by the availabilities of Cd** and Zn**; both Zn** and Cd** can
be used as the metal ion cofactor and be exchanged for each other in certain marine
phytoplankton species.

Astrid Sigel
Helmut Sigel
Roland K.O. Sigel
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The Bioinorganic Chemistry of Cadmium
in the Context of Its Toxicity
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Abstract Cadmium is known for its toxicity in animals and man as it is not used in
these species. Its only role in biology is as a zinc replacement at the catalytic site of
a particular class of carbonic anhydrases in some marine diatoms. The toxicity of
cadmium continues to be a significant public health concern as cadmium enters the
food chain and it is taken up by tobacco smokers. The biochemical basis for its
toxicity has been the objective of research for over 50 years. Cadmium damages the
kidneys, the lungs upon inhalation, and interferes with bone metabolism. Evidence
is accumulating that it affects the cardiovascular system. Cadmium is classified as a
human carcinogen. It generates oxidative stress. This chapter discusses the chemis-
try and biochemistry of cadmium(II) ions, the only important state of cadmium in
biology. This background is needed to interpret the countless effects of cadmium in
laboratory experiments with cultured cells or with animals with regard to their
significance for human health. Evaluation of the risks of cadmium exposure and the
risk factors that affect cadmium’s biological effects in tissues is an on-going
process. It appears that the more we learn about the biochemistry of cadmium
and the more sensitive assays we develop for determining exposure, the lower we
need to set the upper limits for exposure to protect those at risk. But proper control
of cadmium’s presence and interactions with living species and the environment
still needs to be based on improved knowledge about the mechanisms of cadmium
toxicity; the gaps in our knowledge in this area are discussed herein.

Keywords buffering of metals « cadmium ¢ metal homeostasis ¢ metal signaling
* toxicity

1 Introduction

According to Greek Mythology, Cadmus, son of a Phoenician king, founded
Thebes, and gave the Greeks the letters of their alphabet. But he and his wife
Harmonia ended their lives as serpents. It is this dichotomy of achievement and
fatality that are reminiscent of cadmium’s role in industrial chemistry and biology.

In group 12 of the Periodic System of the Chemical Elements, cadmium is
between zinc and mercury. It shares some properties with the essential element
zinc, its lower atomic weight neighbor, and with the toxic element mercury, its
higher atomic weight neighbor.

Two chemists discovered cadmium independently as an impurity of calamine
(zinc carbonate) in 1817. There is 0.1-0.5 ppm of cadmium in the earth’s crust.
Cadmium is used as a yellow/orange pigment when combined with chalcogenides,
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as an anticorrosion agent in steel, as a plastic stabilizer, as an electrode material
in NiCd batteries, and as a semi-conductor in Cd-chalcogenide solar cells. Its
mining, smelting, and industrial usage increased the availability in the environment
and anthropogenic sources are the most significant threat to human health. The
main route of exposure is through nutrition and smoking. Some plants, e.g., rice,
tobacco, and mushrooms accumulate cadmium several fold from the soil on which
they grow and they are a source of contamination to wildlife, livestock, and
humans. Use of phosphate fertilizers and sewage sludge, and improper maintenance
of soils contributes to cadmium mobilization in the environment and accumulation
in crops.

2 Cadmium Coordination Chemistry of Biological Relevance

2.1 Cadmium Complexes, Stabilities, and Properties

With a filled d-shell of electrons, cadmium(II) biology resembles zinc(Il) biology
regarding the flexibility in coordination and the lack of redox chemistry. Thus, the
only valence state important for biology is cadmium(Il). The crystal ionic radius
(109 pm) of Cd** is larger than that of Zn>* (88 pm), increasing the potential of
cadmium to adopt higher coordination numbers. This leads to slightly longer bond
lengths in its coordination compounds. Cadmium(Il) is a softer Lewis acid than
zinc(I). Hence, it has slightly lower stabilities in complexes with oxygen and
nitrogen ligands. For example, the log K values of citrate, aspartate, histidine, and
EDTA are 4.8, 5.7, 6.5, and 16.5 for Zn** and 3.7,4.5,5.4, and 16.5 for cd* [1].
However, relative affinities of the two ions are reversed for sulfur ligands as
cadmium is considerably more thiophilic than zinc, e.g., the log K values of
cysteine are 9.2 for Zn** and 11.0 for Cd**. This fact has been expressed as a
stability ruler [2]. It is not widely documented in the biological cadmium literature,
but it is perhaps the single most important characteristic of cadmium for the
interpretation of its biological intracellular effects as sulfur coordination chemistry
is typical for intracellular but not extracellular coordination. Outside cells, the
reduction potential is higher than inside, and most thiols are oxidized to disulfides.
With a relative large number of sulfur donors available intracellularly, on average,
cadmium is bound more strongly than zinc in the cell. In biological coordination
spheres with multiple cysteine ligands, the increase in affinity is compounded. For
example in metallothionein (MT), cadmium is in a tetrathiolate coordination
environment and its binding is three orders of magnitude higher than that of zinc.
From these thermodynamic considerations one predicts that cadmium binds with
decreasing affinity in the series of tetrahedral zinc sites in proteins: ZnS, > ZnNS3
> 7ZnN,S, as verified experimentally [3]. Thus, cadmium binds more strongly to
ZnS, than to ZnN,S, sites of classic zinc finger transcription factors [4]. The
relative affinities mean that cadmium(Il) ion concentrations must be higher than
zinc concentrations to displace zinc from coordination sites with oxygen and
nitrogen donors. However, to bind in ZnS, sites, cadmium(Il) ion concentrations
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need to be only one thousandth of those of zinc for effective competition. For zinc,
such large differential affinities between different biological coordination
environments are less pronounced [5].

In a biological application of the Irving-Williams series, which was founded on
nitrogen and oxygen donor atoms in similar coordination environments, cadmium is
bound relatively tightly compared to the alkaline earth cations of calcium and
magnesium. Its binding is about 6 orders higher than that of calcium and about 9
orders higher than that of magnesium [6]. Therefore, cadmium could compete with
calcium, the cellular concentrations of which are a few millimolar, when its cellular
concentrations reach a few nanomolar. However, because of the relatively high
buffering capacity of high affinity thiolate coordination sites, where calcium does
not bind, competition is not readily realized. Still cadmium(II) ions bind in calcium-
binding sites of proteins in vitro because the ionic radius of Ca** (114 pm) is quite
similar to that of Cd** (109 pm). On the above theoretical grounds, cadmium would
compete effectively with sulfur-bound Cu™, or iron in iron-sulfur proteins, although
experimental evidence in vivo is lacking [7]. The prediction on first principles of
metal/Cd substitution is borne out by the fact that cadmium will be found in
proteins with sulfur donors, such as MT.

An analysis of the cadmium proteome under different conditions of exposure has
not been performed, in part because coordination compounds do not readily sustain
the harsh conditions implemented for efficient proteomic analysis. Hence, we do
not know which proteins other than MT contain cadmium. These considerations
have yet other important consequences. Essential transition metal ions are
homeostatically controlled. Cadmium, which is not essential for animals and
man, is not under such homeostatic control. Both essential and non-essential
metal ions are buffered at concentrations that are governed by the Irving-Williams
series [8]. A non-essential metal ion, such as cadmium, is not buffered by any
specific system but may interact with molecules involved in the control of essential
transition metal ions. For biological cadmium coordination, there is very tight
binding of cadmium to proteins, in the range of picomolar or even less. Because
intracellular zinc buffering involves sulfur donors from thiols [9], free cytosolic
cadmium(II) ion concentrations are expected to be lower than those of zinc. With
estimates of free zinc(I) ion concentrations in the range of tens or hundreds of
picomolar, free cadmium(II) ion concentrations at cellular loads that do not surpass
the zinc buffering capacity can be estimated to be subpicomolar. The biochemistry
of cadmium is based on its strong complexation with proteins and other molecules
such as glutathione (GSH). Any cellular mechanisms that invoke free cadmium(II)
ions as the cytotoxic species would need to postulate the absence of any cellular
binding sites for cadmium, which is an unrealistic assumption.

2.2 Cadmium Protein Complexes

Some characteristics of cadmium are favorable for biophysical investigations of
metalloproteins. Consequently, cadmium is often used as probe for the native metal
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ions. Though it is diamagnetic as zinc is, it has some physical properties that zinc
does not have. '''Cd and '"*Cd isotopes are NMR-active and they have been
employed to investigate the metal coordination chemistry in cadmium-substituted
zinc proteins (see also Chapter 6). An excited, metastable state of '''™Cd is used for
perturbed angular correlation (PAC) spectroscopy of y rays, another method that
probes the coordination environment of cadmium in solution. Cadmium-substituted
metalloproteins are also used in X-ray crystallography as the heavy metal atom helps
solving the phase problem. Accordingly, the protein database contains the structure
of about 600 proteins with bound cadmium (www.rcsb.org). This relatively large
number of proteins and the relative ease of substituting metals in metalloproteins by
cadmium should not be perceived as a biological role of cadmium in these proteins.

Cadmium often has a very similar coordination sphere as zinc in proteins, though
bonds are longer, and there is a tendency for binding of an additional ligand and thus
an increase in coordination number. Substitution of zinc by cadmium in structural
sites has little influence on protein structure. However, small as these structural
effects are, they may have some consequences on metal selectivity. Thus the
volumes of the cadmium/thiolate clusters in cadmium-MT are about 20% higher
than the volumes of the zinc/thiolate clusters in zinc-MT [10]. If the metal-binding
site has other than purely structural functions, the situation is different. For example,
some zinc/thiolate sites are redox switches, in which the redox chemistry of the
thiolate ligands determines zinc association and dissociation [11]. A cadmium-
sulfur bond does not have the same reactivity as a zinc-sulfur bond. Whether or
not cadmium blocks or reduces significantly the activity of such redox switches is
not known. Also, cadmium(II) is a weaker Lewis acid than zinc(I): therefore any
acid/base chemistry in a catalytic site of a zinc enzyme will be different from the
corresponding cadmium-substituted enzyme. For example, if a zinc-bound hydrox-
ide is the nucleophile in the enzymatic reaction, then the cadmium-bound water of
the cadmium-substituted enzyme, which has a higher pK, than the zinc-bound water,
would lower the activity at physiological pH. Though cadmium-substituted enzymes
are often active, their kinetic properties are different. The biological consequences
may be more drastic when cadmium binds to a protein and blocks its activity if it is
an essential one. Similarly, cadmium binding to MT could well interfere with the
function of this protein in zinc homeostasis. Due to the higher affinity of cadmium in
the tetrathiolate site, its dissociation rates are slower than those of zinc. Thus, any
metal function based on metal transfer rates will be affected.

Though cadmium exchanges rather fast in intramolecular ligand-exchange
reactions in sulfur sites, e.g., in the order of seconds in the two domains of MT,
its biological half life in the body is several years. The reason is that cadmium
enters cells with relative ease, e.g., through some zinc transporters of the ZIP
(Zrt- and Irt-related proteins) family, but the human ZnT exporters seem to be
rather selective for zinc and do not seem to transport cadmium out of cells [11b].
Thus, in addition to cadmium becoming trapped intracellularly in proteins such as
MT, there seems to be no mechanism for export of the cadmium(Il) ion. Only
complexed forms of cadmium can leave cells and can diffuse throughout the body,
from the liver to the kidneys for cadmium-MT, for instance (see Section 3).
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One major hypothesis is that most of cadmium toxicology occurs through
interference with the control of cellular zinc homeostasis. A discussion of the
biological effects of cadmium in relation to its closest chemical congener zinc
needs to be based on important recent developments in understanding cellular zinc
metabolism. The zinc proteome comprises about 3000 human proteins [12]. The
total cellular zinc ion concentrations are rather high, in the range of a few hundred
micromolar. Cellular zinc ions are highly compartmentalized. Two dozen zinc
transporters orchestrate the inter- and intra-compartmental zinc traffic. Thus the
cellular biology of cadmium needs to consider the subcellular distribution of zinc,
in particular which of the zinc transporters carry cadmium through biological
membranes. One recent development is the realization that intracellularly stored
zinc(Il) ions are released in a controlled way, e.g., from the endoplasmic reticulum,
and serve regulatory functions in the cell (“zinc signaling”) [13]. Here, the issue
whether or not cadmium(II) ions are stored and released in a similar way, and if so,
whether they bias normal physiological zinc signaling or stores provide an intracel-
lular source of cadmium(Il) ions, needs experimental scrutiny.

2.3 Cadmium Interactions with Other Biomolecules

Cadmium(II) ions bind to many biomolecules other than proteins. However, any
biological data invoking such interactions must account for competition between
binding to the biomolecule and binding to abundant protein sites, unoccupied or
occupied with other metal ions. In order to compete effectively non-protein binding
sites need to have higher affinities than protein sites. Given the high affinity of some
proteins such as MTs for cadmium, cadmium complexes not being kinetically inert,
and the thiophilic nature of cadmium, it appears that binding to biomolecules other
than proteins is not readily realized in the cell under steady state conditions. The
zinc buffering capacity must be completely exhausted before the free cadmium(II)
ion concentration becomes higher than the free zinc(Il) concentration. Furthermore,
once cadmium competed effectively with zinc sites for which it has higher affinity,
the total cadmium concentration still would have to be about as high as the total
cellular zinc concentration, which is a few hundred micromolar, for efficient
competition with the other sites.

3 Cadmium Biochemistry

The biochemistry of cadmium is intimately linked to that of MT. The discovery of
MT was the result of a search for a biological function of cadmium [14]. The name
metallothionein was chosen for this cadmium-binding protein isolated from horse
kidneys to indicate the occurrence of several types of metal ions in the isolated
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material (metallo-) and the high sulfur (cysteine) content of the protein (-thionein).
Under normal physiological conditions MTs bind zinc or copper. The binding of
cadmium is a result of the accumulation of this metal ion in the kidney cortex with
age or under conditions of environmental and nutritional exposures. Cadmium also
accumulates as a result of perturbations of metal homeostasis in certain diseases
that constitute a cumulative risk for cadmium toxicology and co-morbidity. The
field of cadmium biology started with the discovery of MT, but it never fulfilled the
original expectation that cadmium may have an essential function in mammalian
biology. In 2000 it was reported that Thalassiosira weissflogii, a marine diatom,
employs cadmium in a carbonic anhydrase, which otherwise is a zinc enzyme [15].
It demonstrates the flexibility and sometimes promiscuity of some unicellular
organisms in switching from one metal to another depending on metal availability
in ecological niches [16].

A characteristic feature of mammalian MTs is the binding of seven divalent
transition metal ions in two metal/thiolate clusters, a M(II);So cluster in the
N-terminal B-domain and a M(II)4S;; cluster in the C-terminal a-domain. In
mammalian MTs, the metals determine the tertiary structure of the protein, and
they are buried in the interior of the two domains. The peptide chain wraps around
the two clusters, and binds up to seven divalent transition metal ions with tetra-
hedral geometry and exclusively with the sulfur donors of the twenty cysteines.
In humans, MTs belong to a family of at least a dozen proteins [17].

Cadmium induces MT. However, this induction was postulated to occur through
a mechanism where cadmium displaces zinc in the extant MT and then the released
zinc activates metal response element (MRE)-binding transcription factor-1
(MTF1), the transcription factor involved in zinc-dependent MT expression [18].
Under conditions of sublethal cadmium exposure, the maximum number of cad-
mium ions accumulating in rat MT is five. A species with seven cadmium ions can
be prepared by removing all metals from isolated MTs and then reconstituting the
protein with cadmium. The crystal structure of cadmium-induced rat MT shows
four of the cadmium ions in the «-domain and one cadmium ion and two zinc ions at
defined positions in the B-domain [19]. This distribution likely reflects differential
affinities of the individual metal binding sites in MT [20], but the cadmium affinity
for MT is on average three orders of magnitude higher than that of zinc.

While thermodynamically a sink for cadmium, MT is not a safe storage for
cadmium. MT is a reactive molecule that is involved in the intracellular
re-distribution of metal ions. MT exchanges cadmium with other thiol-containing
proteins by ligand exchange. The cysteine thiols in MT react with electrophiles
and concomitant metal dissociation. The metal load of MT is a major factor in
determining this reactivity. The thiolate ligands in MT confer redox activity on
the metal/thiolate clusters, and therefore MTs are redox proteins [21]. In contrast
to other redox-active metalloproteins, the ligands, and not the central cadmium
or zinc ions, which are redox-inert in biology, are redox-active in MT. A host
of thiol-reactive electrophiles release metal ions from either isolated or cellular
MT. Nitrogen monoxide reacts with MT and releases cadmium from MT [22].
Because of the higher thermodynamic stability of Cd;- versus Zn;-MT, the reac-
tivity with electrophiles is considerably quenched in the former. However, since
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the species in vivo is not Cd;-MT but a species with a maximum of five cadmium
ions, as demonstrated by rat CdsZn,MT prepared for the determination of the
crystal structure of MT, cellular cadmium MT retains zinc/thiolate bonds that are
expected to remain reactive like in Zn;,-MT. Detoxification of cadmium is cer-
tainly not the primary function of MT, which is in zinc traffic and transient zinc
storage. Hence, cadmium toxicology with regard to MT needs to be discussed with
regard to cadmium’s effect on zinc and, possibly, copper homeostasis. MT-1/-
2 knock-out mice are more sensitive to cadmium toxicity [23,24] but they are also
more sensitive to zinc toxicity [25].

Cells take up MT from the circulation through a megalin/cubilin scavenger
receptor pathway [26,27]. The internalized MT then releases cadmium in an
endosomal/lysosomal compartment and divalent metal transporter 1 (DMT1)
transports cadmium into the cytosol where it binds to extant MT and/or induces
additional MT through the release of zinc from extant MT [28]. MT also is secreted
from cells [29]. However, the pathway and mechanism of MT secretion remains
elusive as in animals and man no pre-protein with an amino acid signature for
export has been identified. Cd-MT may cross the plasma membrane of liver and
other cells by fluid-phase exocytosis [30]. Extracellular MT is found under a variety
of conditions including increasing cadmium loads [31].

3.1 Tissue Concentrations, Distribution, and Speciation
in Humans and Animals

Cadmium in blood is bound to red blood cells. Cadmium analysis of whole blood is
a measure of recent exposure. The main target organs of cadmium are the liver and
the kidneys, accounting together for about 50-75% of body cadmium [32]. The
highest tissue concentration and accumulation is in the kidneys. Relatively higher
concentrations when compared to muscle and bone are found in testes, pancreas,
and spleen. Cadmium distributes to most but not all organs since some tissues are
protected. Cadmium has a very long biological half-life in tissues, which has been
estimated to be more than ten years for most of them [33,34]. The uptake of
cadmium is 40-60% from inhaled particles in the respiratory tract versus 5—10%
from ingested forms in the gastrointestinal tract. These percentages reflect the
efficiency of uptake rather than the role of these tissues in the absolute amount of
cadmium taken up. The relatively high proportion of cadmium taken up by lungs
poses a considerable and high risk for damage to this organ through inhaled
cadmium, as is the case for smokers. From the blood, cadmium reaches the liver,
where it induces MT. MT then is distributed to other organs. In the kidney,
cadmium is filtered by the glomeruli and re-absorbed by the epithelial cells of the
proximal tubules, where it accumulates.

MT scavenges cadmium in most cells and also contributes to carrying it in the
circulation. Proximal tubules internalize Cd-MT by receptor-mediated endocytosis
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and they seem to efficiently release toxic forms of cadmium from their endosomes. At
threshold levels, cadmium damages the proximal tubules with ensuing proteinuria and
“cadmiumuria”, followed by a renal Fanconi syndrome, and eventually kidney failure.
The critical cadmium burden for the kidney is about 200 pg/g. This figure must be
compared with the range of 15-40 pig/g estimated in the general population of 40-60
years of age in Europe [35], and with values of 70-85 j1g/g reported for older people in
Japan [36]. The urinary concentration of cadmium in otherwise healthy individuals is
<lpg per g of creatine and is proportional to the cadmium content of the kidney, yet
the excretion is too insignificant to rid the body of cadmium as the total excretion daily
through all pathways (urine, intestine, sweat) is only <0.01% of the total body
cadmium. Reabsorptive dysfunction can be measured by a range of biomarkers that
are secreted into urine.

Damage is generally considered significant for urinary cadmium concentrations
above 2 pg/g creatinine as they correlate with increased ,-microglobulin excretion
(see for instance [37]). Also, patients with cadmium-induced kidney damage lose
calcium with ensuing skeletal changes resulting in osteomalacia and osteoporosis.
In addition, the damaged kidneys may decrease the conversion rate of vitamin D
into the active hormone calcitriol leading to less bone mineralization [38]. How-
ever, even low doses of cadmium exposure affect bone mineral density [39,40]. The
other two important factors in tissue accumulation and distribution of cadmium are
that uptake is higher in children and that it accumulates steadily throughout life
[32], thus calling attention to the adverse health effects of cadmium in the elderly.
Cadmium transport from the placenta to the fetus and into the mother’s milk is
restricted, protecting the fetus and the newborn, although urinary cadmium levels of
infants follow those of their mothers [41]. The blood-brain barrier seems to be an
efficient protection of the brain against cadmium, but more data in humans and
animals are needed to support this conclusion.

Cadmium uptake is also dependent on gender, the nutritional status, in particular
the status of other metal ions, and calcium and fiber in the diet. Under iron and zinc
deficiency, cadmium uptake is higher (see Section 3.2.2 below). Vegetarian diets
are of concern due to cadmium accumulation in crops and nutritionally induced
mineral deficiencies. The damage to the kidney is dependent on these factors with
contribution from co-morbidities, such as diabetic nephropathies.

3.2 Transport and Trafficking: General Principles
and Main Actors in Animal Cells

Throughout evolution, living species have been exposed to cadmium in proportion
to the occurrence of the element in different and varying ecological settings.
However, no evidence shows that Life has ever developed any specialized system
to deal with cadmium. Consequently, transport and trafficking of cadmium, in
higher eukaryotes in particular, relies on molecular components, which are
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invariably present for other purposes than cadmium handling. This hitch-hiker
behavior of cadmium involves a surprisingly wide array of biological molecules.
This is a consequence of the peculiar properties of Cd** presented above (Sections 1
and 2), and the abundance and variety of potential ligands in biological systems.

3.2.1 Cadmium Trafficking

Entry of cadmium into the body is mainly via inhalation of particulate material or via
ingestion from the diet and water. Biochemical processing of the chemical forms of
cadmium found in these media is likely, for example when transporters help Cd** to
permeate the intestinal and lung barriers. However, some other complexed forms of
cadmium also appear to be absorbed. For instance, cadmium-bound phytochelatins,
polymers of the y-glutamate-cysteine dipeptide bound to a terminal glycine as in
glutathione, found in contaminated crops are efficient vectors for cadmium absorp-
tion [42]. Also, Cd-MT present in meat, offal-containing diets in particular, seems to
be absorbed intact by enterocytes and to be degraded only when it reaches the
kidneys [43].

Once in the circulation, cadmium mainly associates with proteins, such as
albumin [44], transferrin [45], and MT [46]. But attempts to measure the chemical
environment of cadmium ions in animal tissues and fluids refuted the idea that
cadmium is bound in a unique compound such as a universal chelating agent. The
data indicate instead that a dynamic exchange of cadmium occurs among many
different molecules, both in the circulation and within cells, and many molecules
interact with Cd** and move it over large distances in multi-cellular organisms. Yet,
some intracellular components play prominent roles in cadmium traffic. GSH is an
abundant cellular compound, present at mM concentrations. It binds cadmium and
undoubtedly participates in its traffic. Also, as much as zinc and copper, but by
different mechanisms, cadmium is a strong inducer of MTs, which are major actors
in cadmium trafficking (see above).

Throughout the process of cadmium distribution within the body, membrane
systems are necessarily involved in helping cadmium to cross ion-tight biological
barriers and to permeate cells. A survey of such systems in animals follows.

3.2.2 Transport of Cadmium Salts via Transporters for Other Cations

The early period of research into the toxicity of cadmium for animals did not lead to
conclusive evidence for a single, ubiquitous, high affinity, and dedicated component
that would allow Cd** to cross biological membranes and to obtain indiscriminate
access to any location. However, it was soon realized that many ionic channels do
interact with Cd**. Numerous electrophysiological studies described the inhibition
of potassium, sodium, magnesium, or calcium fluxes by high concentrations of
cadmium salts (reviewed in [47]), in neuronal cells in particular. Of note, such
inhibitory effects induced by Cd** may not result from simple competition between
the physiological cations and cadmium at the sites of transport. Indeed, many
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channels and transporters are gated by various molecules and ions via readily
accessible regulatory sites and Cd** can bind to many of these sites, following the
‘rules’ presented in the Introduction and in Section 2. Some of the proteins involved
in the transport of alkali and alkaline earth metal ions have been suggested as
cadmium transporters. Yet, such suggestions have not reached a level of certainty
that would leave no doubt about the physiological involvement of ion channels in
actual cadmium transport [48]. The most likely candidates are the ones supported
by several independent studies. They include some members of the rather diverse
TRP (transient receptor potential) family, such as TRPM(melastatin)7 [49,50] and
TRPV(vanilloid)6 [51]. Although supposedly selective channels for calcium, all of
them may participate in Cd** uptake in epithelial cells.

Genetic ablation of MTs I and II in fibroblasts and adaptation to a moderate
(10 uM) but lethal concentration of cd* [52] showed that one member of the
T-type calcium channel was a likely mediator of Cd** uptake in these transformed
cells. The involvement of such molecules in cadmium traffic cannot be excluded
in cells that synthesize such channels. The search for specificity for Cd** is futile,
considering that gradients of sodium, calcium, or potassium are in the range of mM
and cadmium concentrations are unlikely to be that high under any condition of
contamination/exposure. Thus, some Cd** ions may follow the massive fluxes of
other cations that can be triggered by changing conditions, especially for excitable
cells, via channels with leaky selectivity filters. But conclusive evidence for this
mechanism is lacking. And the actual mechanism of cadmium transport by calcium
channels may even be more sophisticated: ZnT-1 (see below) ablation in cortical
neurons increased the uptake of Ca®*, Zn>*, and Cd**, a finding that was attributed
to L-type calcium channels [53] cooperating with the zinc transporter in calcium
and cadmium influx and zinc efflux.

Membrane proteins involved in the active transport of abundant ions such as
calcium and potassium do not seem to be capable of carrying Cd>* across membranes.
Convincing data exist only in the case of some transporters of essential transition
metal cations.

Divalent metal transporter 1 was identified in the enterocytes of the small
intestine and in other cells as a proton symporter, favoring the transport from more
acidic media, and it was assigned a major role in the assimilation of iron from
the animal diet [54]. But its lack of selectivity in reconstituted systems soon became
apparent, showing that Cd** is efficiently transported by DMT1 in vitro [54,55].
This observation was extended to include a correlation of DMT1 expression
and Cd** transport, both in cellular models [56-58] and in animals with iron-
manipulated diets [59,60]. Furthermore, animal [61], and human [62] studies com-
paring iron status and cadmium burden fully corroborated the association of Cd**
transport with the plasma membrane form(s) of DMT1. Hence, there is no doubt
that DMT1 transports Cd** in cells that produce this transporter. This conclusion is
relevant to an individual’s susceptibility to cadmium toxicity since DMTI is
strongly iron-regulated and cadmium transport thus depends on the nutritional
and (patho)physiological iron status, in particular for intestinal absorption.
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Likewise, some zinc transporters of the ZIP family transport cadmium. The most
clear-cut evidence is for ZIP8, which was first associated with sensitivity to
cadmium-induced testicular necrosis in mice [63], and later characterized as an
efficient in vitro Cd** co-transporter with bicarbonate anions [64]. It is thus very
likely that ZIP8 prominently participates in Cd** import into vascular endothelial
cells of the lung, testes, and kidney. ZIP8 is induced by TNFa. Thus lung inflam-
mation, e.g., caused by tobacco smoking, increases the uptake of cadmium and
ensuing cadmium-induced cell death [65]. Given the properties of DMT1 and ZIP8,
the former is more efficient at low pH, whereas the latter has an optimum at neutral
pH. Therefore, these transporters handle cadmium under different cellular
conditions. Interestingly, studies aimed at characterizing Cd** transport suggested
that the physiological substrate of ZIP8 is the manganous ion [64,66].

Another ZIP transporter, ZIP14, allows Cd>* to permeate the plasma membrane
of ZIP14-transfected mouse fibroblasts and canine kidney epithelial cells [67].
ZIP14 also transports non-transferrin bound ferrous iron [68,69], but the impact
of ZIP14 regulation on permeation of different metal ions may be indirect, involv-
ing distant signaling events [70], such as crosstalk with other transporters.

The above and other transporters involved in the uptake of essential metal
cations for animals are subject to extensive regulation [71]. The regulatory
mechanisms can be sophisticated and they can involve networks of essential and
toxic metals as recently demonstrated and reviewed [7,70,72]. Since increased
hepatic accumulation of ingested cadmium is associated with upregulation of
several intestinal transporters in mice fed diets deficient in essential metals, it
follows that Cd** entry into cells, and its intestinal absorption in particular, strongly
depends on the status of the animal or human with respect to these essential metals.

Another family of transporters, also preferentially associated with zinc transport,
namely the group of ZnT proteins, is involved in movement of ions in the opposite
direction, namely removing zinc from the cytoplasm [73]. Although the role of ZnT-
1 in zinc export from cells, for instance, is now beyond doubt, transport of cadmium
by any of the mammalian ZnT members has not been supported experimentally.
Also, the only well-characterized iron cellular exporter, ferroportin, does not assist
cadmium crossing biological membranes. However, common features of genes
encoding ZnT1 and ferroportin are metal-responsive elements in their promoter
regions. Hence, cadmium induces these genes strongly via MTF-1 [74,75]. Even
though ZnTs and ferroportin may not transport cadmium, this toxic element poten-
tially impacts the function of these transporters in homeostasis of their physiological
substrates, namely iron, zinc, and manganese ions.

The fact that metal cation importers mediate cadmium entry into cells whereas
Cd>* does not appear to be a substrate for exporters of essential transition metals
points at an important issue of cadmium speciation in biological systems. Upon
exposure of cells, particularly those protecting the body from its environment, such
as epithelial cells, Cd** is presented in relatively weak complexes allowing Cd** to
easily dissociate and bind to cadmium transporters, and it may cross membranes as
a free ion. In contrast, once inside cells, strong ligands of Cd** are generally
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available, and transport may either involve transporters for complexed cadmium
forms or other mechanisms of metal ion delivery to the transporter, such as
hijacking metallochaperones, though experimental evidence has not been adduced.

3.2.3 Transport of Complexed Forms of Cd**

Thus it does not come as a surprise that most membrane proteins proposed
to exclude cadmium from the cytosol transport organic compounds to which Cd**
binds. GSH is an abundant intracellular reductant with good chelating properties
for Cd** [76,77]. Thus cells capable of producing pumps exporting GSH com-
pounds are more likely to remove chelated forms of cadmium. This is the case of
one of the major detoxification transporters, MRP1 (ABCC1), and potentially other
members of this large family of ABC proteins with broad substrate specificity,
which accommodate xeno- as well as endobiotics [78]. Among ABC proteins, the
MRPI-related and cadmium-regulated CFTR (cystic fibrosis trans-membrane
conductance regulator) is a candidate for expelling Cd**-GSH complexes from
epithelial cells for instance [79]. But not all ABC transporters located at the
plasma membrane and involved in detoxification, such as the multidrug resistance
P-glycoprotein, have the capacity to transport Cd**-GSH complexes [80].

Other thiols, including cysteine, bind Cd2+, but experimental evidence remains
scarce for transport of cadmium cysteine complexes. A similar argument can be
made for Cd**-complexes with nitrogen or oxygen ligands, which are even less
stable than sulfur-based chelates under mildly reducing conditions such as found
within cells. In contrast to the scarcity of data on cellular cadmium complexes,
intracellular Cd**-MT complexes have been clearly identified, in hepatocytes in
particular. No exporters of Cd-MT have been identified (see Section 3), but Cd-MT
is found in the blood plasma and urine and taken up by renal tubular cells. The
discovery of this process marked an important milestone in cadmium trafficking by
demonstrating that cadmium employs other biochemical pathways for exit from and
entry into cells.

3.2.4 Other Ways to Cross Membranes

The presentation of MT-bound cadmium to the luminal membrane of renal tubular
cells in several models is associated with cubilin-megalin internalization and with
cell death (see [48] for review). Hence, MT gains entry into these cells by receptor-
mediated endocytosis. Indeed, the elevated residence time of cadmium in the body
after intoxication is due to its trapping in the kidneys, and renal MT hydrolysis may
release a form of cadmium that cannot be mobilized further and detoxified. In a
similar way, another membrane receptor, 24p3R, internalizes metal-binding
proteins, including MT, thus mediating cadmium toxicity [81]. 24p3R was initially



14 Maret and Moulis

described as the tight binding receptor for lipocalin-2, a siderophore-binding protein
involved in iron handling, as part of the inflammatory response [82]. Given the
widespread occurrence of 24p3R, receptor-mediated endocytosis of metalloproteins
by this pathway may occur more frequently than currently acknowledged, but
this process remains to be fully assessed.

To conclude, the diversity of transport mechanisms described for cadmium may
be due in part to the laboratory use of improper chemical forms of cadmium,
physiologically irrelevant concentrations, and animal cells that cadmium may
never reach in vivo because they are protected by efficient biological barriers.
Furthermore, cadmium has numerous effects on membrane traffic ranging from
plain inhibition through conformational quenching of transporters, for instance, to
impact on distant targets mediated by signaling cascades or by interference with the
maturation of some proteins. Despite these potential pitfalls, cadmium traffic and
transport actually relies on many different pathways, including some involved in
the homeostasis of essential metals and contributing to the extensive distribution of
the toxicant throughout the body. Yet cadmium has a high residence time inside
cells, renal ones in particular, which is due to cadmium’s tight binding to proteins
and the inability of cells to mobilize it. The accumulation of cadmium in specific
organs, such as the kidney, indicates that the chain of events and alternative
pathways fail to detoxify cadmium in a reasonably short period of time.

4 Cadmium Toxicity

4.1 Exposure of Humans to Cadmium and Patho-Physiological
Consequences

Human exposure mainly arises from combustion of fuels, plants, and waste, and
consumption of adventitious cadmium present in food and water [83]. Humans and
animals breathe cadmium-containing particles (mainly the oxide) and ingest cad-
mium complexes with their food and drinks. Cigarette smoking is a major route of
uptake, whereas skin contact is not widespread owing to the natural dilution of
cadmium, except for occupational settings. Dietary cadmium is more concentrated
in some food items such as shellfish, offal, grains, and seeds. Some crops, such as
rice, soybeans, or wheat, are more likely to accumulate cadmium from polluted
soils than others.

Cases of accidental acute intake of cadmium are rare. The symptoms include
nausea, vomiting, choking, headache, and pulmonary irritation upon inhalation.

In cases of chronic and moderate exposure and in the absence of obvious
cadmium nephrotoxicity health effects are less easy to identify. The efficiency of
cadmium intake seems to be higher from inhaled particles than from ingested
forms (see Section 3.1), but this parameter depends on many others, including the
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individual health status, and contributes to the relatively large variability of the
individual health impacts of cadmium, at least after relatively short periods of
exposure.

Manufacturing of cadmium compounds resulted in occupational exposure in the
twentieth century. Workers contaminated by inhalation are likely to suffer from
lung cancer as are smokers [84]. Other types of cancers have been linked to
cadmium exposure including those of the prostate, kidney, bladder, pancreas, and
breast [85]. But data may not always be conclusive enough to demonstrate the
significance for larger populations and hence to receive widespread acceptance.
The available evidence led several regulatory agencies to classify cadmium as a
carcinogen. In any case, the role of cadmium as a co-carcinogen should be
acknowledged as it is supported by convincing biochemical data (see below).
Any remaining uncertainty concerns only the concentrations at which a significant
health effect is noticed. Another area that is receiving considerable attention is the
role of cadmium in epigenetic mechanisms of carcinogenesis based on initial
observations that some toxic effects of cadmium resemble those seen in abnormal
methyl metabolism [86].

Beyond neoplasms, other cadmium-induced health effects have been reported.
It is beyond doubt that humans and animals with a high cadmium burden suffer
from renal diseases. Tubular and glomerular damage may lead to nephritis,
nephrosis, and features resembling the Toni-Debré-Fanconi’s syndrome. It is
usual practice to measure cadmium in urine as a marker of cadmium’s effect
(see Section 3.1). There are no specific biomarkers for the other human health
conditions associated with cadmium exposure. About 50 years ago, it was
demonstrated that rats receiving 5 ppm cadmium in their drinking water from
the time of weaning until death developed chronic arterial hypertension [87].
Peripheral arterial disease has been associated with high cadmium burden via
cadmium-triggered atherosclerosis [88]. The latter is likely to underlie hyperten-
sion, and other mostly fatal cardiac problems and vascular diseases, such as
stroke, cardiac arrest, and heart failure. Also, some epidemiological evidence
points to cadmium exposure as a risk factor for type II diabetes and diabetic
complication, in particular nephropathy.

An increased risk of osteoporosis correlates with the cadmium burden in differ-
ent populations, especially for post-menopausal women. Cadmium exposure
decreases bone mineral density and thus increases the risk for fractures. These
effects on the bones are related to kidney malfunction and poor calcium reabsorp-
tion in the nephron, as witnessed by (hyper)calciuria. The consequences of cad-
mium exposure on the human skeleton were particularly obvious for Japanese
living along the Jinzu river basin in the 20th century. Water and rice contaminated
by cadmium as a result of zinc-mining activities upstream afflicted the local people
with the [tai-Itai disease, a particularly acute and painful form of osteomalacia [44].

Other health consequences of cadmium exposure, such as anemia, liver disease,
nerve or brain damage, have been suggested, but the causation is less straightfor-
ward in these cases, probably because these conditions may depend on a variety of
other confounding factors.
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4.2 Mechanisms of Molecular Toxicity

4.2.1 Interference with Redox Homeostasis

A major concept that emerged from biochemical research is that cells maintain
proper oxido-reduction (redox) equilibria to grow or fulfill their tasks. On the one
hand, the presence of oxidative species, under so-called oxidative stress conditions,
can modify and jeopardize the functioning of a range of bio-molecules such as
proteins, sugars, and lipids. On the other hand, subtle shifts to more oxidizing or
reducing conditions activate or inhibit ‘signaling’ molecules that trigger or stop
processes that determine the cellular fate, such as proliferation, differentiation, and
regulated death. This concept defines the field of redox signaling. Examples of
redox-sensitive signaling molecules include transcription factors and signal trans-
duction cascades, such as HIF (hypoxia inducible factor)l, Nrf2, or MAPK
(mitogen-activated protein kinases). To counteract an excess of oxidative species,
animal cells implement small molecules, such as glutathione, lipoic acid, or some
vitamins, and enzymatic systems, such as superoxide dismutases, peroxiredoxins
and catalases.

On the basis of the biochemical properties of cadmium outlined in the preceding
sections, its cation reacts very efficiently with thiol-containing and other nucleo-
philic compounds. Many molecules involved in antioxidant defense mechanisms
are additional candidates for binding cadmium because they rely on electron-
donating reactive groups like thiolates for their function. Cd-GSH complexes are
prominent participants in intracellular cadmium handling, and they are thought to
be involved in the dynamic exchange of cadmium with other molecules within
cells, as well as in some transport mechanisms. Proteins such as thioredoxins and
peroxiredoxins, which regulate redox-dependent cellular mechanisms, have the
potential to bind cadmium with their reactive cysteines. These examples, and
many others, indicate that cadmium can recruit and deplete major actors defending
cells from oxidative insults. In addition, cadmium appears to interfere with proper
mitochondrial function, probably by crossing the mitochondrial membrane(s) and
acting inside the organelle [48,89]. Cadmium affects the mitochondrial respiratory
chain, which is one of the major producers of partially reduced oxygen species, and
enhances this production and contributes to redox imbalance [89]. In isolated
mitochondria, cadmium enters mitochondria through the Ca®* uniporter and
inhibits the respiratory chain mainly at complex III [90]. This action is similar to
that of zinc, which inhibits the respiratory chain with concomitant production of
reactive oxygen species [91,92]. Defective mitochondria are also involved in the
induction of cell death, which is the outcome of cadmium exposure in many
different conditions.

In the case of redox-sensitive signaling reactions, blocking of reactive
nucleophiles by cadmium may enhance cell death, but it may also induce survival
or even proliferation. Bad- and Bax-triggered caspase activation is an example of
the pro-apoptotic action of cadmium, while growth responses are sometimes
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activated after exposure to low doses of cadmium. The actual effects of cadmium
depend on a wide range of parameters including the cell type, the developmental
stage, and the presence of additional chemicals, to name but a few. It is very likely
that such interference with redox homeostasis is part of the different steps of
cadmium-induced carcinogenesis. For instance, DNA repair makes use of
apurinic/apyrimidinic endonucleases, which, like Apex1 (Ref-1), are activated by
redox-based mechanisms and inhibited by cadmium.

4.2.2 Interference with Homeostasis of Essential Metal Ions

As a cation, Cd** hijacks molecular systems involved in the handling of other
essential metal cations. High concentrations of divalent alkaline earth cations
(magnesium, calcium) and, less often, monovalent alkali ones (sodium, potassium)
have to be considered in cadmium traffic. Less abundant cations from the transition
series, mainly iron, copper, zinc, and manganese, are also affected. Cadmium may
target proteins transporting, storing, using, or regulating metal cations that are
crucial for proper cellular functions.

Although the chemical properties of calcium differ from those of cadmium,
both divalent cations have the same overall charge and very close ionic radii
(see Section 2.1). Consequently, Cd** is a steric mimic for calcium (see also
Chapter 6). For instance, Cd** readily replaces Ca®* in hydroxyapatite, a mineral
form of phosphate that is widely used as a fertilizer. Spreading of calcium phosphate
on farmland contributes significantly to cadmium mobilization into the environ-
ment. In a somewhat similar way, bones contain hydroxyapatite microcrystals:
osteoblasts may thus incorporate cadmium ions upon remodeling, thereby changing
the mechanical properties of the skeleton. A major role of calcium in biology is
that of a secondary messenger. The cellular capacity to move large amounts of
cations through the cytoplasmic and organellar membranes, and to generate large
gradients, is based on a wide range of calcium channels and transporters with
different molecular mechanisms. As indicated above (Section 3.2), cadmium ions
may be transported by calcium carriers or they may inhibit them. Yet, efficient
cadmium inhibition of calcium fluxes in vivo by channel or transporter blockade
has not been clearly established. More sensitive ways of amplifying the toxic effects
of cadmium ions may occur when cadmium targets the sensory systems for calcium.
A calcium receptor has been identified on the surface of cells in the intestine, brain,
kidney, bone, thyroid, and other cells [93]. This G-protein coupled receptor senses
calcium availability and triggers intracellular calcium mobilization. Similarly, a
G-coupled zinc receptor has been identified [94]. Cadmium, at concentrations of
afew micromolar, binds to a surface receptor and elicits intracellular calcium release
[95,96]. An alternative or additional mechanism of cadmium’s effect on calcium
functions is its influence on redox homeostasis (Section 4.1.2). Calcium signaling
and other calcium-dependent activities are sensitive to redox changes and they
may be affected by cadmium [97].
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Clearly, cadmium traffic is often mediated by zinc transporters, mainly those
belonging to the ZIP family (Section 3.2). Although these transporters allow
cadmium to reach the cell cytoplasm, it is not established that cadmium transport
interferes with zinc traffic. However, once inside cells, cadmium interacts with
and induces MTs (Section 2.2). The Cd-MT complexes participate in cadmium
distribution (Section 3.2), but their formation may also impact zinc homeostasis.
Indeed, MT is the main intracellular zinc buffering molecule so far identified, and
hijacking MT by cadmium binding, or over-expressing MT by cadmium-induced
transcription, may perturb zinc exchange within cells. Furthermore, MT transloca-
tion to the nucleus, and possibly other sub-cellular locations, may change
depending on its metal load (cadmium versus zinc or copper) with potential
differences in zinc re-distribution and zinc- or copper-dependent processes. Last
but not least, the redox reactivity of Zn-MT is changed upon cadmium binding
(Section 2.2), possibly impacting the cellular pro- or antioxidant potential of zinc
and MT. In addition, part of the antioxidant defense mechanism afforded by zinc is
due to MTF1 inducing transcription of genes involved in protection against stress.
Examples include genes encoding MT, heme oxygenase 1, and y-glutamylcysteine
synthetase. Overexpression of some of these genes in cells displaying resistance to
cadmium toxicity strongly suggests that cellular zinc handling, response to stress,
and cadmium exposure are functionally linked via this pathway.

The homeostasis of redox-active transition metal ions depends on the cell’s
capacity to control the ambient redox potential. In this way, control of redox
homeostasis is linked to proper homeostasis of transition metal ions. Cadmium is
expected to interfere with the redox-buffering properties of the cell, in a similar
way as presented above for zinc. Indirect mechanisms of this kind are likely
to be more effective in terms of cadmium toxicity than direct impairment of
transport or regulation of transition metals. Indeed, transport of cadmium by
membrane proteins involved in zinc, iron, and manganese traffic has been
demonstrated (Section 3.2), but the evidence linking cadmium to the control of
homeostasis of these metals is weak. Examples for interference with iron include
cadmium-induced changes of the kinetic properties of ferrochelatase [98] and
d-aminolevulinic acid dehydratase [99], two enzymes involved in critical steps of
heme biosynthesis, cadmium binding to ferritin [100], and cadmium-induced
decreased solubility of iron regulatory protein 1 [101]. However, the circum-
stances of cadmium poisoning being actually involved in these molecular effects
in vivo remain to be delineated. For instance, cases of anemia after cadmium
intoxication have been reported, but it is not clear whether the sequence of events
impacting erythropoiesis is an immediate consequence of impaired heme synthesis
or iron deregulation [102]. Similar considerations hold for copper and manganese
homeostases for which gaps in knowledge persist and where cadmium interference in
mammals is poorly documented.

Available evidence more convincingly indicates that homeostasis of essential
transition metals is sensitive to cadmium poisoning by indirect mechanisms. All
demonstrated and suggested pathways cannot be presented here, but the
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mechanisms follow the principles outlined elsewhere in this chapter, including the
cellular redox balance (Section 4.2.1) and the effect on proteins that are not
metalloproteins (Sections 4.2.4 and 4.2.5).

4.2.3 Interactions with Metalloproteins

The binding of cadmium ions to thioneins has been presented above (Section 2) and
it is a major mediator of cadmium’s toxicity. Similarly, the interaction with GSH in
mammalian systems is important in the distribution, reactivity, and toxicity of
cadmium. But it is worth repeating that these complexes do not hide cadmium
from other biological reactions including those in which cadmium replaces other
cations at the active sites of metalloproteins. In fact, these complexes may actively
redistribute cellular cadmium.

Two separate situations can be distinguished for the binding of Cd** to the
cation-binding sites of metalloproteins, namely (i) incorporation into nascent
polypeptides during folding and (ii) exchange of cations in the fully folded proteins.
The latter situation is likely relevant for MT in view of its higher affinity for Cd**,
although the former situation may also be realized. The possibility of cadmium
being incorporated into newly synthesized metalloproteins must be considered for
proteins binding complex prosthetic groups. For heme, cadmium inhibits ferroche-
latase, but it does not seem to be efficiently processed as Cd-protoporphyrin IX
[98], although the occurrence of this product cannot be dismissed altogether [103].
In the case of iron-sulfur clusters, exposure of microorganisms to cadmium impacts
the expression of genes involved in the biosynthesis of these prosthetic groups and
of some other genes encoding iron-sulfur proteins [104], but similar observations
are not documented in mammals. For simple metal cation sites, evidence for
cadmium incorporation during protein translation has not been adduced. It may
be a critical missing piece of information for understanding cadmium toxicity.

In contrast, cadmium binding to fully folded metalloproteins has been reported
widely, but mainly and if not exclusively from data obtained with pure proteins.
A case in point is that of the large family of ‘zinc finger’ proteins that are involved
in a variety of biological interactions and thought to represent around 3% of the
coding human genome. Investigations of zinc replacement by cadmium in vitro
abound. They include domains belonging to transcription factors, such as Spl,
MTF-1, or GATAI, regulatory proteins such as p53, and DNA repair enzymes
like XPA (xeroderma pigmentosum, complementation group A) and PARP1 (poly
(ADP-ribose) polymerase 1) [104]. Yet, it is not clear what the functional conse-
quences of cadmium substitution in zinc finger proteins are, and, more importantly,
whether such replacements are widespread in vivo. Another area of cadmium’s
possible targets is the role of zinc binding between protein subunits of the same or
different proteins. These sites often use thiol ligands to bind the metal. Cadmium
substituting for zinc in the tetrathiolate binding sites bridging the subunits in
nitrogen monoxide synthase or bridging the CD4/CD8 T-cell receptor and the
kinase Ick intracellularly [105] may well change the functions of these interactions.
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Other metalloproteins bind cadmium as well. Ferritin accommodates a variable
number of cadmium ions in crystals prepared in the presence of cadmium salts. The
Cd** ions bind to residues with different side chains (His, Cys, Glu, and others),
which were assigned different roles in the storage of iron, such as shuttling iron in
and out of the ferritin envelope or as nucleation sites. Cadmium binding also occurs
to proteins such as transferrin, a protein involved in iron distribution and lacking
cation selectivity in vitro, albumin, which has several but separate binding sites for
zinc and copper, and possibly ceruloplasmin, a copper-containing ferrooxidase.
All these proteins occur in the circulation and they may contribute to cadmium
distribution to tissues. But cadmium binding may (transferrin) or may not (albumin)
occur at the sites where the native metal ions bind.

Also, as indicated above for calcium-cadmium exchange in hydroxyapatite,
cadmium replacement of calcium in calcium-binding domains has been demon-
strated in vitro and cadmium may replace calcium in calcium proteins in vivo.
Examples are proteins with E-F hand motifs such as troponin, calmodulin, or
cadherin. Exposure of cells to cadmium perturbs the organization of cellular
junctions, affects the distribution and integrity of cadherins [106] and downstream
signaling by B-catenin. Similarly, cadmium activates Ca**/calmodulin dependent
kinases with subsequent effects on calcium signaling [107]. More generally, expos-
ing cells to cadmium activates survival or apoptotic programs depending on
conditions. Many of these effects are calcium-dependent, and it is not always
clear whether calcium substitution by cadmium at specific calcium-binding sites,
such as in calmodulin, is the underlying mechanism. Cadmium interaction with
calcium-proteins may involve cation-binding sites in addition to those used by
Ca”*; for instance, the regulatory domain of the calcium-gated potassium channels
binds more cadmium ions than calcium ions which enhances activation [108].

4.2.4 Interaction with Other Proteins

Proteins do not need to be metalloproteins to interact with cadmium, and the
proteins with reactive cysteines described in Section 4.2.1 are examples of non-
metalloproteins interacting with cadmium. In addition, some proteins that are not
recognized as metalloproteins bind zinc extremely tightly. For example, the cyto-
plasmic domain of receptor protein tyrosine phosphatase [ binds zinc with a K;
value of 27 pM [109]. Cadmium is expected to bind tightly to these sites. Signifi-
cantly, the widespread use of CdCl, in crystallization studies, to prepare heavy
metal derivatives and to phase the diffraction data, provides hundreds of protein
structures in which Cd?* interacts with amino-acid residues, often in positions that
are not known to bind cations.

A well-publicized example of cadmium binding to a specific protein was
discovered following the observation that cadmium behaves like a hormone
[110]. The hormonal effect was assigned to cadmium binding to a site containing
cysteine residues in the ligand (estrogen) binding domain of the estrogen receptor
(ER). The subsequent downstream effects triggered by ER activation may be part of
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cadmium’s toxicity in the environment, toward animal life in particular [111].
Beyond this example, it is not feasible to comprehensively cover all aspects of
cadmium binding to proteins and potential consequences, but some general
mechanisms can be outlined. In a way reminiscent of some roles of zinc ions,
Cd** may bind to sites belonging to mobile parts of proteins: such binding may
cross-link parts that otherwise would have to move to support activity. This
‘freezing effect’ of cadmium on conformational changes that are needed for
switching activities may trap the protein in either a fully inactive or a fully activated
form; either effect could impair function. Other more local molecular consequences
like shielding of reactive amino-acid residues or steric hindrance for substrates may
apply. Hence, the molecular mechanisms of cadmium toxicity cannot be restricted
to the mere competition with other metal cations.

4.2.5 Other Mechanisms

It is unclear whether the basis of cadmium toxicity is sufficiently well presented
by the already diverse interactions of cadmium with proteins described above.
Many complex mechanisms of cadmium toxicity can be explained with some of
the already outlined principles. Hence, interference with the antioxidant response
and generation of reactive species (Section 4.2.1) and perturbation of zinc-
dependent activities and calcium signaling (Section 4.2.3) explain the toxic effects
in considerable depth. As a result, but also due to additional molecular interactions
of the kind just presented (Section 4.2.4), exposure of cells to cadmium impacts a
range of signaling systems [97]. These effects depend on the type of cell, and
therefore the range of genes they express, and on the cadmium-cell interaction in
terms of concentration and length of exposure, i.e., the acute or chronic doses of
cadmium.

The pathways that respond to cadmium include those triggered by receptor
activation. The relevant receptors may normally recognize growth factors or
hormones, and they may activate signaling pathways like those implementing
mitogen-activated protein kinases. Cadmium can interfere with some (de)phosphor-
ylations at various levels. The members of the MAPK signaling cascades function
along parallel successive molecular events, but with cross interference and with
variable outcomes, such as triggering cell death or survival and proliferation.
Other signaling systems have also been shown to be sensitive to the presence of
cadmium, those responding to hypoxia via HIF1a and others depending on cyclic
nucleotides and NF-kB. Most of these pathways contribute to large changes in gene
expression and the effects of cadmium are observed at different levels: transcrip-
tion, translation, post-translation. Consequently, it is difficult to determine whether
the apparent diversity of cadmium targets is due to the interaction of the metal with
a multitude of proteins or just a few selected ones in central pathways that are
initially sensitive but impact scores of downstream components. In view of the
variety of regulatory pathways responding to cadmium, it is not surprising to
see high level functions such as proteasomal activity or autophagy being affected
by cadmium. Overall the biological implications of cadmium exposure are so
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many that explaining cadmium toxicology resembles separating the wheat from
the chaff, but it is beyond doubt that the competition of cadmium with other
metal cations cannot explain all observations and that cadmium interactions with
non-metalloproteins play an important role.

4.3 Toxicology with Reference to Specific Organs

Liver and kidney are the main organs targeted by cadmium, with lungs affected
when exposure occurs by inhalation. In rare cases of acute human ingestion, rapid
intestinal symptoms aim at expelling cadmium by vomiting and diarrhea, whereas
inhalation irritates the upper respiratory tract and may develop into, sometimes
fatal, pulmonary diseases. More frequent chronic exposure is associated with more
diverse symptoms, and the main target organs are lungs after inhalation, and
kidneys and bones irrespective of the absorption route. Cadmium-triggered kidney
damage is monitored by the release in urine of a variety of biomarkers for decreased
reabsorption and protein release from cells of the proximal tubule [37]. Paradoxi-
cally, although the liver is an organ to which absorbed cadmium easily gains access
to, few specific hepatic symptoms have been directly and unambiguously assigned
to cadmium poisoning.

Since MT is efficiently induced by cadmium in the liver, this organ may not be
harmed by the Cd-MT complex. Cadmium is mainly deleterious for the kidneys
after having been processed by the liver. Many studies have reported osteomalacia
and osteoporosis for subjects exposed to cadmium, one of the most prominent
example being the victims of the infamous [tai-Itai disease in Japan [40]. The
actual mechanism of cadmium toxicity to the bones remains debated, probably
because it is multifactorial. It includes direct and indirect interactions with
osteoclasts and osteoblasts, while showing limited incorporation of cadmium into
the organ. For instance, cadmium measurements in selected populations of Japa-
nese people failed to provide values above the detection limit of the implemented
method for bones, whereas values were largely significant for liver and kidneys
[36]. The testicular necrosis observed in laboratory animals exposed to cadmium
led to the discovery of ZIP8 as an efficient cadmium transporter [63], which
suggests a potential impact of cadmium on male fertility. Effects on female fertility,
successful pregnancy and fetus development also need to be considered, because of
the interaction of cadmium with the ER (see Section 4.2.4), but they have been
difficult to demonstrate in human populations exposed to relatively low levels of
cadmium. For preventing injury, it may be prudent to consider the adage “absence
of evidence is not evidence for absence.”

The occupational risk of lung carcinogenesis upon cadmium exposure has been
recognized by regulatory authorities (see Section 5.1), despite the warnings from
some scientists for confounding parameters [112] in the studies on which the
decision was based. Similar reflections apply to cadmium-triggered carcinogenesis
of other tissues, including the endometrium, bladder, pancreas, testes, prostate, and
breast (see also Chapter 15).
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Three decades ago, it was observed that 10-20 pg cadmium per kg per day
changes systolic blood pressure in rats [113]. The authors suggested that exposure
to cadmium may contribute to the development of essential hypertension in humans.
This issue has received renewed interest regarding the effects of cadmium on
cardiovascular disease [88]. Both epidemiological and experimental investigations
provide support for a role of cadmium in atherogenesis.

5 Concluding Remarks and Future Directions

5.1 Reference Dose and Recommendations about Cadmium
in Water, Soil, and Food

Cadmium has been classified as a human carcinogen [114] or as a probable
carcinogen (EPA group B1) by inhalation. The European Food Safety Authority
[115] also acknowledges that cadmium triggers renal injuries.

The guideline for upper levels of cadmium in drinking water are 3 pg/L [83].
LDso values for mice and rats range from 100-300 mg/kg body weight. The
maximum level of cadmium is set at 10 mg/kg dry weight in animal feed [116]
and at 5 ng/m3 in ambient air [83].

The normal intake of cadmium from cereals and other vegetables is about 2-25 g
per day for children and 10-50 pg for adults, with the higher values corresponding
to areas with industrial activities involving cadmium. On average, the cadmium
concentration in food is less than 0.15 pg/g dry weight, but can be higher than
1 pg/g for shellfish or 0.5 pg/g for kidneys. The Provisional Tolerable Weekly Intake
(PTWI) was set at 65 pg/day for a 65 kg human male, i.e., 1 pg/kg per day or 7 pg/kg
per week [115]. In 2010, this figure was decreased to 5.8 pg/kg body weight by
the Joint FAO/WHO Expert Committee on Food Additives that issued the first
recommendation more than 20 years ago.

A panel of scientists has received a mandate from the European Commission to
evaluate the risks of cadmium to human health [115]. The exposure range from
the diet was estimated in the range from 1.9 to 3.0 pg/kg body weight per week
(mean 2.3 pg/kg) in the general population, i.e., the mean intake is very close to the
PTWI. Using urinary [,-microglobulin as a marker of tubular effects in relation
with cadmium burden and applying modeling of the data from a non-smoking
population of elderly women, a tolerable weekly intake of 2.5 pg/kg body weight
for 50 years was derived and proposed. Thus, the general European population
receives a cadmium dose close to the set tolerable value, and some sub-populations,
such as children, smokers, or people with unbalanced diets and micronutrient
deficiencies, are likely to absorb more cadmium. It should be emphasized that these
figures are solely based on renal damage assessed with one particular, and perhaps not
most sensitive, assay, and that they may not be relevant to other cadmium-induced
health effects, for which suitable biomarkers do not exist.
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Mainly based on studies with animals, ATSDR has determined minimal risk
levels of 0.03 pg Cd/m® and 0.01 pg Cd/m> for acute and chronic inhalation,
respectively. A value of 0.1 pg Cd/kg/day for chronic oral intake was also indicated
with a reference dose of 5 x 10~ mg/kg/day in water and 1 x 10~ mg/(kg.day) in
food to avoid reaching 200 pg/g in kidneys [117].

5.2 Where Is the Problem? Do We Know What We Need to Know?
Problem Solved?

The scientific literature on cadmium has been prolific for many decades. With
cadmium having strong affinities to proteins, the numerous reported interactions do
not surprise. The physiological relevance of many experiments that employ
cultured cells or cadmium injections into animals is not immediate because many
barriers involved in the uptake of cadmium in organisms are bypassed in these
experiments. There is a surprising scarcity of measurements of cadmium in human
tissues at various ages and various levels of documented exposures. This is in part
due to a lack of efficient and non-invasive methods for measuring cadmium in
humans. Such analytical data would seem critical in evaluating the significance of
the plethora of biochemical findings. Another critical issue in interpreting
observations is the buffering capacity of cells for cadmium(II) ions, which is
obviously quite different from buffering of metal ions in in vitro investigations.

The well established coordination chemistry of cadmium should support the
evaluation of the biological effects of this cation. Starting with the discovery of MT,
the number of biological processes being potentially impacted by the presence of
cadmium has increased enormously. A similar trend has been followed by the
variety of mechanisms that have been proposed to underlie cadmium’s toxicity.
Cadmium in some sites of metalloproteins, such as zinc proteins, may have very
subtle effects on their structure and function, possibly with cumulative effects on
the organism over time, whereas in other proteins cadmium may affect function
drastically. Redox-inert cadmium bound in sites that require redox-active metal
ions does not support function. Mammals have no apparent use of this metal, even
at very low concentrations. The main organs functionally affected by cadmium
(kidneys, bones, lungs) have been identified, although they do not exactly match
those (liver, kidney, pancreas, thyroid gland) that display the highest concentration
of metal per mass unit.

Therefore, risk assessment for human health is limited by (i) the scarcity of
analytical data and poor predictive power of cadmium distribution in the body in
relation to health outcome, (ii) the lack of information about chronic effects of
cadmium accumulating over decades in tissues, and (iii) the lack of suitable
biomarkers other than for irreversible kidney damage. Thus, the epidemiological
studies linking health effects and cadmium exposure suffer from a relative lack of
consensus knowledge about the modes of action of cadmium in multi-cellular
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systems as complex and as highly regulated as mammals. Hence, quantitative data
aiming at setting limiting values heavily rely on the quality of experimental data,
which are not always easy to obtain and often inconclusive due to the inherent
limitations of experimental systems and the short timeframe of the experiments in
relation to long-term effects of cadmium accumulation. Modeling efforts aim at
compensating these drawbacks by considering the complex and still incomplete
toxico-kinetics of cadmium.

The missing link in cadmium toxicology thus lies between molecular data and
health effects. Progress in filling this gap may come from a better appreciation of
the biochemical speciation of cadmium in cells. A comprehensive list of binding
molecules in animals, with their exchange rates, the (sub)-cellular locations
accumulating cadmium, and the half-lives of cadmium within cells and in the
circulation should precisely track the fate of cadmium once taken up. Refined
models will have an improved capacity for deriving damaging concentrations to
organs at particular doses. Such improvements would depend on significant prog-
ress in the analytical biochemistry of cadmium. It likely will profit from the
combination of complementary approaches, implementing selective sensors
[118,119], methods identifying molecules interacting with metals [120], preferably
under non-destructive experimental conditions, and real-time measurements of the
cadmium distribution throughout the body, even at minimal levels.

Once this ambitious program has been fulfilled, data comparing health effects
with exposure will reveal the pathways followed by cadmium. Along the way,
investigations will identify unambiguous biomarkers of exposure and of effect.
They will be instrumental in reaching consensus values for monitoring cadmium
concentrations in the environment and for protecting populations. It may still be a
long quest for this Holy Grail, despite recent progress in mostly technical aspects
referred to in this chapter.

Abbreviations

ATDSR Agency for Toxic Substances and Disease Registry
CFTR cystic fibrosis transmembrane conductance regulator
DMT1 divalent metal transporter 1

EDTA ethylenediamine-N,N,N’,N’-tetraacetate

ER estrogen receptor

GSH glutathione

HIF hypoxia inducible factor

LD lethal dose

MAPK  mitogen activated protein kinase
MRE metal response element

MRP1 multiple drug resistance protein
MT metallothionein

MTF-1  metal transcription factor 1
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NF-kB  necrosis factor kB

PAC perturbed angular correlation

PARP1  poly (ADP-ribose) polymerase 1

PTWI provisional tolerable weekly intake

TNFo tumor necrosis factor o

TRP transient receptor potential

XPA xeroderma pigmentosum complementation group A
ZIP Zrt- and Irt-related proteins

ZnT zinc transporter
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Abstract Cadmium is at the end of the 4d-transition series, it is relatively mobile
and acutely toxic to almost all forms of life. In this review we present a summary of
information describing cadmium’s physical and chemical properties, its distribtion
in crustal materials, and the processes, both natural and anthropogenic, that
contribute to the metal’s mobilization in the biosphere. The relatively high volatil-
ity of Cd metal, its large ionic radius, and its chemical speciation in aquatic systems
makes Cd particularly susceptible to mobilization by anthropogenic and natural
processes. The biogeochemical cycle of Cd is observed to be significantly altered
by anthropogenic inputs, especially since the beginning of the industrial revolution
drove increases in fossil fuel burning and non-ferrous metal extraction. Estimates of
the flux of Cd to the atmosphere, its deposition and processing in soils and
freshwater systems are presented. Finally, the basin scale distribution of dissolved
Cd in the ocean, the ultimate receptacle of Cd, is interpreted in light of the chemical
speciation and biogeochemical cycling of Cd in seawater. Paradoxically, Cd
behaves as a nutrient in the ocean and its cycling and fate is intimately tied to
uptake by photosynthetic microbes, their death, sinking and remineralization in
the ocean interior. Proximate controls on the incorporation of Cd into biomass
are discussed to explain the regional specificity of the relationship between
dissolved Cd and the algal nutrient phosphate (PO?[) in oceanic surface waters
and nutriclines. Understanding variability in the Cd/PO;~ is of primary interest to
paleoceanographers developing a proxy to probe the links between nutrient utiliza-
tion in oceanic surface waters and atmospheric CO, levels. An ongoing interna-
tional survey of trace elements and their isotopes in seawater will undoubtedly
increase our understanding of the deposition, biogeochemical cycling and fate of
this enigmatic, sometimes toxic, sometimes beneficial heavy metal.

Keywords anthropogenic emissions ¢ biogeochemistry ¢ cadmium ¢ cadmium/
phosphorus ratio ¢ marine biogeochemistry ¢ pollution * trace metal

1 Introduction

Cadmium is released to the environment through natural and anthropogenic
sources. Because of its acute toxicity toward all forms of life and its relative
abundance, there is strong motivation to understand the sources and mobility of
Cd in the environment. Measurements of Cd in the atmosphere, natural waters,
snow, and ice indicate that anthropogenic sources now dominate the biogeochemi-
cal cycle for the element with contamination being evident in even the most remote
reaches of the globe. Total industrial and natural weathering cycle mobilizations of
Cd in the biosphere by the end of the 1980’s are estimated to have been 24,000 t/yr
and 4.5 t/yr respectively, demonstrating the dominance of anthropogenic discharges
[1]. Global anthropogenic Cd emissions to the atmosphere are reasonably well
constrained and were 7,570 t/yr in 1983 with more recent estimates for the mid-
1990’s dropping to 2,983 t/yr compared to natural emissions of 1,440 t/yr [2,3].
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Thus the major anthropogenic sources to the atmosphere from non-ferrous metal
production (2,171 t/y) and fossil fuel combustion (691 t/yr) exceed major natural
sources like volcanic outgassing (0.82 t/yr), and wind borne dust (0.21 t/yr), by a
factor of ~2 [1-3]. The declining trend in anthropogenic emissions reflects more
stringent regulations on Cd use, capture of Cd at point sources, and more efficient
recycling of Cd from consumer goods despite increasing Cd production trends
during the same period.

Compared to other metals, Cd is relatively mobile in soils and freshwater
systems and Cd concentrations are enriched relatively to crustal concentrations in
oceanic surface waters [4]. The biogeochemistry of Cd in the ocean is a matter of
much interest for marine chemists and oceanographers given the nutrient-like
behavior of the element and its close correlation with the major algal nutrients
nitrate (NO3) and phosphate (PO3 ™). Factors governing the uptake of Cd by marine
phytoplankton and the ocean basin scale distribution of the metal will be discussed
in detail.

2  Geochemistry of Cadmium

2.1 Chemical Properties

As member of Group 12 of the periodic table, cadmium (Z = 48, atomic weight
112.41) is similar to zinc and mercury in its chemical and physical properties
(Table 1) [5,6]. Indeed, Cd was first isolated and identified as an impurity in

Table 1 Relevant physical and chemical properties of cadmium®.

Property

Atomic number 48

Atomic weight (g mol™")” 112.411
Atomic radius (pm)© 155

Tonic radius of Cd** (pm)“ 95

Electron configuration [Kr]4d!'%5s>
Melting point (°C) 320.9
Boiling point (°C) 767.3
Density at 25°C (g cm ™) 8.642
Oxidation states +2, +1 (not common)
Reduction potential (E®) for Cd** + 2¢~ = Cd (V) —4.02

First ionization energy (kJ mol ") 867

Second ionization energy (kJ mol ") 1,625

“ Adapted with kind permission from Springer Science+Business Media from [6]; copyright 2011.
b1123].
“[124].
91125].
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Zn-containing carbonates (e.g., smithsonite; ZnCO3)). Cadmium presents as a
bluish-white divalent metal that is soft and malleable. This heavy metal has a stable
d'electron configuration ([Kr]4d10552) and can exist in the +I oxidation state but is
found almost exclusively in a +1I valence in the natural environment. Cadmium has
relatively low melting (321.07°C), and boiling (767°C) points and a density equal
to 8.65 g cm° at 20°C. The atomic weight of Cd results from a mixture of eight
stable isotopes with naturally occurring as well as artificial radioisotopes (Table 2)
[6,7]. The metal will readily oxidize in moist air, forming a brown CdO oxide
coating that resists further corrosion unless exposed to more extreme pH solutions.

Table 2 Stable and radioactive isotopes of cadmium along with their natural abundance.

Mass Number Half-Life Decay Mode Natural Abundance (%)”
103 10 min B,y

104 57 min B,y

105 55 min B*,y

106 stable 1.25
107 6.5h B*, v

108 stable 0.89
109 450 days v

110 stable 12.49
111 stable 12.80
112 stable 24.13
113 stable 12.22
114 stable 28.73
115 535h B~

116 stable 7.49
117 2.4h B~

118 49 min B~

119 2.7 min B~

¢ Adapted with kind permission from Springer Science+Business Media from [6]; copyright 2011.
b Natural abundance from mole fractions reported in [126].

2.2 Abundance in the Continental Crust

Cadmium is a rare element in the crust with a concentration in the lithosphere of
0.08-0.1 ppm that is roughly 650 fold lower than its Group 12 neighbor Zn [8,9].
As a chalcophilic element, Cd tends to be concentrated in sulfide minerals. While
there are no commercially exploitable Cd mineral deposits, the most common
minerals are forms of CdS (greenockite and hawleyite), cadmoselite (CdSe),
monteponite (CdO), otavite (CdCO3), and cadmian metacinnabar ((Hg,Cd)S). The
most significant concentrations (~1%) of Cd are present as surface coatings
associated with the zinc sulfides (spharelite and wurtzite) with more modest levels
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Table 3 The concentration
of cadmium in crustal
materials and soils®.

35

Type of Material

Cadmium Content (ug g~ ")

Crust”©

0.08, 0.10

Upper Crust 0.09
Middle Crust 0.06
Lower Crust 0.1
Granite®* 0.15,0.13
Basalt™ 02,02
Shale®* 14,03
Sandstone? <0.03
Limestone®* 0.05, 0.03
Soils (general) ¢ 0.35
Soils (world)’ 0.06
Soils (UK)* 0.8
Soils (USA)? 0.27
“ Adapted from [12] with permission from Elsevier; copyright
2003.

b Composition of the average crust and upper, middle and lower
units from [8].

¢ Average continental crust Cd composition from [9].

4 Values from [127].

¢ Values from [128].

/Value from [129].

¢ Value from [130].

(~500 ppb) in metal sulfides like galena (PbS), metacinnabar (HgS), and chalcopy-
rite (CuFeS,). Certain Zn silicates and carbonates can contain up to 1.2%
concentrations of Cd [5,10,11]. A summary of Cd in crustal materials and soils is
presented in Table 3 [5,9,12,13]. The Cd composition of the mantle is relevant given
the importance of natural volcanic emissions to the atmosphere and has been
estimated to be 64 ppb [14].

3 Mobilization of Cadmium

3.1 Natural Sources

Natural mobilization of the trace Cd concentrations contained in the continental
crust and mantle can occur through volcanic eruptions, physical and chemical
weathering of the parent rock material or derived soils, burning of vegetation, sea
salt spray, and the production of marine biogenic aerosols [1-3,15]. Global
estimates of natural Cd fluxes must be interpreted with caution whenever they are
based on contemporary measurements as the potential for anthropogenic impact is
high and estimates therefore likely represent maximum natural emissions.
Worldwide estimates of natural Cd emissions to the atmosphere suggest that of
the ~1,400 t/yr released, a full 60% can be attributed to volcanic emissions with
much of the remaining flux coming from wind-borne particles, aerosols, and
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terrestrial biomass burning [1]. Quantification of the global volcanic source of Cd is
challenging given the remote locations of some sources, the variability in Cd
content of erupted material and that the eruptions are stochastic and ephemeral in
nature [16,17]. Analysis of Antarctic ice core records of atmospheric inputs of Cd
over the last two full glacial-inter glacial cycles indicate that natural sources show
considerable temporal variability. The majority of Cd in the ice record can be
accounted for by long-range transport of the metal released by quiescent volcanic
degassing with terrestrial dust, sea salt spray, and other natural sources playing
relatively minor roles [18,19].

Estimates of the natural input of Cd to the oceans from continental runoff, based
on the weathering cycle, are roughly 500 t/yr, representing approximately one third
of the natural atmospheric flux [12,20]. Global compilations of the Cd abundance in
river water allows for an estimate of the mobility of Cd during chemical and
physical weathering by comparing the concentration of Cd in river waters to its
crustal concentration (C,,/C,.). The C,,/C. of Cd is of the same order as sodium and
boron and suggests that Cd is highly mobile [4], but this analysis does not account
for anthropogenic inputs to the watershed and should be interpreted with caution.
Based on available estimates discussed below, natural sources of Cd to the bio-
sphere have been eclipsed by anthropogenic mobilization of the metal through
industrialization over the last ~130 years.

3.2 Anthropogenic Sources

The best available observations suggest that the human perturbation to the natural
biogeochemical cycle of Cd is pronounced [2,12,15]. Mobilization of Cd occurs
indirectly through the processing of non-ferrous ores, combustion of fossil fuels,
and incineration of refuse and directly through the manufacture, use, and disposal of
Cd-containing products. World production of Cd is tied to the processing of primary
ores rich in Cu, Pb, and principally Zn such that production levels are largely
independent of demand for Cd. For example, Zn ore bodies (e.g., sphalerite, ZnS)
range in Cd content from 0.2-0.7% by weight [5,21], making by-product extraction
of Cd the major source of production rather than mining of Cd specific minerals.
With the exception of years characterized by widespread economic depression in
1930’s and 1940’s there has been a general increase in global Cd production rising
from ~20 t at the beginning of the 20th century and stabilizing at ~20,000 t by 1990
(Figure 1). Most recent figures available for 2011 put global production at 21,500 t
with the bulk of production occurring in China (7,500 t), Republic of Korea
(2,500 t), and Japan (2,000 t) [22].

Rechargeable battery manufacture (nickel-cadmium; NiCd) continues to the
major industrial application for Cd. This battery enjoys widespread use because,
in comparison to other rechargeable technologies, the NiCd can (i) withstand deep
discharge without damage, (ii) tolerate many recharge-discharge cycles over their
lifetimes, (iii) have significantly higher energy densities than other acid-metal
batteries (e.g., acid-lead), and (iv) does not produce gas when properly charged
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Figure 1 World refinery production of cadmium with time as reported by the U.S. Geological
Survey [160]. Data before 1937 represent only a subset of countries.

and discharged. The major disadvantage of the NiCd technology is the cost of
the raw materials and environmental impact and potential toxicity of Cd in the
biosphere. The next most significant application of Cd is for the production of
pigments to color plastics, inks, paints, rubber, and other consumer goods [5,23].
Despite the potential for toxic effects and the relative cost, Cd pigments are still
produced because of a number of desirous properties including, (i) deep and rich
color from high indices of refraction, (ii) high heat stability, and, (iii) good
resistance to light and weathering attack in typical environmental conditions and
in the presence of strong base and hydrogen sulfide. Indeed, for many applications
there exist few equally effective alternate agents [23]. Other quantitatively impor-
tant industrial applications include the use of Cd in the stabilization of plastics and
protective electroplating of metal surfaces. Concerns about the toxicity of Cd have
lead to regulation and declining industrial use of the metal and lowered emissions
from developed countries over the last 30—40 years.

4 Cadmium in the Atmosphere

4.1 Sources

As outlined above, anthropogenic emissions of Cd have significantly altered the
global biogeochemical cycle and now dominate the natural fluxes of the metal to the
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atmosphere [1,2,15,17]. Identification of the major sources of Cd to the atmosphere
has been the subject of ongoing efforts and these fluxes are relatively well
characterized compared to other heavy metal contaminants [3]. The most important
sources estimated for the mid-1990’s include non-ferrous metal production (2,171 t/
yr), fossil fuel combustion (691 t/yr), iron and steel production (64 t/yr), waste
disposal (40 t/yr), and cement production (17 t/yr) [2,3]. The most recent estimates
of the flux of anthropogenic Cd to the atmosphere range up to 3,000-7,570 t/yr
compared to natural fluxes totaling 1,440 t/yr (Table 4) [3,24]. This pollution can be
detected in precipitation over urban, rural, and remote regions [17,25,26]. Indeed,
the most remote locations of the globe including the snow pack and glaciers of the
high Himalaya, the Arctic and Antarctic record increasing atmospheric transport
and deposition of Cd in response to industrial emissions [18,27-29].

Table 4 Global anthropogenic and natural emissions of cadmium in mid-1990s“.

Anthropogenic Natural”

Source Cd Emission (t yrfl) Source Cd Emission (t yrfl)

Fossil fuel combustion 691 Volcanoes 820

Non-ferrous metal 2,171 Biogenic 240
production

Iron and steel production 64 Wind-borne dust 210

Cement production 17 Terrestrial biomass 110

burning

Waste disposal 40 Sea-salt spray 60

Total 2,983 Total 1,440

1983 emission® 7,570

¢ Adapted using data from [3].
b Estimates from [24].
¢ Estimate from [2].

4.2 Deposition and Fate

Cadmium emissions to the atmosphere are predominantly anthropogenic and occur
mainly in the form of aerosol and small particulate matter (with a mean mass size
distribution centered ~1 pm diameter) that can be easily dispersed by the wind and
ultimately deposited by wet and dry deposition [17,30]. Indeed, these small size
particles can disperse Cd-enriched material thousands of kilometers through the
atmosphere and pollute even remote and otherwise pristine environments. Dry
deposition of particles can be significant in areas downwind of point sources and
account for up to 90% of bulk deposition but typically will comprise 30-70% of
deposition over land, depending on land use and proximity to anthropogenic
sources [16,17,31]. Solubility of Cd aerosols are typically high with 80-100% of
Cd dissolving within 6 h of exposure to seawater [16,32]. Therefore, in more remote
areas of the globe wet deposition is most important as precipitation leads to washout
of the small particulates and aerosols that have been transported great distances via
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the atmosphere. Over the world ocean, for example, wet deposition can account for
80-90% of the depositional flux of Cd [16,32].

Measurement of Cd in the atmosphere and in rain and snow at various locations
on the globe indicate that the primary source of Cd to the atmosphere is anthropo-
genic and show a pronounced latitudinal gradient in deposition [27,28,33-35]. The
deposition of Cd in precipitation and bulk aerosol samples is observed to occur at
significant crustal enrichment factors (EFc) where

(Cd/Al),
EFe =Tca/an M

crust

and the Cd concentration ratio to aluminum (Al) in phase x (where X represents an
aerosol, rain or snow sample), is compared to the ratio expected in average
continental crust. An EFc significantly larger than 10 is accepted as an indication
that a significant component of the Cd in the sample is of anthropogenic origin. EF¢
for Cd in atmospheric aerosol samples measured in remote locations tend to be
elevated with a range from ~700 at mid-latitudes in the North Atlantic to greater
than 70,000 at high latitudes in the Arctic Ocean [17,31,36,37]. Precipitation
samples are also characterized by high EF for Cd. Rain samples collected in the
North Atlantic Ocean had a range of Cd EF¢ from 820-26,000 [38]. Precipitation
samples over the North Pacific were not as extreme with an average value of 200
=+ 110 but indicate largely non-crustal sources of Cd in rainwater [32]. In Antarctic
snow (~77°S) EFc values have increased since the beginning of the industrial
revolution from 80 to mean values of 133 for the period 1959-1990 [28]. Similarly
high modern EF values are found in snows collected from the northeastern flank of
Mt. Everest (~28°N) with an average of ~50 and as high as ~180 [27]. Snow records
from 1991-1995 in central Greenland have Cd EF’s of 200-300 with a tendency to
extreme values (104) in some samples [33]. The range in EFc for Cd in the
atmosphere reflects varying mixtures of high EF: anthropogenic point source
emissions — and to a lesser degree naturally high EFc volcanic outgassing material
— with crustal material transported as wind blown dust from more arid terrestrial
regions. These high EFc values for Cd in atmospheric aerosol samples and in
precipitation, combined with increasing EF- with time in snow and ice, suggest
that the dominant source of atmospherically transported Cd is from anthropogenic
point sources.

Rain and snow remove a significant fraction of Cd from the atmosphere either
through the solubilization of Cd aerosols in water droplets or the washout of
particles associated with precipitation events [17,39]. Concentrations of Cd in
rainwater show a considerable range that is related to air mass history and proximity
to anthropogenic point sources. Rainwater Cd concentrations over Europe tend to
track emissions and have declined from maximum values of 0.7 pg L™" in the mid-
1980’s to ~0.1 pug L™ in 2004 [40]. Similar Cd concentrations exist in rainwater
over the North Atlantic spanning a wide range from 0.07 to 0.95 ug L™" [38].
In the North Pacific (37°-47°N) much lower concentrations were measured in
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rainwater collected at longitudes near to the Hawaiian Islands with an average of
4.8 + 2.6 ng L! [32]. Rainwater collected on the Hawaiian island of Oahu had
higher and more variable rainwater Cd of 48 4 45 ng L' reflecting the impact of
local anthropogenic aerosol scavenging on the wet deposition of Cd from the
atmosphere [32].

The deposition flux of Cd includes both wet and dry fluxes and has been
monitored through programs (e.g., AMAP, ADIOS, EMEP) and studies aimed at
understanding the temporal and spatial variability in the deposition of key
pollutants. Most recent estimates in Europe and for the Mediterranean Sea indicate
that fluxes of Cd from the atmosphere over the period 19862002 have dropped
from 17500 pgcm 2 yr~ ' in 1986 to 2500 pg cm™ > yr~ ' in 2002 as the emissions of
Cd for the same period have diminished from ~1000 t yr' to ~400 t yr~" for the
region [41]. The flux of Cd from the atmosphere is also recorded in snow pits that
have been sampled in remote locations [27,28,33-35]. These fluxes appear to vary
as a function of latitude with the lowest fluxes in Antarctica and the highest values
found at mid-latitudes of the northern hemisphere where point sources to the
atmosphere are concentrated. Snows on Mt. Blanc (45.5°N) support an atmospheric
Cd flux estimate of 1750 pg cm 2 yr~' for the period 1990-1991 [35], while
deposition was lower during 2004-2005 at 151 pg cm 2 yr ' on Mt. Everest
(28°N) [27]. As one heads to higher latitudes the flux is much diminished falling
to 28 pg cm 2 yr~ ! in Greenland during the time 1991-1995 [33], and to extremely
low values in Antarctica of 6 pg cm™2 yr~' (from 1983-1986) [34]. Despite the
likelihood that atmospheric emissions have decreased in response to regulation over
the time periods sampled above, contemporaneous measurements support the
conclusion that there exists a latitudinal gradient in deposition with diminishing
Cd flux with distance from mid-latitude, atmospheric point sources.

5 Cadmium in the Terrestrial and Freshwater Environment

5.1 Behavior in Soils

The soils produced from the chemical and physical weathering should, to a first
approximation, represent the Cd content of the parent rocks (see Table 3). However,
a dominant fraction of Cd in soils, like other heavy metals, is the result of the
anthropogenically mobilized Cd deposited from the atmosphere or directly applied
to soils in the form of background contamination in fertilizers or biosolids [5,42].
Soils, sediments, and freshwater systems represent a complicated environment
where heterogeneous reactions can act to modulate the flux of natural and anthro-
pogenic Cd from the land, via rivers and groundwater, to the ocean. The mobility
and bioavailability of Cd in freshwater and soil systems depends ultimately on its
chemical speciation which in turn is a function of the reduction-oxidation potential,
pH, and the presence of inorganic and organic cations and anions in soil porewater.
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The introduction of Cd to the soil and its initial solubilization is followed by a
cascade of reactions with soil components which normally leads to the formation
of progressively less soluble forms [43]. For example, Cd can be incorporated
into minerals or bound to soil surfaces through absorption, co-precipitation, ion
exchange, and complexation reactions. Most importantly, and particularly for Cd,
is the fact that mobility decreases only very slowly with decades of time required
for complete equilibration of deposited Cd with the soil solid phases [43—46].

Given the inherent complexity of natural soils much of the information to follow
is derived from experimental work with soil components like metal oxyhydroxides,
clays, and calcium carbonates in isolation or in mixture [43]. Experiments with iron
oxyhydroxides (e.g., goethite; FeO(OH)) indicate that Cd remained rather soluble
after an initial fast adsorption period with the proportion of adsorbed Cd increasing
with time, pH, and experimental temperature and decreasing with the initial con-
centration of soluble metal [47]. Experiments with gibbsite (Al(OH)3) and mont-
morillonite (e.g., Na;.7A1,05.22Si0,.nH,0) indicate that Cd is sorbed to the
mineral surface rather than being incorporated into the crystal lattice and can be
remobilized by acid treatment or the addition of competing cations before substan-
tial Al is released [48]. The sorption of Cd to calcite (CaCOs,) in model systems is
observed to occur in two steps. Over the first 24 hrs a rapid association of the Cd
with the calcite surface is observed followed by a second, slow, and nearly constant
process where Cd is incorporated during recrystallization of the calcite requiring a
minimum of 7 d [49]. While useful for understanding the short term processes that
govern Cd behavior in soil-aqueous solution systems, it is likely that experiments
with fresh and aged model sediments are not fully representative of Cd mobility in
natural soils.

Experiments with natural soils demonstrate that Cd is relatively slow to react
within the system compared to other metals of biogeochemical importance, like Cu
and Zn. The addition of Cd associated with sewage sludge to various soil types
indicates that the adsorption of Cd increased with increasing temperature, as
determined by the fraction of Cd leached with a H,O,-NH4OAc mixture [50].
Similar to the model systems, the addition of Cd was followed by a short (<1 h)
period of rapid removal and then by a slow and extended period of equilibration,
which was attributed to the large ionic radius of Cd and its incompatibility with
mineral lattices compared to the other metals [51].

In experiments where low concentrations of Cd were introduced to loamy and
sandy soils, equilibrium between the dissolved and particulate phase was reached in
1 hr and no change in this partitioning was observed over 67 subsequent weeks
[52,53]. Only in cases where Cd was introduced to soils in a predominantly organic
matrix (e.g., sewage sludge) was there an appreciable increase in the mobility of Cd
with time, presumably because complexing organics were degraded [54]. Conse-
quently, the forms and availability of Cd in soils are strongly determined by the
origin and history of the metal since emission to the atmosphere and/or deposition
on land. The bulk of evidence suggests that Cd is largely bound in soils by
reversible adsorption to mineral surfaces and should be easily mobilized, especially
under the low pH conditions that predominate in most interstitial waters or in
environments where anthropogenic acidification is significant [55].
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5.2 Speciation and Fate in Lakes and Rivers

Mobilization of anthropogenic Cd deposited to the terrestrial environment has
led to higher concentrations in freshwater systems. Cadmium in streams, rivers,
and lakes has increased from pre-industrial background concentrations of
~0.0001-0.002 pg L™ to an average concentration in world rivers of 0.08 pg L™
[4,56]. As with atmospheric aerosols, rain, and snow, the Cd in the suspended
particulate phase carried in world rivers is typified by high EF¢, on average ~15 and
sometimes greater than 100 [56]. While some of this among river variability is
related to differences in the Cd content of geological units drained by world rivers,
the ~250% difference in the suspended particulate Cd concentrations is more likely
related to point source input of anthropogenic, Cd-rich materials. A compilation of
dissolved and particulate Cd in some world rivers is presented in Table 5 [4,56].

Table 5 Dissolved concentration for some major world rivers and estimates of the average
concentration and particulate transport®.

River” Dissolved Cd concentration (g LY
Europe
Harz Mountains, Germany 0.42
Idel River® 0.02
North America
St. Lawrence 0.0114
Ottawa 0.0207
Mistassini 0.0873
Mackenzie 0.1838
Peel 0.0347
Beatton 0.1206
Upper Yukon 0.0906
Skeena 0.0194
South America
Amazon 0.1781
Rio Beni at Riberalta 0.0081
Rio Beni at Rurrenabaque 0.0011
Mamore 0.0091
Asia
Ob 0.0006-0.0008
Yenisei 0.0012-0.0018
Lena 0.0089
Changjiang 0.0033
Huanghe 0.0011-0.0055
World Average Dissolved Cd Concentration 0.08
Dissolved Riverine Flux (t yril) 3,000
Particulate Riverine Flux (t yr—' )¢ 23,000

¢ Adapted from Table 1 in [4] with permission from Elsevier; copyright 2003.
b Consult [4] for detailed information on primary source material for dissolved Cd concentrations.
¢ Particulate Cd flux associated with suspended material carried by world rivers from [56].



2 Biogeochemistry of Cadmium 43

The fate of Cd in freshwater systems is controlled by its chemical speciation.
For example, the availability and toxicity of Cd to freshwater organisms is strongly
dependent on metal speciation [57,58]. Cadmium tends to be largely complexed
by natural organic matter under normal conditions in oxygenated freshwaters. The
degree of complexation with naturally occurring organic ligands depends upon
the concentrations and binding characteristics of dissolved organic carbon (DOC),
pH, and competition with other major and trace cations [59,60]. Binding of Cd
with various natural organic ligands from river, lake, and soil solution has been
examined [58,60-65]. This complexation decreases free [Cd2+] so that typically
dissolved [CdzJ“]/[Cd]TOt range from 0.01-0.03 in eutrophic lakes to higher values
of 0.05-0.09 in rivers [59,60]. The ligands typically have conditional stability
constants in the range log K = 9.4-10.3 [58,60]. Organic complexation was
observed to be lower in more oligotrophic or acidic lakes (pH < 7.3) with some
characterized by dissolved [CdzJ’]/[Cd]TOt as high as 0.8 [58].

Sorption of Cd to particle surfaces suspended in solution or in sediments is
recognized as a significant factor controlling its fate in freshwater systems [12,66].
The propensity of Cd to adsorb to suspended particles or aquatic sediments will be
governed by pH, ionic strength, and the concentration of competing cations, as well
as organic and inorganic ligands. The partitioning of Cd between the dissolved
phase and suspended solids, in aquatic sediments and in soil-solution systems can
be described by the distribution coefficient (K4) where:

amount sorbed per unit mass

2

d= " : -
equilibrium dissolved concentration

giving the parameter units of L kg~ '. Although somewhat simplistic, using K4
allows for a prediction of the mobility of Cd in freshwater and freshwater-soil
systems and can easily be incorporated in models of Cd transport, fate, and
bioavailability [67]. There is a wide range of literature K4 values for Cd in soil-
solution systems ranging from 0.44-192,000 L kgfl, with a median value of
390 L kg~ '. In rivers, and lakes lower values of Ky tend to be found for clays
like kaolinite (380 & 50 L kg~ ') while higher values for humic acid rich particles
(18,000 £+ 3,000 L kgfl) and river muds (6,000-40,000 L kgfl) are common
[66,68]. The greatest predictors of K4 for Cd in freshwater systems are solution
pH and the concentration of organic matter, with the adsorption of Cd to solid
phases increasing with each property [4,66,67,69].

Before ultimately being delivered to the oceans, the flux of Cd from world rivers
is modified by transit through estuaries and by mixing and entrainment of saline
marine waters [70]. The net effect of this mixing is to dramatically alter the
speciation of Cd through the formation of soluble and stable chloro complexes
[71-73]. For example, mobilization and increases in the dissolved load of Cd
are observed in the Gironde and Rhone river estuaries [71,72], the Amazon plume —
although the increase in dissolved Cd through the estuary was less convincing — [74],
the Orinoco, the Chanjiang, and the Huanghe estuaries [71,75]. The increase of Cd in
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the dissolved phase can be substantial, with ~90% of particulate Cd being mobilized
in some cases, resulting in an 2 to 30-fold increase in the dissolved flux between
the river upstream and the lower estuary [71]. Recent compilations calculate
global dissolved and particulate Cd riverine fluxes to the ocean of 3,000 t/yr
and 23,000 t/yr, respectively (Table 5) [4,56]. Seasonal variability in river flow,
dissolved and particulate Cd concentrations, as well as the non-conservative behav-
ior of Cd and the undersampling of world rivers require that these estimates remain
semi-quantitative [70].

6 Cadmium in Ocean Waters

6.1 Distribution

The ocean receives Cd mobilized from the crust through riverine and atmospheric
input. These fluxes are poorly constrained at present but given an ocean Cd
inventory of ~10'° g, the residence time of Cd is similar to biologically utilized
elements and approaches 10 years [70]. The predominant form of Cd in the ocean
is in the dissolved phase with concentrations ranging from 1 to 1000 pmol kg™
[76-78]. The vertical distribution of Cd in the oceanic water column resembles
profiles of phytoplankton nutrients, with minimum concentrations at the surface
that increase to maximum values in the main thermocline and remain relatively
constant from there to the ocean bottom (Figure 2) [76-78]. Particulate Cd
concentrations are significantly lower and fall between 0.04 and 4 pmol kg~ ' and
are, conversely, maximal in surface waters [79]. This distribution reflects the uptake
of Cd by photosynthetic plankton at the surface and the sinking and subsequent
decomposition of particulate matter in the water column.

These vertical processes and major source terms of Cd to the sea overlay the
general thermohaline and wind driven circulation of the ocean to control the
horizontal distribution patterns for this element. The concentration of dissolved
Cd in coastal surface waters is higher than oceanic waters and in the range of
0.2-0.9 nmol kg~ '. These high values represent terrestrial inputs of the metal from
riverine and atmospheric sources, as well as wind driven upwelling of high nutrient
and high Cd subsurface waters along the coast [80,81]. Similar to plant nutrients,
the concentration of dissolved Cd is relatively low in the deep Atlantic Ocean
(~0.3 nmol kg~ ') compared to the deep Indian (~0.6-0.7 nmol kg~ '), Southern
(depending on sector but ~0.6-0.7 nmol kg~ to higher values) and Pacific Oceans
(0.8-1.0 nmol kgfl) (Figure 2). This pattern reflects the accumulation of
remineralized Cd from sinking particles as deepwater ages after forming in the
north Atlantic and flowing through the Southern, Indian and ultimately the Pacific
Ocean basin before returning to the Atlantic in surface currents [82].
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Figure 2 The concentration of dissolved Cd versus depth in the northeast Atlantic [155],
subantarctic Pacific [142,143], the Indian Ocean [154], and the northeast Pacific [135].

The strength of the correlation between dissolved Cd and PO3~ (Figure 3),
combined with faithful records of ancient seawater Cd concentrations in fossil
foraminiferal calcite (CaCOj,)) tests, has been exploited to infer past nutrient
distributions in the paleoocean interior [83—-86]. More recent efforts have focused
on the potential of planktonic foraminiferal records of dissolved Cd in order to
determine past surface nutrient distributions [87,88]. The goal is to constrain
temporal variability in the strength of the biological pump and the effect on the
partitioning of inorganic carbon between the atmosphere and ocean in relation to
past climate change [87,88]. However, there exists significant variability and
regional specificity of the dissolved Cd/PO?f in surface seawater [78] and within
the nutricline [89], confounding the accurate determination of past surface nutrient
concentrations. Understanding the biogeochemical cycling of Cd, and more specif-
ically, the factors controlling the regional variability in the relative export and
recycling of Cd and P in the upper ocean, are prerequisite for verifying the
application of this emerging paleoproxy.
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Figure 3 Concentrations of dissolved Cd versus PO?“ measured in seawater from a subset of the
global dataset representing the major ocean basins. Data are from the same references in Figure 2
and demonstrate the correlation between dissolved Cd and PO?[ in the world ocean.

6.2 Speciation

The chemical speciation of Cd in seawater is largely controlled by complexation
with the inorganic ligand chloride and association with strong organic ligands
whose structure and provenance are poorly characterized [90]. There is a limited
number of anodic stripping voltammetry (ASV) studies, primarily from the north
and subantarctic Pacific Ocean, investigating the speciation of dissolved Cd in
seawater. A study in the north Pacific found that 67% of dissolved Cd in surface
waters (<175 m) was complexed by strong organic ligands, presenting an average
concentratlon of 0.1 nM and possessing conditional stability constants Kmd ca =

109717 M~ ' [91]. Similarly strong ligands (K:ond ca= 108271993 M1y were also
detected in the subantarctic waters off the coast of New Zealand but at significantly
higher concentrations (1-2.5 nmol kg~ ') [92]. These strong ligands are only
detected in the near surface waters, such that the equilibrium speciation of Cd in
the subsurface and deep ocean is predicted to be dominated by the formation of
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chlorocomplexes, primarily CdCI™ and CdCl, [90,91]. The impact of organic
complexation in surface waters is to reduce the concentration of inorganic Cd
([Cd’]) to extremely low values, ranging from 0.6-1.8 pM in the north Pacific
and 0.2-23 pmol kg ' in subantarctic water. Free ionic Cd ([Cd**]) concentrations
may be as low as 25 fM (10713 M) in surface waters under these conditions.
Models of the availability of Cd to marine phytoplankton indicate that algal uptake
depends directly, but not solely, upon [Cd’] [93,94]. Thus organic complexation
and the resulting speciation will influence the incorporation of Cd into biomass and
the degree to which biological processes influence the marine geochemistry of Cd.

6.3 Biogeochemical Cycling

The distribution of cadmium in the ocean follows that of the macronutrient
phosphate, suggesting a potential physiological role of Cd in marine phytoplankton
[76,77]. This observation remained enigmatic for years, as Cd was not known to
have any cellular or physiological function. In 1990, however, Price and Morel [95]
provided the first evidence of a biological role for Cd, showing that Cd additions
enhanced the growth of Zn-limited Thalassiosira weissflogii, a centric marine
diatom. These authors speculated that Cd was able to replace the Zn cofactor in
the enzyme carbonic anhydrase (CA), which catalyzes HCO; -CO; interconversion
as part of the cellular carbon concentrating mechanism (CCM). Indeed, follow up
studies over the next decade [96-98] demonstrated the presence of a catalytically
active Cd-containing CA (Cd-CA) in T. weissflogii whose activity was enhanced
under low Zn culture conditions. When diatoms are Zn-limited, the Cd-CA replaces
the most common Zn-containing CA, and as expected, its activity is enhanced at
low pCO, [96] where the diffusive flux of CO, to the photosynthetic algae could
theoretically limit growth [99—102]. Most recently, CA has been shown to be a
cambialistic enzyme, using either Zn or Cd for catalysis [103], nevertheless the
catalysis is slower for the Cd- than the Zn-loaded enzyme.

While we now have a better understanding of the biological function of Cd, at
least in diatoms, the intracellular Cd content of marine phytoplankton (both in
culture and in field populations) varies widely. Some of the key environmental
controls on the biomass normalized Cd (normally reported as particulate Cd:P) in
phytoplankton include trace metal availability (Cd, Zn and Mn), aqueous CO,
concentrations, irradiance and phytoplankton species composition. Lab studies
have shown that the uptake of Cd by phytoplankton is directly proportional to
dissolved Cd concentrations and indirectly proportional to dissolved Zn and Mn
concentrations [94]. The antagonistic interaction between Cd and Mn is due to the
upregulation of a high affinity Mn transporter under low Mn, which also transports
Cd. In contrast, the antagonistic interaction between Cd and Zn is mediated by the
upregulation of a high affinity Cd/Co transport system under low Zn. The assimila-
tion of Cd allows Zn-limited phytoplankton to use the Cd-CA, enhancing their
ability to acquire inorganic C and partly alleviating Zn limitation [95,97,98].
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Given the role of Cd in CA and the diatom CCM, cellular Cd levels are expected
to vary in response to CO, availability. Indeed, aqueous CO, concentrations in
cultures have also been shown to affect Cd-specific CA in the centric diatom
T. weissflogii, increasing its abundance under low CO, [96]. These findings have
been supported by shipboard incubations in productive waters off Monterey Bay,
California, where significantly higher (2 to 5 fold) Cd:P ratios were observed for
indigenous phytoplankton exposed to low CO, (100 ppm), relative to high CO,
(800 ppm) [104]. Additions of Zn or Mn to these incubations decreased phyto-
plankton Cd uptake by 20- or 2—4-fold, respectively, highlighting the interaction
between Zn/Mn and CO, in controlling Cd ratios. Furthermore, the Cd content of
natural phytoplankton assemblages in highly productive, upwelled waters off
California were also shown to increase (from 0.05 to 0.8 mmol Cd: mol P) along
decreasing in situ surface water pCO, gradients (~800 to 250 ppm) [105].

In addition to Cd, Zn and Mn concentrations, most recently, Fe availability has
been shown to affect Cd:P ratios in phytoplankton. The first link between Fe
limitation and high Cd:P ratios was based on field observations in the northeast
Subarctic Pacific in the late 1980s. Low dissolved Cd:P ratios in surface waters at
an Fe-limited station in this region suggested preferential removal of Cd relative to
P by Fe-limited phytoplankton [106]. This field observation was then supported by
higher Cd content in Fe limited cultures of the centric diatom Thalassiosira
oceanica, under low Zn [94]. The interaction between Fe and Zn nutrition in
controlling Cd quotas in T. oceanica was linked to faster rates of silica uptake for
Fe-limited diatoms [107,108], and the Zn dependency of Si transport. However,
evidence supporting a role for Zn in Si uptake remains elusive. In contrast, the
inadvertent incorporation of Zn into the diatoms’ frustules is well documented and
reflects bioavailability of Zn in the cultures [109]. However, independent of Zn
availability, a link between Fe limitation and high phytoplankton Cd:P ratios, was
observed by shipboard incubations in a high nitrate, low chlorophyll region in the
Southern Ocean, where a 3-fold decreased in phytoplankton Cd:P was observed
after an Fe addition, at high Zn concentrations (~pZn = 8.2 [110]). Until recently,
the accumulation of Cd by Fe-limited phytoplankton was attributed to growth rate
biodilution, where growth rate decreases due to Fe limitation while Cd uptake
remains constant. The resulting effect is an increase in phytoplankton Cd content.
However, a more recent study [111], has presented strong evidence for Cd uptake
via a putative, divalent metal transporter that is upregulated under Fe deficiency,
providing a physiological mechanism underlining higher Cd quotas by Fe limited
phytoplankton, independent of Zn levels. A follow up study also demonstrated that
growth biodilution and faster Cd uptake rates were equally important in explaining
the higher Cd content of Fe-limited cells, both accounting for ~ 50% of the
observed increase [89].

These laboratory and field studies have provided important insights into how Fe,
Mn, Zn, and Cd availability controls Cd uptake in phytoplankton, and have
highlighted the complex interaction between trace metals in controlling Cd:P ratios.
However, our understanding of how trace element availability affects phytoplank-
ton Cd transport in surface waters has been hindered by a limited data set on
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dissolved Zn, Fe, Mn, and Cd concentrations in the global ocean. The GEOTRACES
international program [112], is poised to provide the required trace metal data to
validate these laboratory observations, and thus will contribute significantly toward
our understanding of how Fe, Zn, Mn, and Cd availabilities control uptake of Cd by
phytoplankton and ultimately the distribution of Cd in the ocean.

Beyond trace metals and CO, concentrations, phytoplankton species composition
might be one of the most important determinants of Cd:P ratios of phytoplankton
field populations. Initial phytoplankton laboratory studies have demonstrated enor-
mous variability in Cd:P ratios of phytoplankton even when grown under identical
culturing conditions [89,113,114]. For example, Cd:P ratios differed by 105-fold
(0.007 to 0.73 mmol Cd:mol P) among 15 eukaryotic phytoplankton species
investigated by Ho et al. [114], (with chlorophytes and diatoms exhibiting the lowest
Cd:P ratios and prymnesiophytes, prasinophytes, and dinoflagellates exhibiting
the highest). Similarly, in a study investigating the effects of irradiance on Cd:P
ratios in a wide variety of phytoplankton classes, Cd:P ratios were found to differ by
255-fold at a given irradiance (15 pE m 2 s~ 1) (diatoms with the lowest Cd:P and
prymnesiophytes the highest) and no systematic trends relating Cd:P to irradiance
levels were established among classes [113]. A more recent investigation on the
effect of Fe limitation on Cd:P ratios in 7 species of eukaryotic phytoplankton
reported 66-fold difference under identical Fe levels (for example 0.013 to
0.84 mmol Cd:mol P for Fe sufficient cultures), with oceanic diatoms exhibiting
the highest Cd:P ratios (0.87 mmol Cd:mol P) and naked prymnesiophytes the
lowest (0.05 mmol Cd:mol P) [89]. These results suggest that phytoplankton species
composition in surface waters might be the greatest determinant of Cd:P ratios in
marine particles and of the drawdown of dissolved Cd and P in surface waters, in
spite of the effects that other abiotic factors (such as Zn, Cd and/or Fe, as well as CO,
concentrations, etc.) may also exert on these ratios.

Dissolved PO}~ is taken up by phytoplankton in surface waters, and is eventually
transported as organic phosphate out of the euphotic zone, where it is remineralized
back to dissolved POZ’ by heterotrophic bacterial activity. Bioactive metals such as
Cd, follow a similar cycle of uptake, export, and regeneration. Assuming that
the ocean is in steady-state, and that the remineralization efficiencies of Cd and
PO;~ are similar at a given oceanic site, the change in dissolved Cd and PO3~
concentrations in the nutricline (ACd: APO; ~slope) should represent the Cd:P ratios
of the phytoplankton exported out of the euphotic zone. Based on this assumption
and using published depth profiles of dissolved Cd and P concentrations one can
estimate phytoplankton Cd:P ratios in the global ocean by calculating the regression
slopes of dissolved Cd and PO}~ concentrations in nutriclines. Building on the
global data set presented by Cullen [115] and Lane et al. [89], we estimated
particulate Cd:P ratios for the global ocean ranging from 0.091 to 1.87 mmol Cd
mol ' P, showing a range of ~ 20-fold (Table 6; Figure 4). However, when these
stations were classified as located in high nutrient-low chlorophyll (HNLC) or non-
HNLC regions (based on yearly mean PO}~ concentrations in surface waters), and
the average Cd:P ratios for these 2 regions were calculated, higher Cd:P ratios were
observed for the HNLC stations (0.543 and 0.241 versus mmol Cd mol ! P, [89)).



Cullen and Maldonado

50

BOS BUIYD YINog 8¢6°0 9 96¢£°0 00S-001 0 HOLoLTI N 00-81
€S eUIYD yInos 6€6°0 9 se0 008—0S1 H0LITL N 0Lo.S1
BIS BUIYD INOS LL6'0 14 65C0 00—0S1 H0S.ST1 N 00.81 [LeT]
dnueERY MN L6'0 € 9¢T0 SIL—SLE €00 M L0:99 N 90.t¢ [9¢T1]
ogIoed AN 766°0 14 60%°0 061—6L Ly0 M TILVCI1 N 00.LE
ogroed AN SL6'0 € LIE°0 00S—0¢1 90 M €6.CTI N ¢6.9¢
dgIded AN 66°0 14 1€°0 S65—SL 90°0 M 09.711 N I¥.CE [ceTl
OJIX9IN JO JInD 166°0 9 LSTO 0SL-001 L00 M 6V.18 N OT.¥C
OJIX9IN JO JInD 8860 € ¥0T°0 00¢—001 200 M 61516 N T€0LT
OJIX3]N JO JIND 9L6°0 14 L81°0 00¥—001 00 M TCI98 N 65.5¢
OJIXIIN JO JInD LS6'0 14 €810 002001 00 M 0¥.88 N €¥.6C
OJ1X9N JO JInD Sv6°0 S L91°0 002—06 00 M VT.16 N +$.9C
OJIX3A[ JO JIND 8760 14 10 00€-001 S0'0 M TS98 N ¥SoLT (Irerl
ogIoed MS 106°0 9 SLL'O 06C1-91¢C Lo M 0S.8LIT S 0v.CS
dydoed MN 866°0 € 90%°0 (9459 91 M LToLLY N 09.€6
ogroed MN YeLO L ¢6C0 L89-C8 00 H9¢.0L1 N v£€.0¢ [9.]
ogioed MN £86°0 4! S8¢€°0 00L-0S¢C q Iv.eCl N CI.S¢
ogred MN 886°0 (0] 8€°0 00L-0S¢ Hq 0¢.9¢1 N 00.£C
ogroed MN L86°0 8 1S€°0 006—-0S¢ HS1.6CI N 0¥.5¢ [ecT]
ogioed MN 116°0 4! 0 Y6L—6L q S0.Sv1 N SC.S¥
dydoed MN 8860 4! €9¢°0 86C—0¢C ¥8°0 q 00.5S1 N 00-t¥ [zeTl
oyIoed [enojenby 560 8 8870 86€-66 €1co H 00191 N 00-00
oyIded [erioyenby 6L6'0 S YLTO 66£-66 6£5°0 H00.8L1 N 00.00
oytoRd [etojenby 960 9 ¥T0 05€-06 6L0°0 q 00.LY1T N 00-00 [1€1]
uorneso] . u AT_oEi [ouru) () o3uey (1 Townl) apmiSuog apnne] Q0UAIRJY
d:pD yda(q surpoLynN _F0d 1e1e M 90B1ING

" ,JUSIOYJI0D UONEIOLIOD Sy} ST I PUE UOIssa3al reaur] ofdurs
Sursn pazAeue surpoInu 9y} ur sjurod Jo IdqUINU dY) ST U "BAIE 3Y) UT SUONRIPUOD JueUTOpaId 9y} U0 PIseq Sem UOHEOYISSE[O S[QR[IBAR JOU SI9M SUOIBIIUIIUO0D
_¥Od eorpns udym “[g11] T jowrl ¢'0< 219m SUOHENUOUOD _F (Od 90BHNS USYm JTNH PAIOPISUOD dIom SUONE)S "P[OQ Ul UMOYS IE suonels ) INH
JO SOIEI d:pD) Y, "SAUI[OLINU DIUEO UL _{ Od PUE P PIA[OSSIP UL SUOELIEA Juspuadap-yidap uo paseq (;_jour [owu) 4:pD Jo sadojs uoissaisay 9 Aqe,



51

2 Biogeochemistry of Cadmium

(panunuod)

BOG UBWISE],
BOG UBWISE],

BOG URWISE],

BOG UBWISE ],

BOG UBWISE],

BOG URWISE],

BOG UBWISE ],

BOG UBWISE],

BOG URWISE],

BOG UBWISE ],

BOG UBWISE],
youalr], 1039sAng
JTBI)S XNBOAO]
punog [npqnoq
uBd() UIAYINOS
uBd() UBIPUT
uBd5() UIAYINOS
nueny N
onuepy gN
onuepy N
dnueny N
onuepy gN
onuepy N
onueny IN
ued(Q INIIY
©og Junog

BoG Sureg

BaS UMD YInog
BIS BUIYD YInog
€S BUIYD Inog

w80
6860
€e6°0
688°0
§96°0
¢80
688°0
6S6'0
S6L°0
1560
L06'0
¥96°0
1860
186°0
€560
6660
660
8660
60
¢88°0
L66'0
8L6°0
£66°0
180
1€6°0
6260
8L6°0
656°0
6L6'0
1660

I\\DOOV)[\S\DI\@V)#

N
N

—

<t <t n T FTF NN tFFT NN NN AN o<t <t

8IL°0
8LS°0
10
0
peeo
$6C0
620
9ILT'0
CLTO
85T°0
910

SE°0

€€°0
191°0

SE°0
10
LSL0
L0
S6T°0
ysTo
ccTo
L81°0
[LT°0
8¢1'0
9TT'0

w0
€LT0
805°0
w90
1o

L
009-00C
61561
08CI—¥6¢
L68—001
S6¢1-001
441!
cvir—86
0c6e—cc
009-0S1
0STI-0S¢C
06S1=6L
008-00C
00€-001
00€1-001
SSI—+¢
SLC=001
00S-001
00001
00S-001
0001-001
0001-001
00S-001
0001-00C
0001-001
00€-0L
061
005-001
00€-001
009-001

L0
90
LEO
1€°0
w0
910
8C°0
144\
9C0
170

L0

1s0
L0
67’1
€81
89°0
o
€50
800

o

LEO
|1
wo
24l
¥9°0
00

HE€CILI
H 6S.0L1
HO9v.ILI
q 60,91
H9C.1LI1
H 0v.C91
H0€.0L1
H 81,691
HTroILI
q 10,891
H 08,991
H 08791
q 00.0L1
H 00,L91
H 0791

q0C.£8
M 00.¥LI
M 0011

q0¢€.,00
M 0¥.60
M 00.0¢
M 0051
M 00.0¢
M 00.0¢

d L6.EY
M 66.8LI1
M 09.1LT
d 8S.8I1
H Ly.611
HL9.611

S 6CovE
S ¥1.6€
S 6C.P¢
S T1.5¢
S 8€ovE
S 06.S¢
S Lyove
S S¥.8¢
S 0€.PE
S 01.8¢
S 06.LE
S 0C.8¥%
S 09.LY
S 08.9%
S S0.8%
S 01.29
S 0¢.CL
N Lv-09
N 0€,¢9
N OT.¥9
N 0€.8%
N 0€.0%
N 00.£¢

00065
N €6.¢8
N 00.5¢
N €€,9¢
N §2.0¢
N ¢vol1C
N 0S.CC

[++1]

[ev1]
[zr1]
[1+1]
[ot1]

l6¢T]
[8¢1]

(1]



Cullen and Maldonado

52

Ueads( Wieyinog 696'0 € 88°0 00¢—001 M 0090 S TSy
uead(Q uleyinog Ly6'0 14 S¥8°0 00€-001 LT M 00,90 S 0008
uead() Weyinog 8L6'0 € ¥8L°0 ¥67—86 I M 0090 S 65,67
Uueads(Q Wieyinog £88°0 14 6£9°0 00€-001 16°1 M 9CS1 S 60,96
uead(Q uleyinog 866°0 14 790 00€-001 88’1 M 00,90 S 00.16
uead() Wleyinog ¢98°0 € 619°0 00€-001 c6'1 M 0090 S 00,8
Uueads( Wieyinog S08°0 14 S19°0 00€-001 6’1 M 0090 S 00.CS
uead(Q uleyinog 666'0 € 695°0 LLTVL 9’1 M 00,90 S 0081
uead(Q) Wleyinog 7160 14 6150 00€-001 A M 0090 S 00,87
Ueads( Weyinog 866°0 € 0610 Y61-L6 'l M 65,50 S 1v.8%
uead(Q uleyinog 196°0 € 85+°0 00C-001 L8'1 M 00,90 S 00.€S
uead(Q) Wleyinog 6660 14 o ¥87—C6 P8l M ¥0.90 S 66.5¢
Uueas() Wieyinog 188°0 € 0 00¢—001 [N M 0090 S 6CoLS
Uead( wayInog $66°0 € 1€4°0 002-001 881 M 00,90 S 1096
uead(Q) Wleyinog 2660 14 6’0 16¢-L6 (44! M 0090 S 00.6%
Ueads(Q Wieyinog 996°0 € w0 00€-001 SI'I M 0090 S 00.6%
Uead( wayInog 6’0 14 9LE'0 GGT—68 LST M 00,90 S 00.L¥
uead(Q) Wleyinog L66'0 14 95¢€°0 00€-001 68’1l M 1090 S 00.5S
ueas) Wieyinog LT6'0 € peeo 061-56 S6'1 M 1090 S €06LS
Uead( wayInog ¥86°0 € SYT0 00€-061 6L'1 M 00.90 S 10.5S l611]
dyioed AN 66°0 € 1424l 05¢=¢9 160 M 00.€C1 N 0S.9¢ [ov1]
ogioed AN 96°0 € L69°0 002-0¢ 10 M 05°6CL NOOoLY
oyded AN $86'0 14 LSO 00€=CL LEO M 00°LTI NOOoLY
ogioed AN 960 14 w€To 00€-0¢ 90 M 00°8¢C1 N 00.L¥
ogioed AN £86°0 14 wTo 006-0S L9°0 M OSTIET N 00.L¥ [Sy1]
BOS UBlISE, €260 € ST 001-0¢ £5°0 H 8I.CLI S ¥Cove
B3S uBUISE ], 9190 S vL6'0 816 8¥°0 H720.CL1L S 6C.PE
uoned0| - u fLoEz [ouuu) (ur) o3uey A_\A [ow) opmIduog spmne| ERlIIEIEN |
d:PD ydog aurpornN _F'0d 1e1ep 90BJING

(ponunuod) 9 Iqe,



53

2 Biogeochemistry of Cadmium

(ponunuod)

uead() UeIpU]
©ag eury) iseyq
vag eurddijyg
€3G BUIYD) (IO
eag ourddriyq
vag eurddijiyg
uedd() UIYINOS
onuey onodIeuy
Jnuey dnoIeuy
oNueQy dNdIRIuY
uead() UIRYINOS
uBdd() UIdYINOS
uBdd() UIdYINOS
uead() UIRYINOS
uBdd() UIdYINOS
uedd( ueIpu] S
uead( uBIpul S
uead() ueIpul MS
uedd( ueIpu] S
uead( uBIpul S
onuepy N
agessed eI
oyroed AN
oyoed N
oyoed N
oyroRd AN
oyoed N
uBdd() UIdYINOS
uead() UIRYINOS
uBdd() UIdYINOS

896'0
66°0
$66°0
L66°0

660
$66°0
§96'0
926°0
Y280
6L6°0
LELO
9160
9980
8¥9°0
LL60
¥66°0
6v6°0
6880
9180
980
196°0
66°0
666°0
966°0
¥L6°0
¥£6°0
560
£€8°0

L60
§S6°0

—

Nt O T FTFoFT >IN N N O ST N O O < N <<t
—

86¢£°0
£6£°0
§9¢'0
9¢°0
¥9¢°0
96¢'0
6LE°0
61'T
SOL'0
S€S°0
1£6°0
808°0
wLLo
€19°0
65°0
(4340
20
991°0
9IT'0
16070
8¢C0
169°0
S0
8LY0
w0
L9€°0
eve’o
LS'T
€11
10°T

00208
108-20¢
86L-CSC
005—-101
108-10¢

2001-¥SC
0CL=¥81
0S1-09

00209
L1Z=001

09-0¢
0C1-08

00209
00€-001

08-0v
0801-86C
0001=6T1
96— Cl1
0001-0¢€T
LS6—081
009-SL
00€-09
0s1-0¢
0s1-0¢
06C—0¢C
085—0¢
069001
00€-001
002-001
L6186

wo

187¢C
10C
LL'T
(40!
¢8'1
oLl

91
10C
6Vl
LTO
LT°0
L00
9¢0
¥T0
S00
8L'1
€L’0
6£0
Lo
£9°0

0
L8]

Sl

61

q00.L9
q01.£C1
q 00.LC1
d 00,611
q 00.¥C1
q 00.¥C1L
q00.C¢
M 6581
M VC8Y
M TCSY
M 6581
M 6581
M TS.87
M 09.8Y
M Vy8Y
q 85,96
H9¢.86
RIS
q 20,66
R 2Y4Y
M 00.0¢
M 9C.£9
M S60LYT
M 0SoLyl
M 00571
M L8oThl
M LLOVI
M 61.£C
M 0090
M 00,90

N O€ov1
N 0S.¥C
N S¥.1¢
N S€91
N SPolC
N S¥.1¢
S Ov.1§
S 6S.19
S 00.LS
S TS.09
S 09.65
S 00.8¢
S €0.LS
S 09.19
S TT.65
S 00.LC
S 9¢€.81
S 60,90
S ¥1.Cl
S LTo80
N 00.L¥
S 91,09
N 89.8¢
N 0S.S6
N 00.08
N 00.5¥
N 09.6¢
S 00.LS
S 0081
S 00.¥S

[#ST1]

[est]
[zst]

[1¢1]

[osT1]

[6t1]
[8+1]
[Ly1]

[901]



'600T WS1Adod (191a3s[g Jo uorsstuad yim [68] woly pardepy ,

.nlm onuepy MN 11L°0 € SIv'0 LOS—001 L0 M 0€.5¢ N ST.08
2 onuENY MN L66°0 € 8¢€°0 T61—-Ly 98°0 M 00.T% N 00.£S
W Snueny MN ¥66°0 ¥ €67°0 LOS—101 9¢°0 M 00,5y N 00.5+ l6¢T]
2 ©Og Osse3Ieg §96'0 ¥ w00 0021-00T €0 M 0€,C9 N 0Z.5¢
m oG OssesIeg S06'0 L 9LT0 000156 90°0 M 059 N 00.C¢ [8¢ST1]
= €3S [[OPPM 216’0 € €18°0 00%-00C M 6€.6S S 0079
3 BOS [I°PPM 6660 € Lo 00€-001 M 9Y.1¢€ S 0T9L
€3G TIOPPOM °€6°0 ¥ LSS0 009-001 M 0591 S T0.CL
€S [[OPPM 656'0 € weo 00€-001 M SToPE S 61.CL
€3S [[9PPM 6660 € 5570 00001 11c M 6£.6¢ S SCoEL
€3G TIOPPOM L89°0 S 0 008-00C 10T M 1791 S TIoCL [LsT]
onueny MN £v6'0 ¥ °€eT0 6£7—¢01 M 08.7L N ¥€oLE
onuENy MN 886'0 9 €0T°0 w901 1’0 M toCL N 6ToLE
SnuENY MN 61°0 € 61°0 eveol11 S1°0 M 06.£L N OLoLE
onueny MN S¥8°0 8 61°0 69799 1’0 M 0661L N ¥2.6€
nuENy MN 986°0 € 681°0 eYS—LYE §To M 6E.TL N 2S.8¢
onuENY MN 696'0 ¥ 6L1°0 86¢—€8 1’0 M 0ToEL N €€oLE
NUENY MN 166'0 ¥ LT°0 69€-661 1’0 M OL.EL N ¥ToLE
onuENY MN 12L°0 € 9ST1°0 067—S¥C S M 8E£L N 8€oLE
SnUENY MN LE6'O 9 9¢1°0 L8S—T0¢ 1’0 M €€.EL N 6¥7.9¢ [9¢T]
onueNy gN L6°0 S €570 008051 €00 M 86461 N 8S.C¢
onuepy gN 12L°0 01 WwTo 006—SL 0 M 0€.,0C N 0€.8S
oNueENY gN Sv6°0 L 110 0SL-0ST ¥0°0 M 00,0C N 6S.C¢
Snueny gN 998°0 9 YA 00S1-00T €00 M €0.0C N 0€.0t
onueENY gN 666'0 9 ¥60°0 0S1-0T 0 M 80.0C N €€.0t [csT]
Uuead(Q uerpuy L96°0 8 $€9°0 00T1-0¢1 860 q 07,09 N 0€.2C
Uuead(Q uelpuy £6°0 L 90¢°0 00CI-001 8%°0 qTC.£9 N 91.1¢C
uoneds0| A u (;_1own jowu) (w) aSuey (;,_1 1owri) opmiSuog opmne QOUAIJY
Enve) doq surpLInN _F'0d 1918 M 90R1ING
= (ponunuod) 9 Jlqe,



2 Biogeochemistry of Cadmium 55

2.0
) ® HNLC
_ 18 o non-HNLC
5 1.6
£ °
Y_:*' 1.4
T
Q 1.2 )
E °
o 1.0 .‘ Y
S o8- °q S o
[0} ® Q‘ ® )
S 06 ¢ °
g - "‘ ° N .‘
€ 04- L gﬂ L)
g ° I.'% 30 0° 8 tgo ‘O%‘Q..
0.2 4 o OOO %b%% oo ®

0-0 T T T T T T T T T
-80 -60 -40 -20 0 20 40 60 80

Latitude

Figure 4 A compilation of calculated surface water particulate Cd:P (nmol pmol™') ratios
estimated from the relative increase of dissolved Cd and PO3~ profiles in oceanic nutriclines
plotted against latitude (Table 6). Solid symbols represent stations deemed to be from HNLC areas
based on an average surface water [PO;~] > 0.3 pmol kg~ ' and open symbols from non-HNLC
areas. Data from [89], used with permission from Elsevier; copyright 2009.

Iron limitation is widely recognized as the cause of HNLC conditions in the global
ocean [116-118]. Coincidentally, these estimated values for Cd:P export in HNLC
and non-HNLC waters are in close agreement with those measured for phytoplank-
ton cultures grown under low and high Fe levels respectively (0.496 versus
0.261 mmol Cd mol ! P, respectively [89]).

However, Cd:P ratios of phytoplankton in surface waters or derived from
phytoplankton cultures are not directly comparable to those estimated from
dissolved Cd and PO3~ concentrations in the nutricline, as only phytoplankton
species that are exported out of the euphotic zone will leave an imprint of their
Cd:P ratios in the nutricline. The relative recycling efficiency of P versus Cd in the
nutricline may also affect these estimates. Yet, according to a study in the Antarctic
Polar Front region [119], preferential Cd uptake by phytoplankton overrides the
more efficient recycling of Cd (50-95%) compared to PO?( (35%) in the upper
ocean. Hence, phytoplankton Cd uptake at the surface and export out of the surface
waters will greatly affect the dissolved Cd and PO3~ concentrations in nutriclines,
and ultimately the estimated particulate Cd:P ratios.

Diatoms are considered to be the greatest players in carbon export out of surface
waters [120]. Oceanic diatoms, such as 7. oceanica and Proboscia inermis, also
appear to have the highest Cd:P ratios (0.87 mmol:mol) relative to other ecologically
important phytoplankton [89]. Hence, the growth of oceanic diatoms should result in
the highest drawdown of dissolved Cd relative to P in surface waters. Interestingly,
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during a Polar Front spring diatom bloom the dissolved Cd:P concentration in the
surface waters was ~2-fold lower than that in surrounding waters, suggesting
preferential uptake of Cd relative to P by the blooming diatoms [119].

A combination of the preferential export of diatoms and their physiological
condition may therefore account for the higher estimates of particulate Cd:P
ratios in HNLC regions [115]. Natural or simulated Fe additions in HNLC waters
often promotes diatom blooms [121], which terminate following the onset of
renewed Fe limitation [122]. At the end of the bloom, these diatoms will have
faster uptake of Cd, due to both growth biodilution [94] and the upregulation of
non-specific divalent transporters [111]. In addition, at the end of the bloom lower
pCO, [121,122] and Zn concentrations in the euphotic zone might also be observed,
further enhancing Cd uptake. The export of these oceanic diatoms with high
intrinsic Cd:P ratios at the end of the bloom may explain the higher Cd:P ratios
in the Fe limited regions of the global data set. This idea was first proposed
by Cullen [115] and supported by field data for the Bering Sea. In this region
lower surface-water dissolved Cd:PO;~ ratios (resulting from phytoplankton Cd
uptake at the surface) were observed in the Fe-limited (0.31 mmol Cd:mol P) than
in the Fe-sufficient station (0.21 mmol Cd:mol P). This study also presented a
model relating Fe availability to phytoplankton Cd:P, the drawdown of surface-
water dissolved Cd:PO;~ ratios and the nutricline slope of dissolved CdPO3~ in
the nutricline, aiming to explain the non-linearity in the global dissolved Cd versus
PO;~ relationship in the modern ocean.

7 Summary and Conclusions

The relative mobility of Cd and its inherent toxicity to organisms make it a heavy
metal of concern and motivate the scientific community to understand its sources
and fate in the environment. Humans have dramatically altered the biogeochemical
cycle of Cd in the environment by mobilizing massive quantities of Cd in the
biosphere. This mobilization occurs primarily through non-ferrous metal produc-
tion and the burning of fossil fuels. As a consequence, material (both in the
dissolved and particulate phase) in the atmosphere, as well as in rainwater, soils,
sediments, and aquatic environments is significantly enriched in Cd relative to its
average concentration in the continental crust.

The emissions of Cd to the environment appear to have been curbed since the
1980s in response to increased regulation of its use and the implementation of more
efficient point source capture and recycling initiatives. Indeed, global Cd produc-
tion reached a plateau in ~1990 at ~20,000 t/yr. Over the past 40 years, however, we
have seen a shift in the regions of major Cd production from Europe and North
America initially to countries in East Asia more recently. This production shift
reflects growing demand for energy and increased industrialization in this area. One
concern, going forward, is that emissions in Asia are roughly 3-fold higher than on
the next nearest continent and appear to be increasing with time perhaps due to less



2 Biogeochemistry of Cadmium 57

stringent emission controls. Whether or not global emissions of Cd will increase in
response to the rapid industrialization of countries in Asia remains to be seen, but
should be closely monitored.

Developments in the study of the marine biogeochemistry of Cd are particularly
exciting and show significant progress since the first reliable measurements of
dissolved Cd were made in the open ocean about 35 years ago. We now look
upon Cd as a potentially ecologically significant nutrient involved in carbon
acquisition by marine algae and have used sedimentary records of Cd preserved
in biogenic calcium carbonates to infer past physical and chemical regimes in the
ocean. Through the parallel efforts of algal physiologist and marine chemists we are
unraveling the complex interplay between the chemical composition of seawater
and the marine microbes that dominate Cd export from the surface. In so doing, we
are gaining an improved understanding of the regional variability in the Cd versus
PO ff relationship in seawater and the processes that ultimately control the basin
scale distribution of Cd in the ocean.

Pioneering studies investigating the stable isotope systematics of Cd in the
environment will ultimately provide us with a way to track industrial emissions.
Future measurements of Cd isotope fractionations in seawater will likely help to
determine how micronutrient cycling affects modern ocean productivity and how
past changes in ocean nutrient utilization are linked to global climate change. As the
international GEOTRACES program is just beginning its large-scale effort to
measure high resolution sections of trace elements and their isotopes in all the
major ocean basins our understanding of Cd and its unique biogeochemistry is
bound to expand.

Abbreviations and Definitions

ADIOS Atmospheric Deposition and Impact on the Open Mediterranean
Sea

AMAP Arctic Monitoring and Assessment Program

ASV anodic stripping voltammetry

CA carbonic anhydrase

Cd-CA cadmium containing carbonic anhydrase

[Cd];ot total dissolved Cd

CCM carbon concentrating mechanism

Cd’ sum of inorganic cadmium complexes and free Cd ion

C./C. water concentration divided by crustal concentration for an
element representing a global mobility index

DOC dissolved organic carbon

EFc crustal enrichment factor

E° standard reduction-oxidation potential in volts

EMEP Co-operative Programme for Monitoring and Evaluation of the

Long-Range Transmission of Pollutants in Europe
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GEOTRACES

H202-NH4OAC
HNLC

Cullen and Maldonado

an international program dedicated to studying trace elements
and isotopes in the ocean

hydrogen peroxide and ammonium acetate mixture

high nutrient-low chlorophyll region of the ocean

K. i ca conditional stability or equilibrium constant for the binding of an
' organic ligand to inorganic Cd species

Ky distribution coefficient

NiCd nickel-cadmium battery

pCO, partial pressure of carbon dioxide

pH —log{H")

t metric tonne = 1000 kg

zZ atomic number
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Abstract This chapter reports an analysis of literature dedicated to the speciation
of cadmium in various environmental compartments, i.e., atmosphere, natural
waters, soils and sediments. The difficulty of the cadmium speciation studies, due
to the variability of composition of different natural systems and to the low cadmium
concentration in the environment, is highlighted. As an alternative approach, cad-
mium behavior is assessed by modelling its reactivity towards the main classes of
ligands usually present in natural systems. The stability of cadmium complexes with
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various ligand classes is analyzed and modelled. Simple equations are proposed for
the estimation of the stability of cadmium complexes with carboxylates, amines,
amino acids, complexones, phosphates, phosphonates, and thiolates. The modelling
ability of these equations is carefully analyzed. In addition, the sequestering ability
of some ligands toward cadmium has been evaluated by the calculation of pLg s
(the total ligand concentration, as —log ¢, able to bind 50% of a metal cation), an
empirical parameter recently proposed for an objective “quantification” of this
ability in defined conditions (pH, ionic strength, temperature, composition of
solution).

Keywords aquatic environment e atmosphere ¢ equilibrium constants ¢ ligand
classes » models ¢ natural fluids « sediments ¢ sequestering ability « soils ¢ speciation
analysis

1 Introduction

The environmental impact and the biological activity of cadmium, as well as other
metals, organometals, and radionuclides, are strictly dependent on their speciation,
unambiguously defined by IUPAC as the “distribution of an element amongst
defined chemical species in a system” [1].

As already discussed in previous chapters, speciation plays an important role
in cadmium toxicity and exposure to living organisms, influences its availability,
accumulation, bio-modification, as well as its transport inside the organisms, and
within and between environmental compartments too. That is why speciation
studies are of fundamental importance to fully appreciate how this element behaves
in the environment. Unfortunately, a careful analysis of literature dedicated to
the speciation of cadmium reveals that this term is often abused and erroneously
used, resulting in a consistent reduction of the papers really matching IUPAC
recommendations and being effectively dedicated to cadmium speciation.

After a brief introduction on the presence and abundance of cadmium in various
environmental compartments, this chapter will mainly focus on the distribution of
cadmium species in the atmosphere, in aquatic environments and in soils and
sediments. Owing to the different composition of these systems, in which a wide
number of ligands and other metals is simultaneously present with cadmium, the
stability of the species formed with different ligand classes will be carefully
analyzed and modelled together with their sequestering ability.

2 Presence in the Environment

A detailed discussion on the presence of cadmium in the environment cannot be
summarized in few words, and is outside the aims of this chapter. In fact, owing to
the huge number of anthropogenic activities involving this element, its concentra-
tion in various systems is continuously monitored and, as a consequence, “available
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literature on the exposure, pollution, and toxicology of cadmium is enormous and
still growing” [2].

A comprehensive analysis of literature findings on these topics up to 2004 has
been reported by Stoeppler [3] and Herber [2]. For this reason, more recent data
will be mainly discussed in the next sections. For completeness, it must be men-
tioned here that natural cadmium occurrence is relatively low and variable, with
concentrations ranging from few micrograms per kilogram in sea and river waters
(<0.01 = 0.1 pg kg’1 [4]), to grams per kilogram (1 — 12 g kg’1 [2]) in zinc ores,
the main cadmium sources. Its mean concentration in the continental and oceanic
Earth’s crust is 0.11 & 0.02 (std. dev.) mg kg™ [4]. Significant deviations from
these values are observed in areas with intense anthropogenic activities.

2.1 Anthropogenic Emissions

Relatively high cadmium concentrations in the atmosphere, soils, and marine and
fresh waters are observed close to urban or industrialized areas. Fortunately, though
it is supposed that Cd emissions will increase in the near future in developing
countries [2], they show a general decreasing annual trend. For example, Cd
emissions have been reduced in the 27 member states of the European Community
(EU-27) by 70% in the last 20 years (from 312 tons in 1990 to 94 tons in 2009) and
by 10.8% from 2008 to 2009 [5]. The so called Key Categories [5] account for
~80% of total emissions (including 23.7% residential stationary plants, 14% sta-
tionary combustion in manufacturing industries and construction, 11% in public
electricity and heat production), but the remaining 20% are mainly due to vehicular
traffic (heavy and passenger transport), shipping, and/or combustion and incinera-
tion processes in various industrial fields [5].

Direct cadmium emissions to water arise from the chemical and metal industries,
the transport sector, waste streams, and agriculture [6]. Of course, also the destiny
of emissions to air is land and/or fresh and marine waters, where cadmium is
washed from impervious surfaces, collected and directly or indirectly (via waste-
water treatment plants) discharged to a receiving water [6].

3 Speciation in the Atmosphere

The atmospheric pollution by cadmium is a result both of natural and man-made
activities, such as the combustion processes based on fossil fuels (in particular coal
and oil) and the emission from processes in the pyro-metallurigical non-ferrous
metal industries. The deposition, transport, and inhalation processes are controlled
predominantly by the size of the atmospheric aerosols, so that the primary type
of speciation of interest to atmospheric chemists is the metal size distribution.
However, chemical speciation (in terms of the distribution of both the dissolved/
particulate species and the inorganic/organic complexes) is important in governing
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the catalytic behavior of metals in atmospheric reactions and their environmental
impact.

From the data reported in the literature it generally appears that cadmium
is predominantly contained in fine particles between 0.6 and 1.3 pm and in
percentages up to ~60% [7,8], but there are cases where cadmium is contained
in PM, 5 (particulate matter, subscript refers to the dimension of the powder) and
PM [9,10]. The concentration of cadmium in air was estimated ranging from 0.1
to 5 ng/m? in rural areas and from 2 to 15 ng/m’ in urban areas, but in many cases
it is up to 300 ng/m’ in the major cities [11], and from 15 to 150 ng/m’ in
industrialized areas. There are cases [12] where the atmospheric cadmium concen-
tration reached 5000 ng/m°>, one thousand times higher than admitted limits.
Cadmium does not break down in the environment, but it may be affected by physical
and chemical processes that change its mobility, bioavailability, and residence time
in different environmental media. Atmospheric cadmium compounds, existing
predominantly in fine particulate matter, are easily solubilized/removed from air
by wet and dry deposition. Inorganic cadmium compounds, which primarily occur
in particulate form in the atmosphere, have relatively short residence times (1 to
4 weeks) and low average concentrations (0.40 ng/m3) and, since they do not absorb
infrared radiation, they do not contribute to global climate change [13].

Cadmium produced during combustion processes or in the iron and steel
manufacturing occurs in elemental [14] and oxide forms, often as mixed oxide
with other metals; emissions from refuse incineration are dominantly as CdCl, [11];
CdS and CdSOy are present in dust emitted by lead smelter [8,15], or formed from
coal combustion and non-ferrous metal production. In other cases, cadmium is
present as Cd-aluminosilicates [16]. Recently, the speciation of cadmium was
studied by using analytical tools such as XRD, EXAFS or ICP-AES and it resulted
that, Cd often being associated with chloride, the formation of highly soluble
compounds under the common environmental conditions is observed [17]. Organic
complexation also plays an important role in the speciation of metal ions in the
atmosphere [13], since the organic material (derived from anthropogenic combus-
tion processes, biomass burning, biogenic emissions, marine emissions, and erosion
of soil-based organic materials such as humic acids) represents about 20-50%, of
aerosols [18-20], and rainwater [21], even if its composition is poorly known.

Since cadmium and many of its compounds are quite volatile, condensation on
aerosols is common after the emission from high temperature processes. This leaves
cadmium compounds condensed on the surface of particles which may increase the
bioavailability [22].

4 Speciation in Natural Waters

Natural waters are multicomponent systems of highly variable composition. This
section will be mainly focused on the interaction with inorganic and organic
dissolved solutes. The soft character of Cd** implies a strong affinity towards soft
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ligands (e.g., Cl"), and a lower affinity towards hard (e.g., O-donor ligands, such
as OH™, CO3~ or some organic ligands). However, the relatively low concentration
of cadmium in natural waters (from 0.01 to 0.1 pg kg™' [4]) makes the direct
determination of different chemical forms quite difficult. For this reason, a thermo-
dynamic approach must be followed, since it proved very useful in predicting the
metal distribution in different systems.

The interactions between Cd>* and the main inorganic components of natural
waters (OH™, CI", CO %’, SO ﬁ’, Br and F) are widely reported in the literature
[23-25]. In two recent papers [26,27], literature data, together with new experi-
mental ones, were analyzed and discussed in terms of Cd** speciation in natural
waters. Powell et al. [26] provided a critical review of formation constants and
related thermodynamic data and proposed recommended values at / = 0 mol kg™
and ¢ = 25°C, together with the empirical ion interaction parameters Ag¢ for the
dependence on ionic strength using the Brgnsted—Guggenheim—Scatchard Specific
ion Interaction Theory (SIT). According to the SIT equation [26], for the general
reaction(1, 2) (charges omitted for simplicity) it holds:

pM + gL + rH,O = M,Ly(OH), + rH (1

log fog — Az*D —rlog agm,o0) = log ﬁgqr — Ael 2)
where z is the charge and AZ? = (pzm + qzL — r)2 +r1— p(zM)2 - q(zL)z; D is the
Debye-Hiickel term; f3,q and ﬁopqr are the stoichiometric formation constant and the
formation constant at infinite dilution, respectively; Ag is the reaction specific ion
interaction coefficient in a NX electrolyte, given by eq. (3):

Ae = ¢(complex, N" or X7 ) +re(H", X)) —p e(M"",X") —q &(L™,N7)
3

log ﬁgqr and A¢ values for the major inorganic Cd** species are reported in Table 1
[26,27]. Other models can be also used for the modelling of the dependence of
thermodynamic parameters on ionic strength. Some of them, like, e.g., the Pitzer
model, have been widely used in speciation studies in natural fluids [28—30]. The
application of these models to the equilibrium constants allows their calculation at
the desired ionic strength values. As an example, in Table 1 the formation constants
calculated at two different ionic strengths are reported, i.e., / = 0.0015 mol L}
(typical of a fresh water) and I = 0.67 mol L™ (typical of seawater). Knowing the
equilibrium constants, one can examine the cd* speciation in the different
systems. (Figure 1a) shows the distribution of Cd** species at / = 0.0015 mol L™,
considering the total concentrations of inorganic anions in a fresh water
([CI'T = 0.23, [SO37] = 0.11, [CO37] = 0.9 and [F] = 0.005 mmol L™ [31].
As an example, at pH = 9, 41.6% of Cd** is present as CdCOs5, 7% as Cd(OH)* and
49.3% is free ion Cd>*. Other species (chloride, sulfate and fluoride complexes) are
negligible with individually formation percentage <1%. At pH <7, almost all the
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Table 1 Equilibrium constants for the formation of Cd** inorganic ligand complexes, at t = 25°C.

log Bpgr

Reaction log B, A I=0.0015 I=0.67" Ref.
Cd** + H,0 = Cd(OH)* + H* -9.80 -0.05 -9.85 -10.14 [26]
Cd** + 2H,0 = Cd(OH)) -20.19  -032  -20.23 -20.59 [26]
Cd** + CI” = CdCI* 198 -0.14 1.90 1.33 [26]
Cd** + 2CI" = CdCl 263 027 2.52 1.68 [26]
Cd** +3CI" = CdCly 23 -0.40 2.19 1.45 [26]
Cd** + CI” + H,0 = CdCI(OH)° + H*  -8.54 029"  -8.61 -9.09 [27]
Cd* + CO3~ = CdCOY 44  ~0 4.25 2.72 [26]
Cd* + SO}~ = CdS0) 236  -0.09 221 0.93 [26]
Cd** + Br = CdBr* 2.20 0.14 2.14 1.54 ¢

Cd*" + F = CdF" 1.37 0.12° 1.29 0.72 [27]

“In mol L.
b Calculated from ref. [27].
¢ Calculated from refs. [23,24].

a
2.1 % other species

7% CdO 41.6% CdCO;

44.8% CdCl,

14.4% CdCl,

.1% other species

0 2+
49.3% Cd** 3.1% Cd

(]

36.6% CdCl

78.4% CdCly

4% CdCl
20.2% CdCl,

Figure 1 Distribution of inorganic Cd** species in different natural waters: (a) fresh water at
pH = 9.0and 7 = 0.0015 mol L% (b) seawater at pH = 8.1and/ = 0.67 mol L% () hypersaline
water at pH = 6.4 and / = 6.3 mol L™".

cadmium is present as free cation Cd** with negligible amount (<1%) of Cdlezfi>

and CdSOy species. Considering the conditions of seawater (I = 0.67 mol L’l,
pH = 8.1,[CI"] = 0.56 mol L™",[SO%7] = 0.029mol L', [Br'] = 0.0035mol L™,
[HCO;] + [CO37] = 0.2 mmol L™" and [F7] = 0.07 mmol L' [32]), Cd** distribu-
tion is very different (Figure 1b), with a high formation percentage of chloride
complexes and negligible amounts of other species. In particular, cadmium(II) is
present for 44.8% as CdCl,, 36.6% as CdCl*, 14.4% as CdCl; and 3.1% as free cd>.
In hypersaline waters, such as that of the Dead Sea where the chloride concen-
tration is very high (average [Cl] = 6.58 mol kg™' [33]), up to pH ~ 9 all
the cadmium(Il) is present as chloride complexes, with 78.4% of CdCl;, 20.2%
of CdCl,, and 1.4 of CdCI" (Figure 1c).
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To give a complete picture of Cd** speciation in natural waters, the complexing
ability of dissolved organic matter (DOM) should be considered. The concentration
of dissolved and particulate organic matter in natural water is less that 0.01% of the
total amount of solids. DOM is a complex mixture of not well defined compounds:
carbohydrates, amino acids, hydrocarbons, carboxylic acids, humic substances, and
so on. The main percentage of DOM can be classified as dissolved organic carbon
(DOC), which can bind trace metals and modify the speciation profile. The condi-
tional formation constant for Cd(DOC) complex has been determined in different
natural waters. Christensen and Christensen [34] report log K values ranging from
4.28 to 5.10 in ground water samples; Saar and Weber [35] derived for river water
fulvic acid stability constants ranging from 3.13 to 4.08; Xue and Sigg [36] report in
different fresh waters (lake, river and ground waters) for the Cd-natural organic
ligand complex 8.2 < log K < 10.2; Ellwood [37] reports for subantartic water log
K values ranging from 9.82 to 10.93. The variability of these data is probably due to
the different nature of the organic matter involved in the complexation equilibria.
In this light, it can be very useful to know the contribution of single functional
groups to the overall stability of various species: this aspect will be better detailed
in Section 6.

5 Speciation in Soils and Sediments

As is known, soil consists of a mixture of weathered minerals and varying amounts
of organic matter. In soils and sediments, cadmium and other metals are present in a
number of chemical forms dependent on the characteristic of the matrix. Typically,
metals are relatively immobile in subsurface systems and are retained in the solid
phase by different mechanisms (ion exchange, outer- and innersphere surface
complexation/adsorption, precipitation or co-precipitation) [38].

Since reliable direct methods for the determination of cadmium speciation in the
solid material do not exist, the methods based on the extraction of element species
appears to be the more adequate, even if the metals’ speciation often undergoes
significant variation. Different sequential extraction methods were proposed [39—42],
but the most used is that proposed by the European Standard, Measurements and
Testing (SM&T) program, formerly the Community Bureau of Reference (BCR)
[39,40,43—48]. Following the BCR procedure, the particulate-bound metal content
was divided into several fractions. The acid soluble fraction includes exchangeable
and carbonate phases and is the most variable because it is sensitive to pH changes.
In the reducible fraction, the metals are bonded to Fe-Mn oxides. The percentage of
this fraction is relatively high and represents a large portion of the non-residual metal.
In the oxidizable fraction the metals are bound to organic matter and sulfur, and
would be re-released under oxidative conditions. The organic fraction released in
this step is hardly considered very mobile or available, since the metals associated
with stable high-molecular-weight humic substances decompose slowly. The resid-
ual fraction contains chemically stable and biologically inactive metals. The greater



70 Crea, Foti, Milea, and Sammartano

the percentage of metals in this fraction, the smaller the environmental risk is
because this portion of the metals cannot be re-released to water under normal
conditions [49-52].

Increasing the pH of soils rich in hydrous oxides and kaolinite, the total
percentage of Cd (‘% Cd’) bound to hydrous oxides increases, whilst at lower pH
values the exchangeable cadmium increases. In lateritic podzol (containing mainly
kaolinite), pH increments from 4 to 5 result in an increase of % Cd in the
exchangeable form, the major Cd form present. The quantity of exchangeable Cd
decreases at higher pH values because the metal can be adsorbed onto sites that are
less accessible and could be displaced only by acid extraction. Increasing the pH of
a sandy soil increases exchangeable Cd versus soluble Cd. The higher the Cd
amount in soil, the smaller is the decrease in soluble Cd because of a lack of cation
exchange sites.

Speciation studies are important to assess the availability of the metal ions
towards plants. For example, soils containing hydrous oxides at pH ~5.0 would
have a low risk of contaminating waterways, but may not be able to supply cationic
micronutrients for adequate plant growth [53]. In fact, at lower pH values, organic
matter appears to be the only solid phase component capable of retaining trace
metal ions, so that cadmium present in soluble and exchangeable form decreases
drastically [11,54,55]. Speciation of trace elements may also vary with time,
depending on the solid-phase components present, on pH, and on the number and
accessibility of adsorption sites [55-57]. Both in the past and recently, a lot of
papers on the speciation of cadmium in soils and sediments of different parts of the
world have been published, and from the results reported it is evident that the
distribution and speciation of cadmium changes significantly between the different
sites, in dependence of the chemical and physical characteristics of the natural
matrices, so that comparison between the different results are very difficult to make.
A statistical data analysis showed that the two “exchangeable cadmium” and the
“metal-fulvic acid-complex-bound cadmium” fractions represented the plant-
available cadmium fractions to a great extent [51,58—65].

5.1 The Soil Solution

The soil solution acts as a link between solid soil phases and the other components
of an ecosystem involved in biogeochemical cycling and is the medium through
which the dissolved species are transported to the other environmental compartments
[50,65-67]. Soil solutions contain both inorganic and organic (siderophores and
carboxylic acids) low molecular weight ligands, as well as heterogeneous compounds
of unknown structure with molecular weight ranging from 10°-10" Da, whose
amount in the speciation studies was determined by indirect methods including
titratable acidity [68] or measuring dissolved organic carbon [69].

In soil solutions, the main speciation methods are based on dialysis and ion
exchange [61,70]. Different chromatographic methods such as exclusion, reversed-
phase HPLC and ion exchange chromatography were used to identify the
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various species of cadmium [71]. From ion-exchange chromatographic analysis,
cadmium was found to be present as inorganic cationic species including the
free Cd**, though a significant cadmium amount is also present as organic and
inorganic neutral species (e.g., Cd(OH),) [64], especially in soils with high pH
[54,60,65,66,72,73]. Similar results were obtained by using other techniques such
as the combination of the Donnan equilibrium and graphite furnace AAS methods
[74] or DPASYV [75], assuming that DPASV was sensitive to easily dissociated
inorganic ion pairs and free Cd** ions, excluding organic complexes [76]. Some
authors [63] found that Cd** ions were predominantly bound to the oxygen-
containing functional groups of the fulvic acids investigated using ''*Cd NMR
spectroscopy. These results are environmentally important because soil and aquatic
fulvic acids affect the bioavailability and transport of metal ions [63].

Among the various sources of cadmium contamination are the plating operations
and the disposal of cadmium-containing wastes. In these cases, the forms of
cadmium also depend on the treatment of the waste prior to disposal. The most
common forms include Cd**, cadmium-cyanide complexes, or Cd(OH), solid
sludge. Hydroxide (Cd(OH),) and carbonate (CdCOs3) solids dominate at high
pH, whereas Cd** and aqueous sulfate species are the dominant cadmium forms
at pH <8. Under reducing conditions, when sulfide is present, the stable solid CdSs,
is formed. Cadmium also precipitates in the presence of phosphate, arsenate,
chromate, and other anions, although solubility will vary with pH and other
chemical factors [77]. The free Cd** appears to be the form readily taken up by
plants, whereas CdCl™ is taken up more slowly, while Cd-humate is not adsorbed.

6 Chemical Reactivity towards Different Ligand Classes

Most of the properties of cadmium depend on its chemical reactivity in natural
waters and biological fluids that, from a chemico-physical perspective, can be
considered as multicomponent aqueous solutions, in which a wide number of
organic and inorganic ligands, as well as other metal and organometal cations, are
simultaneously present. Therefore, the knowledge of cadmium speciation in these
systems is of fundamental importance, though their variability in composition makes
speciation studies very difficult. From this point of view, owing to the objective
impossibility of measuring all interactions of cadmium with all components of real
systems, modelling studies are very useful. In this light, cadmium behavior in natural
waters and biological fluids can be assessed by modelling its reactivity towards the
main classes of ligands usually present in natural systems, of both natural origin or
derived from anthropogenic activities.

The stability constants of cadmium complexes with various ligand classes
available in the literature and in main databases (e.g., [23-25]) were analyzed and
modelled here. In particular, the formation of CdLngZ) species was considered,
according to equilibrium (4)

Cd*t +iL* = cdL>™? B, 4)
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Due to their wide availability in the literature, the stability constant values
analyzed here were those reported at / = 0.1 mol L™ and t = 25°C or, where
possible, those recalculated at these temperature and ionic strength values by
common equations (see, e.g., Section 4 for the SIT model). Precision on fitted
values is always reported as = 95% confidence interval.

6.1 Carboxylates, Amines, and Amino Acids

For several different reasons, carboxylic acids, amines, and amino acids can
be certainly rated among the most important organic ligand classes. Moreover,
polyfunctional ligands (including organic matter) often contain in their structures
carboxylic and/or amino groups in addition to others. As a consequence, it is useful
to begin any modelling process from these three classes.

From the analysis of published stability constants of various cadmium complexes
with low molecular weight carboxylates (excluding oxalate and carboxylates with
linear alkyl chains longer than 7 methyl groups, which show peculiar properties),
their values can be expressed by a simple function (eq. 5) that takes into account both
the number of carboxylic groups of the ligand (ncooy) and the number of ligands in
the complex (i):

log f; = 1.40 ncoon —i(0.31 ncoon — 0.27) 5)

with an estimated precision of log f; = 0.2. The modelling ability of this equation
is quite satisfactory: mean literature values for log f; are 1.49 £+ 0.09 and
2.45 £ 0.07 for mono- and dicarboxylates, respectively, while those calculated
by eq. (5) resulted in 1.4 £ 0.1 and 2.46 £ 0.10. Another proof of the modelling
ability of eq. (5) is represented by the estimation of log f; of some high-molecular-
weight polycarboxylates (e.g., polyacrylic and polymethacrylic acids of different
MW), on the basis of the “diprotic-like” model [78]: the mean literature [78] value
for the CdL species is log fi; = 4.3 + 0.3, that calculated by eq. (5) is log
p1 =4.6 £ 0.3.

The same kind of relationship of carboxylates was found for ammonia, amines,
and low-molecular-weight polyamines (eq. 6).

log B, =3.11 ny —i(0.33 ny + 0.26) ()

where ny represents the number of amino groups. Also in this case, the estimated
precision is log ff; = 0.2. For ammonia and linear amines of the series C;_,N;Hs;_»
(with 1 <1 <'5), a simpler equation with higher precision (+ 0.02) was found for
the ML species, log f; = 2.72 ny . In this case, it is interesting to note that this
value is, within the estimated precision, equivalent to the stability constant value
estimated for cadmium complexes with N-alkylamino sugars, i.e., log f = 2.78 ny,
which preferentially bind cadmium via the amino groups [79].
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As expected, the best relationship for the modelling of the stability of various
cadmium/amino acid complexes (not only a-amino acids) is a sort of combina-
tion of the equations used for the modelling of carboxylate and amine species,
in which the contribution of both kinds of functional groups is taken into account

(eq. 7):
lOg ﬂi =1.54 Ncoon + 3.11 nN — 1(023 NcooH + 0.34 nN + 013) (7)

with a precision of log f; £ 0.4. For the simplest amino acids with only one
carboxylic and one amino group, the fact is worth mentioning that the stability of
the CdL species is almost constant, i.e., log f; = 3.85 4+ 0.09. This value is in
excellent agreement with that calculated by eq. (7), i.e., log f; = 3.95, as a
confirmation of the good modelling ability of this kind of equations.

6.2 Complexones

As is well known, several ligands with very different functional groups are classi-
fied under this general name, and new ones are continuously synthesized and used
as chelating agents. For simplicity, only the most common polyaminopolycar-
boxylates were considered here: NTA (nitrilotriacetate), EDTA (ethylenediamine-
N,N,N’,N’-tetraacetate), DTPA (diethylenetriamine-N,N,N’,N”’,N”’-pentaacetate),
TTHA (triethylenetetraamine-N,N,N’,N” N’ N"”’-hexaacetate), EGTA (ethylene
glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetate), EDDA (ethylenediamine-
N,N’-diacetate). These ligands cannot be considered as simple polyaminoacids
and, therefore, the stability of their complexes with cadmium cannot be modelled
by eq. (7). The main reason of this behavior is the increased stability of their metal
complexes, due to the macrocycle effect [80]. In this case, a satisfactory modelling
ability (log §; £ 1) of the stability of the CdL species of complexones was obtained
by equation (8):

log ﬁl =4.21 ncoou + 1.41 ny — 0.47 ncoon NN ®)
In the case of the homologues of the series (CH,),;»N;(CH,COOH);,,

(i.e., NTA, EDTA, DTPA, TTHA with 1 < i < 4), better results (with a precision
log fi; + 0.4) were obtained by equation (9):

log B, = 1.31 ncoon + 8.19 ny — 1.35 n’y )
Other important complexones, such as polyaminopolyphosphonic ligands,

cannot be modelled alone in the same way, since available literature data on their
cadmium complexes are not sufficient to propose a reliable model.
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6.3 Contributions of Other Functional Groups

Several ligands may have other functional groups than carboxylic and/or amino
groups. Modelling their behavior is not particularly difficult if one takes into
account that, except for particular effects, the contribution of single functional
groups to the overall stability are often additive [81,82]. In analogy with previous
equations for carboxylic and amino groups, these contributions can be expressed in
terms of <log > of single functional groups. Only for ligands with one kind of
functional groups <log /> would be equivalent to the real stability constant of the
cadmium complex, otherwise the latter should be calculated as the summation of
the contributions of all single groups of the ligand.

In the case of ligands containing phosphoric groups (np), including simple
phosphates and nucleotides, their contribution to the stability of cadmium
complexes, <log >, is given by equation (10):

<log > =2.88 np — 0.38 n% (10)

with a precision of <log /> + 0.14. Since it is known that nucleotides interact with
cadmium also via the nitrogens of their nucleobases (e.g., via N7 for adenosine, see
Chapter 8 of this book), the stability constants of cadmium/nucleotide complexes
were modelled alone, in order to take also into account this contribution to the
stability of the CdL species that, of course, cannot be assimilated to that of an amino
group. Similar results were obtained by the same kind of relationship found for all
phosphates together (eq 11):

<log > =12.99 np — 0.43 n’ (11)

Estimated precision is the same as of eq. (10), i.e., <log f> 4 0.16, but, as
expected, the coefficients are slightly higher and reflect the extra-contribution of the
nucleobase/cadmium interaction to the overall stability of CdL species.

Being often considered as a separate class, phosphonic ligands were analyzed
alone. A satisfactory modelling ability has been obtained for the contribution of
single phosphonic groups to the stability of cadmium/phosphonate complexes, by
using the following equation (12) that, in analogy with some other classes, takes
also into account the number of ligands (i) forming the complex:

<log ;> =4.52np —i(1.95 np — 1.43) (12)

with a precision of log f; + 0.9.

Another class of ligands considered here was that of thiols and, in general, of
ligands containing S-donor groups. Though their abundance in natural systems is
generally lower than that of other simple O- and N-donor ligands, they could be of
some importance if one takes into account the soft nature of cadmium and its
affinity toward sulfur. The literature data analysis on Cd/thiol complexes evidenced
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a great dispersion of available data, indicating that further and more accurate
studies are necessary in this field. As a direct consequence of these discrepancies,
estimated precision on the modelling of the contribution of S-donor groups to the
stability of Cd/L species was only moderately satisfactory, i.e., <log f > =+ 1, for
equation (13):

< log ﬁi> = 6.58 ngy — 1(031 ns — 058) (13)

Finally, worth mentioning is the contribution of hydroxo groups eventually
present in the structure of some ligands such as, for example, hydroxocarboxylic
acids. It is well known that these ligands very often form stable hydroxo complexes
of the kind M H (L, (e.g., citrate forms the Cd,(OH), L, species [83]). The
stoichiometry of these complexes is due to the deprotonation of the hydroxo
group of the ligand and not to the hydrolysis of the metal cation (though the two
kind of complexes are stoichiometrically equivalent, see, e.g., ref. [83]). As a
consequence, the deprotonated hydroxo group is able to give a strong contribution
to the metal complexation (probably thanks to the formation of very stable chelate
rings). In the case of cadmium hydroxocarboxylate species, this contribution is
<log f8; > ~ 6np-, where ng- is the number of deprotonated hydroxo groups
participating in the formation of the cadmium complex.

6.4 General Considerations

Relationships reported above for various ligand classes need some further comments
of general validity. A very important factor to be considered in evaluating the
reliability of these relationships concerns the precision (i.e., the confidence interval)
of values calculated by the equations proposed. Errors associated range from
log f £+ 0.14tolog f + 1 and may appear quite high. However, they are reasonable
if (i) the origin of these relationships and (ii) the scope of their formulation are kept
in mind. These equations were derived by the refinement of a huge number of
stability constants of “different” ligands, determined by “different” groups, using
“different” techniques, in “different” conditions, or adjusted to the desired ionic
strength and temperature by “different” models. However, though the experimental
determination of accurate stability constants is always highly encouraged, what is
stated at the beginning of this Section is also clear: measuring all interactions of
cadmium with all components of real systems is objectively impossible. That is why
a rough but immediate estimation of these data is of key importance, especially for
the modelling of the interactions of cadmium with organic matter in natural systems.
The equations reported above can therefore be used for the estimation of the stability
of cadmium complexes with most of the ligands containing one or more of the
analyzed functional groups. Basically, this is possible thanks to the above cited
additivity properties: contributions calculated by these equations for all the func-
tional groups of the considered ligand should be simply summed to estimate the
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value of the overall stability constant of the CdL; complex. Of course, this estimation
may be more or less accurate, and sometimes the structural complexity of a given
ligand or other factors may lead to peculiar behaviors. This is the case, for example,
for phytic acid [1,2,3,4,5,6-hexakis(dihydrogen phosphate) myo-inositol]: the sta-
bility of its cadmium complexes [84—86] cannot be estimated accurately by the
simple sum of the contributions of six phosphoric functions, since the fact that these
groups are forced to some particular conformations by the cyclohexane ring of
inositol alters all phytate solution properties [87]. In other cases, however, these
relationships may be fairly accurate. In fact, as a general rule, the chemico-physical
properties of homogeneous series of ligands follow regular trends, resulting in both
the formulations of simple empirical relationships and high modelling abilities. This
is also the case of the stability of cadmium complexes where, for example, simpler
equations and higher precisions were obtained for the amines of the series
C,i_oNiHs; » than for the modelling of all amines. Analogously, lower errors are
associated with the estimation of the stability of CdL species of complexones of the
series (CH,),;oN;(CH,COOH);,, by the dedicated eq. (9) than by the general
equation for all complexones (eq. 8).

6.4.1 Macrocycle/Chelate Effects and Enthalpic, Entropic Contributions

Concerning the above cited peculiarities of some ligands and the factors responsible
for the deviations from the additivity, the macrocycle effect has already been
mentioned in the case of complexones. An estimation of the contribution of this
effect to the stability of cadmium/complexone species can be roughly obtained by
the comparison of values calculated for these ligands alternatively by eq. (8)
(specific for complexones) and eq. (7) for generic amino acids: for example, in
the case of EDTA, this difference is ~5.3 log units in favor of log f by eq. (8). It is
important to note that this value is only referred to the macrocycle effect. In fact, it
does not include the contribution of the analogue chelate effect, which is already
taken into account in eq. (7) (and in similar equations for other ligand classes), and
may be approximately associated for cadmium complexes to the difference between
the stability of the CdL species of any n-functional ligand and that of the CdL;
species (with i = n) of the monofunctional analogue. This “extra contribution” is
quantified in the proposed relationships by the term in “i” of the kind (where a and b
are empirical parameters and n is the number of functional groups):

i(an+Db) (14)

In the case, for example, of carboxylates (eq. 5), the contribution of the chelate
effect to the stability of a dicarboxylate/cadmium species is (0.31 x 2 — 0.27) =
0.35. The same considerations hold for the chelate effect of amines (eq. 6), i.e.,
(0.33 x 2 + 0.26) = 0.92.

It is also well known that both the chelate and macrocycle effects are entropic in
nature. As an indirect demonstration, the analysis of available literature formation



3 Speciation of Cadmium in the Environment 77

enthalpy changes of CdL; complexes showed that, at least for carboxylic, aminic,
and phosphonic ligands, there is a constant and additive enthalpic contribution per
kind and number of functional groups of the ligand, so that:

AH (kJ mol™") = 2.7 ncoon — 18.4 ny — 3.3 np (15)

Eq. (15) may be also exploited to derive the formation enthalpy changes of
various CdL; complexes and, therefore, to estimate with sufficient accuracy the
stability of these species at other temperatures than t = 25°C by the van’t Hoff
equation.

6.4.2 Other Empirical Correlations

Finally, a last broad consideration: in our opinion, the approach of the “additivity
factors” is very useful and has a lot of advantages. However, another interesting
and successful procedure is represented by the formulation of empirical relation-
ships between the stability of some CdL species and that of other metals, whose
stability constants of analogue complexes are often more abundant in the literature.
In fact, the ratio between the number of available stability constants of metal/ligand
complexes of zinc and cadmium is approximately ngz, : ncqp = 1.2, and is even
high for copper (ncy: ncqr = 1.4) and nickel (nnjr: ncgr = 1.5). Being in the same
group of the periodic table, we made some attempts of correlating the stability of
cadmium/ligand complexes with that of zinc. Considering the available data of Cd
and Zn, we obtained an excellent linear correlation (£0.01) (eq. 16):

log fca. = 0.98 log fz,. (16)

For the single ligand classes, in the case of carboxylates, amines, and amino
acids, we found:

log fea, = (0.899 +0.008) log f,; for carboxylates
log fcq. = (0.914 £0.007) log f,,. for amines
log fcq. = (0.85+£0.01) log Sz, for amino acids

For other ligands, in analogy with the previous approach, it is also possible to
estimate the contribution (<log f>) of single functional groups to the overall
stability of a given cadmium/ligand complex, by the following relationships:

<log Peq> = (0.86 £0.02) <log fz,.> for phosphonates

<log Pfca> = (1.04 £0.01) <log P> for phosphates + nucleotides
<log Pcq.> = (1.000 £+ 0.004) <log f,.> for complexones

<log Peq> = (1.19 £0.03) <log fz,.> for thiols
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7 Conclusions

The speciation of cadmium in various environmental compartments, i.e., atmosphere,
soils and sediments, and natural waters, has been summarized in this chapter.

In the atmosphere, cadmium is present as a result of both natural and man-made
activities, mainly in finer particles. It mainly occurs in various inorganic forms,
though organic complexation may play important roles in some cases. In the natural
waters, cadmium is mainly present as chloride and/or carbonate species, though the
presence of organic ligands may influence its speciation. In soils and sediments,
including soil solutions, cadmium speciation is deeply affected by the characteristic
of the matrix.

Considering the complexity of natural systems, it can be very useful to know
the contribution of single functional groups. In this light, the reactivity of
cadmium toward the main classes of ligands present in natural systems was
modelled by some empirical equations. However, the simple analysis of single
sets of stability constants of metal/ligand complexes is not always sufficient to
assess the global binding (sequestering) ability of a ligand toward a given cation
(cadmium in our case) in real conditions, owing to the difficulties regarding, for
example, the different number and/or nature of complexes formed by single
ligands. Moreover, other factors influence the formation yields of the species,
such as the solution conditions, the acid—base properties of the ligand (since both
the cadmium hydrolysis and the protonation reactions are competitive with
respect to the formation reaction), the competition between other metals and
ligands simultaneously present in natural systems. Because of this, two cadmium
ligand systems may show the same formation percentages (in given conditions),
even with different formation constants. This problem can be overcome by the
calculation of pLgys (also called pLsy) an empirical parameter that, once the
experimental conditions (ionic strength, ionic medium, temperature, pH, and
metal concentration) are fixed, can give an objective representation of the
sequestering ability of a ligand (L) towards a metal ion (M). A detailed descrip-
tion of the method is given, e.g., in [88]. Briefly, the mole fraction (x) of a generic
metal ion M (present in traces) complexed by a generic ligand L may be expressed
as a function of pL, where pL = —log ¢ with ¢, = total ligand concentration. This
function is represented by a sigmoid curve (similar to a dose—response curve),
with asymptotes of 1 for pL — —oo and 0 for pL — 400 (eq. 17):

1
0w an
where the parameter pLg s represents the total ligand concentration necessary to
sequester 50% of the metal ion. Therefore, the higher the pLg s, the higher the
sequestering ability is. The pLg 5 is very useful because it gives a measure of the
binding ability of a ligand towards a cation, in the conditions investigated. Worth
mentioning is that in the calculation of pLg s, all the side interactions occurring
in the system (metal hydrolysis, ligand protonation, interactions with other
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components) are taken into account in the speciation model, but are excluded from
estimation of pLg s and do not make any contribution. In this way, the pL 5 value
quantifies the sequestering power of a ligand, “cleaned” from all competitive
reactions, simplifying comparisons. As an example, the total fraction x of cadmium
complexed by HEDPA (1-hydroxyethane-1,1-diphosphonic acid), PSH (penicilla-
mine), GSH (glutathione), and EDTA is shown in Figure 2 at pH = 8.1. The
sequestering ability of the three ligands is very different, with pL 5 values varying
(at / = 0.1 mol L'andt = 25°C) from 5.5 for HEDPA, to 8.5 for PSH and GSH,
and to 12.5 for EDTA.

1.0 1. HEDPA A
2. GSH
3. PSH
4. EDTA
1 2,3
< 0.5 1 E
0.0 1
T T T T T
5 10 15
pL

Figure 2 Sequestering ability of HEDTPA, PSH, GSH, and EDTA towards Cd2+, at [ = 0.1
mol L™! and t = 25°C.

As reported elsewhere [89], “...for given experimental conditions, the pLg s
parameter allows one to compare the sequestering ability of different ligands
towards one or more metal ions and to quantify the strength of the interaction of
metal-ligand systems having quite different speciation models, independently of the
type of complexes formed, so that this method was successfully used to analyze the
binding ability of various ligands towards different metal ions, as well as towards

polyammonium cations and anions. . .”, and can be successfully applied to cadmium
data too.

Abbreviations

BCR Community Bureau of References

DOC dissolved organic carbon

DOM dissolved organic matter

DPASV  differential pulse anodic stripping voltammetry
DTPA diethylenetriamine-N,N,N’,N”’ N”-pentaacetate
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EDDA ethylenediamine-N,N’-diacetate

EDTA ethylenediamine-N,N,N’,N’-tetraacetate

EGTA ethyleneglycol-bis(2-aminoethylether)-N,N,N’ N’-tetraacetate
EXAFS extended X-ray absorption fine structure

GSH glutathione

HEDPA  1-hydroxyethane-1,1-diphosphonic acid

HPLC high performance liquid chromatography

ICP-AES inductively coupled plasma atomic emission spectroscopy

MW molecular weight
NMR nuclear magnetic resonance
NTA nitrilotriacetate

PM, 5,10  particulate matter (subscripts refer to the dimension of the powder,

expressed in micrometer)

PSH penicillamine
SIT Specific ion Interaction Theory
SM&T European Standard, Measurements and Testing program

std. dev. standard deviation
TTHA triethylenetetramine-N,N,N’,N”,N*” N’”-hexaacetate
XRD X-ray diffraction
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Abstract Analyses of cadmium concentrations in biological material are performed
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analysis (NAA), and X-ray fluorescence spectrometry (XRF). The predominant
sample matrices include blood, plasma, serum, and urine, as well as hair, saliva, and
tissue of kidney cortex, lung, and liver. While cadmium in blood reveals rather the
recent exposure situation, cadmium in urine reflects the body burden and is an
indicator for the cumulative long term exposure.

After chronic exposure, cadmium accumulates in the human body and causes
kidney diseases, especially lesions of proximal tubular cells. A tubular proteinuria
causes an increase in urinary excretion of microproteins. Excretions of retinol
binding protein (RBP), PB2-microglobulin (f2-M), and ol-microglobulin are
validated biomarkers for analyzing cadmium effects. For this purpose, immunolog-
ical procedures such as ELISA, and radio- and latex-immunoassays are used.

However, proteinuria is not specific to cadmium, but can also occur after
exposure to other nephrotoxic agents or due to various kidney diseases. In sum-
mary, cadmium in urine and blood are the most specific biomarkers of cadmium
exposure. A combination of parameters of exposure (cadmium in blood, cadmium
in urine) and parameters of effect (e.g., p2-M, RBP) is required to reveal cadmium-
induced nephrological effects.

Keywords AAS < analysis ¢ biomonitoring ¢ blood * cadmium « ICP-MS
e immunoassay * urine

1 Introduction

This chapter presents different analytical procedures, which can be used to quantify
the concentration of cadmium and its metabolites in biological material as well as
biomarkers of effect after cadmium exposure.

Preferably, well-established standard methods of analysis are presented. In
Germany, standard procedures for biological monitoring are published by the
Working Group “Analyses of Hazardous Substances in Biological Materials” of
the “Commission for the Investigation of Health Hazards of Chemical Compounds
in the Work Area”. Additionally, analytical methods are included, that modify former
methods to improve accuracy and precision or obtain lower limits of detection.

2 Biomarkers of Exposure

2.1 Overview

For human biomonitoring, the following parameters are preferably used to analyze
cadmium in biological material: cadmium in blood and cadmium in urine.

Additionally, analysis of cadmium can be performed in other matrices such as
saliva, hair, nail, teeth and tissues. Overviews of analytical methods for determining
cadmium in biological materials are given in Tables 1 to 3 (see below).
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Cadmium in blood and in urine are used as parameters for assessing occupational
and environmental exposure to cadmium. Cadmium in blood is a short term parame-
ter, reflecting recent exposure to cadmium. Short time elevations of cadmium in
blood may be caused by excessive exposure situations. After the end of exposure,
there is a rapid decrease in the first stage, followed by a decrease that levels off,
depending on accumulated body burden. After long term exposure, cadmium
concentration in blood becomes more complex to interpret, as it reflects both the
present and the long term exposure [1,2].

Cadmium in urine reflects the body burden of cadmium, especially the cadmium
concentration in the main accumulation organ, the kidney (organ-specific accumu-
lation). Therefore, it can be regarded as indicator of the cumulative long term
exposure. As long as the renal function remains normal, the concentration of
cadmium in urine is well correlated with the total cadmium body burden. After
cadmium-induced irreversible tubular renal dysfunction with microproteinuria,
the cadmium excretion in urine tends to increase, as cadmium is released from
renal depots [2,3].

2.2 Pre-analytic Phase

Due to the ubiquitous presence of cadmium, there is a risk for contamination during
the whole process of sampling and analysis, which has to be minimized by strict
laboratory procedures.

As in any trace element analysis, reagents of the highest purity and contaminant-
free tips of automatic pipettes, tubes, and glassware must be used (colored plastic
tubes may contain cadmium). Plastic tubes used for specimen collection and
treatment must be individually cleaned with 1 M nitric acid to avoid exogenous
contamination. In practice, the tubes are filled with acid and allowed to stand for at
least 2 hours. Afterwards, they are rinsed two to three times first with deionized
water and then with ultrapure water before drying them. The cleaning can be made
more effective by warming the nitric acid [4].

2.3 Analytical Methods for the Determination of Cadmium

The most common procedures for analyzing cadmium concentrations in blood and
urine are inductively coupled plasma mass spectrometry (ICP-MS) and atomic
absorption spectrometry (AAS). Furthermore, electrochemical methods, neutron
activation analysis (NAA) and X-ray fluorescence spectrometry (XRF) can be
applied. Several factors influence the choice of the analytical method, e.g. the
matrix and the detection limit required.
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2.3.1 Inductively Coupled Plasma Mass Spectrometry

In inductively coupled plasma mass spectrometry analysis, the sample is heated in
an argon-plasma activated by a high-voltage field. Thereby, atoms are ionized.
Using an electric field, the generated ions are accelerated to the analyser of the mass
spectrometer, where they are separated according to the mass of the specific
isotopes. In inductively coupled plasma optical emission spectroscopy (ICP-
OES), also referred to as inductively coupled plasma atomic emission spectroscopy
(ICP-AES), the sample is atomized in argon plasma and the excitation of an optical
emission of cadmium is measured.

Using the ICP-MS and ICP-OES methods, cadmium present in urine and blood
due to occupational or environmental exposure can be determined sensitively,
specifically, and with little effort. Samples are usually prepared by digestion with
acid [5-9] or dilution with acid [10-12]. An additional enrichment is achieved by
extraction with organic solvents or by capillary micro-extraction [7,9,13]. Detec-
tion limits for [CP-MS analysis in blood or urine are predominantly reported in the
lower range from 0.007 pg/L to 0.1 pg/L (for details see Table 1).

The Working Group ‘“Analyses of Hazardous Substances in Biological
Materials” of the “Commission for the Investigation of Health Hazards of Chemical
Compounds in the Work Area” has published a standard procedure for the determi-
nation of cadmium in urine. Briefly, after UV digestion of the urine samples, an
internal standard is added and the samples are introduced into the ICP-MS by
means of a pneumatic nebulizer. Evaluation is carried out using the standard
addition procedure. The limit of detection is specified with 0.02 pg/L urine. The
method can be applied for samples from environmental as well as occupational-
medical studies [5].

In addition to analysis in blood and urine, methods for other biological materials
such as tissue of lung, liver, and kidney cortex as well as hair and nails have been
published [11,14,15].

2.3.2 Atomic Absorption Spectrometry

In atomic absorption spectrometry the sample is heated by a flame or in a furnace,
until the element atomizes. The atoms absorb light at the resonance line. The attenua-
tion of intensity of the light beam can be measured.

Cadmium in blood, urine, hair, saliva, and human milk is predominantly
analyzed with graphite furnace atomic absorption spectrometry (GF-AAS), also
known as electrothermal AAS (ET-AAS). Samples are usually prepared by diges-
tion with nitric acid [16-20]. Solubilizers (Triton® X-100) or matrix modifiers
(e.g., diammonium hydrogen phosphate, Pd-components) are added [17,21-23].
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Atvery low cadmium concentration, pre-concentration can be achieved by chelation
and extraction with a mixture of organic solvents [4].

The limits of detection of AAS methods are with 0.02 pg/L to 0.5 pg/L higher
than those of ICP-MS methods (see Tables 1 and 2).

Table 1 Analytical procedures using ICP for cadmium analysis in biological materials.

Analytical
method Sample matrix ~ Preparation method LOD Reference
ICP-SF-MS blood microwave digestion with 0.1 pg/L [6]
nitric acid
ICP-QMS blood wet-ashed 0.01 pg/L [8]
ICP-MS serum dilution with acetic acid not specified [10]
and Triton X-100
ICP-QMS serum and urine microwave digestion with 0.007 pg/L [9]
nitric acid, online-
capillary micro-
extraction
ICP-QMS urine UV digestion with 0.02 pg/L [5]
HNO3/H,0,
ICP-QMS urine dilution with HNO3;/HCl ~ 0.02 pg/L [12]
LA-ICP-QMS urine drying 0.02 pg/g creatinine  [79]
ICP-MS biological dilution with nitric acid, 0.011 pg/L (blood), [11]
materials Triton X-100 and 0.008 pg/L
(whole butanol; (plasma),
blood, hair: mineralization 0.007 pg/L (urine),
plasma, with nitric acid, dilution 0.0003 pg/g (hair)
urine, hair) with nitric acid, Triton
X-100 and butanol
ICP-MS finger and toe  mineralization with nitric  0.0003 pg/g [14]
nail acid, dilution with

nitric acid, Triton X-
100 and butanol
ICP-MS tissue (lung, digestion with nitric acid  not specified [15]
liver, kidney
cortex) and

urine
FI-ICP-AES  biological complexation with DPTH/ 23 pg/L [13]
materials extraction with MIBK
ICP-AES biological microwave digestion with 0.3 pg/L [7]
materials HNO3/HCl, followed
by extraction with
BPTH/MIBK

AES = atomic  emission  spectroscopy; BPTH = 1,5-bis[phenyl-(2-pyridyl)-methylene]-
thiocarbonohydrazide]; DPTH = 1,5-bis(di-2-pyridyl)methylene thiocarbohydrazide; FI = flow
injection; ICP = inductively coupled plasma; LA = laser ablation; LOD = limit of detection;
MIBK = methyl isobutyl ketone; MS = mass spectrometry; QMS = quadrupole mass spectro-
metry; SF-MS = sector field mass spectrometry
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Table 2 Analytical procedures using AAS for cadmium analysis in biological materials.

Analytical method Sample matrix  Preparation method LOD Reference

GF-AAS blood dilution with Triton X-100 and 0.2 pg/L  [80]
nitric acid

GF-AAS blood digestion with HNO3/H,0, 0.4 pg/L  [20]

GF-AAS blood dilution with Triton X-100, 0.5 pg/L  [17]

diammonium hydrogen
phosphate and nitric acid

GF-AAS blood dilution with Triton X-100, nitric ~ 0.03 pg/L [21]
(EC-THGA) acid and trichloroacetic acid; W,
Rh and NH4H,PO, as modifiers
GF-AAS blood dilution with diammonium 0.1 pg/L  [23]
hydrogen phosphate and Triton
X-100
GF-AAS urine chelation with HMA/HMDC, 0.2 pg/L  [4]

extraction with diisopropyl
ketone/xylene

GF-AAS urine acidification, microwave digestion 0.05 pg/L [19]
with HNO5/HCl
GF-AAS human milk digestion with HNO3/H,0, 0.5 pg/L  [18]
GF-AAS biological dilution with matrix Mg(NOj3),/ 0.03 pg/L [22,81]
samples Pd(NO3),, Triton X-100 and
(blood, urine, nitric acid; for hair: dilution
hair, saliva) with HNO3, HCI, H,O, and
microwave digestion
GF-AAS biological microwave digestion with 0.02 pg/L [16]
samples HNO3/H,0,
(blood, urine,
scalp hair)

AAS = atomic absorption spectrometry; EC-THGA = end-capped transversal heating graphite
tubes; GF-AAS = graphite furnace atomic absorption spectrometry; HMA/HMDC =
hexamethylene ammonium/hexamethylene dithiocarbamidate; LOD = limit of detection

2.3.3 Electrochemical Methods

In differential pulse anodic stripping voltammetry (DPASYV), cadmium ions are
first reduced and amalgamated at the working electrode (a hanging mercury drop
electrode or a mercury film electrode) during pre-electrolysis at a suitable applied
potential. In the second step, the reduced amalgamated cadmium is re-oxidized by
means of a potential ramp imposed between the working electrode and a platinum
rod electrode [24]. The resulting peak is proportional to the cadmium concentration
of the solution.

DPASYV procedures have been applied to analyze cadmium in urine [24-26] and
in human hair [27]. The samples were prepared by digestion with acids.

DPASYV can be applied as an independent reference procedure for AAS and ICP-
MS. It is suitable for analyzing cadmium concentrations in environmental as well as
occupational-medical samples [25] (Table 3).

During potentiometric stripping analysis (PSA), trace elements or ions are
pre-concentrated by potentiostatic deposition on an electrode (e.g., mercury film on
a glassy-carbon electrode). In contrast to DPASV, PSA is not subject to background
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Table 3 Analytical procedures using electrochemical methods for cadmium analysis in biological
materials.

Analytical Sample

method matrix  Preparation method LOD Reference
DPASV urine microwave digestion with nitric acid; 0.06 pg/L [24]
acetate buffer for pH adjustment
DPASV urine digestion with HNO3/H,SOy; acetate 0.2 pg/L [25]
buffer and citrate solution
DPASV urine digestion with HNO3, acetate buffer  not specified [26]
DPASV hair microwave digestion with 0.02 ng/g [27]
HNOs/H,0,
DPASV blood  digestion with HNO3/HCIO,, 0.1 pg/L [29]
concentration step
PSA blood  HCI, HgCl, in HCI1 for conc. < 0.1 pg/L:  [29]
longer deposition
time
PSA blood  digestion with nitric acid < 0.1 pg/L [30]
PSA blood  dissolve in tetramethylammonium 0.1 pg/L [31]
hydroxide, dilution with Hg(II) in
HCl1
PSA urine HC1 1 nM [32]

DPASV = differential pulse anodic stripping voltammetry; PSA = potentiometric stripping
analysis; LOD = limit of detection.

interferences from organic electroactive constituents in the sample or to the presence
of dissolved oxygen [28]. It is used to analyze cadmium in whole blood [29-31] and
urine [32] (Table 3).

2.3.4 Further Methods

Cadmium concentrations in biological materials can also be measured with neutron
activation analysis (NAA) and X-ray fluorescence spectroscopy (XRF). Both
techniques depend on the detection of photons generated in cadmium by an externally
incident beam of radiation. In NAA, the cadmium concentration in the sample is
determined by studying the emission of y-rays after the irradiation of the sample with
neutrons [33,34]. In contrast, photon emission in XRF is produced by an incident
beam of X-rays or y-rays interacting with the atomic electrons of cadmium, resulting
in the emission of characteristic X-rays [34].

The analyses of cadmium concentrations in human kidney and liver with NAA can
be performed with direct in vivo [35-37] or in vitro measurements [38]. Additionally,
NAA procedures for the quantification of cadmium in biological materials such as
bovine liver and food samples [39], human hair [40], serum [41], and human central
nervous system issue samples [42] have been described.

With XRF, cadmium in the kidney can be analyzed in vivo [43—45]. These
procedures are used for clinical measurements in the kidney of persons occupa-
tionally exposed to cadmium. The detection limit of XRF is strongly dependent
on the distance between skin and kidney, which has to be analyzed with ultra-
sound [45].
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2.4 Quality Control

An internal quality control should be performed with each analytical run. Control
materials for internal quality control of cadmium analytical procedures are com-
mercially available, e.g., certified reference material for trace elements in urine,
plasma, serum, and whole blood [46,47].

To assure the accuracy and comparability of the results with other laboratories,
an appropriate external quality assessment is necessary. For external quality con-
trol, participation in a round robin test is recommended. There are various quality
control programs containing cadmium in blood and urine, e.g., the international
program of the German External Quality Assessment Scheme (E-QUAS), where
cadmium analysis can be tested for the concentration range found in occupational
and environmental medicine [48], or the external quality assessment schemes of the
Centre of Toxicology in the National Institute of Public Health of Québec [49].

2.5 Body Burden after Environmental and Occupational
Exposure

The German commission “Human-Biomonitoring” evaluated reference values (95th
percentile of the cadmium background exposure) of 1.0 pg cadmium/L blood and
0.8 pg cadmium/L urine for non-smokers aged 18 to 69 [50,51]. Smokers showed
higher 95th percentile values of 3.32 pg cadmium/L blood and 1.20 pg cadmium/L
urine [52,53].

Occupational exposure to cadmium leads to higher levels in blood and urine.
Workers exposed to cadmium in a non-ferrous smelter showed mean levels
of 6.23 ng cadmium/g creatinine (range 0.87-165 pg/g creatinine) and 6.54 pg
cadmium/L blood (range 1.6-51 pg/L) [54].

3 Biomarkers of Effect

3.1 Overview

Long term exposure to cadmium results in kidney diseases, especially tubular
damage, as early and frequent health damage. The earliest sign of nephropathy
induced by chronic cadmium exposure is an increased urinary excretion of low-
molecular-weight proteins with a molecular weight of less than 40 kDa, such as
B2-microglobulin (f2-M) and retinol-binding protein (RBP). In healthy persons,
the reabsorption of those small proteins is almost complete. A decrease in the
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tubular reabsorption capacity causes an increase in the urinary excretion of
microproteins like B2-M and RBP [55].

There are sensitive methods available for the quantification of tubular protein-
uria in populations exposed to cadmium occupationally or environmentally. RBP,
B2-M, al-microglobulin (a1-M, also called protein HC), metallothionein, and
enzymes such as N-acetyl- B-D-glucosaminidase (NAG) in human urine are used
as biomarkers of cadmium-induced effects [56—61]. However, the effects are not
specific to cadmium exposure, but may also occur due to various renal diseases or
nephrotoxic agents other than cadmium.

Urinary B2-M is a highly sensitive and widely used parameter [3,55]. Because of
the instability of B2-M in acidic urine (pH < 5.6), a strict pH-control of the urine is
necessary. Even if patients are given bicarbonate before urine collection, a decom-
position of 2-M in up to 30% of the urine samples is observed [55]. a1-M is very
stable in urine, but less specific to tubular damage because of its larger size and
slightly less sensitive than $2-M and RBP. RBP on the other hand is described as
stable, specific, and as sensitive as $2-M [61].

3.2 Analytical Methods for 2-Microglobulin Quantification

The quantification of $2-M concentration in human urine and serum can be
performed with immunoassays, e.g., enzyme-linked immunosorbent assay, radio
immunoassay [62], latex immunoassay [63,64], immunoenzymatic assay with
chemiluminescence detection, and immunoturbidimetric assay [65].

There are commercially available test kits for the quantitative determination of
2-M in plasma, serum, and urine with ELISA, e.g., from Immundiagnostik [66] or
ORGENTEC Diagnostika GmbH [67]. In this method, immobilized antibodies
against B2-M are fixed on the surface of a microtiter plate. During the immune
reaction, the antibodies on the plate bind the $2-M in the sample. After the non-
bonded components have been washed out, an enzyme (horseradish peroxidase)
labeled anti-human B2-M-antibody is added, which binds to 2-M. The amount
of bound enzyme is directly proportional to the f2-M-concentration of the sample.
A chromogen (tetramethylbenzidine) is converted by the bound enzyme to a
chromogenic compound, which is photometrically quantified [66].

Latex immunoassay was introduced by Bernard et al. [63,64]. In this method, the
surface of polystyrene-latex particles is coated with specific antibodies sensitized to
human B2-M. They agglutinate with $2-M molecules in the serum or urine sample.
Unspecific agglutination of the particles carrying the antibodies is prevented by
diluting the samples with a standardized albumin solution. The quantitative evalu-
ation of the results is performed by counting the remaining non-agglutinated
particles or by measuring the decrease of absorbance with a photometer at 360 nm.
The limit of detection is 0.5 pg/L [63,64].
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3.3 Analytical Methods for the Quantification of the Retinol
Binding Protein

Retinol binding protein (RBP) in plasma, serum, and urine can be analyzed using
different immunoassays, e.g., latex immunoassay [63], ELISA [59], monoclonal
antibody-based fluorescence immunoassay [68] or immunonephelometry [69,70].
For principles of latex immunoassay and ELISA, see Section 3.2.

Immunonephelometry uses the effect of a diluted suspension of small particles to
scatter a light-beam angular (Tyndall effect) to quantify aggregates formed in an
antigen-antibody-reaction [71]. Test systems for RBP quantification are commer-
cially available.

3.4 Analytical Methods for the Quantification of Further
Effect Markers

The total protein concentration can be analyzed with commercially available
kits based on Coomassie Brilliant Blue reaction. Albumin and o1-microglobulin
(protein HC) are quantified by single radial immunodiffusion techniques [72,73]
and immunonephelometry [60]. For N-acetyl-B-D-glucosaminidase determination,
there are commercially available test kits based on spectrophotometric assay [74].

3.5 Effect Biomarkers after Exposure to Cadmium

Long-term or high exposure to cadmium causes tubular damage that may progress
to glomerular damage with decreased glomerular filtration rate and the risk of
renal failure. Taking a variety of early markers of kidney damage into account, a
dose-response assessment identified early effects in the kidney at concentrations
between 0.5 and 3 pg cadmium/g creatinine in the general population [75].

The reversibility of glomerular lesions induced by cadmium is still under
discussion [61,76]. Tubular proteinuria (32-M and RBP in urine) between 300
and 1000 pg/g creatinine might be reversible [61], but more severe tubular
proteinuria (i.e., more than 1000 pg B2-M/g creatinine) seems to be irreversible
[61,77]. A large study with 1699 subjects (aged 20-80 years) of the general
population showed a 10% probability of values of urinary excretion of RBP,
NAG, 2-M, amino acids, and calcium being abnormal when cadmium excretion
exceeded 2—4 ng/24 h [78].
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4 Conclusions

The analysis of cadmium concentrations in biological material is mainly performed
with ICP-MS or AAS. ICP-MS attains lower limits of detection than AAS. In
addition, electrochemical methods, NAA, and XRF can be applied. The predomi-
nant sample matrices include blood and urine, but also hair, saliva, and tissue are
used. The application of neutron activation analysis and X-ray fluorescence enables
in vivo measurements of cadmium.

Cadmium accumulates in the human body after chronic exposure and causes
kidney diseases. A tubular proteinuria causes an increase in urinary excretion of
microproteins. For routine screening, the excretion of f2-M, RBP, and a1-M have
been validated as biomarkers for cadmium effects. Sensitive, particularly immuno-
logical analytical procedures have been published for these parameters. However,
proteinuria is not specific to cadmium, but can also occur after exposure to other
nephrotoxic agents or due to various kidney diseases. Thus, a combination of
parameters of exposure (cadmium in blood, cadmium in urine) and parameters of
effect (e.g., f2-M, RBP) is required to reveal cadmium-induced nephrological
effects.

Abbreviations

al-M al-microglobulin = protein HC

AAS atomic absorption spectrometry

AES atomic emission spectroscopy

B2-M 2-microglobulin

BPTH 1,5-bis[phenyl-(2-pyridyl)-methylene]-thiocarbonohyrazide

DPASV differential pulse anodic stripping voltammetry

DPTH 1,5-bis(di-2-pyridyl)methylene thiocarbohydrazide

EC-THGA end-capped transversal heating graphite tubes

ELISA enzyme-linked immunosorbent assay

E-QUAS External Quality Assessment Scheme

ET-AAS electrothermal atomic absorption spectrometry

ETV-ICP-MS electrothermal vaporization inductively coupled plasma mass
spectrometry

FI-ICP-AES flow injection inductively coupled plasma atomic emission
spectrometry

GF-AAS graphite furnace atomic absorption spectrometry

HMA hexamethylene ammonium

HMDC hexamethylene dithiocarbamidate

ICP-AES inductively coupled plasma atomic emission spectroscopy

ICP-MS inductively coupled plasma mass spectrometry

ICP-OES inductively coupled plasma optical emission spectroscopy
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LA-ICP-MS laser ablation inductively coupled plasma mass spectrometry

LOD limit of detection

M molar

MIBK methyl isobutyl ketone

NAA neutron activation analysis
NAG N-acetyl-B-D-glucosaminidase
PSA potentiometric stripping analysis
QMS quadrupole mass spectrometry
RBP retinol-binding protein

SF-MS sector field mass spectrometry
XRF X-ray fluorescence spectrometry
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Imaging and Sensing of Cadmium in Cells
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Abstract Cadmium is one of the highly toxic transition metals for human beings
and is known as a human carcinogen. Once humans are exposed to Cd** on a
chronic basis, Cd** primarily accumulates in the liver and kidney where it forms
complexes with small peptides and proteins via sulfhydryl groups. Complexed Cd>*
or the ionic Cd** is then taken up by target cells and tissues and exerts the toxicity.
However, the question of how non-essential Cd>* crosses the cell membranes
remains unanswered. Furthermore, the molecular mechanism of Cd**-induced
physiological signaling disruption in cells is still not fully elucidated. Investigations
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of Cd** uptake kinetics, distributions, and concentrations in cells require chemical
tools for its detection. Because of the easy use and high spatiotemporal resolution,
optical imaging using fluorescence microscopy is a well-suited method for
monitoring Cd** in biological samples. This chapter summarizes design principles
of small molecule fluorescent sensors for Cd** detection in aqueous solution and
their photophysical and metal-binding properties. Also the applications of probes
for fluorescence imaging of Cd*" in a variety of cell types are demonstrated.

Keywords cadmium ion e cellular uptake ¢ fluorescent probe e fluorescence
imaging * molecular design

1 Introduction

Cadmium is one of the most widely used metals, with applicability in many fields
such as industry (e.g., Ni-Cd batteries and coloring agents) and agriculture (e.g.,
phosphate fertilizers) [1]. More recently, semiconductor cadmium chalcogenide
(CdS, CdSe, and CdTe) nanocrystals have emerged as attractive materials for
biological probes due to their unique photophysical characteristics [2,3]. Conse-
quently, the number of sources of Cd** exposure continues to increase, and the high
level of Cd** contamination in soil and crops has become a cause for concern.
Exposure to Cd** may occur through the ingestion of contaminated food or water
and the inhalation of cigarette smoke. Cd** accumulates in organs such as the
kidney, liver, gastrointestinal tract, brain, and bones, giving rise to potentially
serious health disorders and even certain cancers [4,5]. In addition, cadmium has
been implicated as a possible etiological factor of neurodegenerative diseases such
as Parkinson’s disease [6], Alzheimer’s disease [7], and amyotrophic lateral sclero-
sis (ALS) [8]. Cadmium is, therefore, ranked as high as seventh on the Top 20
Hazardous Substances Priority List by the Agency for Toxic Substances and
Disease Registry (ATSDR) and the U. S. Environmental Protection Agency (EPA)
[9,10].

Cadmium has multiple effects on cellular functions including cell-cycle progres-
sion, DNA replication and repair, differentiation, and apoptotic pathways [11].
It has been reported that low concentrations of Cd** (below 100 pM) significantly
stimulate cell proliferation and DNA synthesis [12], whereas Cd** exposure at
concentrations above 1 uM inhibits DNA synthesis and cell division [13]. However,
little is understood about the molecular mechanisms of Cd** uptake by cells and the
carcinogenesis due to Cd** in humans and other mammals [14]. Therefore, the
development of non-invasive tools and techniques for detecting and monitoring
traces of Cd** in biological samples is necessitated in the fields of cell biology,
neurophysiology, and pathophysiology.
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Compared with magnetic resonance imaging (MRI) and positron emission
tomography, optical imaging with fluorescence probes offers the advantages of
higher sensitivity and spatial resolution in the observation of biological processes
at the single molecule level [15]. At present, fluorescence indicators have been
developed for most biologically relevant alkali and alkaline earth metal ions (Ca**,
Mg**, Na*, and K*) [16], as well as the first-row transition metal cations, including
zinc, copper, and iron [17]. Despite the numerous reviews summarizing the
principles and photophysics of these probe designs and their utilization for
cell imaging which have been published to date [18,19], there is a dearth of
literature focusing on Cd**-selective fluorescent probes based on synthetic small
molecules and their cellular applications. Table 1 provides an overview of the
molecular designs and the optical imaging techniques applicable for the detection
of intracellular Cd**.

2 Cadmium Toxicity in Cells

Exposure of cells to cadmium may result in disruption of the physiological control
of signaling dynamics with consequent cellular signaling dysfunctions [20]. For
instance, the replacement of Ca®* with Cd>* in cellular signaling processes and
replacement of Zn®* in many enzymes and transcription factors may induce aber-
rant gene expression, resulting in the stimulation of cell proliferation or suppression
of apoptosis [21,22]. Additionally, Cd** exerts inhibitory activity on antioxidative
enzymes and the mitochondrial electron transport chain [23]. This inhibition leads
to elevated intracellular levels of reactive oxygen species (ROS) with consequent
damage to DNA strands (non-specific breakage), lipid peroxidation, and generation
of oxidatively modified proteins, which may eventually lead to cellular dysfunction
and necrotic cell death [24]. Furthermore, it has been reported that Cd** triggers the
activation of other signaling cascades to induce pro-apoptotic and/or adaptive cell
responses [25]; however, the contribution of ROS to Cd**-induced cellular events
such as apoptotic and necrotic cell death remains controversial [26].

The mechanisms of cellular uptake and transport of Cd** are also unresolved
issues pertaining to the biological effects of cadmium [27]. Currently, a number of
hypotheses have been proposed for the uptake of Cd** by cells. One such hypothe-
sis proposes that free Cd** ions are taken up through transporters for essential
metals, including calcium, iron, and zinc transporters [28]. cd* may then interact
with the binding site(s) of membrane proteins specific to these ions due to ionic
mimicry. An alternate hypothesized pathway for Cd**-uptake is the receptor-
mediated endocytosis of metal complexes with low molecular weight thiols, such
as glutathione (GSH) and cysteine (Cys) [5]. These complexes serve as molecular
homologs or mimics for amino acids, oligopeptides, or organic cations at the sites
of organic molecule transporters. However, the transporters that facilitate Cd**
uptake to cytosol remain largely obscure.
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3 Detection of Intracellular Cadmium

3.1 Overview of Cadmium Detection

In order to provide insight into the mechanistics of cadmium toxicity, investigations
of the spatiotemporal dynamics of Cd**, which causes the disruption of the physio-
logical signal controls in cells, have become an emergent field of research.
Two techniques have primarily been applied to the experimental determination of
intracellular Cd** concentration. The first is the radiotracer technique that involves
the use of the radioactive isotope '*’Cd (half-life of 462.6 days) [29]. In this case,
intracellular concentrations of Cd>* can be measured with significantly high sensi-
tivity (<0.5 nM) by using a radiometric detector. Radiotracer techniques have also
been applied to the detection of other transition metals such as iron (59Fe) [30],
copper (64Cu) [31], and zinc (65Zn) [32], in vitro as well as in vivo. Although this
technique offers the advantage of direct observation of the uptake kinetics of metal
ions by cells without any artificial effects from organic and/or inorganic additives,
the use of undesirable radioactive materials limits the utility of conventional and
facile experiments. Furthermore, ionic and bound Cd** cannot be distinguished
using radioactive tracing techniques.

Optical imaging with fluorescence probes, which provides a response to analyte
binding due to the change in the rotational mobility of the fluorescent reporter, is
an alternative technique that is advantageous in terms of the spatial and temporal
resolution in live samples. Furthermore, fluorescence imaging is more easily
handled relative to the radioactive counterparts [33]. This technique has been
utilized for probing biologically important metal ions in living cells and in tissues,
especially Ca** and Zn** [34,35]. For the detection of Cd** using fluorescence, the
probe molecules must meet several requirements. The most important criterion is a
selective fluorescence response to Cd** under physiological conditions. Because of
the chemical similarities of Cd** to Ca?* and Zn®*, it has been a challenging
objective to distinguish the response to Cd** from that to Ca®* or Zn>* in fluores-
cence. In addition, an excitation wavelength beyond the UV region is required to
minimize cell damage and background signals from an excitation light source or
endogenous autofluorescence.

3.2 Principles of the Development of Fluorescence Probes
for Metal Ions

Photoinduced electron transfer (PET) is the most commonly employed method for
the development of small molecule-based fluorescence probes, especially for metal
ions. In PET sensors, the metal ion receptor (e.g., nitrogen atoms), which acts as
an electron donor, is directly linked with the fluorophore that acts as an electron
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acceptor. Photoexcitation of the unmetallated probe induces electron transfer from
the donor to the acceptor fluorophore, which results in fluorescence quenching.
When the analyte binds to the receptor, the energy level of the donor is lowered, and
the PET quenching process is inhibited to restore the original fluorescence. As a
result, intensity-based fluorescent metal ion indicators can be rationally designed.

Photoinduced charge transfer (PCT) is another mechanism commonly utilized
for the molecular design of ratiometric probes, which, in principle, can provide
accurate and quantitative determination of the target analytes by using ratiometric
imaging techniques. Perturbation of the intramolecular charge transfer (ICT) state
of a fluorophore by coordination to the target metal ion influences the energy gap
between the ground and excited states, resulting in a shift in the wavelength of the
excitation and/or emission maxima.

3.3 Fluorescence Imaging of Cadmium with Calcium
or Zinc Fluorescence Probes

Several types of Ca”**-selective fluorescence probes have been developed and
applied to the investigation of calcium neurophysiology [36]. Generally, Ca**-
chelators can be adopted for Zn** and Cd** as well. In fact, the BAPTA
(bis(o-aminophenoxy)ethane-N,N,N,N’ -tetraacetic acid) chelator, which is
designed for tightly binding with Ca** (K4 ~300 nM), displays much higher
affinity for Zn>* (K4 ~0.5 nM). Because the jonic radius of Cd** (0.97 A) is
closer to that of Ca** 0.99 A) rather than Zn** 0.74 A), the cavity size of the
BAPTA chelator is more suitable for Cd** (K4 ~0.7 pM). As a result, BAPTA-
based Ca”* fluorescence probes, which include 1 through 4 (Figure 1), can
form extremely stable Cd**-BAPTA complexes and these are potential tools
for measuring intracellular free Cd**.

Fluo-3 (1)isa Ca2+-responsive fluorescein sensor based on the PET mechanism.
The fluorescence response of Fluo-3 to Cd** is the same as that observed with Ca®*
or Zn2+; moreover, neither of these metals influences the Cd**-induced Fluo-3
fluorescence due to the large difference in their binding constants. In practical
applications, the probe is loaded into rat thymocytes as the membrane-permeable
acetoxymethyl (AM) ester form. Subsequent flow cytometric analysis is character-
ized by increased intensity of the Fluo-3 fluorescence when the cells are exposed
to Cd**, corresponding to the formation of the Cd**-Fluo-3 complex in the cells
[37,38].

Fura-2 (2) is one of the most widely used PCT-based Ca”®" indicator for
ratiometric measurement [39]. Fura-2 exhibits a quite similar fluorescence response
to Cd** as it exhibits to Ca2+, where the fluorescence excitation maximum
undergoes a blue shift from 363 to 337 nm upon Cd** binding. Because of the
extremely high binding affinity of Fura-2 for Cd** (K4 = 0.7 pM), this can probe
the exceedingly low concentration of free cytosolic Cd**. Cd** uptake by CHO
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Figure 1 BAPTA-based fluorescent sensors.

cells expressing the bovine cardiac Na*-Ca®* exchanger has been detected by
monitoring the change of Fura-2 ratio [40]. It has been found that the cytosolic
free Cd** concentration of 0.5 ~ 2 pM stimulates the Na*-Ca®* exchange activity.

The mono-nitrated BAPTA chelator exhibits a much lower binding affinity for
Ca** due to the strong electron withdrawing effect of the nitrate group, whereas
the affinity for Cd** remains high enough to be exploited in the detection of
intracellular Cd** (Ky = 4.4 mM for Ca®* and 1.4 pM for Cd**, respectively) [41].
When PCI12 cells are stained with BTC-5N (3), where the fluorophore is 5-
nitrobenzothiazole coumarin, followed by treatment with Cd2+, a considerable
increase in the BTC-5N fluorescence is observed [42]. The increase in fluorescence
is reduced by ~50% in the presence of Ca®* channel blockers such as nifedipine and
diltiazem. In contrast, treatment with Bay K 8644, which is a Ca®* channel agonist,
causes a significant enhancement in fluorescence. These results may indicate that
Cd** enters neuronal cells through Ca** channels.

Another strategy for monitoring Cd** in cells using BAPTA-based fluorescence
indicators involves the use of two types of dyes that exhibit different fluorescent
responses to Ca?* and Cd**, respectively. As opposed to Fura-2, no change in the
fluorescence of Quin-2, which is a turn-on type Ca>* indicator based on a quinoline
scaffold, is induced by adding Cd** [43]. By taking advantage of the different
photophysical properties of Cd** complexes of Fura-2 and Quin-2, Cd** uptake by
GH3 or C6 cells can be monitored with discrimination from intracellular Ca®*
behavior. A similar strategy is adopted with Fura-5F (4) and the protein-based Ca**
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sensor, Yellow Cameleon (YC) 3.60, the latter of which does not respond
to changes in intracellular Cd®** concentration [44]. In YC3.60-expressed
HEK?293 cells, Cd** exposure induces a significant change in the Fura-5F fluores-
cence ratios but does not induce any change in YC3.60 fluorescence.

Although BAPTA-based fluorescence probes have been used to measure intra-
cellular Cd**, this type of probe is not appropriate when measuring the effect of
Cd>* on changes in the Ca®* concentration.

4 Cadmium-Selective Fluorescent Probes

In order to avoid the influence of Ca** on the fluorescence imaging of target
transition metal ions in cells, probes containing nitrogen and sulfur atoms in the
chelator moiety rather than oxygen have been preferably employed. Among the
numerous fluorescent probes developed for transition metals, Zn>*-targeted probes
are most commonly reported. However, most of these Zn>* probes exhibit similar
fluorescence responses to Cd** because of the comparable chemical properties
(closed shell d'e configurations) of 7Zn** and Cd**. Thus, the design of molecules
that can distinguish between Cd** and Zn** based on fluorescence is an important
research objective for clarification of intracellular Cd** behavior.

4.1 Intensity-Based Fluorescent Probes

4.1.1 Ultraviolet Excitation

Several anthracene-based fluorescent sensors (compound 5 in Figure 2 is one
example) that present different fluorescence responses to Cd** and Zn** in aqueous
solutions have been synthesized [45—48]. In these molecules, the PET-quenched
fluorescence is restored to the original anthracenic fluorescence in the presence of
Zn** whereas addition of Cd** generates an anthracene-Cd** m-complex, and the
resulting spectrum is red-shifted and broadened [47]. However, anthracene-based
sensors for Cd** have not been utilized in cell imaging, possibly because of the
instability of the d-m complex of Cd** in biological conditions.

Quinoline derivatives have been applied for monitoring labile Ca®* and Zn>* in
cells and in the central nervous system [49,50]. Nevertheless, successful imaging of
Cd** in cells using these derivatives has rarely been achieved although a number of
quinoline-based Cd** sensors have been reported [51-57]. The quinoline sensor 6
(Figure 2) comprises an 8-hydroxyquinoline appended N,S,-donating 12-membered
macrocycle [56]. The fluorescence is strongly quenched (® = 0.0001) by an intra-
molecular photoinduced proton transfer (PPT) process between the hydroxyl group
and the quinoline nitrogen atom. Upon addition of Cd** in a MOPS buffer solution
(pH 7.4) containing liposomes, 6 may form the 1:1 Cd** complex with consequent
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Figure 2 Ultra-violet excitable fluorescent Cd>* sensors.

inhibition of the PPT process, which results in fluorescence enhancement with the
maximum wavelength at 520 nm (A., = 332 nm). The dissociation constant of the
Cd>* complex is ~1.0 pM in aqueous solution. Cellular Cd** imaging in HL-60,
Cos-7, and Saos-2 cells has been performed using this probe. Fluorescence micro-
scopy experiments of fixed Cos-7 cells or live cells of Saos-2 have demonstrated
that this probe is cell-permeable and can respond specifically to changes in the
intracellular Cd** levels. Furthermore, this probe can be applied to cytofluorimetric
analyses of leukemic HL-60 cells. Co-incubation with propidium iodide (PI) allows
discrimination of viable cells from damaged cells and the selective analysis of
intracellular Cd** behavior.

Despite the capabilities of quinoline-based probes for selective detection of Cd*",
these probes have limited applicability for optical imaging of biological samples
due to the requirement for ultraviolet excitation (A, < 330 nm), which is deleteri-
ous to biological samples and induces autofluorescence from endogenous cellular
molecules such as NADH and FAD. Furthermore, the fluorescence properties of
quinoline fluorophores generally depend on the solvent polarity, which may make
them unsuitable for biological Cd** detection.

4.1.2 UV-Visible Excitation

Boradiazaindacene (BODIPY)-based fluorescence probes have been used for detec-
ting Cd** in cells (Figure 3). The optical properties of BODIPY can be tuned by
chemical modifications on the dye core. BODIPY dyes undergo an ICT process
with a functional group at the 3’-position whereas the substituents at the meso
position can alter the efficiency of the PET process [58].

Compound 7 is the first example of a BODIPY-based Cd**-selective probe
that can be utilized for optical imaging [59]. This probe employs N,N-bis
(pyridin-2-ylmethyl)benzenamine as the heavy metal ion receptor. In a mixture of
aqueous acetone (1/9, v/v), the free probe exhibits a maximum emission at 656 nm
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Figure 3 Intensity-based Cd** probes excitable with visible and NIR light.

with a quantum yield of 0.12. Upon addition of Cd**, the emission spectrum
undergoes a blue shift to 597 nm with a quantum yield of 0.59. The emission
intensity at 597 nm and the intensity ratio of two additional bands increase with
gradual addition of Cd**, which allows the detection of Cd** by both normal
fluorescence and ratiometric fluorescence as described in detail later in this chapter.
Probe 7 forms a 1:1 Cd**-complex with a dissociation constant of 48 pM, and
shows no fluorescence response to most heavy and transition metal ions including
Zn**. This probe is cell-permeable and has been applied to the detection of changes
in the Cd** concentrations in PC12 cells under visible light excitation. This probe
can also be applied to the internalization of Cd** in Cd**-exposed human umbilical
vein endothelial cells (HUVECS) [60]. In this case, the fluorescence intensity within
the cells increases with increasing concentrations of Cd** in the media.
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The background fluorescence of the free BODIPY probe can be minimized by
introducing a strong electron-withdrawing group at the meso position of the
BODIPY core, which results in an increase in the HOMO-LUMO gap. BODIPY
8 contains polyamide moieties as the Cd** receptor, which improves the water
solubility [61]. Under physiological conditions, this probe displays very weak
fluorescence (® = 0.003) due to the efficient PET quenching of the BODIPY
fluorophore by the polyamide appendage. Upon addition of Cd*", the probe under-
goes a 195-fold increase in the emission intensity upon excitation at 550 nm.
Probe 8 forms a Cd** complex with 1:2 stoichiometry. The enhancement of
fluorescence intensity corresponds to the concentration of Cd** in a linear manner,
which potentially allows for quantitative assay of the Cd** concentration. This
polyamide chelator shows high Cd**-selectivity and can detect Cd** in the presence
of various metal ions. Probe 8 can penetrate the cell membrane and has been used
for imaging of Cd** in living cells. HeLa cells incubated with the probe followed
by introduction of Cd** exhibit significantly enhanced fluorescence.

Fluorescent molecules that possess absorption and emission bands in the red/
near-infrared (NIR) region are advantageous for in vivo imaging because of the
deep penetration of this wavelength into tissues and the reduction in autofluore-
scence. NIR probes for Cd** include CYP-1 and CYP-2 (9 and 10, Figure 3), which
are tricarbocyanine-based molecules [62]. These probes utilize a tetra-amide recep-
tor for selective binding with Cd** in aqueous solutions. Cd** binding to CYP-
2 triggers an increase of the fluorescence emission intensity at 793 nm in Tris-HCI
buffer (pH 7.2). However, in general, the PET effect is not efficient in NIR
fluorophores because of the low excitation energy. Therefore, the fluorescence
quantum yield of the Cd**-bound form of CYP-2 is only twice as large as that of
the metal-free form (® = 0.0059 and 0.0145 for free and Cd** bound forms,
respectively). The dissociation constants of the Cd** complexes are Kq = 0.11 mM
and 5.3 pM corresponding to the 1:1 and 1:2 (probe : Cd**) complexes. Similar
results are observed for CYP-1 in acetonitrile/water (9/1, v/v). The detection limits
of Cd** are 3.1 uM with CYP-1 and 2.3 uM with CYP-2. CYP-1 is cell-permeable
and has been used for imaging of Cd** in living cells. On the other hand, because of
the anionic charges of the sulfonate groups, penetration of CYP-2 into the cell
membrane is difficult. Incubation of HeLa cells with CYP-1 with subsequent
exposure to Cd** results in fluorescence within the cells. However, in this case,
it has not been confirmed whether the observed fluorescence enhancements are
reversed by addition of a membrane-permeable chelator for transition metal ions
such as N,N,N’ N’ -tetrakis(2-pyridylmethyl)ethylenediamine (TPEN).

Fluorescein and its derivatives are among the most widely employed fluoro-
phores used as probes of metal ions, pH, enzyme, and biologically important small
molecules. Although numerous fluorescence probes for Ca®* and Zn?* based
on the fluorescein scaffold have been developed and applied to optical imaging
of cells and tissues, analogs for Cd>** are rare. The fluorescein-based sensor 11
(Figure 3) utilizes restriction of the C=N bond rotation upon complexation of
cations to achieve on/off switching of the fluorescent system [63]. In the metal-
free form, free rotation of the C=N bond elicits non-radiative quenching of the
excited fluorophore and educes a relatively lower quantum yield (® = 0.00638).
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Cd>* binding with probe 11 gives rise to a 1:1 complex with K4 = 0.12 pM;
complexation occurs with a 2.7-fold fluorescence enhancement in HEPES buffer
solution (pH 7.0). The fluorescence response is Cd**-selective; however, some
transition metal cations such as Fe**, Co®*, Ni**, Cu**, Hg**, and Zn*" interfere
with the Cd**-enhanced fluorescence due to the formation of stable complexes with
these cations. Probe 11 is cell-permeable and has been applied to the detection of
intracellular Cd** in HK-2 cells. No obvious fluorescence can be imaged in cells
incubated in Cd**-free media, whereas strong fluorescence images are observed
after incubation with Cd**. The intensity of the fluorescence within the cells
increases with increasing concentration of Cd** in the media. Unfortunately, the
quantum yield of the Cd**-bound probe is too low for optical imaging.

4.2 Ratiometric Detection of Cadmium

Fluorescent molecules that exhibit a large shift in the excitation and/or emission
spectra upon analyte binding have been utilized as ratiometric probes. By monitor-
ing the fluorescence intensity ratios at two different wavelengths before and after
the reaction, the target concentrations can, in principle, be quantitatively deter-
mined without the influence of artifacts such as variations in the excitation source,
emission collection efficiency, and sample thickness [64]. BODIPY 7 has been
utilized not only as an intensity-based fluorescence probe but also as a tool for
ratiometric imaging [59]. Upon complexation with Cd**, the ICT structure of 6 is
destabilized and the emission maximum shifts from 656 to 597 nm under excitation
at 580 nm. Consequently, the fluorescence intensity ratio of the peaks at 597 and
697 nm (F597/F g97) increases. Ratiometric imaging of intracellular Cd** in dendritic
cells (DCs) has been examined by utilizing probe 7. Cd** uptake by the cells has
been monitored ratiometrically by acquiring double-channel fluorescence images at
597 £ 15 and 697 £ 15 nm.

CadMQ (12, Figure 4) is another example of an ICT-based ratiometric
fluorescence probe for Cd** [65]. This probe employs coumarin-120 (C120:
7-amino-4-methyl-coumarin) as the fluorophore. In higher polarity solvents such
as water, C120 exists in the ICT configuration (planar structure), which has a
relatively longer excitation wavelength than the non-planar conformation that is
adopted in non-polar solvents. CadMQ exhibits an intense absorption band at
356 nm (¢ = 1.77 x 10° M~' cm™) in an HEPES buffer solution (pH 7.2), which
is attributed to the ICT structure. Addition of Cd** triggers a decrease in the
absorption band at 365 nm and a concomitant increase in the intensity of a new
band at 333 nm (¢ = 1.42 x 10° M™' cm™") owing to the formation of a non-planar
Cd** complex. The high quantum yields of both the free ligand and the Cd**-bound
form (@ = 0.59 and 0.70, respectively) are suitable for the ratiometric detection of
Cd** using the fluorescence intensities at two different wavelengths in the excita-
tion spectrum. CadMQ undergoes strong complexation with Cd** (K4 = 0.16 nM)
with a 1:1 stoichiometry, which makes this probe suitable for determining the
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Cd** concentration in the detection range of 40 to 660 pM in aqueous solutions.
Because of the TPEN-like receptor of CadMQ, high Cd>* selectivity is exhibited
by this probe even under conditions of high concentrations of Ca** and Mg>*.
More importantly, addition of Zn** does not affect the fluorescence ratio of the
metallated/free probe. CadMQ is cell-permeable and localizes within the acidic
sub-structures of cells. Addition of TPEN to Cd**-exposed HeLa cells results in a
respective decrease and increase of the intensities at 340 and 387 nm. CadMQ is
thus an effective probe for ratiometic monitoring of the changes in the intracellular
Cd** levels.
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Figure 4 Ratiometric fluorescence sensors for cd>.

The utilization of DBI (5-dimethylamino-2-(2-pyridinyl)-benzoimidazole) as a
fluorophore is another approach for the development of Cd**-selective ICT probes
[66]. Metal complexation with the DBI core occurs by chelation of the metal with
the 2,2’-N atoms; this leads to co-planation of the pyridine and benzoimidazole
moieties in DBI with consequent stabilization of the ICT structure. In this case,
unlike CadMQ), red-shifted bands are observed in both the absorption and emission
spectra. Free DBITA (13, Figure 4) exhibits an absorption band at 340 nm in an
HEPES buffer solution (pH = 7.2), whereas this band is red-shifted to 359 nm
upon addition of Cd** owing to the increased ICT effect in the Cd** complex.
Addition of Cd** induces a distinct red shift of the emission band (., = 362 nm) of
DBITA from 534 to 587 nm with a clear isoemissive point at 530 nm. The quantum
yields are 0.18 and 0.42 for the metal free and Cd**-bound forms, respectively.
Owing to the synergic coordination of the DBI and DPA chelators in DBITA to
Cd**, DBITA coordinates strongly with Cd** (K4 ~ 25 pM) with a Cd**:DBITA
stoichiometry of 1:1. Na*, K*, Ca**, and Mg** do not interfere with Cd** sensing
using DBITA. Although Zn>* addition triggers a red shift of the emission band
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from 534 to 609 nm, there is little interference with the ratio of the fluorescence
intensities at 587 and 493 nm (F'sg7/F 493). DBITA is membrane-permeable and has
been used to track intracellular cadmium levels via dual-channel ratiometric imag-
ing. When HeLa or macrophage cells are exposed to Cd**, changes in the intensity
ratio of fluorescence within the cell, collected at 460510 and 560—610 nm, are
observed in response to the enhanced Cd** level. Treatment with TPEN distinctly
reduces the emission ratio enhancement, implying that the change of the [Cd**] in
cells can be reversibly monitored.

A quinoline-based ratiometric probe for Cd** has been prepared on the basis of a
modified ICT mechanism [57]. In HEPES buffer solution (pH = 7.4), free DQCd1
(14) exhibits absorption and emission bands at 420 nm (¢ = 1.9 X 10° M em™)
and 558 nm (® = 0.15), respectively. Under these conditions, this probe forms
a resonance structure with protonation of the quinolinic nitrogen. In the presence
of Cd**, DQCdI can generate the corresponding Cd** complex (® = 0.11) with
concomitant blue shifts of the absorption and emission maxima to 370 and 495 nm,
respectively. In this case, Cd** coordination to quinolinic nitrogen inhibits the
formation of the resonance structure. Although Zn** partially quenches the emis-
sion of DQCd1 with a smaller hypsochromic shift (AX = 48 nm), addition of Cd**
to the Zn>* complex causes a rapid increase in both the fluorescence intensity and
the ratio signals due to the much stronger binding affinity for Cd** (K4 = 41 pM).
DQCd1 is cell-permeable and localizes within the acidic sub-structures of the cells.
When NIH 3T3 or HEK293 cells are exposed to Cd** in the presence of this probe,
a significant enhancement in the ratio of the corrected emission intensities at 430 to
490 nm and 530 to 590 nm is observed. Changes in the fluorescence can be reversed
by the subsequent addition of TPEN, indicating that DQCd]1 is suitable for visual
observation of the changes in the intracellular [Cd**] using the ratio images.

Despite the fact that cellular application has not yet been executed, probe 15
exhibits ratiometric responses to Ccd** [67]. This probe employs 4,5-diamino-1,
8-naphthalimide bearing a DPA chelator as the fluorophore. To distinguish between
Zn** and Cd**, another pyridine moiety is substituted as the fifth ligand. Addition of
Cd** to the free probe in a mixture of ethanol/water (1/9, v/v) induces an increase in
the F4g7/F531 intensity ratio. In contrast, Zn>* coordination triggers a red shift of
27 nm with slight quenching of the fluorescence and does not affect the intensity
ratio. Due to the use of the DPA chelator, this probe is not affected by the presence
of Na*, K*, Ca**, and Mg*".

5 Concluding Remarks

Although many small molecule based fluorescent probes that respond to Cd** have
been synthesized, only a few of these are suitable for detecting Cd** in cells with
high selectivity and sensitivity. Because of the chemical similarity between Cd**
and Zn**, the development of sensor molecules that are capable of distinguishing
between Cd** and Zn®* based on a fluorescence response remains challenging.
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Establishment of strategies for rational design of the Cd** binding sites is still
necessary for the efficient development of Cd**-selective fluorescent sensors.
Optical imaging is a highly suitable method for monitoring cadmium uptake in
cells and the toxic effects on cellular signaling processes and on mammalian tissues
such as the kidney and liver. By taking advantage of multicolor imaging techniques
with appropriate fluorescent indicators, changes in the intracellular Ca** and ROS
concentrations can be simultaneously monitored with Cd**, and thereby, the
mechanistic details of Cd** induced toxicity may be elucidated.

Abbreviations
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AM acetoxymethyl

ATSDR  Agency for Toxic Substances and Disease Registry
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DBI 5-dimethylamino-2-(2-pyridinyl)-benzoimidazole
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DPA di(2-picolyl)amine

EPA Environmental Protection Agency

FAD flavin adenine dinucleotide
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HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HUVEC  human umbilical vein endothelial cell

ICT intramolecular charge transfer

MOPS 3-(N-morpholino)propanesulfonic acid

MRI magnetic resonance imaging
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NIR near-infrared

PCT photoinduced charge transfer

PET photoinduced electron transfer
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PPT photoinduced proton transfer

ROS reactive oxygen species
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Tris 2-amino-2-hydroxymethyl-propane-1,3-diol

YC Yellow Cameleon
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Abstract Our laboratories have actively published in this area for several years
and the objective of this chapter is to present as comprehensive an overview as
possible. Following a brief review of the basic principles associated with ''*Cd
NMR methods, we will present the results from a thorough literature search for
"3Cd chemical shifts from metalloproteins. The updated ''*Cd chemical shift
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figure in this chapter will further illustrate the excellent correlation of the ''*Cd
chemical shift with the nature of the coordinating ligands (N, O, S) and coordination
number/geometry, reaffirming how this method can be used not only to identify the
nature of the protein ligands in uncharacterized cases but also the dynamics at the
metal binding site. Specific examples will be drawn from studies on alkaline phos-
phatase, Ca>* binding proteins, and metallothioneins.

In the case of Escherichia coli alkaline phosphatase, a dimeric zinc metal-
loenzyme where a total of six metal ions (three per monomer) are involved directly
or indirectly in providing the enzyme with maximal catalytic activity and structural
stability, 3cq NMR, in conjunction with 13C and *'P NMR methods, were instru-
mental in separating out the function of each class of metal binding sites. Perhaps
most importantly, these studies revealed the chemical basis for negative coopera-
tivity that had been reported for this enzyme under metal deficient conditions. Also
noteworthy was the fact that these NMR studies preceeded the availability of the
X-ray crystal structure.

In the case of the calcium binding proteins, we will focus on two proteins:
calbindin Dy and calmodulin. For calbindin Do and its mutants, '*Cd NMR has
been useful both to follow actual changes in the metal binding sites and the
cooperativity in the metal binding. Ligand binding to calmodulin has been studied
extensively with ''*Cd NMR showing that the metal binding sites are not directly
involved in the ligand binding. The ''*Cd chemical shifts are, however, exquisitely
sensitive to minute changes in the metal ion environment.

In the case of metallothionein, we will reflect upon how ''*Cd substitution and
the establishment of specific Cd to Cys residue connectivity by proton-detected
heteronuclear 'H-'"*Cd multiple-quantum coherence methods (HMQC) was
essential for the initial establishment of the 3D structure of metallothioneins, a
protein family deficient in the regular secondary structural elements of a-helix and
B-sheet and the first native protein identified with bound Cd. The ''*Cd NMR studies
also enabled the characterization of the affinity of the individual sites for ''*Cd and,
in competition experiments, for other divalent metal ions: Zn, Cu, and Hg.

Keywords alkaline phosphatase ¢ calbindin ¢ calcium-binding proteins ¢
calmodulin « metallothionein » ''*Cd NMR methods « ''*Cd NMR chemical shifts
from metalloproteins

1 Introduction

Speaking on behalf of myself (IMA) and my co-authors, it was a delight to accept
the invitation from the Editors to write a chapter for Volume 11 of this series. This
provided us with the opportunity to do a thorough review of the use of ''>*Cd NMR
to probe the structure and dynamics at the metal binding sites in metalloproteins
that we were actively involved in pioneering some 30 plus years ago [1-4]
following up on the early study on the ligand dependence of the ''*Cd chemical
shift in small molecules [5]. Several reviews devoted to 13Cd NMR studies in



6 ''3Cd NMR to Probe Metalloproteins 119

biological systems have appeared since in the literature [6—12]. In this chapter, we
focus exclusively on solution ''>Cd NMR studies on biological systems. For solid
state ''>Cd NMR studies we would refer the reader to the pioneering work of Ellis
and co-workers [13] and the section on solid state '3 Cd NMR studies in the
Summers review [9]. While the preponderance of these ''*Cd NMR studies report
on Zn- or Ca-binding proteins, there are a handful of examples where ''*Cd has
been used to probe the native Fe, Mn, Mg, and Cu sites in metalloproteins [14—17].
It is not surprising that Cd is a good surrogate for Zn as both are in the same group in
the periodic table with a d'® valence electron configuration and similar ligand and
coordination number preferences, although the ionic radius of Cd** is larger than
Zn*,0.98 A versus 0.74 A, respectively [18]. It may be somewhat more surprising
that Cd is also a good substitute for Ca even though their coordination chemistry is
quite different, as Cd strongly prefers nitrogen and sulfur over oxygen ligation,
which is the preference for Ca. However, the ionic radius of Cd (0.98 A) is very
close to that of Ca (0.96 A). The most unlikely metal ion, of the ones mentioned
above, to be replaced by Cd is Mg which is much smaller than Cd and has a
preference for oxygen ligands.

As will be discussed in Section 2, chemical exchange broadening may play a
major role in the detection of the bound 13Cd metal ion, which is a consequence of
the extreme sensitivity of the Cd chemical shift to pertubations in its ligand
environment. The simple illustration that we offer to explain ''*Cd sensitivity to
chemical exchange broadening is the difference between ''*Cd NMR studies of a
metalloprotein versus a metalloenzyme. In the former, the metal binding site is
frequently there to establish the integrity of the protein, e.g., zinc finger proteins,
metallothionein [12], or a-lactalbumin [19], where the metal coordination shell is
usually filled with protein ligands, which helps suppress effects from chemical
exchange. However, in the latter case there is frequently an open coordination site
that is required for the binding of the substrate and catalysis. This situation can lead
to the exchange of solvent counterions at the open coordination site that in many
cases can result in an exchange-broadened and undetectable ''*Cd resonance, vide
infra alkaline phosphatase. The four proteins that we have selected to highlight the
biological applications of ''>Cd NMR provide a clear illustration of these funda-
mental differences (see Section 4).

2 General Considerations and Basic Principles

The preponderance of biological systems whose function depends on the binding of
the native metal ions Zn, Mg, and Ca provided the impetus behind our efforts to
develop and apply spin I = 1/2 ''3Cd NMR methods to characterize the structural
and/or functional role of these native metal ions. While these native metal ions are
not strictly spectroscopically silent, they all have isotopes with non-zero spin
quantum number I > 1 which makes them difficult to use but not totally intractable
for studies of macromolecules [7,20].
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The foundation for developing the biological applications of ''*Cd NMR traces
back to the early ''*Cd NMR studies on small molecules, which identified the
extreme sensitivity of the chemical shift and relaxation properties to the ligand
environment [5,21,22]. There are two spin % isotopes of Cd, g and ''3Cd, with
a natural abundance sensitivity about eight-fold that of natural abundance "*C.
Isotopic enrichment (96%) provides an additional eight-fold enhancement of sensi-
tivity, which enables studies at a few tenths millimolar concentration of metallo-
protein in most cases. An overwhelming majority of the Cd NMR studies have been
on ''*Cd, which is slightly more sensitive than '''Cd.

Chemical shifts/nuclear screening: Electrons around the nucleus shield it from
the applied magnetic field giving rise to NMR’s perhaps most ubiquitous parameter,
the chemical shift. Electrons in s-orbitals have spherical symmetry and result in an
upfield or diamagnetic shift while p- and d-orbitals result in a deshielding or
paramagnetic shift. For protons, naturally the diamagnetic term dominates while
for elements beyond the second row in the periodic table, the paramagnetic term
usually dominates the screening. In this chapter, we have made our utmost effort to
retrieve and list all the solution ''>Cd NMR studies of biological systems and
present them with references in Section 3 and Figure 2. For the electron-rich
"3Cd ion complexed to a host of different metallo-proteins/enzymes, this translates
into a chemical shift scale of ~950 ppm!

Coupling constants: The observation of through bond scalar coupling from/to
"3Cd provides, among other things, insight into the degree of covalency of the
113Cd—ligand bond. For representative examples of lH, 13C, 31P, and '°N scalar
couplings to ''*Cd, which date back to the mid 70s and early 80s, the reader is
referred to Table II in Armitage and Boulanger [8]. The significance of the
observation of coupling from ''*Cd to the protein ligands will be clearly illustrated
in the alkaline phosphatase and metallothionein studies presented in Section 4.
Before leaving this section, we would be remiss by not mentioning the following.
Many years ago, the dihedral angle dependence of three bond "H-"H coupling was
reported [23], which has subsequently been established for numerous three bond
coupling constants and as such provided an important additional structural con-
straint in protein structure calculations. In 1994, the Vasak lab demonstrated the
dihedral angle dependence of the three bond ''*Cd-'H coupling [24].

Chemical Exchange: A phenomenon that is especially important in ''*Cd NMR is
the effect of chemical exchange. The importance of this stems from the extreme
sensitivity of the ''?Cd chemical shift (~950 ppm), which makes it sensitive to
exchange rates that are faster by orders of magnitude compared to the conventional
exchange rates affecting nuclei like '*C and 'H. In the Introduction, this has been
alluded to with the analogy between metalloproteins and metalloenzymes.

There are at least three different kinds of exchange that can significantly affect
the '">*Cd NMR spectrum: (i) Direct metal ion exchange between the free and
protein bound states; (ii) Exchange of metal ion ligands and; (iii) Exchange
between two or more protein conformations, which perturb the 13¢d chemical
shift with no direct change in metal coordination. The second type of exchange
is not likely to appear in metalloproteins where the metal coordination shell is



6 ''3Cd NMR to Probe Metalloproteins 121

usually filled with protein ligands. For metalloenzymes, on the other hand, an open
coordination site is often essential for the function of the enzyme. The other two types
of exchange could occur in any kind of metalloprotein and have been observed.

In view of the potential role of this exchange affecting the chemical shift, it is
important to conduct the appropriate experiments (varying temperature, pH, solvent
counterions, etc.) to rule in or out the presence of chemical exchange whenever the
shift is being used to report on the nature of the protein ligands. Specific examples
are: the shift of the A-site Cd in alkaline phosphatase (AP) from 122 ppm in Tris-
acetate to 169 ppm in Tris-chloride and in human carbonic anhydrase B (HCAB)
where the replacement of the Cd-bound H,O or "OH with CI™ results in a shift from
~145 ppm to ~ 240 ppm. Both of these examples illustrate the deshielding affect of
the metal bound CI".

Relaxation Properties: A knowledge of the spin relaxation properties is of interest
for at least two reasons. The first is related to the use of acquisition parameters for
optimum signal-to-noise acquisition times and the second is to use the relaxation
data to provide important information concerning motional dynamics in and around
the metal binding site. Unfortunately, to our knowledge there has been no compre-
hensive ''*Cd NMR relaxation study on macromolecular systems, which limits our
discussion of this topic to early, preliminary investigative studies dating back to the
mid to late 80s.

Our field-dependent "3Cd NOE and T, measurements at 2.1 T and 4.7 T at that
time revealed about an equal contribution from the chemical shift anisotropy (CSA)
and dipolar relaxation mechanisms when analyzed by the standard isotropic rigid
rotor expressions [6,25]. A strong contribution from CSA was not surprising but
an almost equal dipolar contribution was, considering the relatively long distance
(>35 A) to the nearest ligand protons. However, the measured NOEs revealed a
dipolar modulation process at a more effective relaxation frequency than overall
protein reorientation was necessary to account for the experimental NOE. To
explain the large dipolar contribution, we proposed a mechanism which involved
the contribution from the facile exchange rate (10 to 10° s™') of ionizable protons
on solvent molecules in the immediate vicinity of the metal ion. Support for this
model comes from studies of the exchange rates of water molecules (108 to 10° sh
in the vicinity of the metal ion [26—28]. This model, and the supporting T, and NOE
plots, was presented in a review on ''*Cd NMR by Armitage and Boulanger [8].
However, in the process of compiling the material for this chapter, IMA was made
aware of an error that was made in the 'H-'">Cd dipolar relaxation plots presented
in this latter reference and in two earlier publications [6,25]. The error involved not
properly taking into account both the sign of the gyromagnetic ratio and the
opposite sense of the angular precession of the ''*Cd spins. This error was discov-
ered after reading a paper by Kay et al. [29], which referred to two papers by
Werbelow [30,31]. Subsequent communication with Lewis Kay and especially
Larry Werbelow proved invaluable to the explanation and to our understanding of
the miscalculation. Re-evaluating the interpretation of the relaxation rate and NOE
values in the slow motion limit using the corrected plots provides a new
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understanding of the data. For reference, Figure 1a shows the corrected NOE versus
correlation time plot at three different field strengths with the incorrect plot at 4.7 T
for comparison. Note the dramatic change in the slow motion limit NOE values,
which was also reflected in this regime for the exchange NOE plot shown in
Figure 1b.
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3 3Cd NMR Chemical Shifts from '*Cd-Substituted
Metalloproteins

Figure 2 [1-4,13-17,19,24-26,32—-187] illustrates that oxygen ligands provide the
greatest shielding with a progressive deshielding upon substitution with nitrogen
ligands to the most deshielded state containing all sulfur ligation from cysteines. In
the case of mixed ligands (O, N, S), we would draw your attention to the excellent
correlation in the deshielding with the number of N and S ligands. Starting from all
oxygens, there is an approximate downfield shift of 100 ppm per N (from histidine)
and 200 ppm per S (from cysteine). Also, in the case of all cysteine S ligation, there
is a clear discrimination in the ''*Cd shift with the participation of terminal versus
bridging cysteines with the former being the most deshielded, at about 700 ppm or
lower field for 4S. There is also a clear difference between cysteine and methionine
sulfur ligands with participation of the latter being more shielded by about 100 ppm.
In addition to the shielding contributions originating from the identity of the
ligands, there is a contribution from both the coordination number and geometry
as is best seen for the all oxygen binding sites in the calcium binding proteins. More
shielding results from increasing the coordination number and deshielding
correlates well with the number of charged ligands.

All of the ''*Cd chemical shifts for cadmium bound to calcium sites are to high
field of the 0.1 M Cd(ClOy), [Cd(HZO)%+] reference standard at 0 ppm and are,
therefore, negative. The standard is in effect itself an all oxygen octahedral com-
plex. They span almost 200 ppm with as yet no definitive consensus as to what
causes the large spread. Contributing factors are definitely the number of charged
ligands, the total number of ligands, and the symmetry of the site.

All Ca** binding sites for the proteins in Figure 2 are either hexa- or hepta-
coordinated. The two hexa-coordinated structures, trypsin [188] and insulin [189],
have '"3Cd shifts clearly downfield from the hepta-coordinated proteins in agree-
ment with the notion that a higher coordination number will result in an upfield
shift. The truly hepta-coordinated structures, a-lactalbumin [190], lysozyme [191],
and peroxidase [192], differ by only one charge in the first coordination sphere, but
the ''Cd shift difference is more than 100 ppm between peroxidase and the other
proteins. We have presently no explanation for this large shift difference unless the
structure around the cadmium ion differs from that of calcium, for example, being
octa-coordinated in peroxidase.
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Figure 2 The ''*Cd NMR chemical shifts from ''*Cd-substituted metalloproteins. The chemical
shifts are represented as bars. For proteins with representatives from different sources, like
parvalbumin and metallothionein, the width of the bar indicate the spread in shift, including two
for each parvalbumin and seven for each metallothionein. For most of the entries metal ligands are
shown: S for cysteine, S* for methionine, N for histidine, and O for all types of oxygen ligands.
Numbers within brackets refer to references in the list of references.
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The remainder of the calcium binding proteins in Figure 2 are formally hepta-
coordinated but with bidentate cordination from a single carboxylate group which
will make a distorted pentagonal bipyramidal structure that may more resemble
octahedral symmetry with the bidentate group seen as a single ligand [193-200].
For this group of proteins, including almost forty ''*Cd shifts, a linear correlation is
observed over 70 ppm for the ''>Cd chemical shift versus the number of charged
ligands (Figure 3).
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Figure 3 ''*Cd chemical
shifts for calcium binding
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ligands plotted versus the ]
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4 Specific Highlights of Studies on Alkaline Phosphatase,
Calcium Binding Proteins, and Metallothioneins

Each of the examples discussed below in this section illustrate, in different ways,
how ''*Cd NMR methods have been used to provide new insight into the structural,
dynamics and functional role of the metal binding site.

4.1 '3Cd NMR and Alkaline Phosphatase

Escherichia coli alkaline phosphatase, a dimeric zinc metalloenzyme (~95,500 Da),
binds 2 Zn ions and 1 Mg ion per monomer and functions in the non-specific
hydrolysis of phosphate monoester. '*C NMR on '*C labeled histidine biosyntheti-
cally incorporated into AP in conjunction with substrate >'P NMR and ''*Cd NMR
methods were used for the assignment of the three ''*Cd resonances to specific sites
per monomer and their role in substrate binding. A full account of these studies can
be found in the following references [6,25,80,82,201].

3¢ titration of the apoenzyme showed that the first two equivalents of added
"3Cd gave a single sharp resonance at 169 ppm consistent with the selective
binding to a pair of symmetrically disposed A sites on the dimer. Continued titration
with '*Cd to produce the saturated ''*Cdg enzyme resulted in the progressive loss
of the resonance at 169 ppm with no new ''*Cd resonances appearing. Chemical
exchange broadening obliterates the ability to detect any ''*Cd resonance from the
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Figure 4 ''>Cd NMR spectrum at 44.4 MHz of 1.5 mM '*Cd 2+ diphosphoryl alkaline phospha-
tase, pH 6.2. Reproduced from [6] with kind permission from Springer Science + Business Media
B.V.; copyright 1982.

six equivalents of bound ''*Cd. Phosphorylation of the active site serine residue,
CdgAP-P,, inhibits the exchange broadening with the appearance of three ''*Cd
resonances at 160 ppm (A site), 70 ppm (B site), and 2 ppm (C site) (Figure 4).
Concurrent '>C NMR studies on the [y-'*C]-histidine labeled ''*Cd¢AP-P, and
"2Cdg AP-P, produced the spectra shown in Figure SA and B [6,82].

Separate resonances are observed for each of the ten histidyl resonances per
monomer in this symmetric dimer. The collapse of the doublet for resonances 7, 8,
and 9 in Figure 5A, in Figure 5B with the spin I = 0 ''*Cd isotope provided
unequivocal proof of three bond ''*Cd-'>C J coupling from Cd coordinated to
N, of three imidazole rings. Figure 5C shows the '*C spectrum after the addition
of eight equivalents of ''Cd** to the sample in 5A and removal of the excess Cd**
by ultrafiltration. The ''*Cd NMR spectrum of this sample, not shown, indicated a
significant loss in the A and C site ''*Cd resonances through ''?Cd displacement,
but none for ''*Cd at the B site. Histidyl resonance number 9 is therefore assigned
to the B site metal and histidyl resonances number 7 and 8 to the A site metal. The
assignment of the two low field histidyl resonances labeled 1 and 2 to ''*Cd ligands
with coordination through the Nj; of the imidazole ring was based on the following:
these resonances did not titrate, relaxation time measurement and, the absence of
observable coupling, which would be consistent with a smaller 2 bond ''*Cd-'*C J
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Figure 5 The effect of selective Cd** isotope exchange at the A and C sites on the 50.3 MHz
13C NMR spectrum of the [y-'>C]-histidine labeled Cd?r diphosphoryl alkaline phosphatase.
(A) '*Cd 2" AP-P,; (B) ''>Cd 2" AP-P, with spin I = 0 ''?Cd; (C) sample A after addition of
8 equivalents of ''>Cd*" and removal of excess Cd** by ultrafiltration. The ''>Cd NMR spectrum
of this sample, not shown, indicated an almost complete loss of the ''>Cd resonance at the A and C
site through exchange with ''?Cd with no change of the ''>Cd resonance at the B site. On top
at the right the imidazole ring is shown. Reproduced from [6] with kind permission from Springer
Science+ Business Media B.V.; copyright 1982.
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coupling [82]. However, these circumstantial pieces of evidence had to be retracted
when the X-ray structure became available approximately 10 years later [202,203].
From the X-ray structure of AP (1ALK), the A site is a 6-coordinate octahedral with
His412 N, His331 Ny,, two O from Asp327 and two O from phosphate; the B site
is a highly distorted octahedral with His370 N,,, two O from Asp51, two O from
Asp369 and Ser102. This is the serine that is phosphorylated, which is the form of
the Cd enzyme being examined here which probably means the two oxygens from
phosphate coordinated to the A site are replaced with waters and the B site Ser-OH
is replaced with phosphate. The C site is the Mg site, which is a slightly distorted
octahedron, with the ''>Cd resonance at 2 ppm arising from a bound Asp51
(1 bond), Thr155 OH, Glu322(1 bond), and three water molecules.

An unexpected bonus came from the above NMR studies using a combination of
113Cd, 13C, and >'P NMR to monitor the disposition, occupancy, and role of the
individual metal binding sites in substrate phosphate binding and serine phosphor-
ylation. Specifically, these studies showed that substrate binding and phosphoryla-
tion requires a minimum occupancy of the A and B site on a monomer. Thus, while
the first two equivalents of Cd added bind to the symmetric A sites on each
monomer, addition of phosphate results in the relocation of the metal ions to give
a distribution where 50% are apo monomers and 50% are di-metal monomers.
This is the chemical explanation for the elusive half of the sites reactivity and
negative cooperativity reported in some studies on this enzyme! Further addition of
metal to saturate the 3 sites/monomer results in a symmetric diphosphorylated
dimer giving rise to the spectra shown in Figures 4 and 5.

4.2 3Cd NMR and Calcium Binding Proteins

The most common Ca binding motif, the EF-hand or helix-loop-helix motif,
consists of a 12 amino acid long loop with a helix of approximately 10 amino
acids on each side. The loop contains all the metal ligands, in positions 1, 3, 5,7, 9,
and 12. Position 1 is always an Asp and position 12 always a bidentate Glu. There
are two more side chain ligands that may or may not be charged. The remaining two
ligands are either backbone C=0 or water. It is, however, not a single calcium
binding site that is the active unit but a pair of sites. The sites are connected via a
short anti-parallel B-sheet, with amino acids 7 to 9 in each loop supplying one
strand each.

4.2.1 Calbindin Dy, a Study of Mutants

Calbindin Dgy, previously known as intestinal calcium binding protein, is the
smallest (75 amino acids) in the calmodulin superfamily of proteins. A special
characteristic of this EF-hand protein is that the first metal binding loop is modified
compared to the typical EF-hand loop, a pseudo EF-hand, a common feature for
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proteins belonging to the S100 family. The sites will be referred to as site I and site
II for the pseudo site and the typical site, respectively. The pseudo loop is two
residues longer than the typical EF-hand due to insertion of one residue after the
first and one after the sixth residue in the loop. There is only one side chain group
that coordinates the metal ion, the glutamate at position 14 which uses both
carboxylic oxygens. The remaining ligands are backbone carbonyls and one
water [195]. It looks like the site has turned itself inside out. Residues 9 to 11 are
involved in the B-sheet connecting it to the other EF-hand. Despite these differences
between the two calcium binding sites, the cooperativity in calcium binding is
preserved.

The ''*Cd NMR spectrum for wild type bovine [34] and porcine [33] calbindin
Dy, show the same feature when titrated with ''>Cd. First appears a resonance with
a chemical shift of about —105 ppm that increases in intensity and stays with this
shift up to one equivalent of added Cd. Thereafter, the resonance shifts towards
higher field and broadens. A maximum broadening is observed at about 1.5
equivalents of added Cd. After addition of at least 2 equivalents of Cd, the shift
has changed to about —110 ppm and the line width is back to what it was at low
levels of added Cd. The first signal to appear has been assigned to site II, with a
chemical shift in the same range as for other EF hands. A second signal observed
only at lower temperatures has a shift of —155 ppm and is assigned to site I. This
high field shift can, as seen in Figure 3, be explained as being due to the fact that
there is only one negatively charged ligand. The broad signal not observed at room
temperature is an example of exchange broadening due to direct metal ion exchange
between free and protein bound ''*Cd. An off-rate for the bound metal ion of about
2000 s~" would explain both the fact that no signal is observed at room temperature
for site I ''*Cd and the broadening of site Il ''*Cd at 1.5 equivalents of ''*Cd added.

The '"*Cd chemical shift is known to be very sensitive to even subtle changes in
the immediate surrounding of the Cd ion. ''*Cd NMR has therefore shown itself to
be an easy to use and sensitive monitor of structural changes due to mutations. It has
been observed that mutations outside the metal binding loops have no effect on the
113 shift. On the other hand, it has been found that charge mutants, where charges
in loop residues whose side chains are not metal ligands have been removed, have
diverse effects. Only the mutant Aspl9Asn, and double and triple mutants
containing Asp19Asn, show some effect on the 13¢q shifts (Figure 6).

The ''3Cd shift of cadmium in site I has moved downfield by 20 ppm, as much as
by adding a charged ligand according to Figure 3. Within this group of mutants
there is no change in the ''>Cd shift of cadmium in site II with site I empty,
however, the change in ''*Cd shift for site II cadmium upon cadmium binding to
site I has diminished or totally disappeared for the triple mutant, Glul7GIn +
Asp19Asn + Glu26GIn. This indicates that the interaction between the sites has
decreased. This is also seen as a decreased cooperativity in the calcium binding. In
fact there is a correlation, though weak, between the cooperativity in calcium
binding and shift in site IT ''*Cd caused by binding of Cd to site I [38,40,41].

A more pronounced effect on the ''*Cd spectrum was seen for mutants directly
affecting the metal binding. Changing loop I into a normal EF-hand loop, either by
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Figure 6 Bars indicating the chemical shifts for the two ''*Cd resonances in calbindin Doy and for
a set of mutants. Note that the typical EF-hand ''*Cd signal has an almost constant shift, =105 to
—110 ppm. The dashed bars refer to proteins with only one bound 13Cd** jon and the solid bars
refer to proteins with two bound ''*Cd** ions. The entry IL:II denotes the mutant with site two loop
sequence also in site one, and II:I the mutant with interchanged loop sequences. A denotes a
deletion. The mutant Leu39Cys + Pro43Met + Ile73Cys has been cleaved after Met43 and the S-S
bond between Cys39 and Cys73 has been formed.

inserting the sequence of loop II or by the minimum number of replacements and
deletions, did not result in a ''*Cd spectrum expected for two typical EF-hands, but
a shift for site I ''*Cd of 20-30 ppm downfield from the expected value (Figure 6).
This shows that the general structure around loop I does not easily adopt a typical
EF-hand loop [34,37].
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We hope that these examples show how useful ''*Cd NMR can be in studies of
mutants to detect not only major changes but also very small changes in the
structure of the studied protein.

4.2.2 Calmodulin, Target Peptide Binding

Calmodulin (CaM) is a small, 148 residue acidic protein that has four pair-wise
oriented EF-hands. The amino acid sequence is strictly conserved among
vertebrates, indicating that every amino acid is important for some function. CaM
is a Ca®* sensor protein that has no enzymatic activity by itself but has been shown
to control the activity of hundreds of different functions in a Ca**-dependent
manner [204]. Ca** binding studies have shown that there are two classes of
metal binding sites with two metals each. Early ''>*Cd NMR studies showed that
when ''3Cd is titrated into a CaM solution two resonances, —88 and —115 ppm,
appear and increase contemporaneously up to two added equivalents of Cd** [48].
Nothing more happened to the spectrum until more than four equivalents of Cd>*
had been added when a signal from free Cd** appeared. Two ''*Cd ions are
evidently not seen by NMR due to some intermediate exchange process. By limited
trypsin cleavage of CaM, two halves can be generated, TR;C (residues 1-77)
and TR,C (residues 78-148). When ''>Cd is titrated into a solution of TR,C a
"13Cd spectrum very similar to that of intact CaM is observed, showing that the two
strong binding sites are in this half of CaM. When ''*Cd is titrated into a solution of
TR, C nothing happens until a signal from free ''>Cd appears when more than two
equivalents have been added [51]. Evidently there is an exchange process, different
from direct metal exchange, that broadens the ''>Cd signals beyond detection both
for intact CaM and TR, C.

The first crystal structure of Ca,CaM, 5 years after our first ''*Cd NMR study
[48], showed a dumbbell structure with two similar domains containing two EF-
hands each and connected by a long helix [198,200]. SAXS data showed, however,
that the solution structure deviates from the crystal structure in the distance between
the two halves [205], interpreted as due to a flexibility in parts of the central helix.
This was later confirmed in an NMR relaxation study [206]. NMR studies have
shown that apo-CaM has a flexible dumbbell structure [207-209] similar to the
structure of CayCaM. The structures of the individual lobes differs, however,
significantly between the apo- and Ca-forms of CaM. Ca®* binding causes a
rearrangement of the helices from a “closed conformation” in the apo-form to an
“open conformation” in the Ca-form, where a hydrophobic patch has been exposed,
similar for both lobes. Our present interpretation of the unseen ''>Cd signals from
TR, C is that Cd binding has not resulted in a dominating “open conformation” and
that there is an intermediate exchange rate between the two conformations. It has
more recently been shown for a mutant TR,C fragment of CaM, Glu140Gln, that in
the fully calcium-loaded form there is an exchange occurring between two
conformers seemingly similar to the open and closed forms [210].
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Figure 7 Bars indicating the ''*Cd chemical shifts of ''*Cd bound to calmodulin and fragments
thereof as well as for CaM complexes with various natively occurring peptides or peptides derived
from CaM-activated enzymes are shown. The resonance with a shift between —88 and —103 is from
site IV, which has four negatively charged ligands, whereas the other three sites have three
negative charged ligands. CaMKI, calcium-calmodulin-dependent protein kinase I; cNOS, consti-
tutive nitric oxide synthase; D600, o[3-{[2-(3,4-dimethoxyphenyl)-ethyl]-methylamino } propyl]-
3,4,5-trimethoxy-o-(1-methylethyl)-benzene-acetonitrile; M13, KRRWKKNFIAVSAANRFK-
KISSSGAL; skMLCK, skeletal myosin light chain kinase.

Fortuitously, the two missing ''*Cd signals in CaM can be made visible by the
addition of hydrophobic molecules, like trifluoperazine (TFP), that are thought to
bind to the hydrophobic patches made solvent-exposed upon metal binding [198].
The binding of two molecules of, for example, TFP per CaM are needed to
complete the change in the ''*Cd spectrum to show all four signals. For the TR,C
fragment one TFP molecule is sufficient [52,53].

As mentioned above, CaM interacts with a great number of different enzymes.
The interaction is in most cases strictly calcium dependent. A few natively occur-
ring small peptides that bind to CaM in a calcium-dependent manner have also been
found. Before any crystal structure information was available it was possible to
show by means of ''*Cd NMR that drug molecules like TFP bind to CaM and cause
the same structural changes as the peptides, as judged from the ''*Cd shifts.
However, one peptide molecule is able to cause the same, or at least very similar,
effect as two TFP molecules (Figure 7) [54,55].

For one peptide to bind to both halves of CaM and affect all four metal binding
sites as seen from the change in shifts for all four ''*Cd resonances, the distance
between the two hydrophobic patches, one in each half of CaM, has to be much
shorter than seen in the structure reported for CasCaM [198]. A major structural
change could therefore be postulated based on ''*Cd NMR alone and was later
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confirmed when structures were determined in solution with NMR [211] and in
crystals with X-ray crystallography [212,213]. These structures show CaM “grab-
bing” the peptide, however, with no detectable change in the structures of the
individual halves of CaM. This compact structure was in fact first observed
experimentally in SAXS studies [214]. We can thus see that even though the
whole domain containing two EF-hands does not appear to change its structure
there is a change in the ''*Cd shifts of up to 15 ppm upon peptide or drug binding.
Thus again emphasizing the extreme sensitivity in the ''*Cd chemical shift to even
very subtle changes in the structure surrounding the metal ion, structural changes so
far not detected by other means.

4.3 3Cd NMR and Metallothionein

Metallothioneins (MTs) are small (60007000 Da), intracellular, cysteine-rich
(~33% of the amino acids are cysteines) metal binding proteins that were first
discovered in 1957 in equine kidney cortex. The subsequent purification of this
protein identified it as the only known native cadmium-containing protein. Further
studies showed this protein to bind both essential (e.g., Cu and Zn) and nonessential
(e.g., Cd and Hg) metal ions and to be truly ubiquitously distributed in nature
[215-218]. Additionally, MT biosynthesis is induced at the transcriptional level by
a wide range of factors, which includes heavy metal ions that were subsequently
found bound to the protein. All of the above factors suggest a role for this protein in
heavy metal homeostasis, transport and detoxification [215-218]. Despite 55 years
of extensive studies on MTs, which has included the high resolution characterization
of the 3D structure and metal binding properties [134,136,138,151,154,218-222],
the essential physiological functional role(s) of MT remains elusive. Of particular
note in these studies was the determination of the NMR solution structure of a
mammalian MT in a rour de force effort by the Wiithrich lab which resulted in the
reinterpretation and correction of the only mammalian MT crystal structure cur-
rently available [223,224].

The objective in this section of this chapter is to illustrate how ''*Cd NMR
methods were used to provide the first definitive evidence for the existence of poly-
nuclear Cd clusters in MT, which was followed by the elucidation of the 3D solution
structure of a variety of MTs and the establishment of the relative affinities of the
multiple metal binding sites for Cd, Zn and Cu [132,136,138,143,154,219,220,225].
For a more in depth discussion on metallothioneins in general, the reader is referred to
Chapter 11, “Cadmium in Metallothionein” by Freisinger and Vaséak in this volume.

The existence of a naturally occurring cadmium binding protein with multiple,
presumed isolated, metal mercaptide sites prior to our ' '*Cd NMR studies, offered
an irresistible challenge! From the very first ''*Cd NMR spectrum on the native
"3Cd MT obtained from the ''>CdCl, induced protein isolated from rabbit liver
(Figure 8) [132], we observed homonuclear ''*Cd scalar coupling in all of the ''*Cd
resonances that could only arise from the existance of polynuclear Cd-thiolate
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Figure 8 ''>Cd NMR spectra at 44.37 MHz of ''"*Cd-induced native rabbit liver MT2 containing
4.4 g-atoms of 13Cd and 2.6 g-atoms of Zn per mol protein. (a) Proton-decoupled. (b) Proton-
decoupled with selective homonuclear decoupling at the position of the arrow with coupled
resonances identified with an x. Reproduced from [132] by permission from the American
Chemical Society; copyright 1979.
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Figure 9 Structures of the 4-metal and 3-metal cluster located in the a- and B-domain respec-
tively, of rabbit liver metallothionein deduced from spin coupling information. The numbers
beside each Cd refers to the corresponding resonance position in the ''*Cd spectrum proceeding
from low field to high field. Reproduced from [6] with kind permission from Springer Science +
Business Media B.V.; copyright 1982.

metal cluster(s)! This feature immediately dispelled the prevailing model, which
consisted of multiple, separate metal binding sites. Shortly thereafter the size and
structures of the metal clusters in the mammalian protein were determined by
selective homonuclear ''*Cd decoupling techniques (Figure 9) [133].

"H-'"3Cd HMQC experimental methods were then developed which enabled the
establishment of the specific coordination of each of the ''*Cd resonances to the
sequentially assigned cysteines in the 2D "H NMR spectrum [142,226]. As it turned
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Figure 10 'H-'">Cd HMQC spectrum of ''*Cdg blue crab MT1. The six ''*Cd resonances along
the vertical axes are labeled by roman numerals according to their decreasing 13¢d chemical
shifts. Resonances on the horizontal axis are from the o and 3 protons of cysteine with the former
assigned to specific cysteines in the primary sequence. Reproduced from [149] by permission from
John Wiley & Sons Ltd., Chichester, UK; copyright 1993.

out, these latter structural constraints were absolutely essential for the determina-
tion of the 3D fold of MT where an insufficient number of 'H-'H dipolar constraints
were observed in the early 2-dimensional 'H NMR studies to calculate the 3D
structure. This resulted from the lack of regular secondary structural elements,
a-helix and B-sheet, in MT and their associated diagnostic dipolar constraints.
A representative example of this experiment is shown for the ''>Cd¢gMT from blue
crab Callinectes sapidus in Figure 10 with the 3D structure of both three-metal
binding domains of this protein shown in Figure 11 [149,151].

As was the case with the solution structural studies on the mammalian proteins
[154,219-222], there were no dipolar constraints between the two metal domains to
permit their respective orientation. This was a limitation when working with MTs
isolated from natural source at the time, which today could be overcome by the
expression of recombinant MT with isotopic '°N labeling and the use of residual
dipolar coupling methods [227]. Another advancement in the 3D structural studies
on this protein has arisen from the increased sensitivity of newer, higher field NMR
instruments. NMR studies on MT at 800 MHz now provide a sufficient number of
"H-'H NOE dipolar constraints to permit the calculation of the tertiary fold of the
protein backbone in MT without the need for ''*Cd substitution and the
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N-Terminus

C-Terminus

Figure 11 The 3D NMR structure of the two domains in blue crab MT1. The Cd ions are
numbered according to their resonance position from low field to high field along with the
sequence number of the liganding cysteines (PDB entries 1IDMC and 1DME).

establishment of specific Cd to Cys residue number connectivities [228]. The reader
is referred to this reference where the method is illustrated with the determination of
the 3D fold of the protein backbone in CugMT from the fungus Neurospora crassa
with validation provided by the comparison of the calculated structure of the MT1
protein with and without ''>Cd-Cys restraints. The implication from this study is
that with 800 MHz NMR data, accurate 3D protein backbone folds are readily
obtainable for MTs from any species containing the bound native copper and/or
zinc metal ions.

5 Conclusions and Outlook

While we don’t foresee a resurgence in the use of ' '*Cd NMR methods to the levels
in the 80s, we sincerely hope that the material presented in this chapter provides a
useful overview and guide for the use of ''*Cd NMR methods to potential new
users. While we have attempted to be comprehensive in this overview, we hope that
you will accept our apologies if your contribution in this area has not been highlighted.
The excellent correlation in chemical shift versus ligand type and nature of coordi-
nation shown in Figure 2 provides information about the metal binding sites in
metallo-proteins/enzymes that is not readily available by other methods. Addition-
ally, the extreme sensitivity of the ''*Cd chemical shift provides one with a very
sensitive monitor of dynamic changes around the metal binding site(s). Hopefully,
illustration of the use of ''*Cd NMR with the select examples here will arouse new
interest and applications.
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Abbreviations

AP alkaline phosphatase

AztR aztR gene product

CadC cad operon transcription regulating protein

CaM calmodulin

CaMKI calcium-calmodulin-dependent protein kinase I

cNOS constitutive nitric oxide synthase

Com bacteriophage MU com gene product

CSA chemical shift anisotropy

D600 a[3-{[2-(3,4-dimethoxyphenyl)-ethyl]-methylamino } propyl]-3.4,5-
trimethoxy-o-(1-methylethyl)-benzene-acetonitrile

GIF neuronal growth inhibitory factor

HCAB human carbonic anhydrase

HMQC heteronuclear multiple quantum correlation

M13 KRRWKKNFIAVSAANRFKKISSSGAL

MT metallothionein

NMR nuclear magnetic resonance

NOE nuclear Overhauser enhancement

p7 HIV-1 nucleic acid binding protein

R1 spin-lattice relaxation rate

Rd rubredoxin

RDC residual dipolar coupling

SAXS small angle X-ray scattering
skMLCK skeletal myosin light chain kinase
TFP trifluoperazine

TR,C N-terminal half of calmodulin
TR,C C-terminal half of calmodulin
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Abstract This chapter provides a review of the literature on structural information
from crystal structures determined by X-ray diffractometry of cadmium(Il)
complexes containing ligands of potential biological interest. These ligands fall
into three broad classes, (i) those containing N-donors such as purine or pyrimidine
bases and derivatives of adenine, guanine or cytosine, (ii) those containing carbox-
ylate groups such as a-amino acids, in particular the twenty essential ones, the
water soluble vitamins (B-complex) or the polycarboxylates of EDTA type ligands,
and (iii) S-donors such as thiols/thiolates or dithiocarbamates. A crystal and
molecular structural analysis has been carried out for some representative
complexes of these ligands, specifically addressing the coordination mode of
ligands, the coordination environment of cadmium and, in some significant cases,
the intermolecular interactions.

Keywords amino acids ¢ cadmium complexes ¢ crystal structures ¢ nucleobases
« thiolates * vitamins

1 Introduction

The biological interest in cadmium is based on the fact that its presence in a living
being can seriously alter its metabolism, giving rise to acute or chronic intoxication,
and therefore cadmium has been classified among the toxic elements [1]. Although
the molecular mechanism for the toxicity of this metal is not known in detail,
cadmium can be found in living beings as complexes with biochemical ligands and
its toxic nature is a result of this coordination, disrupting the biological functions of
these ligands. With this in mind, the therapeutic strategies developed to favor
detoxification processes — for both chronic diseases and acute intoxications — are
all based on the administration of external ligands that are able to successfully
compete for the metal against the biological ligands, thus mobilizing the cadmium
and favoring elimination via one of the available excretion channels [2].

The stability of cadmium complexes varies depending on the types of ligands
and, as the Cd** ion is considered a soft Lewis acid, it prefers easily oxidizable soft
ligands [3], not dismissing its affinity for other ligands, above all when the chelate
effect comes into play.

The selection of the ligands of biological interest for a solid phase structural
study of cadmium complexes that are relevant to biological systems took into
account those compounds which can be applied as potential antidotes in the
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treatment of cadmium toxicity. As a result, we considered several chelating agents
such as adenosine 5’-triphosphate (ATP), as well as amino acids, nitrogenated
bases, dithiocarbamates, thiolates, and vitamins.

In the following sections we describe the crystal structures, determined by single
crystal X-ray diffraction, of those cadmium compounds that may be important with
regard to understanding the metal-ligand interactions in a biological detoxification
context for the aforementioned metal. Special attention is paid to compounds that
illustrate the chemically (structurally) important species that may be formed by
cadmium and those which are of biological relevance. All of the graphics were created
using the ChemDraw Ultra [4], DIAMOND [5], and MERCURY [6] programs.

2 Cadmium Complexes with Nucleobases and Related Ligands

Given the stability of the 42 oxidation state of cadmium, broad and varied structural
information is available regarding complexes of purine or pyrimidine bases and
some related ligands (Scheme 1). In particular, attention should be paid to
N-derivatives of adenine or guanine and cytosine. Likewise, a number of structures
have been reported for cadmium complexes with nucleotides, although these
structures are not discussed in detail here. However, the main characteristic of
such compounds is that monophosphate nucleotides bind cadmium through
the appropriate N7 donor atom of the nucleobases (Figure 1a) and an outersphere
interaction with the phosphate group, whereas triphosphate nucleotides chelate
cadmium through negatively charged O-phosphate donor atoms (Figure 1b).

NI/I;I\> f N|3/i NH,
s L

Ny N ! | 7\> 7 vy ‘
2 /K3 E 5 )\1

NH, N o N
H
Hpur Hgua pyr Heyt

Scheme 1

2.1 Adenine

A number of structures of cadmium complexes have been described for purine-like
bases such as adenine (Hade) and 2,6-diaminopurine (Hdap), either in neutral,
cationic or anionic forms.

Neutral adenine has been reported in two polymeric compounds. The compound
{[Cd(pr—ox)(H(N7)ade)(H,0)]-H,01,, [7] consists of 1D zig-zag chains in which
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Figure 1 (a) Monophosphate nucleoside cadmium(Il) complex; (b) triphosphate nucleoside
cadmium(II) complex.

Cd(H(N7)ade)(H20)2+ units are linked by p,-oxo bridges with tetradentate oxalate
ligands. Curiously, Hade coordinates through the less basic heterocyclic donor
atom, giving rise to the Cd-N3 bond (2.282 A), which is assisted by an (aqua)
O-H---N9 H-bond (2.766 A, 147.7°). Thus, the tautomer H(N7)ade seems to be
favored due to the involvement of the N7-H bond in the crystal packing.
The compound [Cd(p3—SO4)(p,—N7,N9-H(N1)ade)], [8] contains the tautomer
H(N1)ade, a situation consistent with the bidentate role of adenine and its basicity
order (N9 > N1 > N7 > N3 > N6). The Cd—N9 bond (2.239 A) does not cooper-
ate with an interligand H-bonding interaction, whereas the Cd—N7 bond (2.204 A)
is reinforced by a N6-H--O(sulfate) interaction (2.940 10%, 164.7°). In these
polymers the cadmium ion adopts a six-coordination mode.

The adeninium(1+) cation was reported in the binuclear compound
[Cda(1-N3,N9-Ho(N1,N7)ade),(H-H20)2(0,0°-NO3)4I(NO3), [9] (Figure 2).
In this compound the coordination number of the cadmium ion is eight. The two
metal centers are separated by 3.6 A and the Cd-N3 (2.467 A) and Cd—N9 (2414
A) bonds are somewhat longer than the usually observed ones. The adeninate(1-)
anion is known in two mixed-ligand metal complexes. In [Cd(tren)(N9-ade)]CIO,
[10] the former ade™ anion coordinates the penta-coordinated metal ion through its
most basic donor atom, giving rise to the Cd—N9 bond (2.193 A) assisted by a very
weak (electrostatic nature) (tren)N—H---N3 interaction (3.206 A, 117.6°). The
polymeric chain of {[Cds(13—ap),(pHz—N3,N7,N9-ade),(H,0),]-1.5H,0},, [11] is
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based on the catenation of trinuclear motifs in which the central metal ion is six-
coordinated, involving two Cd—N9 (2.195 108) bonds. Alternatively, the other two
metal centers have coordination number seven and show one Cd-N3 (2.326 10%)
and a Cd-N7 (2.282 10%) bond.

Figure 2 [Cdy(1to-N3,N9-H,(N1,N7)ade)s(1,—H,0),(0,0°-NO3) 41>

Examples are known where the non-natural nucleobase 2,6-diaminopurine
coordinates in cationic or anionic forms. In the compound {[Cd(H,dap)-
(H,0),(tp)1o(tp)-2H,01},, [12], the diaminopurinium(1+) cation binds cadmium
through the Cd-N7 bond (2.342 A) in cooperation with the intramolecular
interligand N6—H---O(coord., tp) interaction (2.923 A, 146.6°). The anionic form
dap™ builds the polymer {[Cds;(us—ap),(u3—N3,N7,N9-dap),(H,0),]-H,0}, [12].
Note that this polymer is closely related to that described above for adeninate
(Cd-N3 2.586 A, Cd-N7 2.298 A, Cd-N9 2.387 A).

2.2 N-Substituted Purines with Non-coordinating Pendant Arms

The N-substitution of a heterocyclic N-donor of purines represents a significant
restriction on the tautomeric possibilities associated with the H atom usually linked
to N9(purines). Thus, alkylation at N9 on adenine or guanine increases the metal
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binding possibilities of the N7 donor atom. This general consideration can
be applied to the following compounds: [Cd(9Meade)(O-dmso)(p,—Cl),], [13],
[Cd(9Megua),(H,0)4](NO3), [14] and [Cd(9Etgua),(H,0)4](NO3), [14]. The latter
compounds have in common the Cd-N7 bond in cooperation with the intramolecu-
lar interligand N6-H:---O(dmso) (2.877 A) or (aqua)O-H--06 (2.905 or 2.752 A)
interactions, respectively. The coordination number of cadmium in these
compounds is six and the Cd-N7 bond distance is 2.358 A (9Meade) or 2.283 A
(9Megua or 9Etgua).

A certain number of N6-substituted adenines display kinetin activity. In this
context, cadmium derivatives have been reported with the N6-benzyl-adeninium-
(1+) (BAD") and N6-furfuryl-adeninium(1+) (FAD") cations to yield the
compounds [Cd(p,—CID),CI(H>,(N3,N7)BAD)], and [Cd(pu,—Cl),CI(H,(N3,N7)
FAD)], [15]. In these polymers the coordination number of cadmium is six. Both
Né6-adenine derivatives bind the metal via the Cd—N9 bond (2.348 or 2.361 10\,
respectively) reinforced by an intramolecular interligand N3—-H:--(u—Cl) interaction
(3.188 A, 159.3° or 3.154 A, 165.1°, respectively). The protonation sites (N3, N7)
of these N6-substituted adenines should be related to the aforementioned intramo-
lecular N3—H:--(u—Cl) bond and the crystal packing. Indeed, the N7-H bond is
involved in bifurcated H-bonding with two different chlorido ligands.

2.3 N-Substituted Purines with Potential Chelating Pendant Arms

The most relevant N-substituted purine-like ligand with a potential chelating
pendant arm is the antiviral acyclovir [2-amino-9-(2-hydroxyethoxymethyl)-3H-
purin-6-one]. It was reported in a recent paper [16] that this drug is able to bind
metal ions by forming an M-N7 bond, which can cooperate with an appropriate
intramolecular interligand H-bond involving the O6 atom as an H-acceptor. How-
ever, the available structural information indicates that the N9-pendant arm of
acyclovir does not usually participate in metal binding. In fact, the unique exception
to this rule is found in the compound {[Cd(p,—Cl),(1,—O,N7-acv)]-H,0}, [17]
where the O-acv donor is the OH-alcoholic group in the pendant arm. In this
compound the metal ion is six-coordinated and the bridging role of acv represents
the Cd-N7 (2.402 A) and the referred Cd-O (2.305 A) bonds.

Several cadmium complexes are known with adenine, 2,6-diaminopurine, and
guanine derivatives with the 2-(ethylenediamine)ethyl-N9-pendant arm (ede).
In the compound [Cd3(Cl),(p—Cl)4(pn—N3,N7-[ede-ade]),], [18], ede-ade acts
both as a tridentate chelate and a bridging ligand. The chelating role involves the
N3-ade donor atom (Cd-N3 2.418 /0%) and two N atoms of the ethylenediamine
moiety. Note that this chelating role involves the formation of one seven-membered
and one five-membered chelate ring. Likewise, the bridging role also involves the
Cd-N7 bond (2.389 10\). More recently, the structure of the compound
[Cd3(Br),(H—Br)4(1o—N3,N7-[ede-ade]),], has been described [19]. The afore-
mentioned polymers give isotypic crystals.
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Furthermore, two cadmium complexes with derivatives of such ligands have
recently been reported. In the mononuclear compound [Cd(ede-dap),(NO3)s] [20],
the metal exhibits a trans-octahedral coordination involving two ethylenediamine
moieties and two unidentate nitrate ligands. In contrast, the crystal of the polymer
[Cd,(po—[edp-dap])(H,O)(C1),(NO3), ], [20] exhibits two non-equivalent cadmium
coordination polyhedra and the edp-dap ligand plays a chelating and bridging role.
The pentacoordinated cadmium center has two N7 donor atoms (Cd-N7 2.407 A)
from two edp-dap ligands plus two chlorido and one aqua ligand. Each Cd—N7 bond
is reinforced by one N6—H--Cl interaction (3.260 10\, 174.4°). The other cadmium
center has a trans-octahedral environment formed by two ethylenediamine moieties
from the edp ligand and two nitrate ligands. The ligand ede-gua is found in the
polymer {[Cd(ede-gua)(SO4)(H,O)]47H,O}, [18] (Figure 3). Herein, ede-gua
plays both chelating and bridging roles using the ethylenediamine moiety and the
N7 donor atom to give tetranuclear square-shaped motifs. The Cd—N7 bond (2.309
A) is in cooperation with the N—H---O6 interaction (2.823 A, 141 .7°) and these link
the terminal primary amino group from the ethylenediamine moiety of one ede-gua
ligand and the O6 exocyclic atom of another one. In the crystal, four sulfate anions
bridge metal centers in adjacent squares to build cylindrical polymers that inter-
connect to each other through m,m-stacking interactions between the six-membered
ring of the guanine moieties.

A number of bis-adenine ligands with N,N’-spacers are also known. Their
deprotonated cations (tm-N9,N9’-diade and tem-N9,N9’-diade) lead to outersphere
complexes. In the compound (H,tm-N9,N9’-diade),[Cd(p1,—Cl)Cl3(H,0)],-4H,O
[21], the adenine moieties of the cation are protonated at N1 whereas in the related
compound {(Hytem-N9,N9’-diade),[Cd4(113—Cl)2(1—CDCl4(H,0),]-4H,0}, [22]
there are two non-equivalent tautomeric cations in which the adenine moieties are
protonated at N1 or N3. Regarding the asymmetric ligand tem-N3,N9’-diade, a
mixed-ligand 1D polymer {[Cd,(H,tem-N3,N9’-diade),(11,—C1)4,Cl4(H,0),]-2H,0 1},
[22] with two non-equivalent cadmium centers has been reported. One cadmium is
surrounded by five chlorido ligands whilst the other is trans six-coordinated by four
chlorido ligands and two (Hotem-N3,N9’-diade)** cations linked to the cadmium by
the N7 donor atom of the N9-alkyl-substituted adenine moiety. Interestingly, the
Cd-N7 bonds (2.375 A) are reinforced by N6-H---Cl interaction (3.267 A, 178.3°).

2.4 6-Mercaptopurine

The soft character and the oxidation state stability of the cadmium(II) ion mean
that a good affinity to soft S donor atoms can be expected without the interference
of redox chemistry. On this basis, interesting structural chemistry is documented
for cadmium complexes with the non-natural nucleobase 6-mercaptopurine
(H6MP). Five structures refer to compounds that contain the neutral HOMP.
In [CA(H6MP),(Cl),]-2H6MP [23] the metal is six-coordinated and H6MP acts as
a bidentate chelating ligand through the S6 and N7 donor atoms (Cd—S6 2.622 A,
Cd-N7 2.366 A).
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Figure 3 {[Cd(ede-gua)(SO,)(H,0)]4-7H,0},.

The same chelating role of HOMP has been described in the binuclear complex
molecule [CA(HO6MP)(p,—CI)CI(H,0)], [24] (Cd-S6 2.790 A, Cd-N7 2.324 A).
HO6MP plays both chelating and bridging roles in the compounds [Cd(p1,—H6MP)-
(H6MP)(H,0)]2(NO3)4-2H,0 (Figure 4) and [Cd(i,—HOMP)(HO6MP)(NO3)]»(NOs),
[25]. As shown in Figure 4, the binuclear compound has one chelating-S6,N7 ligand
(Cd-S6 2.653 A, Cd-N7 2.339 A) and one chelating-S6,N7 (Cd—-S6 2.763 A,
Cd-N7 2.287 A) plus bridging-S6 (Cd-S6 2.914 A) ligand per cadmium center.
Within the cation of this compound, pairs of purine ligands are m,m-stacked
through interactions involving the five-membered ring of the chelating HOMP
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ligand and the six-membered ring of the chelating + bridging H6MP ligand. The
centroid-centroid (Cg-Cg) distance for the stacked ring is 3.418 A. The complex
shown in Figure 4 has six coordination polyhedra whereas in the binuclear
complex cation [Cd(p, — HSMP)(H6MP)(NO;)]5" the bidentate role of nitrate
ligands increase the coordination number of the metal ion to seven. The m,m-
stacking interactions are not observed in the latter cation.

Figure 4 [Cd(u,—H6MP)(H6MP)(H,0)14".

From a structural point of view, the compound [Cd(u,-Cl)CI(HO6MP)],,:
n[Cd(H6MP),(Cl),] consists of a 1D polymeric chain and discrete complex
molecules, both of which have six-coordinated cadmium(II) centers. In the
molecule [Cd(H6MP),(Cl),], the HOMP ligand acts as a bidentate chelator
(Cd-S6 2.632 A, Cd-N7 2.392 A). In the polymer, the HOMP ligands play a
unique chelating-S6,N7 plus bridging-N3 role (Cd—S6 2.743 A, Cd-N72.300 A,
Cd-N3 2.409 /0%) [26].

The univalent anion 6MP plays a chelating-S6,N7 (Cd—S6 2.689 A, Cd-N72.283
A) plus a bridging-S6 (Cd—S6 2.868 A) role in the polymer {[Cd(6MP),]-2H,0},, [23].
The same chelating plus bridging role has been reported for the polymeric compound
{[Ca(p,—H,0),(H,0)4][Cd(,—6MP-H), 1}, [25], where 6MP-H is the divalent anion
of HGMP (Cd-S6 2.741 A, Cd-N7 2.266 A, Cd-S6 2.888 A).

2.5 Oxopurines

Very little structural information is available for cadmium(I) complexes with
neutral oxopurines. Nevertheless, the basicity of the N-donors in this kind of
oxopurine ligand, as well as the softness, increases after the dissociation of at
least one of the protons. Consequently, most of the available crystal data concerning
complexes of such ligands refer to the univalent anions of hypoxanthine (Hhyp),
xanthine (Hxan) or theophylline (Htheo). Neutral hypoxanthine yields the com-
pOUHd [Cdz(“z—N?’,N9-H(N7)hyp)z(uz—Hzo)2(SO4)2(H20)2] [27], in which the
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metal exhibits a six-coordination and the bridging p1,—N3,N9-H(N7)hyp (Cd—N3
2.367 A, Cd-N9 2.274 A) and 1>—H50 ligands yield a binuclear complex molecule
with a Cd---Cd separation of 3.452 A. This bridging 1,—N3,N9 coordination mode is
reported for cationic, neutral, and anionic forms of adenine [28]. The hypoxanthinate
(1-) anion yields the compound [Cd,(tren),(11,—N7,N9-hyp)](ClO,);-0.5H,0 [7] in
which the Cd-N7 (2.204 A) and the Cd-N9 (2.197 A) bonds are weakly assisted by
H-bonding interactions [(tren)N—-H:--O6 3.061 A, 128.9° or (tren)N-H---N3 3.171 A,
135.3°, respectively]. Both metallic centers in this complex are five coordinated.

The cadmium(Il) chelate of the tripodal tetradentate ligand ‘tren’ also yielded
the mixed-ligand complex cation of the salt [Cd(tren)(xan)]Cl04-H,O [29],
where the metal ion is only five-coordinated and the anionic xan ligand forms
the Cd-N7 bond (2.224 A) reinforced by the intramolecular interligand H-bond
(tren)N-H---06 (2.889 Al 17.6°). In the compound trans-[Cd(theo),(H,0)4]-2DMF
[30], each theophilinate(1—) anion binds the cadmium(Il) center by the Cd-N7
bond (2.300 A) in cooperation with an intramolecular H-bond (aqua)O-H---O6
(2.689 A, 158.5°).

2.6 Pyrimidines

The structural information concerning cadmium(II) complexes with pyrimidine
nucleobases and closely related ligands is rather limited. However, the diversity
of these systems is a good source of information. Most structures in this field
concern cytosine and 1-substituted cytosine ligands. The compound {[Cd(p,—Cl), -
(H,0),]-2Hceyt}, [31] is a cytosine solvate of a polymeric complex in which
the metal is six-coordinated. The crystal of this compound contains an H-bonded
chain of Hcyt molecules built by two pairs of H-bonding interactions
[N1-H---O2(exocyclic) and (exocyclic)N4-H:--N3 with their symmetry related
interactions]. A cytosinium(1+) salt of the formula (H,cyt)[CdBr,] [32] has been
reported and two different cytosinium(1+) cations are present in this compound.
In this outersphere complex the cadmium(Il) ion is tetrahedrally surrounded by
the rather bulky bromido ligands and the cytosinium cations, which are involved
in an extensive H-bonding network.

Closely related to the latter compounds is the complex [Cd(Hcyt),(Br),] [33], in
which the metal exhibits a rather distorted six-coordination due to the size of the
bromido ligands and the chelating-O2,N3 role of Hcyt bases. The nature of the
crystal packing (mainly the H-bonded network) means that both bromido and
cytosine ligands are not strictly equivalent. The Hcyt ligands build a strained
four-membered chelate ring (Cd—N3 2.243 or 2.281 10\, Cd-02 2.825 or 2.780 10\,
respectively). In the binuclear complex [Cd(p,—hip)hip)(Heyt)(H,O)], [34] the
cadmium(Il) is seven-coordinated and, in this centrosymmetric complex, the Hecyt
ligand plays a bidentate-O2,N3 role (Cd—N3 2.240 A, Cd-02 2.2687 A). All
hippurate(1-) ligands play bidentate roles for one metal center or bridging between
two cadmium(II) atoms. An interesting salt with a mixed-ligand cation and anion
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has been reported. [Cd(Hcyt);CI][Cd(Hcyt)Cl3] [31] is a nice example to show how
a crystallographic study provides the best evidence for the mixed-ligand nature of
the compounds. The five-coordinated anion has one chelating-O2,N3-Hcyt ligand
(Cd-N3 2.253 A Cd-02 2.751 A) whereas the seven-coordinated cation has three
non-equivalent chelating-O2,N3-Hcyt ligands (Cd-N3 2.266, 2.285 or 2.289 A,
Cd-02 2.797, 2.680 or 2.982 A, respectively).

Only one mixed-ligand cadmium(Il) complex has been reported for the Hcyt
isomer isocytosine (Hicyt). [CdCl,(Hicyt),] [35] exhibits a six-coordination for the
metal with two non-equivalent chlorido and chelating-N3,04-Hicyt ligands
(Cd-N32.261 or 2.286 A, Cd-042.682 or 2.624 A, respectively). Regarding uracil
(Hura), in the structure of the molecular complex [Cd(ura),(H,0)3] [36] the cad-
mium(II)---O4(ura) distance is 3.203 A and this can not be considered as a coordi-
nation bond [the sum of van der Waals radii of cadmium(II) (1.60 A) and oxygen
(1.50) is 3.10 10\]. Therefore, this complex has five-coordinated cadmium(II) atoms
in a bipyramidal-trigonal topology with two trans-apical aqua ligands (Cd-O 2.439
A) and the remaining aqua ligand (Cd-O 2.269 A) with the two uracilate(1-)
ligands (Cd—N3 2.211 A) in the equatorial plane.

In the molecular complex cis-[Cd(1Mecyt),Cl,] [37] the chlorido ligands fall in
cis-coordination sites but are not equivalent for crystal packing reasons. Further-
more, the two 1Mecyt ligands are not equivalent and play a chelating-O2,N3 role
(Cd-N32.282 0r 2.297 A, Cd—-02 2.780 or 2.676 A). A closely related compound to
the aforementioned complex is cis-[Cd(1Toscyt),Cl,] [38] where, once again, the
chlorido and 1Toscyt ligands are non-equivalent and the 1Toscyt bases play a
chelating-O2,N3 role (Cd-N3 2.260 or 2.278 f\, Cd-02 2.839 or 2.846 ;\,
respectively).

3 Cadmium(II) Complexes with a-Amino Acids

Structural studies on cadmium(Il) complexes with amino acids include a vast
number of compounds. Therefore, hereafter, we will focus exclusively on those
complexes that contain one or more of the twenty essential o-amino acids.

On reviewing the CSD we observed that, to date, only cadmium(I) complexes
with 11 essential a-amino acids have been structurally studied in the solid state.
Among them, there is only one known structure each for methionine (Hmet),
phenylalanine (Hphe), tryptophan (Htrp), asparagine (Hasn), aspartic acid
(H,asp), and histidine (H,his). However, the number of structures containing
glycine (Hgly), alanine (Hala), proline (Hpro), cysteine (Hpcys) or glutamic acid
(H,glu) is relatively varied and includes a total of 28 examples.

3.1 Complexes of a-Amino Acids as the Sole Ligand

Complexes in which only the a-amino acid is coordinated to the cadmium can be
monomeric, such as [Cd(L-Hhis),]-2H,0O, in which the cadmium is octahedrally
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coordinated by two histidinate(1-) ligands via the amine [2.287(9) A] and imidaz-
ole [2.290(8) A] nitrogen atoms and via two carboxyl oxygen atoms [2.480(9) A],
with each histidinate ligand adopting a closed conformation with the imidazole ring
folded back on top of the carboxylate group [39] (Figure 5). Nevertheless, the
carboxylate group usually acts as an anti-syn bridging bidentate ligand, giving rise
to chain structures such as {[Cd(gly),]-H,O},.. In this compound the cadmium ions
display a distorted octahedral coordination in which two glycinate(1-) ligands bind
the metal through the nitrogen and oxygen atoms in a trans square planar configu-
ration, whilst the axial positions are occupied by oxygen atoms of carboxylate
groups from neighboring amino acids [40] (Figure 6). Similar behavior can be
observed in complexes with methionine or asparagine [41], or in [Cd(L-trp)(D-trp)],
[42]. The novelty of the latter complex lies in the fact that, having used only L-trp as
the starting material in the synthesis, in the complex both L-trp and a p-trp isomers
are found binding the cadmium ion. In this polymer, the metal exhibits an

Figure 5 [Cd(L-Hhis),].

Figure 6 {[Cd(gly),]}a-
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octahedral coordination polyhedron. The L-trp and p-trp ligands display the same
role acting as N,O-bidentate chelate for one metal center and as O,0’-bridging
carboxylate ligand between two adjacent cadmium ions. The racemization of L-trp
is not well understood and needs to be assessed.

[Cd(L-cys)], is a different polymer based on a 1D ladder arrangement of Cd and
S produced by thiolate bridges from the cysteine. These 1D units are linked in a
regular manner by the carboxylate groups of the amino acid, which binds the metal
centers from two neighboring ladders via their two oxygen atoms. The coordination
sphere of each cadmium atom is octahedrally distorted, with an L-cysteinate
dianion acting as a tridentate chelating ligand in an imposed fac manner via its
amine, carboxylate, and thiolate groups. The aforementioned coordination sphere is
completed by two new sulfur atoms from two cysteinate ligands, which chelate two
neighboring cadmium ions in the chain itself and a carboxylate oxygen atom from a
cysteinate from a neighbouring chain (Figure 7). As a result, the three sulfur atoms
bonded to the same cadmium are in a mer arrangement and the two oxygen atoms
are cis [43]. Interestingly, the L-cys®™ ligand plays an important role, with the
S-thiolate atom binding three cadmium centers whilst the o-carboxylate groups
bridge two Cd(II) in an anti-syn manner.

Figure 7 [Cd(L-cys®)],.
3.2 a-Amino Acid Complexes with Water as Co-ligand

There are a number of known polymeric and monomeric cadmium complexes
with o-amino acids that contain coordinated water. An example of a monomer is
[Cd(L-ala),(H,O)]'-H,O where the metal is octahedrally coordinated by two
alaninate(1-) ligands that act as cis-O,0O-trans-N,N chelating bidentate ligands
[Cd-0, 2.326(5) A, Cd-N, 2.334(5) A] and by two water molecules that occupy
cis positions [Cd-0, 2.296(4) A] [44].
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An example of a polymer is {[Cd(L-glu)(H,0)]-H,O},,, where the cadmium is
octahedrally coordinated to L-glutamate(2-) ligands and a water molecule leading
to a five-membered chelate ring. Indeed, each glutamate(2—) ligand binds three
cadmium ions using its five donor atoms. The a-carboxylate group acts as chelating
ligand — along with the amine group — for a cadmium center and as an anti-syn
bidentate bridge, whereas the y-carboxylate group acts as bidentate chelator [45].
Furthermore, another coordination polymer has been reported with glutamate and
water and this has the formula {[Cd(L-glu)(H,O)Cd(L-glu)(H,0),]-H,0},, in
which there are two crystallographically independent and hepta-coordinated cad-
mium atoms. One of these metal centers has a ‘distorted square-based trigonal-
capped’ coordination polyhedron whereas the coordination geometry of the second
is distorted trigonal bipyramidal [41].

3.3 «a-Amino Acid Complexes with a Halogen as Co-ligand

There are several structures of cadmium chlorido complexes with a-amino acids.
All of them are coordination polymers with the amino acid in its zwitterionic form.
In [CdCl,(Hgly),],, each cadmium atom has an octahedral Cl;05 environment with
one terminal chlorido ligand and the other two bridging to a neighbouring cadmium
atom, to one oxygen atom from the carboxylate group of a glycine zwitterion and to
two oxygen atoms from two glycines, which act as anti-syn-type bidentate bridging
ligands to neighboring cadmiums, satisfy the coordination [46]. This structure
contrasts with that of the complex [Cd;(1,—Cl)6(0,0’-Hgly),»(O-Hgly),],, that
contains two symmetrically independent cadmium atoms with different coordina-
tion environments. One cadmium is surrounded by four chlorido ligands and
two oxygen atoms in frans positions from two glycine zwitterions, which act as
O-monodentate ligands. The other cadmium center is also bonded to four chlorido
ligands and to two oxygen atoms from an asymmetric chelating bidentate glycine
zwitterion [Cd-0, 2.318(5) and 2.534(5) 10\]. The bridging chlorido ligands join the
metal centers to form chains with the glycine zwitterions, which are connected in
a hanging decorative fashion [47] (Figure 8). In {[Cd(u,—Cl),(u,—D,L-Hala)]
xH,0}, (x = 0or 1) [48,49] and in {[CdCl,(L-Hpro)]-H,O }n [50], each cadmium
ion is coordinated by four chlorido ligands and two carboxylate oxygen atoms
to form a distorted octahedron. The four chlorido ligands that are coordinated to
the metal center form square planes, which are linked to each other by means of
syn-syn-type bidentate carboxylate bridges. This arrangement gives rise to 1D
polymers in which the fragments of amino acid are hanging at the sides of the chain.

3.4 Complexes with a-Amino Acids and Other Co-ligands

A number of structures of cadmium complexes have been reported that contain, in
addition to an o-amino acid and a halogen, a neutral ligand. One such example is
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Figure 8 [Cd;Clg(Hgly)sl,.

[CACI(n,-N,0,0’-gly)(DABT)], (DABT = 2,2’-diamino-4,4’-bis-1,3-thiazole).
In this compound, each cadmium(Il) is coordinated by a chlorido ion, a molecule
from the diamine-bithiazole ligand and by two glycinate ions (one O-monodentate
and the other N,0O-bidentate). Consequently, the glycinate anions act as bridges
between neighbouring cadmiums and form zig-zag chains [51].

In other structures an oxoanion is present instead of a halide. For example, in
[Cd(us—Hasp)( 1o—NO3)], the aspartate(1—) anion is in its zwitterionic form and
the Cd>* ion is hepta-coordinated, with a distorted environment in which the sixth
position is doubly occupied by two oxygen atoms from the NO5, which acts as a
chelating bidentate ligand. The remaining coordination positions are occupied by
an oxygen atom from a crystallographically equivalent nitrate ion (trans to the other
nitrate) and by four oxygen atoms from four equivalent aspartate ligands, which are
in cis positions to the nitrates. As a result, the nitrate and aspartate act as bridges
between neighbouring metal centers, leading to a 2D structure [52] (Figure 9). This
structure is in contrast to that found in [Cd(L-pro)(NOs)(4,4’-bipy)], (4.,4’-bipy
= 4,4’-bipyridine), where a prolinate(1-) ligand chelates a cadmium center in an
N,O coordination mode. The structure extends in one dimension through the non-
chelating carboxylate oxygen atom, which is bonded to an adjacent cadmium
atom, which in turn is trans to the chelating oxygen. Furthermore, the bipy ligand
coordinates orthogonally to link the cadmium-proline chains into 2D sheets.
The coordination environment is completed with a monodentate NO3 anion
bound in a trans position to the amine nitrogen of the proline [53].

There are also several cadmium cationic complexes with o-amino acids.
In [Cdy(D,L-ala)(tren)](ClOy4); [tren = tris-(2-aminoethyl)amine], the structural
analysis indicates an ionic character, including two Cd** ions with different coor-
dination environments in the cation [Cdz(D,L—ala)(tren)]3+ (Figure 10). One cad-
mium is hexa-coordinated with a distorted octahedral geometry, whereas the other
is penta-coordinated with a trigonal bipyramidal geometry. The alaninate anion acts
as a bridging ligand between the two metal centers, coordinating to a cadmium in a
bidentate N,O-chelate fashion and to the other cadmium in a monodentate fashion
via the second oxygen atom of the carboxylate group [54].
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Figure 10 [Cd,(D,L-ala)(tren)]*™.

4 Complexes of Cadmium with Vitamins and Derivatives

Although vitamins have different structures, sources, requirements, and mechanisms
of action, they are classified according to their solubility in water or in fats. Vitamins
A, D, E, and K are liposoluble, whereas the B-complex (B;, B,, Bg, B,, niacin,
pantothenic acid, biotin, and folic acid) and C vitamins are hydrosoluble. Moreover,
there are some organic compounds related to vitamins that are usually classified with
the B vitamins and are also hydrosoluble; i.e., p-aminobenzoic acid is included
among these substances with similarities to vitamins.

To date, only some hydrosoluble vitamins are known to interact as ligands with
metal ions and, with some exceptions, very few solid phase structures of these
complexes have been obtained (Scheme 2). Indeed, only a few cadmium complex
structures have been described.
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In the following paragraphs, we will describe the most significant aspects of the
known structures of cadmium complexes with vitamins, as obtained by X-ray
diffraction analyses.

o (@)
3 X OH NN NH,
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Thiamine (B1) Nicotinic acid (B3) Nicotinamide (B3)
HO OH /O |N\ CHs
— HO
HO = OH = OH
\ 4
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Pyridoxine (B6) Pyridoxal (B6) Pyridoxamine (B6)

Scheme 2

4.1 Thiamine (Vitamin B;)

Thiamine is a monovalent cation with a structure that corresponds to a substituted
pyrimidine bonded to a substituted thiazole. This structure leads to the presence of a
quaternary N atom attached to the thiazole ring. Thus, thiamine — so-called vitamin
B, — exists as salts of the physiological chloride anion or one of a wide variety of
other counter anions. For solubility reasons, thiamine is commercially available
as its hydrochloride salt, namely thiaminium(2+) dichloride. The structures of
thiamine metal complexes correspond to two groups: those containing the divalent
thiaminium cation and a cadmium complex as counterion, and those in which there
is a direct cadmium-thiamine interaction.

There are two known structures with a thiaminium(2+) cation, one with the
tetrahedrally coordinated cadmium ion in the anion [CdC14]2’ [55] and the other
with a 1D polymeric anion [Cd3Br4_4C13.6]2_, in which two of the three cadmium
atoms are octahedrally coordinated and the third has a tetrahedral coordination
geometry [55]. In both cases, as expected, the nitrogen atom in the pyrimidine ring
trans to the exocyclic amine group is the protonation site for the thiamine cation.
Thus, such a N-heterocyclic atom is considered to be the preferred protonation site
of the thiamine cation and the selective metal binding donor atom in the metal
complexes. In the crystal, the cations are linked to the anions by means of hydrogen
bonds in which the O—H and N—H are donors and the halogen atoms of the anions
are acceptors.
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To date, there are only four reported cadmium complexes with thiamine
and another three with derivatives in which there is a direct metal-ligand bond.
The compound [Cd(thiamine)Cl3]-0.6H,O (Figure 11) contains a tetra-coordinated
cadmium ion by three chloridos and the nitrogen atom from the pyrimidine trans to
the amine group [Cd-N distance of 2.239(2) Al. The relative orientations of the
thiazolium and pyrimidine rings are quantitavely indicated by torsion angles ¢ and
¢p, respectively and, in this complex, the thiamine ion adopts the S conformation
(¢t = 113°, pp = 130°) [56]. A second compound of the formula [Cd(thiamine)-
(SCN)s],, has a polymeric structure with each cadmium octahedrally coordinated to
a thiamine molecule through the oxygen atom of the hydroxyethyl side chain
[Cd-O = 2.351(6) A] and by five thiocyanate ligands. One thiocyanate is terminal
and the remaining four are bridging, leading to the coordination CdONj3S,. In this
compound, the thiamine ligand adopts the F conformation (¢t = 0°, ¢pp = —80°)
[57]. A third structure consists of centrosymmetric dimers [Cd(thiamine)Cls],,
where two thiamine cations act as N,O bridges to two CdCl, units [Cd-N = 2.264
(®)] A, Cd-0 = 2.697(5) A] to give a CdCI3NO trigonal bipyramidal coordination
environment (Figure 12). The vitamin adopts an F conformation (¢t = 11°,
¢p = 98°) [58]. The fourth known cadmium complex with vitamin B; is the
octahedral [Cd(thiamine),Cl;]. This compound has a CdCI4N, environment in
which the metal is coordinated by two thiamine molecules in trans positions [Cd-N
= 2.446(6) A] and where the vitamin adopts an S conformation (¢ = -92°,

dp = 176°) [59].

PO
t}{ " ~ ‘

-®

.

Figure 11 [Cd(thiamine)Cl3].

There are also two known structures of cadmium complexes with 2-(u-
hydroxybenzyl)thiamine (HBthiamine), an intermediate in thiamine catalysis with
the a-hydroxybenzyl substituent in the C(2) position of the thiazolium ring.
The complexes [Cd(HBthiamine)X;] (X = Cl or Br) are isotypic, with a structure
similar to that of [Cd(thiamine)Cls] [Cd-N = 2.251(3) A and 2.257(9) A]. In these
structures the conformation of the thiamine skeleton is S (¢ = 97 and -97°,
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Figure 12 [Cd(thiamine)Cl;],.

¢p = 173°) [60]. Furthermore, another structure of a cadmium complex with a
thiamine derivative was studied by Casas et al. [61], namely [Cd(p,—oxythiamine)
(H—CDCl],,, where oxythiamine is an antagonist of thiamine that differs from it in
that the exocyclic amine group within the pyrimidine ring is formally replaced by a
hydroxyl group. In the structure polymer, each cadmium is coordinated by three
chlorido ligands, two of which act as bridges between neighbouring cadmium
atoms and by three donor atoms of two oxythiamine zwitterions. The N3(pyrimi-
dine) and O4(exocyclic) donors build a four-membered chelate ring with one
cadmium center [Cd-N, 2.317(4) A; Cd-O, 2.561(4) A; «N-C-O, 1170(5)°;
«£N-Cd-0, 54.5(1)°] whereas the N1(pyrimidine) donor bind a second metal center
[Cd-N, 2.301(4) A]. Consequently, the cadmium has a distorted octahedral
CdCI3N,0 coordination (Figure 13). The conformation of the ligand seems to be
closer to V rather than to the traditional F or S (¢t = —115°, ¢p = 61°). In this
structure it is worth noting the altered order of basicity for the nitrogen atoms of the
pyrimidine ring on changing from thiamine to oxythiamine.

4.2 Nicotinic Acid (Vitamin B3)

Niacin and niacinamide (also known as nicotinic acid and nicotinamide, respectively)
or vitamin B3, chemically 3-pyridinecarboxylic acid and 3-pyridinecarboxamide, are
able to form various cadmium complexes with known crystal and molecular
structures. In order to rationalize the analysis, hereafter the complexes have been
differentiated according to the ligand and, within each case, we have only considered
the most relevant structures.
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Figure 13 [Cd(oxithiamine)Cl,],,.
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In niacin, the existence of the pyridinic nitrogen atom and the variety of
coordination possibilities of the carboxylic acid group lead to the formation of
1D, 2D, and 3D networks, albeit with some exceptions. One of these exceptions is
[CA(NA),(H,0)4] (Figure 14), in which each metal atom is coordinated by two
nitrogen atoms from the nicotinate groups and by four oxygen atoms from four
water molecules in a slightly distorted octahedral geometry. Both nicotinate groups

Figure 14 [CA(NA),(H,0),].
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occupy trans positions with Cd—N distances of 2.309(5) A. The Cd-O distance is
2.321(4) A [62].

A dinuclear complex has also been reported and, besides water, this compound
contains ethylenediamine (en) as co-ligand (Figure 15). In [Cd,(NA)4(en),(H,0),]
‘H,0O (NA = nicotinate), both Cd>* ions display a distorted octahedral coordination
geometry that includes two nitrogen atoms from two nicotinate anions, the nitrogen
atoms from an ethylenediamine molecule, which forms a five-membered chelate
ring, an oxygen atom from one of the nicotinate ions (which acts as an N,O bridge
between the two cadmium ions) and an oxygen atom from a water molecule [63].

Figure 15 [Cd,(NA)4(en),(H,0),].

Two different groups of polymeric structures with nicotinate ions can be defined:
those containing additional neutral ligands, such as H,O, aromatic diamines, etc.,
and those with anionic ligands such as halides, thiocyanate, azide or nitrate.

[CA(NA),], is an example of the former group, with the cadmium ions
coordinated by two nitrogen pyridyl atoms from two nicotinate molecules and by
four carboxylate oxygen atoms from another two nicotinates, in an asymmetric
chelating manner. As a result, two Cd—O bonds, one from each chelate, [2.397(3) A
and 2.247(3) A] are much longer than the other two [2.271(3) A and 2.317 (3) Al.
Each tridentate nicotinate ligand bridges two adjacent cadmium atoms to give rise
to a 2D network [64]. Likewise, there is another structure with the same stoichio-
metry that is based on distorted square pyramidal cadmium centers coordinated by
two independent nicotinate ligands. One of the ligands acts as an N,O,-tridentate
system and the other as N,O-bidentate. Each pair of cadmium atoms is bridged by
two carboxylate groups from the tridentate nicotinate ligands, in an anti-syn
bridging bidentate manner, to form a binuclear unit Cd,(NA),. One of these oxygen
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atoms occupies the axial site of the pyramid whilst the other occupies one of the
basal positions, along with two nitrogen pyridyl atoms and an oxygen from three
nicotinate ligands, two of which are bidentate, thus resulting in a 3D network [65].

Among the structures of polymeric complexes containing coordinated H,O,
[CA(NA),(H,0),],, (Figure 16) is a zig-zag chain with hepta-coordinated Cd*
ions in a distorted pentagonal bipyramidal geometry. This unit involves one nitro-
gen donor atom and four oxygen donor atoms from two nicotinate ligands arranged
in the equatorial plane, as well as the oxygen atoms from two coordinated water
molecules at the axial sites. Therefore, one of the nicotinate ligands acts as a
tridentate bridge whereas the other acts as a bidentate terminal ligand via the
carboxylate group. In this structure, the Cd—O distance lies between 2.255(4) and
2.724(5) A and the Cd-N distance is 2.278(4) A [66].

Figure 16 [CA(NA),(H,0),],.

There are also several complexes with 1D structures that incorporate an anion
besides the nicotinate, such as the luminescent complexes {[Cd(NA)(phen)(NO3)]-
1/2H,0},, and {[Cd(NA)(ptola)(H,O),]-(Hptola)}, (phen = 1,10 phenanthroline,
Hptola = p-toluic acid) [67]. In both complexes, the nicotinate acts as an N,O,-
tridentate bridging ligand but in the first case the Cd** ion is hexa-coordinated with
the nitrate as a monodentate ligand, and in the second case it is hepta-coordinated
with the toluate acting as chelating bidentate ligand.

In other complexes, the characteristic polymeric coordination is achieved by a
neutral auxiliary ligand, which acts as bridge, in addition to the nicotinate, or by an
anionic ligand, such as halides [68, 69] or thiocyanate [70]. In the latter complex,
{[CA(SCN),(HNA),]'HNA},,, the Cd** ion is coordinated by two pyridyl nitrogen
atoms from two molecules of nicotinic acid, by two nitrogen atoms from two
thiocyanates and by two sulfur atoms from another two thiocyanates in a trans
octahedral geometry, so that each pair of adjacent cadmium atoms is bridged by two
Ho—N,S-SCN ligands to form a 1D structure (Figure 17).
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Figure 17 [Cd(SCN),(HNA);],.

In the few known structures of cadmium with nicotinamide (NADA), this ligand
acts as a monodentate system via its pyridyl nitrogen atom and in every case the
coordination environment of the metal is octahedral. Depending on the behavior of
the anion, two types of mononuclear complexes can be distinguished. The first type
is neutral, e.g., when the anion is coordinated as in [Cd(H,0),(NADA),(NO3),]
2NADA [71] (Figure 18) or [Cd(H,O),(NADA),(NBZ),]-2H,O (NBZ = 2-
nitrobenzoate) [72]. In cases where the anion is not coordinated, however, the
complex is cationic with two molecules of nicotinamide in the axial positions and
four coordinated water molecules at the equatorial sites, as in [CA(NADA),(H,0)4]-
X, (X = 4-formylbenzoate) [73,74].
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Figure 18 [Cd(H,0),(NADA)»(NO5),].

In some complexes, a carboxylate anion acts as a bidentate bridge to yield structures
based on dinuclear complexes, as observed in [CdA(PMAB)(NADA)(H,0)], (Figure 19)
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and [CA(DMAB)(NADA)(H,0)], [PMAB = 4-(methylamino)benzoate, DMAB =
4-(dimethylamino)benzoate]. The cadmium ion is chelated by two carboxylate
groups of aminobenzoate anions and coordinated by a nicotinamide molecule and
a water molecule. An oxygen atom from a carboxylate group of an adjacent anion
bridges the cadmium atom, thus completing an irregular hepta-coordinated geometry
[75,76].

Figure 19 [Cd(PMAB)(NADA)(H,0)]5.

To date, only one example has been reported of a 2D cadmium coordination
polymer constructed with thiocyanate and nicotinamide. In the referred polymer,
each Cd** ion, located in a centrosymmetric octahedral environment, is coordinated
by two nicotinamide molecules in trans positions and four thiocyanate ions, which
act as N,S bridging ligands that link to four neighboring cadmium ions [70].

4.3 Vitamin B4

Two crystal structures have been determined by X-ray diffraction for cadmium
complexes with vitamin Bg. In both compounds the pyridoxine is found as a
zwitterion, which is formed by migration of the phenolic hydrogen atom to the
heterocyclic nitrogen atom. This process enables the chelating role of pyridoxine by
the O-phenolate and the adjacent O-methanolic donor to build six-membered
chelate rings. The coordination of Cd(II) is octahedral but the ligand:metal ratio
is different in both compounds. The 1:1 compound [Cd(p—O-pyridoxine)(p—Cl)Cl],
[77] is a 1D-polymer, where a chlorido ligand and the O-phenolate donor of
pyridoxine act as bridging atoms between two adjacent Cd(II) centers (Figure 20).
In the salt trans-[Cd(pyridoxine),(H,0),]SO4:6H,0 [78] the Cd(II) atom is in the
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centrosymmetric environment of the cationic complex (Figure 21). As expected, the
bonds involved in bridging atoms are longer than similar bonds in unidentate roles.
Hence, in [Cd(p—O-pyridoxine)(u—C1)Cl],, the Cd—(u—CI) bonds (2.666 and
2.655 A) are longer than the Cd—Cl bond (2.530 A). Moreover, in this polymeric
compound, the Cd—u—O(phenolate) bonds (Cd-O, 2.316 and 2.307 A) are longer
than the single Cd—O(phenolate) bond (2.221 A) in the complex cation trans-
[Cd(pyridoxine)>(H,0),]*".

Figure 20 [Cd(pyridoxine)Cl,],.

Figure 21 [Cd(pyridoxine)z(Hzo)z]2+.
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5 Other Cadmium Complexes

Given the d'” state of the Cd** ion, one would expect the coordination chemistry of
this metal ion to be dominated by examples of coordination to four two-electron
donors. In this sense, the ligands containing thiolate or carboxylate groups are
interesting to mimic zinc-thiolate or zinc-carboxylate active sites, which play a
relevant role in bioinorganic chemistry and in the field of cadmium detoxification
by chelation.

5.1 Cadmium-Thiolate Complexes

At the molecular level, cadmium(Il) ions bind to the thiolate (—S) groups of
proteins, cysteine, and glutathione and inhibit the function of these biomolecules.
Nevertheless, the CSD only refers to three crystal structures with thiols S-bonded to
cadmium centers. Furthermore, cadmium ions are able to block the function of a
number of cellular enzymes and they are also mimics of calcium(II) and zinc(II).
For example, cadmium(II) can deposit in bones and bind calcium(II)-binding
proteins. Not surprisingly, biological systems have responded to this toxicity with
different strategies that share the same basic chemical principle: the strong affinity
of cadmium(II) for thiol ligands. The strategy adopted by mammals mainly consists
of cadmium(Il) complexation and sequestration by metallothioneins, ubiquitous
low-molecular-weight, cysteine-rich metalloproteins [79].

5.1.1 Monothiolate Ligands

Cadmium thiolates considered here include those compounds that, if mononuclear,
only involve ligation by organothiolate anions (RS") and, if polynuclear, only
contain these groups as skeletal bridging ligands. A nice review on the structural
chemistry of metal thiolate complexes was published in 1986 by Dance [80].

5.1.1.1 Mononuclear and Dinuclear Complexes

The C3;, and Y-shaped isomers of [Cd(S-2,4,6-iPr;CgH,);] ™ are examples of mono-
meric, three-coordinate complexes of cadmium with monothiolate ligands. The
[CdS3] units in both isomers are planar and the sum of the three S—Cd—S angles
in each compound is close to 360°. The Cj, isomer is characterized by S—Cd-S
angles close to 120° and nearly equal Cd—S bond distances (between 2.417 and
2427 A) (Figure 22) [81]. The Y-shaped isomer is characterized by a wider range
of S—Cd-S angles (between 100.71 and 135.33°) and Cd-S distances (between
2.422-2.453 A) [82]. The distortions observed in the Y-shaped isomer can be
thought of as an intermediate structure along the pathway toward the formation
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of a linear two-coordinate complex by dissociation of the third thiolate ligand.
The dinuclear complex [Cd,(S-2,4,6,'butyl C¢H»),], which in solution dissociates to
monomers, also has trigonal-planar coordinate cadmium ions bridged by two
thiolate ligands, with Cd-S,, distances close to 2.5 A and a shorter Cd-S; distance
of 2.376 A and angles in the Cd,S, core of 83.24° (S—Cd-S) and 96.7° (Cd—S—-Cd)
(Figure 23) [83].

Figure 22 [Cd(S-2,4,6-iPr;CHa)s].

2
*%%:

Figure 23 [Cda(S-2,4,6,'butyl CgHy)a].

The structural principles for [MH(SPh)4] > complexes were described in detail by
Coucouvanis et al. [84]. The distortion of the tetrahedral MS, core can be caused
by intermolecular interaction between the thiolate sulfur atom and an ortho proton
of the RS™ group. There are two possible conformations for the [MY(SPh),] unit:
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the D,; and S, conformational isomers. The reduction in symmetry of the [MSy]
core from T, to D,,; symmetry converts the S—Cd—S tetrahedral angles (of 109.5°)
into two sets of equivalent angles: the two S—Cd-S angles bisected by the S, axis are
greater than 109.5° and the four remaining S—Cd-S angles are less than the
tetrahedral angle. The D,, isomer is predicted to have a tetragonally elongated
[MS,] core, as observed in [Et;N],[Cd(S-2-Ph-CgH,)4] [85]. The S, conformation
is more difficult to discern but all the S, structures have [MS,] cores that are
tetragonally compressed as in [Me4N],[Cd(SPh),] [86].

The dinuclear compound (Ph4P),[Cd,(SPh)g] crystallizes in two possible dimor-
phic forms, the monoclinic [87] (Figure 24) and the triclinic [88] forms. Both
dimorphs contain the centrosymmetric [(PhS)2Cd(u-SPh)2Cd(SPh)2]2_ anion and
this has an approximately tetrahedral coordination stereochemistry at the cadmium
ion. The Cd-S, distances are similar in the two dimorphs, but there are differences
in the bridging region. The [Cd,S,] core of the monoclinic dimorph is almost square
and has equal Cd-S,, distances, whereas in the triclinic system the two independent
Cd-S;, bond distances are different (2.583 and 2.651 10\) and the Cd---Cd distance is
shorter (3.549 versus 3.692 A). The overall crystal packing of the ions in the
dimorphs is similar. A study by density functional methods shows that the inter-
molecular crystal packing energies are dominant as they are greater than the energies
involved in the intramolecular conformational differences, while the energy
differences associated with bond length variation of + 0.04 A are the smallest at
only ca. 1 kcal mol ™' [88].

Figure 24 [Cd,(SCeHs)6l*"



7 Solid State Structures of Cadmium Complexes 173

5.1.1.2 Complexes with Higher Nuclearities

The core of the trinuclear cluster anion [Cd5(S-2,4,6-iPr3CgH,),] ™ is formed by a
distorted cubane Cd;S, cluster with three cadmium ions and four sulfur atoms at its
vertices. The cluster closely approaches Cj, symmetry. Each cadmium atom
has tetrahedral coordination and there are three types of coordination modes in
the seven thiolate ligands: three terminal, three doubly bridging and one triply
bridging thiolate [89] (Figure 25). In the uncharged trinuclear cadmium complex
[Cd5(S-2,4,6-1Pr;CgH,)6(HS-2,4,6-1Pr;CgH,)] the three cadmium atoms are coor-
dinated by six thiolate (RS™) and one thiol (RSH) ligand. Two of the three cadmium
atoms have tetrahedral coordination and the third is trigonal planar [90].

o’ N

Figure 25 [Cd3(S-2,4,6-iPr;CsHa)-1.

A review of the structural chemistry of [MX(SR)y]Z* complexes with x > 4
reveals the existence of molecular cages in which bridging thiolate sulfur atoms
and metal atoms each form recognizable polyhedra [91]. A frequently encountered
structural unit is the adamantane-type tetranuclear cluster with an [M4(1—SRg)]
core containing a tetrahedrally disposed set of metal atoms and an octahedron
of bridging thiolate atoms with overall (idealized) Td symmetry. This structural
type has been established for the inorganic polymer Cd(SPh),, which consists
of Cd4(SPh)s cages, each of which is linked with four surrounding cages by
four SPh bridges in the same helical conformation as the SiO, tetrahedra in
cristobalite [92] (Figure 26). This [Cd4S¢] adamantane-like cage is also present in
the tetranuclear anionic complexes [Cd4(SPh)10]2* [93] and [Cd4(ScHex)m]2* [94],
with each Cd(II) ion bonded to one terminal (the outside of an adamantane-like
cage) and three bridging thiolate ligands.

The terminal positions on the adamantane-like cage can be substituted by other
ligands such as halido ions, leading to complexes such as [Cd4(SCeH,Bu'-4),Cl3]*~
[95] and [Cd4(SPh)sl4])*~ [96].

Several crystal structures of cadmium-thiolate complexes with nuclearity higher
than 4 can be found in the literature. For example, the octanuclear molecule
[Cdg(SPhF-3),4(DMF)s(NO3)](NO3) [97] (Figure 27) consists of a cubic cluster
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Figure 26 [Cd,Se] core.

Figure 27 [Cdg(SPhF-3),4(DMF)4(NO3)]".

[Cdg(SPhF-3),4(DMF)g]** with eight cadmium ions arranged at the corners of a
cube while twelve -SPhF-3 groups are distributed off the center of each cubic edge
as bridging ligands. Six penta-coordinated cadmium sites are bonded to solvent
DMF molecules and NO ; within the cage while the remaining two corners
(tetrahedral cadmium sites) are occupied by -SPhF-3 groups.

5.1.2 Dithiolate Ligands of the BAL Type

The toxicity of cadmium is determined by chelation reactions: in vivo, Cd** exists
exclusively in coordination complexes with biological ligands or with administered
chelating agents. Generally, the stability of complexes increases with the number of
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coordination groups contributed by the ligand. Consequently, complexes of Cd**
with polydentate ligands containing SH groups are very stable. In chelation therapy,
the requirement for induction of efficient detoxification of Cd** seems to be a
relatively lipophilic chelating agent with two adjacent SH groups favouring
tedrahedral coordination, as in the Cd-MT complex [98] (see also Chapter 11).
Dithiolate ligands such as 2,3-dimercaptopropanol (dimercaprol, BAL = British
Anti-Lewisite), dimercaptosuccinic acid (DMSA, Succimer) and 2,3-dimercapto-1-
propanesulfonic acid (DMPS, Unithiol) have proven to be good chelating agents
towards several toxic divalent metallic cations.

The coordination geometry in the ethanedithiolate compound (Et,N),[Cd(edt);]
[99] approximates to tetrahedral (D) symmetry (Figure 28) and the bond distances
are comparable with those of other tetrahedral M(SR),4 units and other mononuclear
tetrahedral cadmium dithiolate complexes [100]. In the mononuclear tetrahedral
benzenedithiolate compound (PPhy),[Cd{bpvbd},] [101] (Figure 29) the presence
of intramolecular NH--S hydrogen bonds was established by X-ray crystallography
and IR and NMR spectroscopy. The contribution of the NH---S hydrogen bond was

Figure 28 [Cd(edt),]*".

Figure 29 [Cd{bpvbd},]*".


http://dx.doi.org/10.1007/978-94-007-5179-8_11

176 Carballo, Castifieiras, Dominguez-Martin, Garcia-Santos, and Nicl6s-Gutierrez

analyzed using the NBO (Natural Bond Orbital) programme, which suggested
stabilization of the complex by hydrogen bonding. The role of hydrogen bonds in
metallothioneins has been discussed using model complexes [102] or a modified
metallothionein [103]. In this sense, the X-ray crystal structure analysis of rat
metallothionein-2 suggested that the coordinating sulfur atoms formed NH---S
hydrogen bonds with the amide protons in the polypeptide backbone and with the
ammonium protons in the lysine residues [104]. All the experimental and theoreti-
cal results suggest that the N---S hydrogen bond influences the efficient capture of
toxic cadmium ions by metallothioneins.

5.2 Dithiocarbamate Cadmium Complexes

The importance of [S,CNR,]™ dithiocarbamates in biological systems has emerged
as result of the discovery by Gale et al. in 1981 of sodium diethyldithiocarbamate as
an antidote for acute cadmium(II) chloride poisoning [105]. Since then, the coordi-
nation chemistry of cadmium(Il) with dithiocarbamates has been steadily devel-
oped. The majority of studies were carried out in solution and it was not until
recently that research focused on the solid state, due to the fact that dithio-/diseleno-
carbamates of cadmium are excellent precursors for the synthesis of CdS or CdSe
nanoparticles, which have unique electronic and optical properties that make them
suitable for optoelectronic applications [106—108].

In spite of this development, the number of known cadmium complex structures
with dithiocarbamates is not very high and they fit within the motifs recently
described for 1,1-dithiolates of group 13 metals [109]. These structures can be
grouped into anionic and neutral categories. The former are monomeric with hexa-
coordinated cadmium, which is in a distorted trigonal prismatic geometry. In these
compounds three diethyldithiocarbamate ligands act as chelating S,S’-bidentate
ligands in an anisobidentate manner, i.e., one Cd—S bond is somewhat shorter in
comparison to the other, although the C-S distances are the same if the cation is
tetra-n-butylammonium [110] (Figure 30). However, if the cation is [M(en);]**
(M = Ni, Zn or Cd) or PPhI the two aforementioned distances are different to a
greater or lesser degree [111-113]. Nevertheless, there are two structures that have
a penta-coordinated cadmium, one including isothiocyanate as an additional ligand
[114] and the other with a coordinated molecule of tri-fert-butoxysilanethiolate and
one iodido [115]. A third structure contains cadmium that is tetra-coordinated by one
molecule of dithiocarbamate and two tri-tert-butoxysilanethiolate ligands [116].

There are two types of neutral complexes: homoleptic and heteroleptic.
The former are generally dimers, with two cadmium atoms penta-coordinated
by two molecules of dithiocarbamate, which acts as an anisobidentate ligand
(Figure 31). One sulfur atom from one of the molecules coordinated to the cadmium
ion acts as a bridge to the other cadmium atom, bringing about a distorted square
pyramidal coordination geometry with the axial position occupied by the bridging
sulfur atom [117].
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Figllre 31 [Cd(SZCNEtz)z] 2.

Some neutral homoleptic complexes with dithiocarbamates containing long
alkyl substituents on the nitrogen atom, such as N-phenyldithiocarbamate or
N-dodecyldithiocarbamate ligands, are 1D chains based on flat rectangular molecular
units [Cd(S,CNHR),] connected by means of Cd---S intermolecular interactions
(average 2.937 A). This arrangement gives rise to a hexa-coordinated Sg (4 + 2)
environment around the cadmium ion in a rectangular bipyramidal geometry [118]
(Figure 32). There is also a 1D methylcadmium polymer that has a coordination
number of 4 (CNS,) [119].
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Figure 32 [Cd{S,CNH(n-CsH;;)}>]n.

In the heteroleptic complexes the co-ligands are usually nitrogen donor ligands,
although there are also some complexes with phosphine. The structure of these
complexes and the coordination number of the cadmium ion depend on the type
of co-ligand. If the ligand is monodentate, such as imidazole [120] (Figure 33)
or pyridine [121,122], the coordination number is 5 (NS4) and the complex is
mononuclear, but if the ligand is an aromatic o,o’-diamine, such as 2,2’-bipy or
1,10-phen or derivatives, the metal ion coordination number is 6 (N,S,) [123-126].
However, some complexes are dinuclear because the auxiliary ligand acts like a
bridge, as in (uz—dppf){Cd(SzCNEtQ)z }2 [127] or in [Cd,(pu—paa)(S,CNPr,)4] [128].
In the former case, the cadmium coordination number is five and in the latter six. In
[Cd{SSi(OBu’);}(S,CNEL,)], the coordination number of each metal center is four
and the coordination geometry is tetrahedral [116]. There are also some penta-
coordinated cadmium(II) dimers of S,CNEt, with 1,4-diazabicyclo[2.2.2]octane as
a bridging ligand and fullerene Cg of crystallisation [129]. To date, there are only
four known coordination polymers based on heteroleptic cadmium complexes with
dithiocarbamates in which the auxiliary ligand acts as a bridge. The structure of
[CA(S,CNEt,)I],, consists of dimeric units [Cdz(u—SZCNEt2)2]2+ linked by two
iodido bridges that link neighbouring cis cadmium ions, bringing about 1D chains
in which each cadmium ion is penta-coordinated by an [,S3; group with an inter-
mediate geometry between tetragonal pyramidal and trigonal pyramidal [130]
(Figure 34). The structure of [Cd(S,CNEt,),(dpe)], [dpe = 1,2-di(pyridin-4-yl)-
ethane] is based on flat Cd(S,CNEt,), units linked by trans dpe molecules, an
arrangement that gives rise to a 1D chain in which each cadmium ion presents a
distorted octahedral coordination geometry with a trans-N,S, donor group [131].
Closely similar structures contain 4,4’-bipyridine or 1,2-bis(4-pyridyl)ethylene as
spacers between rectangular [Cd(S,CNR;),] units [132,133] (Figure 35).

An analysis of the most significant bonding parameters involved in the coordi-
nation of dithiocarbamates to the cadmium ion, in the 59 different structures
reported to date, reveals that the Cd—S distances in each CdS,C chelate, in general,
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Figure 33 [Cd(S,CNEt,),(HIm)].

Figure 34 [Cd(S,CNEL)I],.

Figure 35 [Cd(S,CNBz,)(4.4>-bipy)],.
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differ by less than 0.1 A, with average values of 2.610 and 2.716 A. Nevertheless,
in the dinuclear complexes in which one of the sulfur atoms acts as a bridge, the
difference between the two Cd-S distances has an average value of 0.320 A, with
lower and upper limits of 2.768 and 2.975 A, respectively. This range is in contrast
with the average value of 2.604 A for the distance from this sulfur atom to the
second cadmium atom.

Likewise, the value of the S—Cd—S angle (bite angle) depends on the type of
coordination and the geometry. Therefore, in anionic complexes with an Sg coordi-
nation the average value is 65.62°, whereas in neutral complexes with N,S,
coordination it is 67.32°. In monomeric complexes with NS, coordination the
average value is 68.97° and in the S5 dimers the values are 66.71 and 70.07° for
the two molecules of the ligand. Furthermore, the average value of the S—Cd-S
angle in complexes with coordination number 4 is 69.11°.

Moreover, the coordination of the dithiocarbamates to the cadmium atom leads
to a redistribution of the charge on the S;CN group of the ligand, resulting in a
partial positive charge located on the nitrogen atom whilst another negative charge
is delocalized over the CdS,C chelate ring; this is manifested in the values of
the average C-S distances for each ligand of 1.712 and 1.728 A, and also in the
C-N bond length of 1.329 A.

5.3 Polycarboxylate Ligands of the EDTA Type

Aminopolycarboxylate ligands such as the potentially hexadentate ethylenediamine-
N,N,N’ N’ -tetraacetate(4—) (EDTA) and related tetraacetate chelators, the potentially
tetradentate nitrilotriacetate(3—) (NTA), and the potentially tridentate iminodiacetate
(2-) (IDA) are useful chelating agents for metal chelation therapy. The degree of
ionization of these aminopolycarboxylate chelating agents can be controlled by
adjusting the pH value to give anionic [134] or neutral Cd(Il) complexes.

In the neutral mononuclear complex [Cd(H,EDTA)(H,0)]-2H,O [135]
(Figure 36), the diprotonated H,EDTA acts as a hexadentate (2N + 40) ligand and
one water molecule increases the coordination number of the metal atom to seven.
The tetravalent EDTA anion is found in the 2D polymer {[Cd,(EDTA)(H,0)]-H,O},
[136], which contains two crystallographically independent cadmium(II) cations.
One of the cadmium ions, Cdl, is coordinated by five O atoms and two N atoms
from two tetraanionic EDTA ligands in a distorted pentagonal-bipyramidal coordina-
tion geometry. The other cadmium ion, Cd2, is six-coordinated by five carboxylate O
atoms from five EDTA ligands and one water molecule in a distorted octahedral
geometry. Two neighbouring Cdl1 ions are bridged by a pair of carboxylate oxygen
atoms to form a centrosymmetric [Cdz(EDTA)2]4’ unit, which is further extended
into a two-dimensional structure through Cd2-O bonds.

The substitution of the ethylene group of EDTA with rigid aromatic rings such as
phenylene (0-PhDTA) or toluene (3,4-TDTA) leads to ligands that are good
complexing agents for Cd(II) over a wide pH range. These compounds also behave
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Figure 36 [Cd(H,EDTA)(H,0)].

as complexing groups towards several metal ions, inducing the formation of
extended interlocked high dimensional structures. The 3D polymer [(H,O)Cd-
(p-3,4-TDTA)Cd(H,0)] has two types of cadmium environment [137]. The che-
lated Cd1 is coordinated to two N atoms and four carboxylate oxygen atoms from
the ligand and a water molecule. This results in a roughly capped trigonal prismatic
environment that forms a [Cd1(3,4-TDTA)]2* unit, which is joined to four Cd2
atoms (Figure 37) in such a way that all the carboxylate oxygen atoms of the ligand
are bound to cadmium(Il) ions, thus making the ligand behave as a decadentate
system. The Cd2 center is seven-coordinated with six oxygen atoms from four
different [Cd1(3,4-TDTA)]*" units and a water molecule in a very distorted capped
trigonal prismatic coordination geometry.

Figure 37 [(H,0)Cd(p—3,4-TDTA)Cd(H,0)],.

In the 2D polymer {[Cd;(IDA);(H,O)]-:3H,0O}, [138] the iminodiacetate
dianions behave as tridentate chelating ligands and show both facial and meridional
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chelating configurations. One Cd(II) ion is surrounded by three IDA ligands: one
N-monodentate, one O,0-bidentate and one N,O,O-tridentate in the mer-configuration.
A second Cd(Il) ion is coordinated by three IDA ligands (two O-monodentate
and one N,O,O-tridentate in a fac-configuration) and one water molecule. The
iminodiacetate dianion bridges neighbouring Cd(II) ions to form polymeric sheets.

6 General Conclusions

The electronic configuration (4d"°) and size of cadmium(II) clearly favor its affinity
for soft donor atoms as well as a certain variability in coordination numbers and
polyhedra. The structures discussed here reveal the ability of Cd(I) to exhibit
coordination numbers from three to eight, with the six-coordination (octahedral
or trigonal prism) polyhedra being the most common. Examples have been reported
in which Cd(II) shows two different coordination numbers in the same crystal.
Moreover, high coordination numbers favour the formation of polymers with
various dimensionalities, whereas the tridentate ability of soft S-thiolate atoms
build nice clusters.

Purine ligands coordinate to Cd(II) in monodentate (N3) or bridging modes
(1-N7,N9, n,—N3,N9, 13—N3,N7,N9). Purine derivatives with N9-non-coordinating
groups bind Cd(II) through N7, usually assisted by an intra-molecular interligand
H-bonding interaction. Likewise, related purines with N-donor atoms in the N9-
pendant arm are able to coordinate to Cd(II) by N7, by N-donors from the pendant
arm or through a combination of these two alternatives. N6-Substituted purines
bind Cd(II) via N9 whilst 6-mercaptopurine promotes the S6,N7-bidentate mode in
Cd(II) complexes due to the softness of the S atom and the chelate effect related
to the five-membered chelating ring. Anionic forms of 6-mercaptopurine also
play a p,-bridging role. In contrast, 6-oxopurines can bind Cd(II) through the
N-heterocyclic donors but do not build O6,N7-chelate rings, in accordance with
the hardness of the O6 atom. Nevertheless, some pyrimidine nucleobases can build
constrained four-membered N(heterocyclic),0(exocyclic)-Cd(Il) chelate rings.

Cd(II) complexes with amino acids are rich in examples where zwitterionic
forms of these ligands act via the carboxylate groups. The presence of suitable side
chains with donor atoms increases the denticity and the chelating ability of amino
acidate ligands. Hence, L-histidinate(1-) acts as a chelating tridentate system in the
bis-chelate [Cd(L-Hhis),]-2H,O but the dianion L-cysteinate(2—) is hexadentate in
the polymer [Cd(L-cys)], [N,O,S-chelating tridentate as well as S;(thiolate)- and
0,0’ (carboxylate)-bridging roles].

Cd(II) complexes with various vitamins of the B group also reveal remarkable
structural diversity. In particular, thiamine binds Cd(II) by its less hindered
N heterocyclic donor, the O-alcoholic donor from its pendant arm or in a combined
N,O-bidentate bridging mode. Interestingly, a closely related N,O-bridging role has
been observed in the Cd(Il)-acyclovir complex.

The affinity between soft Cd(II) ions and S donor atoms yields a rich structural
pathway. Thiolate atoms act as mono-, bi- or tridentate donor groups. Dithiocarba-
mate ligands tend to build rather stable four-membered chelate rings, where the
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S—Cd-S bite angle seems to depend on the coordination geometry. Curiously,
structures of Cd(II) complexes with those dithiolate ligands proposed for Cd(II)
detoxification have not yet been reported. Chelate ring constraints in EDTA-type
Cd(II) complexes favor seven-coordination polyhedra.

Abbreviations and Definitions

acv

ap

ATP
BAL
2,2’-bipy
4,4’ -bipy
bpvbd
CSD
DABT
DMAB
DMF
DMPS
DMSA
dmso
dpe
dppf
ede-ade
ede-dap
ede-gua
edp-dap
edt
EDTA
en
9Etgua
H6MP
Hade
Hala
Hasn
Hasp
HBthiamine
Hceyt
Hdap
Hgly
Hgua
Hhip

acyclovir[2-amine-9-(2-hydroxyethoxymethyl)-3H-purin-6-
one

adipate(2—-)

adenosine 5’-triphosphate

British Anti-Lewisite (2,3-dimercaptopropanol)
2,2’-bipyridine

4,4’ -bipyridine
3,6-bis(pivaloylamino)benzene-1,2-dithiolato-S,S’(2-)
Cambridge Structural Database
2,2’-diamino-4,4’-bis-1,3-thiazole
4-(dimethylamino)benzoate(1-)
N,N-dimethylformamide

2,3-dimercapto- 1 -propanesulfonate (1-)
dimercaptosuccinate(2—)

dimethylsulfoxide

1,2-di(pyridin-4-yl)ethane
(diphenylphosphino)ferrocene
2-(ethylenediamine)ethyl-N9-adenine
2-(ethylenediamine)ethyl-N9-2,6-diaminopurine
2-(ethylenediamine)ethyl-N9-guanine
2-(ethylenediamine)propyl-N9-2,6-diaminopurine
ethane-1,2-dithiolato
ethylenediamine-N,N,N’,N’-tetraacetate(4—)
1,2-ethylenediamine

9-ethylguanine

6-mercaptopurine

adenine

alanine

asparagine

aspartate

2-(a-hydroxybenzyl)thiamine

cytosine

2,6-diaminopurine

glycine

guanine

hippuric acid



184 Carballo, Castifieiras, Dominguez-Martin, Garcia-Santos, and Nicl6s-Gutierrez

Hhyp hypoxanthine

Hhis histidine

Hicyt isocytosine

HIm 1H-imidazole

Hmet methionine

Hphe phenylalanine

Hpro proline

Hptola p-toluic acid

Hpur purine

Hpym pyrimidine

Htheo theophiline

Htrp tryptophan

Hura uracil

Hxan xanthine

Hsap adipic acid

Hsasp aspartic acid glycine
H,BAD" N®-benzyladeninium cation
Hycys cysteine

H,FAD" NO-furfuryladeninium cation
Hyglu glutamic acid

Hotp terephthalic acid

IDA iminodiacetate(2-)

9Meade 9-methyladenine

1Mecyt 1-methylcytosine

9Megua 9-methylguanine

NA nicotinate(1-)

NADA nicotinamide

NBO natural bond orbital programme
NBZ 2-nitrobenzoate(1-)

niacin 3-pyridinecarboxylic acid
niacinamide 3-pyridinecarboxamide
NTA nitrilotriacetate(3-)

0X oxalate(2-)

o-PhDTA ortho-phenylenediamine-N,N,N’ ,N’ -tetraacetate(4—)
paa 2-pyridinealdazine

phen 1,10-phenanthroline

PMAB 4-(methylamino)benzoate(1-)
PPh; tetraphenylphosphonium
ptola p-toluic acid

S-2,4,6-iPr;CeH, (2,4,6-tri-isopropyl)benzenethiolato(1-)
S-2,4,6,'butyl C¢H,  (2,4,6-tri-tert-butyl)benzenothiolato(1-)
SC¢H,Bu'-4 4-tert-butylbenzenothiolato(1-)

ScHex cyclohexanethiolato(1-)

SCN thiocyanate
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SPh = SC¢H5 benzenothiolato(1-)

SPhF-3 3-fluorobenzenethiolato(1-)
tem-N9,N9’-diade N 9,N 9—tetramethylene—bis(adenine)

3,4-TDTA 3,4-toluenediamine-N,N,N’ N’ -tetraacetate(4—)
tm-N9,N9’-diade N° N 9/—trimethylene—bis(adenine)

1Toscyt 1-(p-toluenesulfonyl)cytosine

tp terephthalate(2—-)

tren tris-(2-aminoethyl)amine

trp tryptophan
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Abstract Cadmium(II), commonly classified as a relatively soft metal ion, prefers
indeed aromatic-nitrogen sites (e.g., N7 of purines) over oxygen sites (like sugar-
hydroxyl groups). However, matters are not that simple, though it is true that the
affinity of Cd** towards ribose-hydroxyl groups is very small; yet, a correct
orientation brought about by a suitable primary binding site and a reduced solvent
polarity, as it is expected to occur in a folded nucleic acid, may facilitate metal ion-
hydroxyl group binding very effectively. Cd** prefers the guanine(N7) over the
adenine(N7), mainly because of the steric hindrance of the (C6)NH, group in the
adenine residue. This Cd**-(N7) interaction in a guanine moiety leads to a signifi-
cant acidification of the (N1)H meaning that the deprotonation reaction occurs now
in the physiological pH range. N3 of the cytosine residue, together with the neigh-
boring (C2)0O, is also a remarkable Cd** binding site, though replacement of (C2)O
by (C2)S enhances the affinity towards Cd** dramatically, giving in addition rise to
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the deprotonation of the (C4)NH, group. The phosphodiester bridge is only a weak
binding site but the affinity increases further from the mono- to the di- and the
triphosphate. The same also holds for the corresponding nucleotides. Complex stabil-
ity of the pyrimidine-nucleotides is solely determined by the coordination tendency
of the phosphate group(s), whereas in the case of purine-nucleotides macrochelate
formation takes place by the interaction of the phosphate-coordinated Cd** with N7.
The extents of the formation degrees of these chelates are summarized and the effect of
a non-bridging sulfur atom in a thiophosphate group (versus a normal phosphate
group) is considered. Mixed ligand complexes containing a nucleotide and a further
mono- or bidentate ligand are covered and it is concluded that in these species N7 is
released from the coordination sphere of Cd**. In the case that the other ligand
contains an aromatic residue (e.g., 2,2’-bipyridine or the indole ring of tryptophanate)
intramolecular stack formation takes place. With buffers like Tris or Bistris mixed
ligand complexes are formed. Cd** coordination to dinucleotides and to dinucleoside
monophosphates provides some insights regarding the interaction between Cd** and
nucleic acids. Cd** binding to oligonucleotides follows the principles of coordination
to its units. The available crystal studies reveal that N7 of purines is the prominent
binding site followed by phosphate oxygens and other heteroatoms in nucleic acids.
Due to its high thiophilicity, Cd** is regularly used in so-called thiorescue
experiments, which lead to the identification of a direct involvement of divalent
metal ions in ribozyme catalysis.

Keywords cadmium ¢ calcium ¢ equilibrium constants * magnesium * metal ions
» methods ¢ ribozymes « RNA ¢ zinc

1 Introduction

Cadmium is widely distributed in the environment at relatively low concentrations,
except where it accumulated due to anthropogenic activities [1] (see also Chapters
2 and 3 of this book). Cadmium chemically resembles zinc and any differences are
attributable to the larger size of Cd** compared with that of Zn?* [2]. Indeed, cadmium
occurs in the earth’s crust and the upper lithosphere mainly together with zinc (zinc
being present to ca. 0.02% [3]). The Cd/Zn ratio has been estimated to be about 1:250
[4], and cadmium is thus gained as by-product from zinc ores (Chapter 3).

Cadmium is a toxic element (see Chapters 1, 14, 15) that accumulates especially
in kidney and liver [4] being bound preferably to metallothionein (Chapters 6, 11).
On the other hand, the chemical similarity of Cd** to Zn** is confirmed by the fact that
carbonic anhydrase of marine phytoplankton contains Cd** (Chapter 16), whereas the
corresponding zinc enzymes are found in organisms from all kingdoms [5] catalyzing
the reversible hydration of carbon dioxide. In marine diatoms cadmium, cobalt, and
zinc can functionally substitute for one another to maintain optimal growth [6].
Cadmium-carbonic anhydrase is involved in the acquisition of inorganic carbon for
photosynthesis [6].
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Interestingly, already more than 50 years ago Wacker and Vallee detected
cadmium as well as other metal ions in RNA from horse kidney cortex [7], but
there is no indication for a “positive” role of any cadmium-nucleic acid interaction.
However, nowadays Cd** is often applied as a probe to study the effects of metal
ions on ribozymes [8,9] as well as the metal ion-binding properties of nucleic acids
in general [10]. With this general analytical use in mind, this chapter has been
written, concentrating on Cd** and several related metal ions (see Section 2) as well
as on the nucleobases (NB) and their derivatives which are important for RNA and
DNA (Figure 1) [11-14]. The four main nucleobases of RNA are adenine (Ade),
guanine (Gua), cytosine (Cyt), and uracil (Ura); in DNA uracil is replaced by thymine
(Thy). Hypoxanthine (Hyp) is included for comparisons with guanine. Below we will
first consider some physicochemical properties of Cd** and related metal ions. Next,
the interaction of these metal ions with sugar, phosphate, and nucleobase residues
will be addressed, followed by nucleotides and nucleic acid complexes.

NH, o] o]
N N N
Y I <f/
L A
R R R
R=H Ade Hyp Gua
R =ribose Ado Ino Guo
NH, o] o
3 3 3
sf\n s(‘\NH H,C | NH
6! 6
'}l/ko 6 ljl/ko rjll/l%o
|
R R R
R=H Cyt Ura Thy
R= ribose ribose 2'-deoxyribose
Cyd Urd dThd
HO 5
CH, NB
(o]
4'% #1'
3" 2| ribosyl residue
o [0}
H H

Figure 1 Chemical structures of the nucleobases (NB) (R = H) occurring in RNA: adenine
(Ade), guanine (Gua), cytosine (Cyt), and uracil (Ura). Hypoxanthine (Hyp) is a rare nucleobase
and shown for comparison with guanine. Thymine (Thy), which occurs in DNA, can also
be addressed as 5-methyluracil. The corresponding nucleosides (Ns) (R = ribosyl residue) are
adenosine (Ado), inosine (Ino), guanosine (Guo), cytidine (Cyd), uridine (Urd), and thymidine
(dThd); in thymidine R is the 2’-deoxyribosyl residue. The dominating conformation of
the nucleosides is the anti one [11-14]; this conformation is obtained if the substitution at C1’
of the ribosyl residue is done in the way the bases are depicted within the plane.
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2 Comparisons of the Properties of Cadmium(II)
with Those of Zinc(II), Calcium(II), Magnesium(II),
and Other Related Metal Ions

Despite its essentiality for marine diatoms [5,6], cadmium is best known for its
toxicity to mammals [1,4,15,16] and in this context it is interesting to consider the
interdependencies between Cd** and other elements. In Figure 2, which may not be
complete, the most obvious interdependencies with Cd** are shown [17]. An arrow
from element A to B, A—B, indicates that administration of element A may reduce
toxicity due to element B. Hence, the toxicity of Cd** may be reduced by the ions of
Ca, Zn, Cu, Fe, Co, and the metalloid Se. However, low levels of element A, e.g.,
of Ca®*, Zn>*, and Cu?*, may increase the toxicity of element B (Cd**), or high
levels of element B (Cd>") may inhibit salutary effects of element A (Zn"). Such
interrelations are common, though not easy to reveal and to understand.

Mg

/Cd %m — c<‘3r

sé Cu

\\/

Co
Figure 2 Interdependencies between several elements relevant for mammals. An arrow from
element A — B indicates that administration of element A may reduce toxicity due to element B.
Note, there may be further interdependencies which are not shown (see also text in Section 2). This
figure is based on information provided by Martin in Figure 2 and the connected text of ref. [17].

Pb

Ignoring strontium and lead from the nine metals shown in Figure 2, we are left
with the essential divalent metal ions Mg>*, Ca®*, Fe**, Co?*, Zn**, and Cu®*, and the
toxic Cd**. Cd**, larger than Zn>", has nearly the size of Ca®* (see below) and this has
led to its use as Ca>* probe [15,18] (see also Chapter 6). However, in its binding
strength to ligands Cd** is more like Zn>* (see below) and thus, it is employed as a
Zn** probe as well [15] (Chapter 6). Although Cd** has a larger ionic radius than
Mg?*, it has recently been widely applied to mimic Mg** in ribozymes [8,19]. Like
Mg?*, Cd** preferentially forms non-distorted octahedral complexes, and it selectively
replaces Mg>* bound to purine-N7 sites via an innersphere coordination mode [19].

Based on the mentioned observations, we focus now on the properties of Cd** in
comparison to those of Zn>*, Ca*, and Mg”* as well as their interactions with the
bio-ligands relevant for nucleic acids as considered in this chapter. The properties
and complexes of Fe**, Co®*, and Cu”* are to some extent taken into account as
well, to allow, where needed, more systematic-type comparisons. With this in mind
the content of Table 1 has been assembled [20-27].

Columns 2 to 4 of Table 1 list the coordination numbers of the divalent metal
ions considered together with their corresponding ionic radii. Evidently, the radii of
Zn** and Mg?* are very similar, as are those of Cd** and Ca**. The alkaline earth
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ions like to bind to oxygen donors (column 6) whereas the 3d metal ions as well as
Zn** and Cd** have a preference for N sites, especially heteroaromatic amines, as
we will see later. Among all these metal ions Cd** has the highest affinity for
thiolate sites [15,17], which is of relevance for so-called rescue experiments [8,28]
(see Sections 9.3 and 10.1).

Column 6 of Table 1 provides the acidity constants (pK,/.q) for the hydrolysis
reaction (1), charges being omitted:

M(H,0),= M(OH)(H,0), , +H* (1a)

i _ [MOH)(H,0), JH'] _
MO [M(H,0),] Ve

(1b)

This hydrolysis reaction leads to hydroxo complexes and the coordinated OH™
species can act as nucleophiles [24,29] or participate in general base catalysis
[24], important for metal ion-containing catalytic cores of ribozymes, where also
large pK, shifts can occur [30]. The pK,/,q values of Table 1 show that in a simple
aqueous solution at neutral pH all metal ions listed are present as M>* ions, except
Cu2+, which forms a CuO precipitate [15]; of course, such a solid does not occur in
plasma where Cu®* is complexed by proteins [15].

Columns 7 and 8 of Table 1 provide the stability constants as defined by equation
(2), of simple acetate, CH;COO™, and ammonia, NH3, complexes (charges omitted):

M2 + L = M(L) (2a)
Ky = IML)]/([M**][L]) (2b)

At first sight the M(NH;)** complexes of the transition elements seem to be much
more stable than those of the corresponding M(CH3COO)* complexes. However, in
the physiological pH range around 7.5 one needs to take into account the competi-
tion between M>* and H* for binding at the ligand, that is, the size of the acidity
constant of the protonated ligands is important. The acidity constants are defined by
equation (3) (charges omitted):

H(L)=L+H" (3a)
Koy = LJH']/HL)] = K, (3b)

Considering that the pK, of acetic acid, CH;COOH, is close to 4.6 and the one of
the ammonium ion, N Hj{, close to 9.4, it is evident that at pH ca. 7.5 the acetate ion
is freely accessible for M** binding, whereas NH; exists overwhelmingly in the
form of the NH ion. The competition between M?** and H* for binding at the ligand
can be accounted for by defining so-called conditional or apparent (app) stability
constants, which then hold only for a given pH. This constant, KI\I\/’[[<L) app? depends on
the acidity constant of the ligand (eq. 3) and the stability constant of the complex
(eq. 2) and is defined by equation (4) [15,22]:

1
M _ M
vt =80 T 7R "
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gy, K (4b)
M(L) [H+]+KIEII(L)
10g Kni(1)app = 108 Kyiqry + 10g [Kipy / ([H] + Kyr)] (4c)

For pH > pKﬂ(L) the unbound ligand is predominantly in its basic form and log

KII:’I/I(L)app
ca. 4 to 5. For pH <« ng(U the unbound ligand is predominantly protonated and

= log KIIQ,I/I(L). Examples are neutral solutions of carboxylic acids with pK,

equation (4c) reduces to log KI\I‘,’[I(U = log KM(L) - pKIIhL) + pH. An example for

app
neutral solutions is the ammonium side chain of aliphatic amino acids with pK, ca.
9.5 to 10. When the pH is within £2 log units of pK,, the complete equation (4)
should be employed.

With the above reasonings in mind, columns 7 to 9 of Table 1 should be
compared: For acetate pH = 7.5 > ng( Ao) = 4.56 [25], that is, virtually all
ligand is in its basic CH;COO™ form and the apparent and conventional stability
constants are equal. For ammonia this is different; at pH 7.5 only about 1.3% of the
ligand is present in its free NH; form but 98.7% exist as NH; . Consequently, log
K%\\/I/I(NI-I})app < log KM(NH3); in fact, only for Cu?* it holds log K(aq) < log KI\I\/’}(NHS)a op
for all other metal ions the M(Ac)" complexes are more stable than the M(NH;)*
species.

The above lesson is of relevance for nucleic acids and their constituents. Consid-
ering that the monoprotonated phosphate groups of nucleotides have pK, values of
about 6.2 to 6.5 [31,32], the competition of the proton is not very pronounced at the
physiological pH of about 7.5 and for RO-P(O), —-OR’ bridges of nucleic acids (pK,
ca. 1 [33,34]) no proton competition exists at all. This is also true for the (N3)H" sites
of cytidine residues (pK, ca. 4.3 [31,35]), the (N1)H" sides of adenosines (pK, ca. 3.8
[31,36]) as well as the (N7)H" of guanosines (pK, ca. 2.5 [31,37,38]), but not for the
(NDH units of guanosines with pK, values of about 9.4 [31,37,38]. In these latter
cases a strong competition for binding at (N1)~ between the proton and metal ion
exists. These general considerations will be reflected in the discussions to follow.

3 Cadmium(II)-Sugar Interactions

3.1 Hydroxyl Coordination in Carboxyhydrates Is Rare

Knowledge on binding of metal ions to carbohydrates is scarce [32,39,40] and little
information exists on Cd**. Ca®* binding to neutral monosaccharides is very weak
unless they form a favorable tridentate disposition of three hydroxyl groups [18].
The same may be surmised for Cd**, though it has been concluded based on crystal
structure studies that sugar-hydroxyl groups are good ligands for alkaline earth ions
but not for transition and heavy metal ions [41]. The reason for this conclusion is
most likely that it is based on solid-state studies of nucleosides (and derivatives)
and there the N-sites become important for the latter type of metal ions (vide infra),
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but still there is a polymeric Cd**/5’-IMP*~ complex with a M—02’/3’ chelation
[11]: This polymer consists of [Cd,(IMP-H),(IMP)(H,0)6]-6H,O units with two
independent Cd** ions, one of which binds two ribose oxygen atoms, a purine-N7,
and three water molecules [42]. There are also indications that in M(p-fruct-
0se)X»4H,0 (X = CI” or Br") species, where M** = Mg?*, Zn** or Cd**, M**
binds O2 and O3 of p-fructose [43].

Metal ion binding to sugars is strengthened when a suitable primary binding site
is provided, e.g., a carboxylate group [18]. Similarly, potentiometric and spectro-
scopic studies in aqueous solution (25°C; I = 0.15 M, KNOj) indicate that with 2-
amino-2-deoxy-D-mannose metal ions bind not only to the primary amino site but
also to the hydroxyl group (O3)H [44]: Cu®*, Ni**, and Co®* form 5-membered
chelates and the same may be surmised for Cd**. With 2-amino-2-deoxy-D-
glucose the complexes are less stable, which is in accord with the less favorable
arrangements of the hydroxyl groups [44]. Similarly, metal ions coordinate initially
via a 6-membered chelate to 1,3-diamino-2-propyl a-pD-mannopyranoside and these
coordinated metal ions should then, at least in theory, be able to interact with a
hydroxyl group forming an 8-membered chelate, which, however, is not observed
for the complexes of Cu®*, Ni**, and Zn>* [45].

3.2 The Metal Ion Affinity of Ribose-Hydroxyl Groups Is Small

How is the situation with the ribose and 2-deoxyribose residues, which are of
significance for the nucleoside derivatives considered herein? The cis arrangement
of the 2- and 3-hydroxyl groups as present in a ribose moiety favors deprotonation
of one of the two OH groups because in the resulting anion intramolecular hydrogen
bond formation occurs [34]. Yet, this favored deprotonation with pK, = 12.5 is far
above the physiological pH range, meaning that such a deprotonation can occur in
a biological system only in a very special environment [30]. However, e.g., it can
be facilitated by metal ions like Cu®* which is apparently able to bind to the cis-
glycol unit of a ribose moiety in aqueous solution at high pH values [43,46,47], as
proven in experiments with adenosine. In contrast, 2’-deoxyadenosine shows no
deprotonation of the 3’-hydroxyl group under the corresponding conditions. Since
the acidifying power of Cd** is much smaller than the one of Cu®* (cf. the PKajaq
values in Table 1, column 6), Cd** is not expected to achieve this type of binding.

In this context also a stability constant study in aqueous solution (25°C; I = 0.1
M, NaNO3) of complexes formed with 2’AMP?" and 3’ AMP?* is of relevance [48].
The complex stability of Cu(2’ AMP) is enhanced by 0.25 log unit compared to the
stability expected for a sole phosphate coordination; the stability of the Cu(3’ AMP)
complex is only very slightly enhanced, if at all. The different stability enhancements
point to different structural properties of the two ligands. In case 7-membered
chelates were formed by coordination of the phosphate-bound Cu?* with the neigh-
boring hydroxyl group, the situation in 2°’AMP* and 3°’AMP*~ would be equivalent
and the same stability enhancement would be expected. Hence, a significant hydroxyl
group interaction needs to be ruled out and this leaves as the only explanation of the
observed results an interaction of Cu”* in Cu(2’AMP) with N3 of the purine residue
giving rise to an 8-membered macrochelate.
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Indeed, space-filling molecular models indicate that 2°’AMP?" in its preferred
anti conformation is perfectly suited for this type of macrochelate formation [48].
Furthermore, a crystal structure study [49] shows that Mg®* is coordinated in
Mg(2’AMP) to the phosphate group and that it interacts in addition in an outer-
sphere manner, i.e., via a water molecule, with N3 of the adenine residue. Finally,
among the 10 metal ions studied in solution, only Ni**, Zn?*, and Cd*" are likely to
form small amounts of base-backbound species [50]; the stability enhancements for
their M(2’AMP) complexes are just at the edge of significance [48]. No stability
enhancement is observed for Cd(3’AMP) [48].

3.3 A Favorable Steric Setting and a Reduced Solvent
Polarity May Promote Metal Ion-Hydroxyl (or -Carbonyl)
Group Binding

More insight into Cd** binding to hydroxyl (and carbonyl) groups in solution
encompassing the neutral pH range and having a phosphate group as a primary
binding site, can be gained by considering the metal ion-binding properties of the
keto-triose derivative dihydroxacetone phosphate (DHAP?") and the other three
related compounds shown in Figure 3. The combination of coordinating groups

H2(.‘)3—OH HZC|3—0H CH, (.‘THa
o HC-—OH <‘;=0 c—o

|
H2(‘31—O—P0§_ Hzc1—0—Po§‘ (‘)—Poi‘ Hzc‘:—Po?

DHAP?- G1P%- AcP?- AnP?-

Figure 3 Chemical structures of dihydroxyacetone phosphate (DHAP?"), glycerol 1-phosphate
(GIP™), acetyl phosphate (AcP?), and acetonylphosphonate (AnP%>).

seen at C1 and C2 for DHAP?™ and glycerol 1-phosphate (G1P*") is representative
for many sugar moieties. From a steric point of view, an interaction of a phosphate-
coordinated metal ion with the neighboring keto or hydroxyl group is very well
possible in both instances. The questions are: Does such an interaction occur in
aqueous solution? Are 7-membered chelates formed as expressed in a simplified
manner (with charge neglection) in equilibrium (5)?

c—o
/ \o
R—C—C—O—PO R—C PO
\ / (5)
""""""""""""" o
M M

Any kind of chelate formation has to enhance complex stability [51]. Hence, a
possibly increased stability, defined as log Ay, of CA(DHAP) or Cd(GI1P), if
compared with a pure phosphate coordination, could therefore be attributed to the
participation of the oxygen at C2 in Cd** binding, i.e., equilibrium (5) would then
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truly exist and at least in part be on its right side. However, the results log
Acgpuap = 0.02 £ 0.05 and log Acgigip = —0.02 £ 0.06 (25°C; I =0.1 M,
NaNO3) [52,53] are both zero within their error limits, and thus, no increased
complex stability is observed and it must therefore be concluded that in aqueous
solution equilibrium (5) is on its left side and that the (C2)=0 and (C2)-OH groups
do not participate in Cd** binding. Corresponding results have been obtained for the
complexes of Co?*, Cu?*, and Zn** [52,53].

However, it needs to be added that a decreased solvent polarity is expected to
increase the affinity in general, as has been shown to occur also in larger RNAs [54],
and to favor weakly coordinating oxygen sites [30]. Indeed, for Cu(DHAP) and
Cu(G1P) it has been shown that in water containing 50% 1,4-dioxane (v/v) the
chelated species in equilibrium (5) reach a formation degree of about 45% [52,53].
A similar chelate formation must be anticipated for the corresponding Cd**
complexes in solutions with a reduced dielectric constant or permittivity (¢). It is
worthwhile to note that in the discussed examples the hydroxyl and carbonyl groups
behave within the error limits quite alike.

A change in size of the potential 7-membered chelate ring (eq. 5) to a 6-
membered one, demonstrates the importance of the steric orientation for weak
interactions. Acetyl phosphate (AcP?>") and acetonylphosphonate (AnP?) may
form with metal ions 6-membered chelates as is show in equilibrium (6), where
X = O (AcP¥) or CH, (AnP?):

Hsc\ /X\ /0 H3C\ /X\ /0
C P\ P\
[ | o = | | o (6)
(o o, e
M2+ MZ;

In fact, for Cd(AcP) and Cd(AnP) small, but significant, stability enhancements are
observed, i.e., log Acgacp = 0.19 £ 0.06 and log Acg/anp = 0.18 £ 0.06, respec-
tively [52,55]. These stability enhancements correspond to a formation degree of
about 35% for the chelate in the intramolecular equilibrium (6); the interrelation
between log 4y and % M(L) will be presented in Section 4.2 [51]. For now it is
enough to add that the formation degree of the chelated species is hardly affected in
mixed ligand complexes as is evidenced from examples with Cu(Arm)>*, where
Arm = 2,2’-biypridine or 1,10-phenanthroline [52,56].

From the information presented above it follows that sugar hydroxyl (or car-
bonyl) groups are weak binding sites which will interact with Cd** (or other M**) in
aqueous solution only under rather specific conditions. Indeed, from comparison of
the results to be discussed in Section 6.2.3 for M(NMP) complexes, where NMP>~
= nucleoside 5’-monophosphate, with the above data it follows that N7 of purine-
nucleobase residues have a more pronounced affinity for Cd** than a sugar
hydroxyl group. On the other hand, the ligands shown in Figure 4, which contain
different primary binding sites next to a hydroxyl group, allowing formation of 5-
membered chelates, provide some further insights into hydroxyl group coordination
as relevant for nucleic acids.
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)
'o\lla _CH;—OH O __CH;—OH N
| | | _—cH;—oH
N

(0} 0

HMPZ- HOAc™ HOMPy

Figure 4 Chemical structures of hydroxymethylphosphonate (HMP®"), hydroxyacetate (HOAC™),
and o-(hydroxymethyl)pyridine (HOMPy).

The experimentally measured stability constants (eq. 2), the stability enhance-
ments, log 4y, and the percentages of the closed isomers, % M(L),; (in analogy to
equilibria 5, 6) are listed in Table 2 [57] for the 1:1 complexes of several metal ions
with the three ligands seen in Figure 4.

Unfortunately, not all desired data, especially for the Cd** complexes are
available, but enough to draw a number of conclusions. Also, part of the data
available for the complexes of hydroxyacetate refer to the rather high ionic strength
of 2 M. Fortunately, the change in / from 0.1 to 2 M affects the overall stability
constant (eq. 2), especially in the case of Zn(HOAc)*, but has no remarkable
influence on log Ayynoac and % M(HOAC)$, as is proven by the results for Cu**
and Zn**. Consequently, all the listed values in Table 2 for the stability
enhancements and the percentages of the chelated isomers can directly be compared
with each other. Many comparisons are possible, a few follow below:

(1) The possibility to form 5-membered chelates is evidently a favorable setting;
metal ion-hydroxyl group interactions occur in all instances. By taking also
the preceding results into account, it follows that the stability of the chelates
decreases with increasing ring size in the order 5S-membered > 6-membered
> 7-membered ring.

(i) There is no correlation between the global stability of a complex (eq. 2) and
the formation degree of the chelated isomer, which is the result of an
intramolecular and thus concentration-independent equilibrium (see eqs 5,
6). For example, Ca(HOAc)" is less stable than Cd(HOAc)*, yet the forma-
tion degree of the closed isomer is significantly larger in Ca(HOAc)".

(iii) However, there is a correlation between the charge of the primary binding
site and the extent of chelate formation; the percentages of the closed forms
increase in the order M(HMP),; < M(HOAc);; < M(HOMPy)?%". This is a
reflection of charge neutralization at M** leading to a reduced affinity of the
metal ion towards hydroxyl groups [57].

(iv) Point (iii) has an interesting bearing for nucleic acids: It allows the conclu-
sion that a metal ion coordinated to the singly negatively charged
phosphodiester bridge is better suited for a hydroxyl group interaction than
a metal ion bound to a twofold negatively charged terminal phosphate group.
Regarding ribozymes this result is revealing. It may be added that the acetate
ion, CH;COO™, may be considered as a mimic of the phosphodiester unit,
RO-P(0); -OR’ in the nucleic acid backbone as far as metal ion coordination
is concerned [58] (see also Section 5).
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(v) Similarly, the fact that pyridine-type nitrogens are ideal primary binding sites
is in agreement with the suggested chelate formation in Cu(2’ AMP) involv-
ing N3 of the adenine residue and the (C2)OH group (see Section 3.2). Note,
the basicity, and thus the metal ion affinity, of N3 should not
be underestimated: The micro acidity constant for the (N3)H™ site in other-
wise neutral adenosine was estimated as pk,nzu = 1.5 £ 0.3 [36]; such a
value is ideal for outersphere interactions [59-61], e.g., with Mg?* (see the
discussed solid-state structure of Mg(2’AMP) in Section 3.2).

(vi) The stability enhancements observed for the Cd(L) species are about half the
size of those found for the corresponding Zn(L) complexes; consequently,
it holds % Cd(L), < % Zn(L).. Yet, here a caveat is needed: If ligands are
synthesized with a pocket that fits well the size of Cd** (but not of Zn**), then
the situation towards hydroxyl group interactions may change dramatically
[57]. Clearly, a nucleic acid cavity fitting the size of Ca”* is expected to be also
ideal for Cd**. Some ribozymes show a distinct specificity for Ca**, e.g., the
antigenomic HDV ribozyme [62], group I introns [63—65], and group II introns,
the latter being severely hampered in catalysis [66] and folding [67,68].

(vii) The results given in the lower part of Table 2 confirm the earlier conclusions
(see the discussed Cu(DHAP) and Cu(G1P) complexes [52,53]) that a
reduced solvent polarity favors M**-hydroxyl interactions.

(viii) A final point, which follows by taking the results of the whole section as well
as further data [57] into account, is that, assuming a suitable primary binding
site is present, the metal ion affinity to hydroxyl and carbonyl groups is quite
alike, but the one towards ether oxygen atoms is much smaller, e.g., the
stability enhancement for the Cu®* complex of methoxyacetate, CH;0Ac™
= CH30CH,COOQO™, amounts only to log 4 cy/cH,0ac = 0.36 = 0.11 [57]
compared to log Acymoac = 0.79 £ 0.08 (Table 2).

4 Interactions of Cadmium(II) with Nucleobase Residues

The common purine and pyrimidine nucleobases are shown in Figure 1. We will
concentrate in this section on (N9)-substituted purines and (N1)-substituted
pyrimidines, the substituent being an alkyl group, and on the nucleosides which
carry a (2’-deoxy)ribose residue at the corresponding position. Metal ion binding of
the free nucleobases is not of relevance in the present context. It is evident from
Figure 1 that these nucleobase residues possess quite a number of potential metal
ion-binding sites [30,58], yet from a narrow point of view one may say that N7 is
the crucial site for purines and N3/(N3)~ for the pyrimidines. The details will be
discussed below.

4.1 Cadmium(Il) Complexes of Purine Derivatives

The dominance of the N7 site for the coordination chemistry of the purine nucleo-
sides and related systems is even true under rather exceptional circumstances, that
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is, even protonation at N1 does not necessarily prevent metal ion binding at N7
though it certainly diminishes it [69].

Considering the importance of N7, it seemed appropriate for us to evaluate its
metal ion-binding properties somewhat more in detail. We are doing this by
mimicking the N7 site of the purine nucleobases by the imidazole derivatives
shown in the upper part of Figure 5. The N1 site of the adenine residue may be
mimicked by pyridine and derivatives (Figure 5, lower part). The acidity constants
of these ligands and the stability constants of their corresponding Cd** complexes
are defined by equations (3) and (2), respectively. The corresponding results are
listed in entries 1 to 6 of Table 3 [70-75].

CH3
N N N
/° ] % 28
1 1 1
i ¥ i
CH, CH, CH,
1MIm iMBI DMBI
CH3 NH2
A
SN 2SN /i | S N
- - pji ﬁ)
R
Py 2MPy Tu

Figure 5 Chemical structures of 1-methylimidazole (1MIm) derivatives, i.e., 1-methylbenzimidazole
(IMBI) and 1,4-dimethylbenzimidazole (DMBI = 6,9-dimethyl-1,3-dideazapurine), as mimics
of the purine N7 site, and of pyridine (Py) derivatives, i.e., 2-methylpyridine and tubercidin for
R = ribosyl residue (see Figure 1) (Tu = 7-deazaadenosine), as mimics of the purine NI site.
For tubercidin, like for adenosine (Figure 1), the anti conformation is dominant [13].

Annelation at imidazole giving benzimidazole reduces the basicity of N3 as is
obvious from the first two entries of Table 3, but it also somewhat inhibits metal ion
coordination. For Cd** the inhibition amounts to 0.25 £ 0.05 log unit if the basicity
differences are taken into account [60]. However, a drastic inhibition occurs if at
the neighboring C4 a methyl group is introduced (see Figure 5, top, right). Because
the basicity of N3 in 1MBI is close to the one in DMBI (Table 3; entries 2, 3), the
stability constants of the two Cd>* complexes, Cd(IMBI)** and Cd(DMBI)**, may
directly be compared: The methyl substituent lowers complex stability by about 1.4
log units (= 2.10 — 0.72). Since the steric requests of a methyl and an amino
substituent at an aromatic ring are comparable [59] (see also the straight-line plots
in Figure 6; vide infra), that is, there is a shape complementarity between the 4-
methylbenzimidazole and adenine residues [76], it follows that the steric inhibition
of the (C6)NH, group on Cd** coordination at N7 is expected to be of a similar size:
Indeed, this is in accord with results of other divalent metal ions [61]. Interestingly,
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Table 3 Negative logarithms of the acidity constants (eq. 3) of some monoprotonated purine
nucleobase (NB) derivatives and logarithms of the stability constants (eq. 2) of the corresponding
CA(NB)** and Cd(NB — H)* complexes as determined by potentiometric pH titration in aqueous
solution at 25°C and / = 0.5 M (entries 1 — 7) or 0.1 M (entries 8 — 10) (NaNOs3), together with
data for 1-methylimidazole (1MIm) or pyridine (Py) derivatives (see Figure 5)“.

pK, for

H(NB)* (N7H* (NDH™ log Keqngy  log Keing ) Ref.
1> H(MIm)*  7.20 £+ 0.02 2.76 + 0.01 [70]
2 HOMBD*  5.67 & 0.01 2.10 =+ 0.06 [60]
3  HMMBD*  5.78 £ 0.02 0.72 + 0.06 [71]
4¢ H(Py)* 534 £ 0.02 151 £ 0.05 [59]
5 H@2MPy)* 6.14 + 0.02 0.68 + 0.03 [59]
6  H(Tu)" 527 £ 0.02 0.71 + 0.07 [59,72]
7°  H(Ado)* (2.15 £ 0.15¢  3.64 £ 0.02 0.64 + 0.03 [32,73]
8  H(no)* 1.06 + 0.06 8.76 + 0.03° 0.85 + 0.2/ 2.6 +£0.25 [74,75]
9  H(Guo)* 2.11 £ 0.04 9.22 + 0.02¢ [74]

10 H(dGuo)* 2.34 £0.03 9.25 £ 0.02° 1.53 £ 0.07 3.15+0.03 [38]

“ The errors given are three times the standard error of the mean value or the sum of the probable
systematic errors, whichever is larger.

> In H(1MIm)*, H(AMBI)*, and H(DMBI)* the proton is at N3.

¢ The proton is released from the positively charged (N1)H™ site.

4 Micro acidity constant, pANTSL ., for the (N7)HY site of Ado under conditions where N1 does not
carry a proton [36].

¢ The proton is released from the neutral (N1)H site (see Figure 1).

/ Estimated values (Ica.0.5-1M)[75].

the steric inhibition of the (C6)NH, group on N1 coordination is less severe;
a comparison of the values given in entries 4 and 5, 6 of Table 3 (see also the
structures in Figure 5) shows that it corresponds to about 0.8 log unit (see also
refs [61,71]).

Considering that the pK, values for both, the N7 and the NI sites of
monoprotonated adenosine are such that no competition between the proton and
metal ions for binding at either site in the neutral pH range occurs, one expects that
metal ions including Cd** actually may coordinate at either site. Indeed, for the
Cd(Ado)** complex a dichotomy exists and it was previously concluded that the N'7
isomer occurs with 61 £+ 10% [77]; a more recent evaluation [73] arrives at
35 4+ 11%. The discrepancy between these results is no surprise as the evaluation
methods differ significantly; in any case, the dichotomy is certain and occurs also,
e.g., with Cu(9-methyladenine)®* where 59 + 12% exist as the N7 isomer [61].

The N7 sites of inosine or (2’-deoxy)guanosine exist also deprotonated in the
neutral pH range (Table 3, entries 8—10) and thus are easily accessible for metal
ions. Such (N7)-bound metal ions form commonly a hydrogen bond from a ligated
water molecule to (C6)O (cf. Figure 1) [11,78]; in contrast to an amino group a
carbonyl or keto group at C6 does not exercise any steric hindrance (see also
Section 4.2). Of course, at higher pH values the neutral (N1)H sites may be
deprotonated. This reaction is expressed in eq. (7), where L represents a nucleobase
residue. Naturally, the (L — H)™ species formed in this way may also form complexes
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according to eq. (8), and the M(L)>* complex may be deprotonated at (N1)H as
well (eq. 9):

L= (L-H) +H" (7a)

Ki' = [(L—H)7][H']/[L] (7b)

M?>* +(L-H)” =M(L-H)" (8a)

K —m = M(L = H)"]/(M*][(L = H)7]) (8b)
M(L)*" = M(L —H)" + H* (9a)

Ky = M(L — H)'JH']/M(L)*] (9b)

Evidently, equilibria (2a) and (7a) to (9a) are connected with each other via the
equilibrium scheme (10) [79]:

KMw 5
M2+ + L M(L)=*
K{! Kiiw) (10)
M2* 4+ (L— H)- + H* M(L — H)* + H*
KML -1

This scheme involves four equilibrium constants and because it is of a cyclic nature,
only three constants are independent of each other; the fourth constant is automati-
cally determined by the other three as follows from eq. (11):

log Kni) — PKn) = log Ky gy — PKL (11a)
pKII\{/l(L) = pK{I + log Kllt,[/[(w — log KM(Liﬂ) (11b)

The acidification of the (N1)H sites in M(L)2+ complexes, as caused by the
(N7)-coordinated metal ion, is defined by eq. (12):

A pK, = pKi' — pKyi) (12)

The corresponding results for the Cd** systems with Ino and dGuo, based on the
data in Table 3, are summarized in Table 4, where also some results obtained for
related Ni** systems are listed [40,80]. It is remarkable that the (N7)-coordinated
metal ion facilitates (N1)H deprotonation to such an extent that this reaction occurs
now in or close to the physiological pH range (Table 4, column 5).
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Table 4 Extent of the (N1)H acidification by (N7)-coordinated Cd** at inosine (Ino) and 2’-
deoxyguanosine (dGuo) as defined by equation (12). The corresponding data of the Ni**
complexes including those for 9-ethylguanine (9EtG) are given for comparison (aqueous solution;
25°C; I = 0.1 M, NaNO3)“.

) PK Y log KIIQ/IA(NB) log KI\]\//II(NB —H) PK}U{(NB)M A pK,
M(NB)™* (eq. 7) (eq. 2) (eq. 8) (eqs 9,11) (eq. 12)
Cd(Ino)** 8.76 £+ 0.03 0.85 £ 0.2 26 £0.25 7.01 £ 032 1.75 £ 0.32
Cd(dGuo)>*  9.25 + 0.02 1.53 £ 0.07 3.15 £ 0.03 7.63 + 0.08”  1.62 + 0.08

Ni(Ino)** 8.76 £+ 0.03 1.15 £ 0.13 28 £0.2 7.11 £ 0.24° 1.65 £ 0.24
Ni(dGuo)**  9.24 + 0.03 1.53 £ 0.09 320 £0.18 7.57 £0.20° 1.67 £0.21
Ni(9EtG)** 9.57 + 0.05 1.76 £0.10  3.48 £0.13 7.85 £0.17°  1.72 £ 0.18

“For the error limits see footnote “a” of Table 3; the error limits of the derived data were
calculated according to the error propagation after Gauss.

b Values for ngde) were calculated according to equation (11b) with the values listed above in
columns 24 and which are taken from Table 3.

¢ The entries for the Ni** complexes are taken from Table 2 in ref. [40] (see also [80]).

The results of Table 4 are in accord with previous conclusions [80] and by taking
into account the present insights for the Cd** systems, one may define the following
series in which the acidifying effect of the (N7)-coordinated divalent metal ion
decreases (the A pK, values being inserted in parentheses): Cu** 22+£03) >
Ni** (1.7 4 0.15) ~ Cd** (~ Zn**) > Pt** (1.4 £ 0.1) ~ Pd**. Zn** is tentatively
inserted into this series based on data given in ref. [80]. These results also indicate
that in the (N1)H-deprotonated M(NB — H)* complexes the labile divalent metal
ions are still largely at N7, though some dichotomy involving also (N1)~ cannot be
excluded. The reason why we favor mainly N7 coordination is the fact that the pK,
values for the kinetically inert and (N7)-bonded P>t complexes fit perfectly into the
given series [40]. Of course, in the complexes formed by purine-nucleotides and
Cd** or other M**, even if (N1)H is deprotonated, the phosphate-coordinated metal
ion interacts always with N7 [81] because (N1)™ could only be reached in the syn
conformation. However, this is not achieved because the anti-syn barrier is too high
in energy [35].

Three more points may be added in the present context:

(i) The acidification (A pK,) by Cd** and Ni** is identical within the error limits
for all examples in Table 4, even though the acidity of the various (N1)H sites
differs significantly.

(ii) The acidification of Cd** as observed in the Cd(GpG)* and Cd[d(GpG)]*
complexes is with A pK, = 1.8 + 0.4 [38] within the error limits the same
as given above in Table 4.

(iii) For the (Dien)Pt(9EtG-N7)>* complex it has been shown that the (N7)-
coordinated Pt** not only acidifies (N)H (A pK, = 1.40 £ 0.06), but that
the released proton can be replaced by another M**, such as Mg®* or Cu®*,
giving complexes of the type (Dien)Pt(N7-9EtG-N/-M)’* [82]. The same may
be surmised for Cd**. This shows that “clustering” of metal ions at a guanine
residue is possible; an observation relevant for ribozymes [30].
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4.2 Cadmium(Il) Complexes of Pyrimidine Derivatives

Among the three pyrimidine-nucleobase residues shown in Figure 1 only the
cytosine moiety is not protonated at N3 in the physiological pH range and hence,
freely available for metal ion coordination. Therefore, this residue will be discussed
first. The cytosine residue is an ambivalent ligating site as follows from crystal
structure studies; e.g., Pt** coordinates to N3, Ba** to (C2)O, and Cu®* binds to both
sites [35,40]. Thus, in the latter instance chelate formation occurs and for aqueous
solution then the intramolecular equilibrium (13) needs to be considered:

M(Cyd)2, = M(Cyd)3" (13)
Of course, a M** interaction may be innersphere or outersphere, but in any case a
‘closed’ (cl) species results. The ‘open’ (op) species may be N3- or (C2)O-bound,
depending on the metal ion involved. Overall, one may imagine that 4-membered
chelates exist, or if a water molecule participates, that a 6-membered so-called
semichelate forms. In addition, a complete outersphere interaction with both sites
can also not be excluded. As a consequence, the M(Cyd)%" species are actually
expected to be mixtures of chelated isomers [35].

Any kind of chelate formation must lead to a stability enhancement [51], which
is defined in a general manner in equation (14), where for the present L = Cyd:

log Ay = log Kyp) — 102 Kyt yop (14a)

= 108 K\(Lyexp — 108 KNt ycare = l0g 4 (14b)

The first term in eq. (14) is experimentally accessible as it can be measured
directly (eq. 2). To obtain a value for the open M(L),, complex is commonly
more difficult. Most often plots of log Kl\]\//l[(L) versus pKﬁ(m are employed, which
result for families of structurally related ligands in straight lines [51] as defined by
equation (15),

log Kyj) = m - pKjjp) + b (15)

where m represents the slope of the straight line and b the intercept with the y-axis.
Clearly, if the parameters of eq. (15) are known, one may calculate with ng(L) the
stability of the M(L) complex.

The position of equilibrium (13) for Cyd = L is defined by the dimension-less
intramolecular equilibrium constant K (eq. 16),

Ki = M(L),]/M(L) (16)

Op]
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which may be calculated according to equation (17) [51]:

KI\D;I[(L)

K

K —1=10"4_1 (17)

(L)op

Equation (14) defines log 4, whereas KM(L) (eq. 2) and KM(L)
equations (18) and (19), respectively:

op aT€ defined by

Mo ML) (M(L)p] + [ML)g])

— = 18

ML) ™ M[L] [MI[L] (1%)
[M(L),p]

Ko = “TVALT (19)

Of course, knowledge of K allows to calculate the formation degree of the closed or
chelated species (eq. 13) according to equation (20):

% M(L), = 100 - K1/(1 + Ky) (20)

Some examples of log KM(L)versus ng(L) straight-line plots for simple pyridine-
type (PyN; open circles) as well as for ortho-aminopyridine-type (oPyN; crossed
circles) ligands [59] are shown in Figure 6 [35,83]. Combination of these plots with
the data points due to log Kﬁ,["(cyd) /ng(Cyd) (full circles) [83] allows immediately
several interesting conclusions:

(i) The M(oPyN)2+ complexes of all studied metal ions [35,59] are less stable than
the M(PyN)** species. This proves the steric inhibition of an ortho-amino
group next to the coordinating pyridine nitrogen.

(i1) The data point for the Co(Cyd)2+ complex fits on the reference line defined by
the M(oPyN)** species, meaning that the neighboring carbonyl group does
not participate in metal ion binding and that only the steric inhibition of the
(C6)NH, group is in action.

(iii) This is different for the Cd(Cyd)2+ complex which shows an increased com-
plex stability, thus indicating the participation of the (C2)O group in metal ion
binding. That is, the steric inhibition of the (C6)NH, group is partially offset
by the (C2)O group.

(iv) The stabilities of the Ca(PyN)2+ and the Ca(oPyN)2+ complexes differ only
little. The scatter of the data points originates in the low stability of these
complexes [59], which is independent of the pK, value of the pyridine deriva-
tive considered in the pH range 3-7. This indicates [59] that complex forma-
tion takes place in an outersphere manner [35].

(v) Furthermore, Ca(Cyd)2+ is even more stable than the sterically unhindered
Ca(PyN)** species proving the importance of the (C2)O interaction in Ca(Cyd)*".
The corresponding observations were made for the Mg>* complexes [35,59].
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Figure 6 Evidence for the varying coordinating properties of cytidine (@) depending on the
metal ion involved. This observation is based on the log KJ\I‘,’['(L) versus pKlI;I ) relationship for
simple pyridine-type (O) as well as ortho-aminopyridine-type (®) ligands; the reduced stability
of the complexes formed with the latter ligands reflects the steric inhibition due to an ortho-amino
(or -methyl) group. The least-squares straight-reference lines for the simple pyridine-type ligands
are defined by the equilibrium constants for the systems containing (O) (at the top from left to
right) 3-chloropyridine (3CIPy), 4-bromopyridine (4BrPy), 4-(chloromethyl)pyridine (4CIMPy),
pyridine (Py), B-picoline (= 3-methylpyridine, 3MPy), and 3,5-lutidine (= 3,5-dimethylpyridine,
3,5DMPy) and those for the ortho-aminopyridine-type ligands by the constants for the systems
containing (®) (at the bottom from left to right) 2-methyl-5-bromopyridine (2M5BrPy), 2-amino-
5-bromopyridine (2A5BrPy), tubercidin (= 7-deazaadenosine, Tu), a-picoline (= 2-methyl-
pyridine, 2MPy) and 2-aminopyridine (2APy). All plotted equilibrium constants refer to aqueous
solution at 25°C and [/ = 0.5 M (NaNO3;); the data for Cyd are from [83] and those for the
pyridine derivatives from [59].

Of course, the data as summarized in Figure 6 can be evaluated in a quantitative
manner by application of equations (14)—(20). Table 5 contains in column 2
the stability constants measured previously [83] for the M(Cyd)** complexes.
The stability constants for the open isomers (eqs 13, 19) were calculated based
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on ng(Cyd) = ng<0PyN) = 4.24 £ 0.02 [83] and the straight-line parameters as
defined in equation (15) and listed in ref. [59]; these values for M(Cyd)gp+ are given
in column 3. From the mentioned constants the log A values (eq. 14) (column 4)
follow; they correspond to the vertical distances seen in Figure 6 between the
experimentally determined points of a given M(Cyd)** complex (solid circle) and
its reference line (crossed circles); these values are listed in column 4 of Table 5.
Application of equations (17) and (20) allows to calculate values for K (eqs 16, 17)
and % M(Cyd) (eq. 20), respectively; these results are listed in columns 5 and 6 of
Table 5.

Table 5 Comparison of the measured stablhty constants K Micyd) (eqs 2, 18), of the M(Cyd)>*
complexes with the stability constants, KM Cyd)op (=K, M( oPyN) 5 €4- 19), of the corresponding
isomers with a sole N3 coordination of M>*, and extent of the total chelate formation according to
equilibrium (13) in the M(Cyd)2+ complexes in aqueous solution at 25°C and / = 0.5 M (NaNO3)
as expressed by Kj (eqs 16, 17) and the percentages of M(Cyd) (eq. 20)°.

M log K\i(cya) log K\i(cydjop log Amycya K; % M(Cyd)%"
Mg®* 012 +004 -006+006 018 +£007 0.1+ 0.25 34+ 11
Ca* 0.18 £ 0.06 -0.13+£0.13 031 +0.14 1.04 £ 0.67 51+ 16
Co** 0.03 + 0.08 0.03 £0.08 000+ 0.11 0.00 £ 0.26 ~0

Cu?* 1.56 + 0.06 0.79 £ 0.07 077 £0.09  4.89 + 1.25 83 +4
Zn>* 0.20 £ 0.11 0.04 +£0.08  0.16 = 0.14  0.45 (0.05/1.00)>  31(5/50)"
cda** 0.91 + 0.07 0.53 £0.09 038+ 0.11 1.40 + 0.63 58 + 11

“q”

“ For the error limits see footnotes of Tables 3 and 4. The values of column 2 are from ref. [83],
all the other values were calculated as described in the text based on the straight-line parameters
(eq 15) listed in ref. [59] and pKH(C Q= pKH(opyN = 4.24 £ 0.02 [83] (for details see [35]).

b The values in parentheses correspond to the lower and upper limits.

From column 6 in Table 5 it follows that the closed species in the M(Cyd)**
systems reach remarkable formation degrees and that equilibrium (13) in many
instances truly exists. Indeed, exceptions are only Co(Cyd)2+ and Ni(Cyd)2+ [35].
Furthermore, Table 5 allows some additional interesting conclusions:

(i) The closed complex, Mg(Cyd) cl+ , formed to about 35%, is most likely a
semichelate which is mainly innersphere bound to (C2)O and outersphere to
N3. This view is supported by the crystal structure of Ba(CMP)-8.5H,O where
the alkaline earth ion is bonded to (C2)O (and the sugar, but not to N3 or the
phosphate) [11,84].

(i) The same type of semichelate is also suggested for Ca(Cyd)?l+ . Interestingly,
despite the significant stability difference between Ca(Cyd)** and Cd(Cyd)**
(column 2; eq. 2) both complexes reach formation degrees of about 50% for
the chelated isomer. Note, this is possible because Kj is a dimension-less
constant which quantifies the position of an intramolecular equilibrium (eq. 13).

(iii)) However, for Cd(Cyd) §1+ one expects innersphere coordination of N3 and
possibly outersphere binding to (C2)O. In this context it is revealing to note
that in the polymeric Cd(dCMP) complex binding of the octahedral Cd**
occurs to both N3 (2.30 A) and (C2)O (2.64 A) by formation of a 4-membered
ring [85]. The same may be surmised for Cd(Cyd)Cl , but in aqueous solution
one expects it to be, at least, in equilibrium with the indicated semichelate.
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(iv) In the polymeric Co(CMP) complex the metal ion coordinates to N3 (1.99 A)
and does not interact with (C2)O [86]; this agrees with the properties of
Co(Cyd)2+ for which equilibrium (13) is far to its left. However, considering
the small slope of the Co(oPyN)** reference line seen in Figure 6 (compare
with the Mg situation) [59], it could well be that a significant amount of the
metal ion in Co(Cyd)>* is also outersphere bound to N3.

The other two pyrimidine nucleobases, i.e., the uracil and thymine residues
(Figure 1), bind strongly to metal ions only after deprotonation of their (N3)H
site [87]. This means that carbonyl groups interact significantly with metal ions
only if a suitable primary binding site is available (Section 3.3). To establish a
sound basis for comparisons equilibria (7a) and (8a) were studied for several metal
ion complexes of (N3)H-deprotonated uridine-type ligands (U), i.e., S-fluorouridine,
5-chloro-2’-deoxyuridine, uridine, and thymidine (= 2’-deoxy-5-methyluridine).
Plots of log KM(U_H) versus pK{ result for the four ligand systems in straight lines
[88] and these may be compared with the plots discussed above for pyridine- and
o-aminopyridine-type ligands. Figure 7 shows the situation for the Cd** complexes
together with the data for the corresponding Ca** and Co?* complexes for comparison.
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Figure 7 Comparison of the log KM ;) versus pK!! relationships (+) for Ca**, Co®*, and Cd>*
[88] with the corresponding log KR,["(L) versus pK;I(L) relationships [35] for simple pyridine-type
(PyN) (@) and sterically inhibited ortho-amino(methyl)pyridine-type ligands (oPyN) (H). For the
definition of the data points of the PyN and oPyN systems see legend of Figure 6 (compare from
left to right) (25°C; I = 0.5 M, NaNOs;). The straight-reference line for the uridinate-type
complexes (+) is defined (from left to right) by 5-fluorouridinate, 5-chloro-2’-deoxyuridinate,
uridinate, and thymidinate (25°C; I = 0.1 M, NaNOs; the corresponding equilibrium constants are
listed in ref. [88]).

From the Ca®* and Cd** parts of Figure 7 it follows that their M(U — H)*
complexes are more stable than the Ca(PyN)** and Cd(PyN)** species, whereas
the Co(U — H)* complexes are less stable than their Co(PyN)2+ counterparts.
Furthermore, the Co(U — H)" straight line is placed (although with a somewhat
steeper slope) between the lines of the Co®* complexes of the PyN- and oPyN-type
ligands. This indicates that Co** (like Ni2* [88]) suffers in its coordination to (N3)~
of (U - H)" from a steric hindrance by the neighboring (C2)O/(C4)O groups. This
hindrance, however, is less pronounced than that by an o-amino (or o-methyl)
group. In contrast, in Ca(U — H)™ and Cd(U — H)*, (C2)O and (C4)O facilitate
M?** binding leading thus to an increased complex stability.
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In a careful evaluation, taking into account the situation in M(Cyd)** complexes
[88], it was concluded that the ‘lower limits’ for the formation degrees of chelates
can be assessed; ‘lower limits’ because in (U — H)™ there is no steric hindrance by an
0-NH, group, and two (C)O groups (not only one; see Figure 1) may participate in
complex formation. Hence, the ‘lower limits’ for the formation degrees of chelates
in Ca(U —H)" and Cd(U — H)" are about 50% and 60%, respectively. In Cd(U — H)*
4-membered chelates may form, but in aqueous solution it is highly likely that in
addition semichelates occur via ligated water molecules to (C2)O and (C4)O.
In contrast, no chelate formation is anticipated for the Co®* (and Ni**) complex
of (U - H)7, i.e., the metal ion coordinates most likely in a monodentate fashion to
(N3)™ of the uridinates [88].

4.3 Cadmium(II) Complexes of Some Less Common
Nucleobase Residues

In this section we will consider tubercidin (Figure 5; bottom, left) and the five
nucleosides seen in Figure 8 [89].

4.3.1 Tubercidin

Tubercidin (Tu), also known as 7-deazaadenosine, is synthesized by molds and
fungi [90] and has antibiotic properties. From its structure it follows that Tu is an
o-aminopyridine-type ligand [59,72], and as we have already seen in Figure 6
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Figure 8 Chemical structures of some less common nucleosides, that is, orotidine [H(Or)],
xanthosine (Xao), 2-thiouridine (U2S), 4-thiouridine (U4S), and 2-thiocytidine (C2S). US = U2S
and/or U4S. Orotidine exists in solution mostly in the syn conformation [89]; for all the other
nucleosides the anti conformation dominates.
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(Section 4.2), it fits with its (C6)NH,/N1 unit and the connected metal ion-binding
properties, including for Cd**, perfectly into this picture [59] and no further
discussion is therefore warranted.

4.3.2 Orotidine

Orotidine and its derivatives play an important role as intermediates in the metabo-
lism of pyrimidine-nucleotides [91]. Its structure is shown in Figure 8 (top, left); it
is closely related to uridine (see Figure 1), but due to the (C6)-carboxylate group
it exists in solution mainly in the syn conformation [89]. The (C6)COOH group is
very acidic; for aqueous solution it was estimated that pK, = 0.5 4+ 0.3 [92].
Consequently, the stability constants of the orotidinate (Or~) complexes of Mg?*,
Cu2+, and Zn>* (only these metal ions have been studied [92]) are somewhat below
of those measured for the corresponding M(Ac)* complexes (see Table 1, column 7).
There is no evidence for any significant chelate formation in aqueous solution [92].
Therefore, one may assume that all this also holds for the Cd(Or)* complex, which
gives as an estimate for its stability log Kgg<0r> =1.0+03.

The acidity constant of Or~ for the deprotonation of its (N3)H site in aqueous
solution, ngr = 9.12 £ 0.02 [92], is quite close to the corresponding one of its
parent nucleoside, uridine, for which it holds pK{}Ird = 9.18 4+ 0.02 [88]. Conse-
quently, it is safe to assume that the stabilities of the M(Or — H) and M(Urd — H)*
complexes, including Cd**, are also very similar (see also Figure 7). Hence,
it is no surprise that the stabilities of the complexes formed with orotidinate
5’-monophosphate (OMP>") are determined by the basicity of the phosphate group
[93]. No evidence was observed for macrochelate formation between the phosphate-
coordinated metal ions and the carboxylate group, though there is a charge effect of
about 0.4 log unit [93]. Hence, in Cd(OMP)™ no interaction with the pyrimidine ring
occurs, what corresponds to the situation in Cd(UMP).

4.3.3 Xanthosine

Xanthosine (Xao) and its derivatives are of relevance for the metabolism of purine-
nucleosides/nucleotides [91,94]. Monoprotonated H(Xao)" carries a proton at N7,
which is released with ng(Xao) = 0.74 £ 0.06 [95]. The neutral Xao, as shown in
Figure 8, loses a further proton already with pK, = = 5.47 + 0.03 [95] from the
(NDH/(N3)H sites and there is evidence for a tautomeric equilibrium between
(N3) /(NDH and (N3)H/(N1)™ [96,97]. In any case, in the physiological pH range
of about 7.5 this nucleoside is present in its anionic form, xanthosinate, and it
differs therefore considerably from its relatives inosine and guanosine (Section 4.1;
Table 3).

Stability constants of M(Xao — H)" complexes (including for Cd2+) have been
determined [95] and there is evidence that a dichotomy for M** binding between N1
and N7 occurs [95,98]; of course, the negative charge in the xanthine residue can be



216 Sigel, Skilandat, Sigel, Operschall, and Sigel

delocalized over many atoms, that is, N3, (C2)O, N1, and (C6)O. There is no doubt
that the indicated dichotomy exists, yet the percentages given for the isomers
should be considered with some care, even though the agreement between the
rather different evaluation methods is surprisingly good. For example, it is
concluded that in Cd(Xao — H)* about 75% are N7-coordinated [95,98]; the value
for Co(Xao — H)* is about 50% [95,98], whereas for Zn(Xao — H)" N7 binding is
given as 58% in ref. [95] and as 38% in ref. [98]. Here more work is needed.

4.3.4 Thiouridines

Thiolation of uracil residues, especially in RNA wobble positions, affect the
conformation of the nucleic acid in solution [99] and has implications for recogni-
tion processes. Furthermore, 4-thiouridine is found in bacterial and archaeal tRNA
[100,101]. Therefore, we shall have a short look on 2-thiouridine (U2S) and 4-
thiouridine (U4S) (see Figure 8, bottom part) and their complexes formed with Ccd*
and Cu®* [102,103]. The exchange of an O atom by a S atom in uridine (see
Figure 1) is expected, of course, to alter not only the acid-base but also the metal
ion-binding properties [15,17,104]. Indeed, the acidity of (N3)H is increased by
about one pK unit as follows from column 3 in Table 6 [105]. However, despite the
reduced basicity of (N3)™ in (U2S — H)” and (U4S — H) the stabilities of their
complexes with Cd** and Cu** are by about 1 and 1.8 log units higher than those of
Cd(Urd — H)" and Cu(Urd — H)" (Table 6, column 5).

Table 6 Negative logarithms of the acidity constants (eq. 3) of uridine (Figure 1) and its thio
derivatives (U) shown in Figure 8, together with the stability constant comparisons (log 4; eq. 14)
for several M(U — H)™ complexes between the measured stability constants (eq. 2) and those
calculated based on pK}!, equation (15) and the corresponding straight-line parameters given in
ref. [88]°.

No. U pKY M* log Kﬁ/l/l(u —H) log Kﬁa/l(u —H)calc log 4
la Urd 9.18 + 0.02 Cu® 4.13 +£0.20 4.13 £ 0.21 0
b Ccd* 3.16 £ 0.04 3.21 £ 0.05 —0.05 £ 0.06
2a u2s 8.05 £ 0.04 Cu** 5.91 £ 0.06 3.62 £ 0.21 229 £0.22
b cd* 4.11 + 0.03 2.77 £ 0.05 1.34 + 0.06
3b u4S 8.01 £ 0.01 Ccd* 4.34 £ 0.01 2.75 £ 0.05 1.59 £ 0.05

“The above data are abstracted from Table 1 in ref. [105]. The values in entries 1 are from ref. [88]
(25°C; I = 0.1 M, NaNO3) (3c). The stability constant for Cu(Urd — H)* (entry 1a) is calculated
from the log Kgl‘j U_m versus pKi plot [88]; this result agrees well with constants found in the
literature (for details see [83]). Entry 2a is from ref. [102] and the values of entries 2b and 3b are
from ref. [103] (25°C; I = 0.2 M, KCl) (1c). The error limits listed above (c = standard
deviation) are those given in the various studies. The error limits of the derived data, in the present
case for log 4, were calculated according to the error propagation after Gauss.
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A more careful evaluation of the data via log 4 (eq. 14) by taking the differences
in acidity of the (N3)H sites into account, reveals that the true stability enhancement
amounts for the Cd** complexes to more than 1.3 log units and for the Cu®* species
to about 2.3 log units (Table 6, column 7). Of course, the negative charge at (N3)~
may be delocalized to the sulfur atoms at (C2)S or (C4)S and this makes these sulfur
sites to excellent donors for Cd>* (and Cu2+) coordination [15,17,104]. Most
likely the enhanced complex stability is not only due to monodentate (C)S—M>*
coordinations (next to a (N3)*—M2+ one), but due to chelate formation involving
both sites as well. From X-ray crystal structure studies it is known that Cd** [85]
and Cu®** [106] are able to form 4-membered chelates with the cytosine residue
involving the N3 and (C2)O sites. For the present study this means that Cd** and
Cu?* most likely form 4-membered rings involving [N3/(C)S]", especially since
such low-membered chelates are more easily formed if a (C)O is replaced by a (C)S
site [107]. Of course, in aqueous solution there is the possibility that semichelates
involving a ligated water molecule form [105].

In the terminating paragraph of Section 4.2 we have already concluded that the
formation degree of chelates in the M(Urd — H)* species must be larger than it is in
the M(Cyd)** complexes. Considering the additional stability enhancement observed
for the M(U2S — H)" and M(U4S — H)" complexes, these lower limits must be even
more true for the complexes of the thiouridinates, that is, Cd(US — H)j; > Cd(Cyd)zfr
(= ca. 60%; see Table 5) and Cu(U2S — H)} > Cu(Cyd)}" (= ca. 80%). In fact, we
believe that the formation degree of the chelated species in the Cd(US — H)* and
Cu(U2S — H)* systems is larger than 90% because this number corresponds to a
stability enhancement of about 1 log unit being solely due to chelate formation (and
attributing the remaining part of log 4 to the general participation of S in metal ion
binding).

4.3.5 2-Thiocytidine

The thionucleoside 2-thiocytidine (C2S; Figure 8, lower part, right) occurs in
Nature in tRNAs [108]. In addition, it also receives attention in diverse fields
[109] like drug research [110] or nanotechnology [111]. The acidity constants of
H(C2S)" and the stability constants of the M(C2S)** and M(C2S — H)* complexes
(M** = Zn**, Cd**) were determined by potentiometric pH titrations. These results
[112] can be compared with those obtained for the parent nucleoside cytidine
(Cyd; Figure 1; Section 4.2). Replacement of the (C2)=O unit by (C2)=S
facilitates the release of the proton from (N3)H" in H(C2S)" (pK, = 3.44 &+ 0.01
[112]; 25°C; I = 0.5 M, KNO3) somewhat, compared with H(Cyd)* (pK, = 4.24
+ 0.02 [83]; 25°C; I = 0.5 M, NaNOs3). This moderate effect of about 0.8 pK unit
contrasts with the strong acidification of about 4 pK units of the (C4)NH, group
in C2S (pK, = 12.65 &+ 0.12 [112]) compared with Cyd (pK, ca. 16.7 [34,113]).
The reason [112] for this result is that the amino-thione tautomer, which dominates
for the neutral C2S molecule, is transformed upon deprotonation into the
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imino-thioate form with the negative charge largely located on the sulfur; this is

indicated in equilibrium (21):
NH
N
| | + H*
d f:)\s_ (21)

4
1
N
R

amino imino (imino — H)~

The intramolecular and dimensionless equilibrium constant K+ = [imino]/[amino]
was estimated as being on the order of 10~ to 107°, which leads to values for the
acidity constant K, imino Of 107869 10 107993 [112].

In the M(C2S)** complexes the (C2)S group is the primary binding site [112]
rather than N3 as is the case in the M(Cyd)2+ complexes (Section 4.2), though
owing to chelate formation N3 is to some extent still involved in metal ion binding.
Based on log K%L) versus ng(m plots (eq. 15) for oPyN-type ligands [59] (see
also Figure 6), the stability enhancements amount to log Acg,cos = 3.3 and log
Azncos = 2.6 [112]. They are much larger than those observed for the
corresponding M(Cyd)** complexes (see Table 5) and lead to the conclusion that
(C2)S-M?** binding is important and dominates with more than 99%; a number
which encompasses both, monodentate S coordination as well as chelate formation
of an (C2S)-bound metal ion with N3. The structure of these chelates has been
discussed [112]. Clearly, the monodentate (N3)—M2Jr isomer occurs only in traces.

Similarly, in the Zn(C2S — H)* and Cd(C2S — H)* complexes the main metal ion
binding site is the (C2)S™ unit and the formation degree of its complex is above
99.9% (compared with that of N3). However, again a large degree of chelate
formation with N3 must be surmised for the M(C2S — H)" species, and their
structure was discussed [112]. It needs to be emphasized that upon metal ion
binding the deprotonation of the (C4)NH, group (pK, = 12.65) is dramatically
acidified (pK, ca. 3), confirming the very high stability of the M(C2S — H)*
complexes and the importance of equilibrium (21). To conclude, the metal ion-
binding capabilities of C2S differ strongly from those of its parent Cyd; this also
holds for hydrogen-bond formation because (C)S is a much poorer H-acceptor than
(O)0. Clearly, these differences must have consequences for the properties of those
RNAs which contain this thionucleoside.

5 Complexes of Cadmium(II) with Phosphates

In Figure 9 the general structures for the monoesters of mono-, di-, and
triphosphates, symbolized by R-MP?>~, R-DP*", and R-TP*", respectively, are
shown together with the structure of a phosphodiester bridge, (RO),PO; , as it
occurs in the backbone of nucleic acids. This diester of a phosphate group may be
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mimicked to some extent herein by acetate (Ac™) as both ligands carry a charge of
minus one. The most basic phosphate residue in the phosphomonoesters is always
the terminal one, which carries a charge of two minus. In addition, the effect of the
residue R on the basicity of such a phosphate group will be the more pronounced the
closer they are. For example, the effect of a phenyl and a butyl residue in R-MP*~
leads to the pK, values of 5.81 4+ 0.01 and 6.72 £ 0.02, respectively [114],
whereas the effect of the same residues in R-DP~ leads to the much smaller pK,
span of 6.32 £ 0.02 to 6.65 £ 0.02 [115]. In the case of the triphosphates the
residue R has practically no effect [37,116—118].

Figure 9 Chemical o- o- o-
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Pyrimidine-nucleoside phosphates furnish representative values for nucleotide
comparisons because the pyrimidine residue does commonly not participate
in metal ion binding with labile ions like Cd** [114—119]. The corresponding
acidity constants for the terminal phosphate groups of pyrimidine-nucleotides are
pKH(R mp) = 6.20 (eq. 3) for monophosphate monoesters [50,114], ng<R -DP)
= 6.40 for diphosphate monoesters [115], and pKH(R ) = = 6.50 for triphosphate
monoesters [37,116—118,120]. The stability constants (eq. 2), which correspond to
these pK, values [115,117], are listed in columns 3 to 5 of Table 7 (upper part)
[121,122] for several M(R-MP), M(R-DP)", and M(R-TP)Z’ complexes.
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Table 7 Comparison of the stability constants (eq. 2) of M** complexes formed with acetate
(Ac"), as a simple mimic of the phosphodiester bridge (Figure 9), mono- (R-MP?), di- (R-DP*"),
and triphosphate monoesters (R—TP4_) in aqueous solution at 25°C and / = 0.1 M (NaNO3),
together with the corresponding stability differences as they follow from the data listed in
neighboring columns®”*

log K]\]\,’,[(L) (eq.2) forL =

M Ac” R-MP*~ R-DP*~ R-TP+

H* (4.56 £ 0.03)%¢ 6.20¢ 6.40¢ 6.50¢

Mg>* 0.51 £ 0.05 1.56 + 0.03 3.30 £ 0.03 421 + 0.04
Ca* 0.55 + 0.05 1.45 + 0.05 291 + 0.03 3.84 + 0.05
Fe* 0.83 + 0.06 2.05 £ 0.10 3.92 £+ 0.100 4.85 + 0.10°
Co** 0.86 =+ 0.05 1.94 + 0.06 3.72 £ 0.05 4.76 + 0.03
Cu** 1.46 + 0.13° 2.87 £ 0.06 5.27 + 0.04 5.86 + 0.03
Zn>* 0.98 £ 0.13 2.12 £ 0.06 4.12 + 0.03 5.02 £ 0.02
Ccd* 1.26 + Q.07 244 + 0.05 4.27 + Q.03 5.07 + 0.03
M log Ar-mp/ac log Ar_ppr-mp log Ar_tpR-DP

Mg>* 1.05 + 0.06 1.74 £ 0.04 0.91 £ 0.05

Ca* 0.90 + 0.07 1.46 + 0.06 0.93 + 0.06

Fe* 122 +£0.12 1.87 +£ 0.14 0.93 £ 0.14

Co** 1.08 + 0.08 1.78 £ 0.08 1.04 £+ 0.06

Cu** 1.41 £ 0.14 2.40 + 0.07 0.59 + 0.05

Zn>* 1.14 + 0.14 2.00 £ 0.07 0.90 + 0.04

Ccd* 1.18 + 0.09 1.83 £ 0.06 0.80 + 0.04

“ For the error limits see footnotes “a” of Tables 3 and 4.

? The constants for the M(Ac)* complexes are from column 7 of Table 1, with the exception of
the value for the Cu** complex which corresponds to the Cu(chloroacetate)” complex because
pKH(ClAC) 2.7 [25] is closer to pK H[(RO),P(0)(OH)] = €A 1[33,121]. The basicity effect in the other
instances is small.

“The values for the M(R-MP) complexes (column 3) were calculated with ng(R_Mm =6.20
[114,115] and the straight-line equations given in refs [50,52,74,122]. The values for the
M(R-DP)™ complexes (column 4, including the acidity constant) are from Table 7 in ref. [115],
and for the values of the M(R-TP)>~ species it holds: Those for the alkaline earth ion complexes are
from Table 2 in ref. [119] and all the others from Table IV of ref. [116] (see also [117]).

9 These values are the acidity constants of the monoprotonated ligands and refer to pK ) (eq. 3).
¢ The pK, value of (RO),P(O)(OH) is ca. 1; despite the pK, difference acetate mimics the complex
stabilities of the M[(RO),(PO,]" species relatively well [58] (see also text).

/The values for the Fe>* complexes are estimates as are the error limits; they are taken from the
terminating paragraph of ref. [115].

Unfortunately, no comprehensive set of stability constants of metal ion complexes
formed with a phosphodiester has been measured [25]; the reason is the low basicity of
(RO),PO; , ie., pK H[(RO),P0,] = €& 1 [33,34], which precludes potentiometric pH
titrations which are based on the competition between H* and M** for binding at a
given ligating site. Since in a first approximation the negative charge is distributed on
two O atoms in CH;CO; like in (RO),PO; (see Figure 9), the metal ion affinities of
acetate (or chloroacetate or formate) may be assumed to reflect those of the
phosphodiester bridge. Certainly, there is a difference in basicity between R-CO;
and (RO),PO; (Table 7), but the slopes of log K M(R coo) versus ng(R_COO) plots are
relatively small [57], which indicates that outersphere binding is important, and in
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fact, this agrees with observations made at bridging phosphate groups in nucleic
acids [30]. This conclusion agrees further with studies of poly(U) and Mg** or Ni**
[123] where it was found that the apparent stability constants for the two metal ions are
identical within the error limits: log Kﬁg(pmapp = 1.80 arzlii log Kﬁii(pU)app =183
(25°C; I = 0.1 M — 0.3 M). From these results, and for Cd™" the analogous ones are
expected, it was concluded “that innersphere coordination ... does not occur to a
significant extent. Rather, the metal ions are bound in these systems mainly by
electrostatic forces, forming a mobile cloud” [123].

The stability constants listed in column 2 of Table 7 (upper part) are reliable
enough for the comparisons to be made herein with regard to the stability of
M[(RO),PO,]* complexes. Indeed, these values are only slightly larger than those
proposed recently in another somewhat more comprehensive estimate [58]. That
the listed values in Table 7 are on the correct order is further confirmed by
the stability constant of the Ni** complex formed with monoprotonated p-ribose
5-monophosphate (RibMP*), i.e., log KN , = 0.7 (15°C; I = 0.1 M, KNO3)

i(H;RibMP

[124] and the Cd** complex of H,POy, i.e., log K(C:S(H2Po4) =12+ 02025C;I —
0 M) [125]. These values are rather close to those given for Fe(Ac)®, Co(Ac)*,
and Cd(Ac)” in Table 7. In this context one may note that with all types of
phosphate complexes the Irving-Williams series [22,126] is not strictly followed
[19,22,115-117,119], the complexes of Co** and especially Ni** are commonly
somewhat lower in stability than those of Mn®* and Zn**. In fact, this is also
reflected to some extent by the data in columns 3 to 5 of Table 7 (upper part).
One may note here that the strength of the metal ion-phosphate interaction is crucial
for the activity of ribozymes: For example, the catalytic cleavage rate of hammer-
head ribozymes shows a direct correlation to the above mentioned “irregular”
phosphate affinities of the divalent metal ions [127].

To facilitate comparisons between the various types of complexes the log-
stability differences listed in the lower part of Table 7 have been prepared.
As one would expect, increase of the charge from minus one in Ac™/(RO),PO; to
minus two in R-MP?~ (Figure 9) increases the stabilities of the complexes:
The stability increases amount to about 0.9 (Ca2+) to 1.2 (Cd2+) log units; only
for the Cu* complexes the effect is a bit more pronounced with log Ag_vp/ac = 1.4
(lower part, column 2). In contrast, the stability increase of the complexes by going
from M(R-MP) to M(R-DP)~ varies significantly from metal ion to metal ion, i.e.,
within the relatively large span of about 1.45 to 2.4 log units. This changes again by
going from M(R-DP)™ to M(R-TP)*", then the stability increase is quite constant
within the narrow range of about 0.8 to 1.0 log units, if the special case of Cu* with
its distorted octahedral coordination sphere [128] is ignored. Overall this indicates
in our view that outersphere species play a significant role in M(R-MP) complexes,
which also include six-membered semichelates with one of the terminal oxygens
innersphere and the other one outersphere [114]. Such outersphere interactions are
hardly of relevance in the corresponding di- and triphosphate species where two
neighboring phosphate units allow the formation of six-membered innersphere
chelates. This is in accord with the log KM(R_MP)versus ng(R_MP) plots where the
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slopes are much lower (Ca®": m = 0.131 &+ 0.020; Cd>": 0.329 + 0.019 [122]
(thus indicating partial outersphere binding) than for the log Kl\l\j[' R-DP) VeTsus
PKijr-pp) Plots (Ca*: 0.379 £ 0.097; Cd*": 0.945 + 0.104 [115]). Clearly, for
di- and triphosphates the formation of innersphere complexes is more pronounced
compared with monophosphates, owing to the increased negative charge of these
ligands. Overall, the situation may be summarized with the earlier statement [129],
“the lower the charge, the more predominant are outersphere complexes”.

6 Cadmium(II) Complexes of Nucleotides

6.1 Some General Considerations

The evaluations presented in this section are carried out in part in a manner
analogous to our previous review on Ni**-nucleotide complexes [40]; of course,
concentrating now on Cd** which was not a part of the previous account. As is
well known, nucleotides exist in solution mainly in the so-called anti conformation.
Two such examples are shown in Figure 10 [11-14,50]. It is the phosphate residue
in nucleotides which determines to a very large part the stability of the complexes
formed with labile metal ions including cd* [74,117,119,130] independent of
the kind of nucleobase involved or whether a nucleoside mono-, di-, or triphosphate
is considered.

For purine-nucleoside 5’-phosphates the formation of macrochelates was pro-
posed nearly 60 years ago [131] and more than 50 years ago it was concluded that
they actually exist [132—135], i.e., a metal ion coordinated to the phosphate residue
of a purine nucleotide may also interact in the dominating anti conformation with
N7 of the purine moiety. Nowadays formation of macrochelates in complexes
formed by purine nucleotides with various metal ions including Cd** is well
established [117,120,136-138]. Clearly, the formation of such a macrochelate
must give rise to the intramolecular equilibrium (22):

phosphate-ribose-base phosphate-r
£ K s |
2+ | 2 b

M wee (22)
base-e

As already discussed in Section 4.2, any kind of equilibrium between an ‘open’
isomer, M(L),;,, and a chelated or ‘closed’ isomer, M(L);, must be reflected in an
increased complex stability compared to the situation where only the open complex
can form [51]. This stability enhancement, log 4y (eq. 14), can be evaluated by
equations (16) to (20) (Section 4.2), which furnish values for K (eqs 16, 17) and
thus for the formation degree of the closed species, % M(L). (eq. 20).
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Figure 10 Chemical structures of adenosine 5’-monophosphate (n = 1: AMP?"), adenosine 5’-
diphosphate (n = 2: ADP*"), and adenosine 5 -triphosphate (n = 3: ATP*") as well as of cytidine
5’-monophosphate (n = 1: CMP*"), cytidine 5’-diphosphate (n = 2: CDP*"), and cytidine 5’
triphosphate (n = 3: CTP") in their dominating anti conformation [11-14,50]. Note, the triphos-
phate chain in nucleoside 5’-triphosphates (NTP*) is labeled o, B, and y, where v refers to the
terminal phosphate group (see also Figure 9); for nucleoside 5’-diphosphates (NDP?") the situation
is analogous with o and B (see Figure 9). The adenine and cytosine residues in the nucleotide
structures shown above may be replaced by one of the other nucleobase residues shown in Figure 1;
if this substitution is done in the way the bases are depicted within the plane (Figure 1), then the
anti conformation will also result for the corresponding nucleoside 5’-phosphates. The
abbreviations AMP?>~, ADP*~, ATP*", IMP*", etc. in this text always represent the 5’-derivatives;
2’- and 3’-derivatives are defined by 2’AMP2’, 3’ AMP?, etc.; in a few instances where
uncertainties might otherwise occur, the abbreviations 5°AMP?", 5°’ADP?*", etc. are also used.

One important aspect needs to be emphasized and kept in mind when dealing
with purine derivatives: All of them show a pronounced tendency for self-
association, which occurs via stacking of the purine rings [117,137,139,140].
Hence, experiments aimed at determining the properties of monomeric metal ion
complexes of purine nucleosides or their phosphates should not be carried out in
concentrations higher than 10~ M. To be on the safe side, actually a maximum
concentration of only 5 X 10 M is recommended (cf., e.g., [122,136]). The
equilibrium constants discussed below were mostly obtained by potentiometric
pH titrations and the corresponding experimental conditions adhere to the above
request.
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6.2 Complexes of Nucleoside 5’-Monophosphates

6.2.1 Equilibrium Constants to Be Considered

A combination of the information provided in Figures 1 and 10 reveals that there are
nucleoside 5’-monophosphates (NMP?"), which contain a nucleobase that may
accept a proton, e.g., AMPz‘, whereas others contain a nucleobase that can only
release one, e.g., UMP?". Therefore, if one neglects a twofold protonated phosphate
group because this is not of relevance for a biological system due to its large acidity
(e.g., for H,(UMP) ngz(UMP) = 0.7 £ 0.3 [114]), one has to consider eqs (3) and
(7), next to equilibrium (23) (charges neglected):

Hy(L) = H(L) + H* (23a)
K,y = [HL)][H']/[Hy(L)] (23b)

Based on the structures of the various NMPs, it is clear that equilibria (23) and
(3) hold for Hy(CMP)* and Hz(AMP)i, and that equilibria (3) and (7) are of
relevance for H(UMP)™ and H(dTMP)~, whereas all three equilibria (23), (3), and
(7) are needed to describe the acid-base properties of HZ(IMP)i and H2(GMP)i.
In all cases equilibrium (3) refers to the deprotonation of the P(O),(OH)™ group in
the HINMP)™ species.

Correspondingly, one has to consider the complexes M(H;NMP)" and M(NMP),
the stabilities of which are defined in equilibria (24) and (2), respectively (charges
neglected):

M?* + H(L) = M(H;L) (24a)
Ky = M(H:L)]/(M*F][H(L))) (24b)

At high pH values also CdA(NMP — H)™ species (eq. 8) might form but at present no
information is available about these.

M(H;NMP)* [= M(H;L)] complexes form with CMP>~, AMP*", IMP*", and
GMP?*". In these cases, M2+, including Cd2+, is mainly located at the nucleobase
residue and the proton at the phosphate group [50,130,141]. However, because the
proton is lost with a pK, value of about 5 or below [50,130,141], these species are of
relevance for biological systems only under very special conditions. At the common
physiological pH of about 7.5 they are not important and therefore not considered
further in the present context.

6.2.2 Properties of Pyrimidine-Nucleoside 5’-Monophosphate Complexes

The acidity constants of the pyrimidine-NMPs are listed in Table 8 together with
the stability constants of their Cd(NMP) complexes (eq. 2), including the corres-
ponding data for tubercidin 5’-monophosphate (TuMP?~ = 7-deaza-AMP>").
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This nucleotide has the structure of AMP?~ except that N7 is replaced by a CH unit
(see Figures 5 and 10) and this exchange transforms this purine-type nucleotide into
one with pyrimidine-type properties (vide infra).

Table 8 Acidity constants of protonated pyrimidine-NMPs (analogous to eqs 3, 7) and stability
constants of their Cd(NMP) complexes (eq. 2). The corresponding data are also given for
H,(TuMP)* (aqueous solution; 25°C, I = 0.1 M, NaNO,)“.

Acid PKEZ (NMP) PKS(NMP) PKXwp log KCd(NMP) Ref.

H,(CMP)* 433 + 0.04" 6.19 £+ 0.02 2.40 £+ 0.08 [114]°
H(UMP)™ 6.15 £ 0.01 9.45 + 0.02¢ 2.38 £ 0.04 [114]
H(dTMP)™ 6.36 + 0.01 9.90 + 0.03¢ 242 £+ 0.03 [114]
H,(TuMP)* 5.28 4+ 0.02¢ 6.32 £ 0.01 242 £ 0.07 [136]

“ For the error limits see footnotes “a” of Tables 3 and 4.

b This proton is released from the (N3)H™ site (see Figure 10).

¢ See also ref. [141].

4 The proton is released from the (N3)H site (see Figure 1).

¢ This proton is released from the (N1)H" site of the 7-deaza-purine residue (see Figures 1 and 5).

The a-phosphate group is close in distance to the nucleoside residue and its
basicity properties are therefore somewhat affected by this residue (see also
Section 5). Indeed, the acidity constants of H(INMP)™ species as defined by equa-
tion (3) vary roughly between pKﬁ NMP) = 5.7 and 6.3 [48,136]. As a consequence,
a direct comparison of stability constants of M(NMP) complexes, like those given
in Table 8, does not allow unequivocal conclusions regarding the solution structures
of these species.

To overcome the indicated handicap, log K M(R-PO;) (eq. 2) versus ng(R_Poz)
(eq. 3) plots were established for R- PO3 systems (R being a non-interacting
residue), i.e., for simple phosphate monoesters, like phenyl phosphate or n-butyl
phosphate, and phosphonate ligands, like methanephosphonate [122]. The resulting
straight lines are defined by equation (15). The equilibrium data for the methyl
phosphate and the hydrogen phosphate systems fit on these same reference lines,
including those for Cd(CH30PO;) and Cd(HOPO3) [142], as do the data for
RibMP*~ and for the pyrimidine-NMPs, UMP?~ and dTMP, given in Table 8 (see
also Figure 11 below) [114,122].

In the light of the results discussed in Sections 3.2 and 4.2, it is no surprise that
the ribose residue and the uracil and thymine moieties do not participate in metal
ion binding in M(RibMP), M(UMP), and M(dTMP) complexes [122]. How is the
situation with Cd(CMP)? The mentioned straight-line parameters [122] are
summarized for Cd(R-POj3) in equation (25) [the error limit (3c) for a calculated
log Kgg(R_PO?) value is +0.05] (for details see ref. [122]):

logKCd(R PO, = (0.329 £0.019) - pKH<R POy +(0.399 +0.127) (25)
Application of ng(CMm = 6.19 (Table 8) to eq. (25) allows to calculate the

stability of the ‘open’ isomer Cd(CMP),,, in equilibrium (22), i.e., log Kgg(R-POq) =
log KSS(CMP) op = 2.44 £ 0.05. This calculated stability constant is within the
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error limits identical with the measured one given in Table 8. Hence, there is no
indication for an increased stability of the Cd(CMP) complex, which means that
equilibrium (22) is far on its left side and that no remarkable amounts of
macrochelates are formed. At first sight this result for Cd(CMP), which also
holds for Cu(CMP) and other M(CMP) species [50], may seem surprising because
the ability of the N3 site of the cytosine residue to interact with metal ions is well
known (Section 4.2; Table 5). However, it should be recalled that CMP? exists
predominately in the anti conformation (Figure 10) in which N3 is pointing away
from the metal ion coordinated at the phosphate group. Evidently, for all divalent
metal ions considered (Table 5) the anti-syn energy barrier, which has been
estimated to be on the order of about 7 kJ/mol [35], is too large to be overcome
by macrochelate formation.

6.2.3 Properties of Purine-Nucleoside 5’-Monophosphate Complexes

Purine-nucleotides represent a favored situation because not only N7 of the purine
moiety is able to bind metal ions (Section 4.1; Table 3) but also a metal ion
coordinated at the phosphate residue can reach N7 in the dominating anti confor-
mation (Figure 10) as was already pointed out in Section 6.1. Such a possible N7
interaction, depending on the kind of metal ion involved, may give rise to
macrochelate formation and if this occurs it must be reflected in an increased
complex stability. Indeed, a very significant stability enhancement is observed for
the Cd(NMP) complexes of AMP?", IMP>", and GMP*~ (Figure 11), whereas that
for the corresponding Ca** complexes is much smaller. This confirms the well
known high affinity of Cd** for N sites, the one of Ca®* being much lower [22] (see
also Section 2; Table 1).

The vertical distances between M(NMP) data points and their corresponding
straight-reference line can easily be quantified. Application of the acidity constant
ng(NMP) to the straight-line equation (15), the parameters of which are listed in refs
[50,52,122], provides the value of the intercept with the straight line and thus the
stability constant of the ‘open’ species (eq. 19). In other words, with equation (14)
one may now define the stability enhancement, if any, for the M>* complexes of the
purine-NMPs. Clearly, the calculated value for log K%R_PO%) reflects the stability of
the ‘open’ isomer in equilibrium (22), in which M?* is only phosphate-coordinated.
Now, with known values for log Ay nmp (= log 4; eq. 14), the evaluation procedure
defined in equations (16) through (20) (Section 4.2) can be applied and the
formation degree of the macrochelate which appears in equilibrium (22) can be
calculated (eq. 20). The corresponding results are summarized in Table 9 for the Cd
(NMP) complexes of AMP?", IMP*", and GMP>", together with the analogous
results of some other metal ions for comparisons.

The results of column 6 in Table 9 demonstrate that in all M** 1:1 complexes
with purine-NMPs [with the possible exception of Ca(AMP)] at least some
macrochelation occurs. Macrochelation by an interaction of the phosphate-
coordinated M>* with N7 is thereby proven with the Cd**/TuMP*~ system (Table 8).
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Figure 11 Evidence for an enhanced stability of the Cd** and Ca®* 1:1 complexes (eq. 2)
of AMP*~ (@), IMP*~ (®), and GMP* (O), based on the relationship between log K M(R-PO,)
and p[( H(R-PO3) for M(R-PO3) complexes of some simple phosphate monoester and phosphonate
ligands (R- POZ_) (0): 4-nitrophenyl phosphate (NPhP?~ ), phenyl phosphate (PhP?”, uridine
5’-monophosphate (UMP?), p-ribose 5- -monophosphate (RibMP>"), thymidine [= 1-(2-deoxy-f-
p-ribofuranosyl)thymine] 5°-monophosphate (dTMP?"), n-butyl phosphate (BuP?"), methanephos-
phonate (MeP>"), and ethanephosphonate (EtP?") (from left to right). The least-squares lines
(eq. 15) are drawn through the corresponding 8 data sets (O) taken from ref. [114] for the
phosphate monoesters and from ref. [122] for the phosphonates. The points due to the equilibrium
constants for the M>*/NMP systems (O, ®, @) are based on the values listed in Table 9. The
equilibrium data for the M2*/PMEA systems (4) are from ref. [122]. These results are discussed in
Section 7.3. The vertical (broken) lines emphasize the stability differences from the reference
lines; they equal log Aynmp and log Anypmea, as defined in equation (14), for the M(NMP)
complexes. All the plotted equilibrium constants refer to aqueous solutions at 25°Cand/ = 0.1 M
(NaNO3).

In TuMP*~ a CH unit replaces the N7 of AMP*~ (Figures 5 and 10) which means
that TuMP?~ is no longer able to form the mentioned macrochelates. Indeed, the
stability constants of its M(TuMP) complexes fit on the reference lines, thus
proving that TuMP?~ behaves like a simple phosphate monoester that binds metal
ions only to its phosphate group [50,136]. Similar to the situation with pyrimidine
NMPs and their N3 site, also with purines the N1 site cannot be reached in the anti
conformation.
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Table 9 Logarithms of the stability constants of several M(NMP) complexes as determined by
potentiometric pH titration, together with the calculated stability constants of the ‘open’ forms, as
well as with the enhanced complex stabilities, log 4pnmp (€q. 14), and the extent of intramolecu-
lar macrochelate formation according to equilibrium (22) for aqueous solutions at 25°C and
[ = 0.1 M (NaNOy)"".

log KI{‘AA(NMP) log KM(NMP)op log Anvynmp K; %M(NMP)_,
M(NMP) (eqs 2, 18) (eq. 19)° (eq. 14) (eqs 16, 17) (eqgs 20, 22)
Mg(AMP) 1.62 £ 0.04 1.56 + 0.03 0.06 £ 0.05 0.15 £ 0.13 13 £ 10
Ca(AMP) 1.48 £ 0.03 1.45 £ 0.05 0.03 £ 0.06 0.07 £ 0.14 7+13
Co(AMP) 2.30 + 0.04 1.94 £ 0.06 0.36 £+ 0.07 1.29 £ 0.38 56 £7
Zn(AMP) 2.38 + 0.07 2.13 £ 0.06 0.25 £ 0.09 0.78 £ 0.38 44 + 12
Cd(AMP) 2.74 £ 0.05 244 £ 0.05 0.30 £+ 0.07 1.00 £ 0.32 50 £ 8

Mg(IMP) 1.68 £ 0.05 1.57 £ 0.03 0.11 &+ 0.06 0.29 £ 0.17 22 £ 10
Ca(IMP) 1.51 £ 0.03 1.45 £ 0.05 0.06 £ 0.06 0.15 £ 0.15 13 £ 12
Co(IMP) 2.74 £ 0.03 1.94 £ 0.06 0.80 £+ 0.07 531 £0.97 84 £ 2
Zn(IMP) 2.59 £0.04 2.13 £ 0.06 0.46 &+ 0.07 1.88 = 0.48 65+ 6
Cd(IMP) 3.02 £ 0.05 245 £ 0.05 0.57 £ 0.07 2.72 £ 0.60 73+ 4

Mg(GMP) 1.73 + 0.03 1.57 + 0.03 0.16 £ 0.04 045 £ 0.14 31+7
Ca(GMP) 1.57 £ 0.03 1.45 + 0.05 0.12 £ 0.06 0.32 £+ 0.18 24 + 10
Co(GMP) 2.99 + 0.04 1.95 4+ 0.06 1.04 + 0.07 9.96 + 1.82 91 £ 2
Zn(GMP) 2.83 +£ 0.03 2.14 + 0.06 0.69 £ 0.07 3.90 + 0.76 80 +3
Cd(GMP) 3.25 +0.03 2.46 + 0.05 0.79 £ 0.06 5.17 £ 0.83 84 +2
“ For the error limits see footnotes “a” of Tables 3 and 4. The values for AMP are from ref. [130],
those for IMP and GMP from ref. [50].
b The acidity constants are for HZ(AMP)i pKﬂz( AMP) = 3.84 + 0.02 (eq. 23) [(N1)H" site] and
pKE(AMP) = 621 + 0.01 (eq. 3), for H,(IMP)* pK;[z(lMP) = 1.30 £ 0.10 (eq. 23) [mainly (N7)H";
see Figure 2 in ref. [74] for the micro acidity constants] pKl]:Il(lMP) = 6.22 £ 0.01 (eq. 3) and
pKIMP =9.02 £ 0.02 (eq. 7), and for Hy,(GMP)* pK (GMP = 2.48 4 0.04 (eq. 23) [(N7)H" site],
ng(GMP = 6.25 £ 0.02 (eq. 3) and pKGMP =949 i 0.02 (eq. 7) [74].

“ The values in this column were calculated with pK H(NMP) and eq. (15) by using the straight-line
parameters listed in refs [50,52,122].

The data assembled in Table 9 allow at least one more interesting conclusion:
In all instances the formation degree of the macrochelates increases in the order
M(AMP),; < MIMP).; < M(GMP),,. This increase for M(IMP),, < M(GMP),,
is in accord with the increased basicity of N7 in GMP?>~ compared with that
of N7 in IMP?™ [74]. However, with AMP?™ the situation is more complicated:
9-methylguanine has a pK, of 3.11 £ 0.06 [143,144] for its (N7)H" site and this value
is rather close to the micro acidity constant for the same site in 9-methyladenine,
PANIDLG = 2.96 £ 0.10 [143]. Hence, the N7 basicity cannot be responsible for
the decreased complex stability. Similar to the situation with pyrimidine derivatives
as discussed in Section 4.2, the reduced stability by about 0.5 log unit of Cd(AMP),
compared to that of Cd(GMP), is to be attributed to the steric inhibition which
(C6)NH,, exercises on a metal ion coordinated at N7 [71]. The (C6)O group does
not have such an effect. In contrast, it rather promotes the stability by forming
outersphere bonds to a water molecule of the N7-bound metal ion [74].
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Finally, a comment is needed about the effect of the ribose versus the
2’-deoxyribose residue on the metal ion-binding properties of purine nucleotides.
Unfortunately no data for Cd** complexes are available, but for those of Mg>*,
Ni**, Cu®*, and Zn** it was shown [121] that complex stability and extent of
macrochelate formation (eq. 22) between the phosphate-coordinated metal ion
and N7 of the purine residue is very similar (or even identical) for the AMP?>7/
dAMP? pair. This is different for the GMP?/dGMP?~ pair: The stabilities of
the M(dGMP) complexes are clearly higher, as are the formation degrees of the
macrochelates compared to the M(GMP) complexes. This can be attributed to
the enhanced basicity (A pK, ca. 0.2 [31,121]) of N7 in the 2’-deoxy compound.
It may be surmised that the complexes of Cd** also fit into the indicated picture.
One may further add that the extent of macrochelation (eq. 22) is altered, if
the permittivity (dielectric constant) of the solvent is changed, e.g., by adding
1,4-dioxane to an aqueous solution, as was shown for Cu** complexes of several
purine-nucleotides [145-147].

6.3 Complexes of Nucleoside 5’-Di- and -Triphosphates

All the NDPs and NTPs considered here (Figures 1 and 10) form Cd(H;NDP) and
Cd(H;NTP)™ complexes [115,116,119,130,148], the proton being mainly at the
terminal phosphate group. For the reasons already indicated in Section 6.2.1 for
the M(H;NMP)* species, the corresponding Cd(H;NDP) and Cd(H;NTP)~
complexes are also expected to play no or at best only a minor role at physiological
pH and will therefore not be discussed here.

In the NDP?~ species the residue R (Figures 9 and 10) is still close enough to the
terminal B-phosphate group to have a small influence on the basicity of this group.
Therefore log K%R_DP) versus ng<R_DP> straight-line plots were constructed [115]
to detect any possible stability enhancements for the complexes of purine-
nucleoside 5’-diphosphates (vide infra). The important issue at this point is that
in all instances the data points of the pyrimidine-nucleoside 5’-diphosphate
complexes, including Cd(UDP)~, Cd(dTDP)", and Cd(CDP)", fall within the error
limits on the reference line constructed of ligands like phenyl diphosphate or
n-butyl diphosphate as can be seen in Figure 12. Hence, in none of these cases
does the pyrimidine-nucleobase interact with the metal ion coordinated at the phos-
phate residue. This corresponds to the observations discussed in Section 6.2.2 for the
complexes of the pyrimidine-NMPs.

The situation for the complexes of the pyrimidine-nucleoside 5’-triphosphates is
also quite similar: Here all the HINTP)>~ species have the same acidity constant,
Le., ng(NTP) = 6.50 + 0.05[31,37,116-120] (see also Section 5 and footnote “b”
of Table 11, vide infra). Indeed, for a given metal ion the stability constants of the
M(UTP)*", M(dTTP)>", and M(CTP)*~ complexes are identical within the error
limits (with the single exception of Cu(CTP)>™ [116]). Thus, these values can be
averaged to obtain the stability of the ‘open’ complex in equilibrium (22), in which
M?* is only coordinated to the phosphate chain [116,119].
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Figure 12 Evidence for an enhanced stability of the Cd>* as well as the Ca>*, Mg?*, and Co®* 1:1
complexes (eq. 2) of ADP> (@), IDP*- (®), and GDP* (0), based on the relationship between log
KR/I/I(R—DP) and%pKlI_'lI r-pp) fOr simple M(R—DP)’3 complexes (O), where R-DP*~ = phenyl diphos-
phate (PhDP-"), methyl diphosphate (MeDP~"), uridine 5’-diphosphate (UDP~"), cytidine 5’-
diphosphate (CDP™), thymidine [= 1-(2-deoxy-B-p-ribofuranosyl)thymine] 5’-diphosphate
(dTDP*), and n-butyl diphosphate (BuDP*") (from left to right). The least-squares lines (eq. 15)
are drawn through the indicated six data sets taken from ref. [115]. The points due to the M**/NDP
systems are based on the values listed in Table 10. The vertical broken lines emphasize the stability
differences from the reference lines; they equal log Ayynpp as defined in analogy to equation (14)
(see also Table 10, column 4). All the plotted equilibrium constants refer to aqueous solutions at
25°C and I = 0.1 M (NaNO,).

With the above information at hand we are now in the position to investigate
the situation for the complexes of purine-NDPs and purine-NTPs in analogy to the
procedure discussed in Section 6.2.3 for M(NMP) complexes. Consequently, all
the equations applied earlier, i.e., equations (16) to (20) as well as (2), (3), (7), (14),
(23), and (24), are also valid here as long as L is replaced by NDP* or NTP*.

It follows from the enhanced stabilities of the purine-NDP complexes seen in
Figure 12 that the formation degree of the macrochelated species according to
equilibrium (22) increases within the series Cd(ADP)™ ~ Cd(IDP)” < Cd(GDP) .
Indeed, this is confirmed by % M(NDP)_ as listed in column 6 of Table 10.
A similar observation is made for the Cd(NTP)zf complexes, that is, Cd(ATP 31_
< CA(ITP)Z < Cd(GTP)%, the data of which are listed in Table 11.

C
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At this point it is interesting to compare the results assembled in Tables 9 to 11.
Of the many comparisons possible, only a few shall be indicated here. The extent
of macrochelate formation in the Cd** complexes of the adenine-nucleotides is
within the error limits identical, that is, Cd(AMP),, ~ Cd(ADP)_ ~ Cd(ATP)gl’ .
This means that the steric fit for a N7 interaction is about the same in all these
complexes despite the fact that the overall stability spans a range from about 2.7 to
5.3 log units. Interestmgly, for the Co®" and Zn** complexes it holds M(AMP)., >
M(ADP); ~ M(ADP); ; this is possibly the effect of the smaller radii of Co®* and
Zn** compared with the one of Ccd*t (Table 1). For situations with a lower
formation degree of macrochelates, like with Mg2+ and Ca’*, again M(AMP),| ~
M(ADP); ~ M(ATP)%™ holds. For the ADP*"/dADP”" pair (just as described for
AMP?*/dAMP* in Section 6.2.3) complex stability and extent of macrochelate
formation between the phosphate-coordinated metal ion and N7 of the adenine
residue is very similar or even identical for the complexes of Mg”*, Ni**, Cu®*,
Zn** [121]. In the case of ATP*/dATP* the 2’-deoxy complexes are somewhat
more stable and show also a slightly enhanced tendency for macrochelate formation.
The same may be surmised for the corresponding Cd** complexes.

For all metal ion complexes, including those with Cd**, and for all ribose-purine
nucleotides the extent of macrochelate formation increases in a first approximation
for the nucleobase residues within the series adenine < hypoxanthine < guanine
(Tables 9-11). This order is due to the steric influence of the (C6)NH, group in
adenine, the likely partial (outersphere) participation of the (C6)O unit, and the
higher basicity of N7 in guanine than in hypoxanthine as discussed already for the
NMPs in Section 6.2.3. The significant formation degrees of the macrochelates
involving N7 in the order of about 50 and 70% for Zn(ITP)z1 and Zn(GTP)zl_ ,
respectively (Table 11), lead to an acidification of the corresponding (N1)H
sites, which amounts to A pK, = 0.95 and 1.40 for Zn(ITP)*~ and Zn(GTP)*,
respectively [81]. Consequently, a similar acidification is to be expected for the
Cd(ITP)Z* and Cd(GTP)zf complexes. Remarkably, the formation of ternary
M(pr)(NTP)2’ complexes with intramolecular stacks (Section 8.3) between the
pyridyl and purine residues [81,140], diminishes the acidification considerably
because of the removal of the metal ion from N7 [81].

There is one more point in the context of macrochelate formation. N7 may
be innersphere but also outersphere bound to the already phosphate-coordinated
metal ion. For example, based on several methods it was concluded for Ni(ATP)>~
that about 30% are N7 innersphere, 25% are N7 outersphere, and 45% exist as
Nl(ATP)2 , the open form in equilibrium (22) [50,120]. In contrast, macro-
chelatlon occurs w1th Mg only outersphere at N7 and with Cu’* only innersphere
[120]. For Cd(ATP)* it was concluded that about 30% are N7 innersphere,
20% N7 outersphere, and ca. 50% exist as Cd(ATP) 2* [116,120]. Slmﬂarly,
based on 'H NMR shift experiments it became ev1dent that Mg(ITP) and
Mg(GTP)g are of an outersphere type [119,137], but that Cd(ITP)2~ o and
Cd(GTP)%~ are largely innersphere bound to N7. For the three Mg(NDP)~
complexes with ADP?~, IDP*>", and GDP*~ again only outersphere binding to N7
is postulated, and for Cd(IDP)_; and Cd(GDP) it is concluded that they occur with
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Table 10 Comparison of the measured stability constants, KM<NDP) of the M(ADP)", M(IDP)~
and M(GDP)™ complexes with the stablhty constants, KM(NDP)0 , of the corresponding isomers with
a sole diphosphate coordination of M>*, and extent of the intramolecular macrochelate formation
according to equilibrium (22) in the mentioned M(NDP)™ complexes in aqueous solution at 25°C
and 7 = 0.1 M (NaNO3)"".

log KI\I\//{(NDP) log KM M(NDP)op log Ayvynpp K; %M(NDP)_,
M(NDP)™ (egs 2, 18) (eq. 19)° (eq. 14) (eqgs 16, 17) (eqgs 20, 22)
Mg(ADP)~ 3.36 £ 0.03 3.30 £ 0.03 0.06 £ 0.04 0.15 £ 0.11 13+9
Ca(ADP)~ 2.95 £ 0.02 291 £ 0.03 0.04 £ 0.04 0.10 £ 0.09 9+8
Co(ADP)” 3.92 £ 0.02 3.72 £ 0.05 0.20 £ 0.05 0.58 £ 0.20 37 £8
Zn(ADP)~ 4.28 + 0.05 4.12 £ 0.03 0.16 £ 0.06 0.44 £ 0.19 31+9
Cd(ADP)” 4.63 £ 0.04 427 £ 0.03 0.36 £ 0.05 1.29 £ 0.26 56 £5

Mg(DP)~ 3.33 £0.03 3.29 £0.03 0.04 £ 0.04 0.10 £ 0.11 9+9

Ca(IDP)~ 2.96 £ 0.06 2.90 £ 0.03 0.06 £ 0.07 0.15 £ 0.18 13 £ 13
Co(IDP)~ 4.16 £ 0.05 3.70 £ 0.05 0.46 £ 0.07 1.88 £ 0.47 65 £ 6
Zn(IDP)~ 434 £ 0.05 4.09 £ 0.03 0.25 £+ 0.06 0.78 £ 0.24 44 +£ 8
Cd(IDP)~ 4.63 £ 0.06 4.25 £ 0.03 0.38 £ 0.07 1.40 £+ 0.37 58+6

Mg(GDP)™ 3.39 + 0.04 3.29 + 0.03 0.10 + 0.05 0.26 + 0.14 21 +£9
Ca(GDP)~ 3.05 £ 0.05 2.90 + 0.03 0.15 + 0.06 0.41 £ 0.19 29 + 10
Co(GDP)~ 431 + 0.05 3.70 + 0.05 0.61 + 0.07 3.07 + 0.66 75 + 4
Zn(GDP)~ 4.52 + 0.03 4.09 + 0.03 0.43 + 0.04 1.69 + 0.26 63 +4
Cd(GDP)~ 4.86 + 0.03 4.25 £+ 0.03 0.61 + 0.04 3.07 + 0.40 75 +2
“For the error limits see footnotes “a” of Tables 3 and 4. The values for ADP are from
ref. [130], those for IDP and GDP from ref. [148].
b The acidity constants [130,148] are for H,(ADP)~ pKl'}2 ADP) = 3.92 £ 0.02 (eq. 23) [(N1)H*
site] and ng(ADP) = 6.40 £ 0.01 (eq. 3), for H,(IDP)™ pK;, (DP) = 1.82 £ 0.03 (eq. 23) [mainly
(N7H'], pK H(lDP = 6.38 & 0.02 (eq. 3) and pKiL, = 9.07 4+ 0.02 (eq. 7), and for Hy(GDP)~
pkH ,(GDP) = = 2.67 & 0.02 (eq. 23) [(N7T)H" site], pKH H(GDP) = = 6.38 £ 0.01 (eq. 3) and pKGDP =
9.56 & 0.03 (eq. 7).

“ The values in this column were calculated with ng(NDP) and eq. (15) by using the straight-line
parameters listed in ref. [115].

nearly 100% innersphere coordination to N7 [149]. For Cd(ADP)_ also a significant
N7 innersphere binding is surmised [149].

Finally, it is well known that metal ions promote the dephosphorylation of NTPs
[117,150] and for the promoted hydrolysis of ATP at pH 7.5 the order Cu** > Cd**
> Zn** > Mn®* > Ni** > Mg®* was established [29,150]. It should be noted that
M,(NTP) complexes are especially reactive in the hydrolysis reaction, which
is actually a transphosphorylation to a water molecule; the reactive coordina-
tion mode is M(a,)-M(y) because this facilitates the break between the - and
v-phosphate groups [29,117].

6.4 Complexes of Less Common Nucleotides

The structures of the nucleoside residues of the nucleotides considered in this
section are shown in Figures 1 (Ado), 5 (Tu), and 8 (Or, Xao, U2S, U4S). The
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Table 11 Comparlson of the measured stability constants, K M(NTP)® of the M(ATP)Z_ M(ITP)Z_
and M(GTP)* complexes with 2the stability constants, KM(NTP)O , of the corresponding isomers
with a sole coordination of M”* to the triphosphate chain, and extent of the intramolecular
macrochelate formation according to equilibrium (22) in the mentioned M(NTP)>~ complexes in
aqueous solution at 25°C and / = 0.1 M (NaNO5)*”.

log KM(NTP) log KII;/I/[(NTP) log Anyntp K, %M(NTP),,
M(NTP)Z_ (eqgs 2, 18) (eq. 19)° (eq. 14) (egs 16, 17) (eqgs 20, 22)
Mg(ATP)>™ 429 + 0.03 4.21 £ 0.04 0.08 + 0.05 0.20 + 0.14 17 £ 10
Ca(ATP)* 391 +£0.03 3.84 + 0.05 0.07 + 0.06 0.17 + 0.16 15+ 12
Co(ATP)*~ 4.97 £ 0.09 4.76 £ 0.03 0.21 + 0.09 0.62 + 0.34 38 + 13
Zn(ATP)* 5.16 + 0.06 5.02 + 0.02 0.14 + 0.06 0.38 + 0.19 28 + 10
Cd(ATP)*>™ 5.34 +0.03 5.07 £ 0.03 0.27 + 0.04 0.86 + 0.17 46 £ 5

Mg(ITP)* 429 £0.04 421 £0.04 0.08 £ 0.06 0.20 £ 0.17 17 £ 11

Ca(ITP)* 3.93 £0.05 3.84 £ 0.05 0.09 £ 0.07 0.23 £0.20 19 £ 13
Co(ITP)*~ 5.08 £ 0.07 4.76 £ 0.03 0.32 £ 0.08 1.09 £+ 0.38 52+9
Zn(ITP)* 5.32 £ 0.06 5.02 £0.02 0.30 & 0.06 1.00 £+ 0.28 50 £7
CAd(ITP)* 5.62 £ 0.05 5.07 £ 0.03 0.55 £ 0.06 2.55 £ 0.49 72 £ 4

Mg(GTP)*~ 431 + 0.04 421 + 0.04 0.10 £+ 0.06 0.26 + 0.17 21 £ 11
Ca(GTP)* 3.96 + 0.03 3.84 + 0.05 0.12 + 0.06 0.32 + 0.18 24 + 10
Co(GTP)>~ 5.34 + 0.05 4.76 £ 0.03 0.58 + 0.06 2.80 + 0.53 74 + 4
Zn(GTP)* 5.52 £ 0.05 5.02 + 0.02 0.50 + 0.05 2.16 + 0.36 68 + 4
Cd(GTP)*>~ 5.82 +0.05 5.07 £ 0.03 0.75 + 0.06 4.62 + 0.78 82 +2
“For the error limits see footnotes “a” of Tables 3 and 4. The values for ATP are from refs
[116,119], those for ITP and GTP from ref. [119].

b The acidity constants [37] are for H2(ATP)2’ ng (ATP) = 4.00 £ 0.01 (eq. 23) [(N1)H" site] and
ng(ATP) = 6.47 £ 0.01 (eq. 3), for H,(ITP)>~ pKHz(m,) = 2.19 £ 0.05 (eq. 23) [mainly (N7)H";
see [33]], pK;'(m,) =647 £0.02 (eq. 3) and pKI"}P =9.11 £0.03 (eq. 7), and for
H,(GTP)* pKltl’Z(GTP> =294 4+ 0.02 (eq. 23) [(NT)H" site], pKS(GTP) =6.50 £ 0.02 (eq. 3)
and pKGTP = 9.57 £ 0.02 (eq. 7).

“log KM(NTP)Op K]\I\//II(PyNTP) where PyNTP = pyrimidine-nucleoside 5’-triphosphate; this
means, for each metal ion the stability constants of the M(UTP)Z’ M(dTTP)>", and M(CTP)z’
complexes have been averaged, with the exception for Cu’*, where only the values for Cu(UTP)*>~
and Cu(dTTP)* have been used [116] (see also [119]).

corresponding nucleoside monophosphates result if the (C5)OH group is
phosphorylated (see also Figure 10) with the exception of 2’- and 3’AMP?*"
where the phosphate group is located at C2 or C3, respectively.

6.4.1 Tubercidin 5’-Monophosphate

Tubercidin 5’-monophosphate, an analogue of AMP?", is synthesized by molds
and fungi, as already indicated in Section 4.3.1. The corresponding nucleoside
is identical in its structure with adenosine (Figures 1 and 5) except that N7 is
substituted by CH [50,136]. As already indicated in Section 6.2.2, TuMP? behaves
in its binding properties towards Cd** like a pyrimidine-NMP, that is, like a
simple phosphate monoester ligand. This conclusion is confirmed by calculating
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the expected stability constant of the ‘open’ isomer (eqs 14, 19) for
Cd(TuMP) by application of equation (25) and ng(TuMP) = 6.32 (Table 8): The
result log Kgg(TuMP) cale = 248 & 0.05 is within the error limits identical with the
measured stability constant log Kgg(TuMP) exp = 2.42 £ 0.07 (Table 8), thus proving
that equilibrium (22) is far to its left side. Because N7 is not present and the N1 site
cannot be reached in TuMP?~ by a phosphate-coordinated metal ion, the tubercidin
moiety has no effect on the stability of M(TuMP) complexes [136]. The steric
inhibition exercised by the (C6)NH, group on Cd** coordination to N1 has been
quantified with o-amino(methyl)pyridine-type ligands [59] (see also Figure 6). This
is mentioned here because this compound and derivatives thereof are often used as
structural analogues of their corresponding parent adenine compounds.

6.4.2 Nucleoside 2’- and 3’-Monophosphates

Other adenine-nucleotides, which occur in nature and which are important for
nucleic acids, are 2’AMP?™ and 3’AMP2_; several of their complexes have been
studied [32,48]. What types of macrochelates are possible with these two AMPs?
By considering their structures (cf. with Figure 10) it is evident that N7, though
crucial for the properties of the M(5’AMP) complexes (Section 6.2.3; Table 9), is
for steric reasons not accessible to a metal ion already bound to either the 2’- or 3’-
phosphate group. Indeed, the stability enhancements observed for Cd(2’AMP)
and Cd(S’AMP) are with IOg ACd/Z’AMP = 0.06 + 0.07 and log ACd/3’AMP =
0.02 £+ 0.06 (30) (eq. 14) very small or even zero [48] (cf. with log Acg/s'amp =
0.30 £ 0.07; Table 9) and within the error limits also identical allowing no
sophisticated conclusions. Nevertheless, one might be tempted to postulate some
chelate formation with the neighboring OH groups of the ribose ring for both
AMPs.

However, in the light of the discussions in Sections 3.2 and 3.3 the above
indication appears as highly unlikely and based on the results obtained with
Cu(2’AMP) and Cu(3’AMP) it can actually be excluded: The steric conditions
for 2’AMP?™ and 3’AMP?" to form such 7-membered chelates are identical and
therefore equivalent properties for both complexes are expected, yet the results
are log Acypamp = 0.26 = 0.08 and log Acys-amp = 0.08 £ 0.08 correspond-
ing to formation degrees of 45 + 10% and 17 £ 16% for Cu(2’AMP). and
Cu(3’AMP),,, respectively [48]. Thus, different structural qualities of the two
AMPs must be responsible for the different properties of the two complexes. The
obvious conclusion is that in Cu(2’ AMP) partial macrochelate formation occurs by
an interaction of the 2’-phosphate-coordinated metal ion with N3 of the adenine
residue. Actually, 2’ AMP?" in its preferred anti conformation is perfectly suited for
this type of macrochelate formation [48], whereas in Cu(3’AMP) an N3 interaction
can only be achieved if the nucleotide adopts the less favored syn conformation —
and this costs energy and results thus in the observed lower formation degree of the
macrochelate.
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The following results obtained for the cd* complexes of 2’GMP2_, 3’GMP2_,
and 2’—deoxy—3’GMP2* [151] corroborate at least to some extent with the above
conclusions:

log 4cq/26mp = 0.35 +0.07 %Cd(Z/GMP)Cl =55+7
lOg ACd/3’GMP =0.34 £0.09 %Cd(3/GMP)Cl =544+9
log ACd/Z’dS’GMP =0.29 +£0.09 %Cd(Z/d3'GMP)Cl =49+ 10

The stability enhancements for Cd(2’GMP) and Cd(3’GMP) are of about the
same size, indicating that for the larger Cd** (compared with Cu®*) the anti/syn
transformation is apparently of lower relevance. The most important conclusion
from this list, however, is the fact that removal of the 2’-hydroxy group from the
ribose ring does not affect the stability enhancement and the degree of chelate
formation. Hence, one may conclude that the 2’-OH group is not involved in metal
ion binding and that an interaction with N3 is responsible for the stability enhance-
ment. It should be added here that it is becoming increasingly clear from solution
[152—-154] as well as X-ray crystal structure studies that the N3 site of a purine may
bind metal ions [155-160]. For example, P** [155] and Cd** [156] bind via N3 to
adenine derivatives, Pd** to N6’,N6’ ,N9-trimethyladenine [157], P> to a guanine
derivative [158], as well as Cu** [159] and Ni?* [160] to neutral adenine.

6.4.3 Orotidinate 5’-Monophosphate

In Figure 8 (top, left) the structure of orotidine, the nucleoside of the above
nucleotide, is shown; a stability constant of its ca* complex has been measured
[93]. Orotidinate 5’-monophosphate (OMP™") is involved in the biosynthesis of
pyrimidine-nucleotides: OMP?~ is decarboxylated to UMP?~ (cf. Figures 1 and 8),
which is then further transformed, e.g., to UTP* or CTP*" (Figure 10). OMP*"
itself exists predominately in the syn conformation, which is depictured for H(Or)
in Figure 8 (top, left) (i.e., the (C2)O group being above the ribose ring).

The carboxylic acid group at C6 of OMP is very acidic and is deprotonated with
pK, = 1.46 £ 0.10 [93]. Due to the resulting negative charge the deprotonation
of the P(O),(OH)™ group of H(OMP)Z* occurs at a slightly higher pH, i.e., pK, =
6.40 + 0.02 [93], than that of the corresponding group of H{UMP)™, i.e., pKSwMP) =
6.15 = 0.01 (Table 8). Consequently, at the physiological pH of 7.5 the species
OMP’~ and UMP?~ dominate. For Cd(UMP) we have seen that the uracil moiety
does not participate in metal ion binding (Section 6.2.2) and that its stability
constant fits on the reference line (Figure 11). This is different for the stability of
Cd(OMP)™ which is by log Acgiomp = 0.49 £ 0.07 above this line and hence, this
complex is more stable than expected on the basis of the basicity of the phosphate
group. However, this enhanced complex stability is solely a charge effect of the
non-coordinating (C6)COQO™ group as follows from the average of the stability
enhancements observed for 10 different M>* ions in their M(OMP)~ complexes,
i.e., log Apjomp = 0.40 £ 0.06 (36) (defined according to eq. 14) [93]. At higher
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pH values when the (N3)H site is becoming deprotonated, the different metal ions
behave differently due to their different affinity for an (N3)™ site (Section 4.2;
Figure 7): Now Cd(OMP — H)* exists as a macrochelate with a formation degree of
93 £ 2% (see equilibrium 22); the phosphate-bound Cd*" interacts with the (N3)~
site [93], which is sterically easily reached (see Figure 8, top, left).

6.4.4 Xanthosinate 5’-Monophosphate

Like OMP being an intermediate in the metabolism of pyrimidines, XMP is one in
the metabolism of purines (Section 4.3.3). It is most important to note that XMP
exists at the physiological pH of 7.5 as a xanthine-deprotonated (XMP — H)*
species, more exactly written as (X — H-MP)*~ (see Figure 13) [96]. This fact has
so far mostly been overlooked [96,161] and XMP is commonly written in textbooks
in analogy to GMP?~ (see Figures 1 and 10), which is not correct. It must further be
noted that in XMP the deprotonation of the xanthine moiety (pK, = 5.30 + 0.02)
takes place before that of the P(O),(OH)™ group (pK, = 6.45 £ 0.02) [96].
Naturally, these acid-base properties affect the coordination chemistry of XMP
[97,162,163].
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Figure 13 Chemical structures of xanthosinate 5’-monophosphate, which exists at the physio-
logical pH of about 7.5 as (XMP — H)*", with a tautomeric equilibrium between (N1)7/(N3)H and
(N1)H/(N3) sites [96,97,162], and flavin mononucleotide (FMNz_ = riboflavin 5’-phosphate) as
well as for comparison of glycerol 1-phosphate (GIP*). (XMP — H)>~ is shown in its dominating
anti conformation [11-13].

The M(XMP) complexes are quite special and they are better written as (M-X —
H-MP-H)* to indicate that the phosphate group carries a proton, and that the metal
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ion is coordinated to N7 possibly also undergoing an (outersphere) interaction
with (C6)0O. With the nine metal ions Ba®*, Sr**, Ca**, Mg**, Mn**, Co**, Cu**,
Zn**, and Cd** the average stability enhancement for these complexes amounts to
log Ayyxme = 0.46 £ 0.11 (35) [162]. These stability enhancements are based on
the basicity- and charge-corrected stabilities of the M(xanthosinate)” complexes
[162]. This equality indicates that the interaction of the N7-bound M** ions with
the monoprotonated phosphate group occurs in an outersphere manner [97,162].
The stability enhancement for the (Cd-X — H-MP-H)™ complex is at the lower limit
of the mentioned average, but with log Acqxmp = 0.30 £ 0.16 still within the error
limits. From the given stability enhancements formation degrees of 64 &+ 9% (3c)
follow on average for the (M-X — H-MP-H) [= M(XMP),] species (eq. 22), and
50 £ 18% if (Cd-X — H-MP-H)Z is considered specifically, but again, the values
overlap within the error limits [97,162].

Upon deprotonation of the phosphate group, which then becomes the primary
binding site, the metal ions show, as expected (see, e.g., Figure 11), their common
individual properties. Macrochelate formation according to equilibrium (22) involv-
ing N7 [and possibly also (C6)O] results for the M(XMP — H)™ complexes, also
written as (X —H-MP-M)™ [162]. The stability enhancement log Acqxmp — 1y = 1.05
=+ 0.17 (eq. 14) corresponds to a formation degree of 91 + 3% for (X — H-MP-Cd).
The corresponding complexes with Cu**and Zn** form to 95 + 2% (log Acucxmr - 1)
=133+ 0.17) and 88 + 5% (log Aznxmp - my = 0.92 £ 0.17), respectively,
whereas for Mn>* only 48 £ 22% form (log Annxme — 1y = 0.28 £ 0.18) [162].
It may be added that by a different evaluation method [164], in which the various
binding sites were considered independently [97], it was concluded that the total
amount of Cd(XMP — H)_, [= (X - H-MP-Cd) ;] (eq. 22) equals 87 & 4% (which
agrees within the error limits with the above result of 93 + 3%), but that there
are two open isomers, one in which Cd** is coordinated to the phosphate group of
(XMP — H)*>~ and one where it is at the xanthinate residue (Fi gure 13), the formation
degrees being 9 and 4%, respectively [97].

6.4.5 Thiouracil Nucleotides

Though rare, thiouracil nucleotides occur in nature (see also Section 4.3.4), for
example, 4-thiouridine 5’-monophosphate (U4SMP2*) in bacterial and archaeal
tRNA [100,101]. This nucleotide and its relative, 2-thiouridine 5’-monophosphate
(UZSMPZ_), will be considered in this section. The structure of both nucleotides is
evident if the formulas shown in Figure 8 are combined with the content of
Figure 10.

It is revealing to compare first the acidity constants of the two thiouracil nucleo-
tides with those of the parent compound, that is, uridine 5’-monophosphate (Figures 1
and 10): Deprotonation of the monoprotonated phosphate groups in H{U2SMP)™ and
H(U4SMP)™ occurs with ng(UZSMP) = 6.10 &+ 0.02 and ng(mSMP) =6.07 + 0.03,
respectively [105]; these values are very similar to that of the parent H(UMP)™
species, pK&UMm = 6.15 &+ 0.01 [114]. This is very different for the deprotonation
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of the (N3)H sites in these compounds: For U2SMP*~ and U4SMP* pKi o\ \n =
8.30 £+ 0.01 and pK&SMP = 8.23 £ 0.02, respectively [165], hold, showing that,
if compared with UMP~, ie., pK[I}MP = 9.45 £ 0.02 [114], the exchange of (C)O
by a (C)S group has a very pronounced effect.

The problem is that M(USMP) complexes, where USMP?~ = U2SMP?~ or
U4SMP2‘, form, at least in part [105,165], but that these species are better written
as [M-(US — HMP-H]™, that is, the proton is at the phosphate group and the metal
ion at the deprotonated uracil residue; of course, these species lose easily their
proton from the P(O),(OH)™ group (pK, ca. 5.7 [165]). This result is not surprising
if one compares, e.g., the stability of the Cd(U — H)* complexes in Figure 7 with
that of Cu(UMP) in Figure 11; there is clearly the tendency visible that qualifies the
(N3)-deprotonated thiouracil group as the primary binding site.

For the above reason the open species of the thiouracilate and phosphate groups
were individually evaluated by considering also a potential chelate formation [105].
The result is that for Cd[(U4S — HYMP] ™ the complex is to 99% present as [Cd-(U4S
— H)MP]™ (base-bound) and only 1% exists as [(U4S — H)MP-Cd]~ (phosphate-
bound), hence, the Cd**-thiouracilate isomer dominates strongly; no indication
for chelate formation was found. This is understandable because the structure of
[(U4S — H)MP] 3~ is such that a metal ion bound at the (C4)S/(N3)™ unit can hardly
reach the phosphate group and vice versa (see Figure 8). Of course, the two open
species are also in equilibrium with each other.

For Cd[(U2S — HYMP]™ exactly the same isomer distribution may be surmised
[105] because for the chelate effect [164] only 0.11 £ 0.15 log unit were derived
[105]. Hence, within the error limits the chelate effect is zero, meaning that no
chelate forms. However, based on the mentioned 0.11 log unit it could be that about
20% chelate, M[(U2S — H)MP], exist and that the remaining 80% of the open
species are then present to ca. 79% with Cd** at the thiouracilate residue and about
1% bound at the phosphate group [105]. Of course, chelate formation of a metal ion
coordinated at the (C2)S/(N3) site with the phosphate group (or vice versa) is only
possible if the nucleotide is transformed into the syn conformer (Figure 8). In any
case, it is evident that replacement of (C)O by (C)S in the nucleobase residue
enhances the stability of the Cd** complexes considerably.

6.4.6 Flavin Mononucleotide

Flavin mononucleotide (FMNz_), also known as riboflavin 5’-phosphate, is a
coenzyme of a large number of enzymes which catalyze redox reactions in
biological systems [90,91]. It is composed of the 7,8-dimethyl isoalloxazine (i.e.,
the flavin) ring system, which is bound via N10 to the methylene group of the sugar-
related ribit, giving 7,8-dimethyl-10-ribityl-isoalloxazine, also known as riboflavin
or vitamin B, [90,91], which carries at its 5° position a phosphate monoester residue
(see Figure 13, bottom). The corresponding P(O),(OH)  group has an acidity
constant of the expected order, i.e., pK, = 6.18 £+ 0.01 [166].
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Surprisingly, the stability constants of the M(FMN) complexes, where M* =
Mg**, Ca**, Sr**, Ba**, Mn**, Co**, Ni**, Cu®*, Zn>*, and Cd**, are throughout
slightly more stable than is expected from the basicity of the phosphate group. This
stability enhancement, as already summarized in the context of a Ni%* review [40],
amounts on average to log Ayevn = 0.16 £ 0.04 (30) (eq. 14) including also the
value for the Cd(FMN) complex, log Acqrmn = 0.17 £ 0.06 (3c) [166]. This
slight stability increase cannot be attributed to the formation of a 7-membered
chelate according to equilibrium (5) (see Section 3.3) involving the ribit-hydroxyl
group at C4’. This is demonstrated by the stabilities of the M(G1P) complexes
which contain the same structural unit (Figure 13) but show no enhanced stability
as already discussed in Section 3.3. Hence, in agreement with the results of a kinetic
study [167] one has to conclude that the slight stability increase of the M(FMN)
complexes has to be attributed to the isoalloxazine ring.

However, the equality of the stability increase of the complexes for all ten
mentioned metal ions precludes its attributions to an interaction with a N site of
the neutral isoalloxazine ring and makes a specific interaction with an O site also
rather unlikely (note, deprotonation of (N3)H of FMN?" occurs only with pK, =
10.08 4 0.05 [166]). Furthermore, carbonyl oxygens in aqueous solution are no
favored binding sites in macrochelate formation (see Section 3.3). Maybe an
outersphere interaction could be proposed — but to which site? The most likely
explanation is the earlier proposal [166] that the small but overall significant
stability increase originates from “bent” M(FMN) species in which the hydrophobic
flavin residue [168,169] is getting close to the metal ion at the phosphate group,
thereby lowering the intrinsic dielectric constant (permittivity) in the micro-
environment of the metal ion and thus promoting indirectly the PO%’/M2+ inter-
action [166].

The above mentioned average stability enhancement, log AdypEmn =
0.16 £ 0.04, results in K; = 0.45 £ 0.13 (30) and a formation degree of the
“bent” M(FMN) species of 31 £ 6% (3c) [166]. It is amazing to note that this
average formation degree is within the error limits identical with the one calculated
[166] for Ni(FMN)., i.e., 38 (£10)%, based on kinetic results [167]. Moreover,
the stability data of Stuehr et al. [167], also for the Ni(FMN) complex, lead to log
Anipmn = 0.17 and yield 32% for Ni(FMN).. To conclude, though the given
explanation for the enhanced stability of the M(FMN) complexes remains some-
what uncertain, the occurrence of such a stability enhancement for the M(FMN)
complexes including Cd** is definite.

7 Cadmium(II) Complexes of Nucleotide Analogues

The use of structurally altered nucleotides as probes is one way to study reactions of
enzymes which involve nucleotides as substrates. Another goal for structural
alterations is the hope to obtain compounds with useful pharmaceutical properties.
In fact, over the years all three parts of nucleotides have been systematically
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modified, i.e., the nucleobases, the ribose, and the phosphate residues [170,171].
In this section we shall discuss (at least) one example each by concentrating on such
derivatives for which also the Cd** complexes have been studied. Therefore, the
(N1)-oxides of the adenosine and inosine 5’-monophosphates will not be covered,
though it needs to be pointed out that upon N-oxide formation the nucleobase
residues become more acidic, e.g., pKt, = 16.7 [34,113] versus pK!l, o = 12.86
[172], and their metal ion-binding properties increase dramatically upon the loss of
a proton. As a consequence, e.g., Zn>* switches at pH 6.9 from the phosphate group
to the deprotonated o-amino N-oxide unit [173]. The analogous properties are
expected for Cd**. The properties of both (N1)-oxides have been reviewed
[40,174]. Otherwise the organization of this section follows to a great deal one in
which recently the properties of Ni** were summarized [40], but now, of course,
the focus is on Cd**.

7.1 Properties of 1,N°-Ethenoadenosine and of Its Phosphates

Formation of a 1,N°-etheno bridge at the adenine residue leads to a 1,10-
phenanthroline-like metal ion binding site in adenosine and gives so-called ¢-
adenosine (e-Ado) [171]. It is thus no surprise that the stability of the Cd**
complexes increases by a factor of more than 10 by going from adenosine (log
K(ng(Ad(J) = 0.64; Table 3) to e-adenosine (log Kg&l;_AdO) = ca. 1.8 [175]). It may
be added that N6 of €-Ado can be protonated and that this proton is released with
pKﬁ e-Ado) = 4.05 £0.01 [169]. For the most likely resonance structure of
H(e-Ado)" ref. [175] should be consulted.

In accord with the above are the acid-base properties of H,(s-AMP)* (for the
structure see Figure 14, top [171,176,177]) which releases the proton from (N6)H*
with ngz (-AMP) = 4.23 £ 0.02 and the one from P(0),(OH)™ with ng( ~AMP) =
6.23 + 0.01 [136,178]. Hence, in the neutral pH range complexes of the type
M(e-AMP) are expected and actually observed [136,178] though M(H;e-AMP)*
species are also known [178]. The stability enhancement for the Zn(e-AMP)
complex, compared with a sole Zn>*-phosphate binding (eq. 14), amounts to
approximately 1 log unit meaning that the macrochelated species (equilibrium
22) dominate with a formation degree of about 90% [136]. Unfortunately, no data
about the corresponding Cd** complex are known, but it is to be expected that the
stability enhancement for Cd(e-AMP) is at least as large as the one for Zn(e-AMP).

In Section 6.3 we have seen that Cd(ATP)*~ experiences a stability enhancement
of log Acgatp = 0.27 £ 0.04 (Table 11) due to N7 binding of the phosphate-
coordinated Cd** and that the macrochelate reaches a formation degree of about
45% (Table 11). There is no value known for Cd(a-ATP)2’, but the extra stability
enhancement for Zn(e-ATP)*~ by going from Zn(ATP)*™ (log Azyate = 0.27,
Table 11) to Zn(e-ATP)*~ (log Azp/e-aTp = 0.62 [179]) amounts to about 0.35 log
unit; hence, one estimates for Cd(s-ATP)z‘ a stability enhancement of about
0.6 (= log Acgje-aTp) meaning that the formation degree of Cd(s—ATP)il_ amounts
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Figure 14 Chemical structures of 1,N°-ethenoadenosine 5’-monophosphate (e-:AMP?") and of
uridine 5°-O-thiomonophosphate (UMPS?"), as well as of the dianion of the acyclic nucleotide
analogue 9-[2-(phosphonomethoxy)ethyl]adenine (PMEA™). To facilitate comparisons between
e-AMP?~ and AMP?" the conventional atom numbering for adenines is adapted, a procedure which
is common [171]. The purine-nucleotide &-AMP*~ [11-13] and the pyrimidine-nucleotide UMPS>™
[11,14] are shown in their dominating anti conformation. '"H-NMR shift measurements have
shown [176] that in solution PMEAZ" adopts an orientation which is similar to the anti conforma-
tion of AMP?"; this conclusion is in accord with a crystal structure study [177] of the H,(PMEA)*
zwitterion.

to ca. 75% or more. The Cd**-promoted hydrolysis of e-ATP has not been studied
but from the results obtained with Cu”* and Zn** [180] it is clear that the dephos-
phorylation reactions of e-ATP differ significantly from those of ATP [150]. For
example, the reaction in the Cu®*/ATP system proceeds via a dimeric complex as
the dependence of the reaction rate on the square of the concentration shows [150],
whereas in the hydrolysis of the Cu**/e-ATP system only a monomeric species is
involved [180].

To conclude, it is evident that great care needs to be exercised if e-adenosine
phosphates are employed as probes for adenosine phosphates in the presence of
Cd** or other divalent 3d-transition metal ions.

7.2 Complexes of Nucleoside 5’-O-Thiomonophosphates

The phosphate group of nucleotides has been altered in many ways [170]. The
most popular alteration probably is the substitution of one of the oxygens by a sulfur
atom. Such derivatives are then commonly employed as probes in ribozymes
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[28,181]. Nevertheless, quantitative information on Cd** binding to —OP(S)(0)3~
groups is scarce. There are only two studies, one involving adenosine 5’-O-
thiomonophosphate (AMPS?") [170] and the other uridine 5’-0-thiomonophos-
phate (UMPS?") (see Figure 14; bottom, left) [182]. Into the latter study also methyl
thiophosphate (MeOPS?") was included for reasons of comparison. Thereby it was
proven, in accord with the discussion in Section 6.2.2, that the uracil residue is not
involved in metal ion binding in M(UMPS) complexes. It may be added that
thiophosphates are considerably less basic than phosphates with pK, values of
about 4.8 [182,183]. It was further concluded that one of the two negative charge
units in a thiophosphate group is located on the sulfur atom whereas monoproton-
ation occurs at one of the two terminal oxygen atoms [183].

The stability constants of the Cd(PS) complexes, where PS?~ = MeOPS”,
UMPS?™ or AMPSZ*, are listed in column 2 of Table 12, together with the
corresponding data for the Mg(PS) and Zn(PS) species. For the M(AMPS) complex
it is assumed that macrochelate formation occurs to the same extent as in the
M(AMP) complexes (see Section 6.2.3). In this way the stability enhancement
due to macrochelation can be corrected for (Table 12, column 3) and one obtains

Table 12 Stability constant comparisons for the M(PS) complexes formed by Mg?**, Cd*",
or Zn** and methyl thiophosphate (MeOPS”), uridine 5’-O-thiomonophosphate (UMPS?")
or adenosine 5’-O-thiomonophosphate (AMPS?") between the measured stability constants,
log K%(PS) (eq. 2), or the stability constants of M(AMPS) corrected for the macrochelate

KMeor together with the

effect, log and the calculated stability constants, log KII\\/I/I(PS)

o > "*M(AMPS) ° . calc 5

stability difference (eq. 25) for aqueous solutions at 25°C and I = 0.1 M (NaNO3)*”.
c M

M(PS) log Kyfps,) log Avyamp”  log KM(/.Z(I)\I/[PS) log KII:/{/I(PS)culcd log Amyps
Mg(MeOPS) 1.33 £+ 0.07 1.30 + 0.03 0.03 + 0.08
Mg(UMPS) 1.24 4+ 0.05 1.27 £+ 0.03 -0.03 £+ 0.06
Mg(AMPS) 1.28 £ 0.04 0.06 £ 0.05 1.22 £+ 0.06 1.25 + 0.03 -0.03 £+ 0.07
Cd(MeOPS)  4.50 £ 0.06 2.03 + 0.05 2.47 + 0.08
Cd(UMPS) 4.37 £ 0.08 1.97 + 0.05 2.40 + 0.09
Cd(AMPS) 462 £0.12 0.30 +0.07 4.32+0.14 1.95 + 0.05 2.37 + 0.15
Zn(MeOPS)  2.34 + 0.05 1.69 + 0.06 0.65 + 0.08
Zn(UMPS) 2.21 + 0.06 1.63 + 0.06 0.58 + 0.08

Zn(AMPS) 252 +0.18 025 4+0.09 227 +0.20 1.61 £ 0.06 0.66 + 0.21

“ For the error limits see footnotes “a” of Tables 3 and 4. The values for AMPS are from refs [170],
those for MeOPS and UMPS from refs [182].

b The acidity constants are for HMeOPS)™ pKll:{l(MeOPS) = 4.96 £ 0.02 (eq. 3), for H{UMPS)~
ng(UMPS) =4.78 £+ 0.02 (eq. 3) and pK{'}MPS =947 4 0.02 (eq. 7) [182], and for Hy(AMPS)*
ngZ(AMPS) = 3.72 £ 0.03 (eq. 23) and pKE(AMPs) = 4.83 £ 0.02 (eq. 3) [183]; the micro acidity
constants for Hy(AMPS), the second one being needed for the straight-line calculation,” are
phAMESH, = 3.84 £ 0.02 [(N1)H" deprotonation] and pkAMES | = 4.71 £ 0.04 (deprotonation of
the thiophosphate group) [183].

“ See Table 9 in Section 6.2.3 or refs [170].

9 The values in this column were calculated with the pKI}{I ps) values given above” and eq. (15) by
using the straight-line parameters listed in refs [50,52,122]
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then stability values which reflect only the influence of the sulfur atom on metal ion
binding in M(AMPS) species (column 4). Application of the previously defined
straight-line plots (see Figure 11) allows then, together with the acidity constants of
the H(PS)™ species (see footnote “b” of Table 12), to calculate the stability of the
complexes due to a (thio)phosphate-M2+ coordination (Table 12, column 5).
Together with these values the stability difference according to equation (25)
(which is analogous to eq. 14) can be calculated and in this way the effect of the
sulfur substitution can be quantified:

log Ayiyps = 10g Ky ps) — 102 K\t pscatc (25)

From the results listed in column 6 of Table 12 it is evident that there is no
difference in stability between the Mg®" complexes of phosphate (R—PO%’) or
thiophosphate monoesters (PS®") if the different basicities of R—PO%’ and PS*~
are taken into account. On the other hand, all three Zn(PS) complexes show within
the error limits the same remarkable enhanced complex stability proving that
the S atom of the thiophosphate group participates in Zn>* binding. However,
for the Cd(PS) complexes a very dramatic stability enhancement is observed,
which is within the error limits also identical for the Cd(MeOPS), Cd(UMPS),
and Cd(AMPS) species. Interestingly, if one applies the procedure described in
refs [170] and [182], one calculates for the Zn(PS) complexes from the average
value, log Az,ps = 0.63, that about 77% of Zn>* is S-coordinated and 23% is
O-coordinated to the —OP(S)(O)? residue. Yet, for the Cd(PS) species it follows
from the average value, log Acqps = 2.41 (Table 12, column 6), that 99.6% of the
complexes have a Cd**—S coordination and that only traces of Cd*>*—O coordination
remain. Hence, it is clear that Cd** is considerably more thiophilic than Zn**,
which is in accord with the solubility products of CdS and ZnS [170] and also the
well known properties of metallothionein, which has an approximately 10000
times larger affinity for Cd** compared to that for Zn>* [184]. Evidently Cd** is
ideal for so-called “rescue” experiments, which are often applied in ribozyme
chemistry [28,30] (see also Section 10.1).

7.3 Complexes of Acyclic Nucleotide Analogues

One way to alter the cyclic ribose residue of a nucleotide is to “delete” it. Indeed,
acyclic nucleoside phosphonates, i.e., analogues of (2’-deoxy)nucleoside 5’-
monophosphates, have been increasingly studied during the past 25 years. One of
these compounds, 9-[2-(phosphonomethoxy)ethyl]adenine (PMEA; Adefovir; see
Figure 14, bottom, right) was approved in 2002/2003 in the form of its bis-
(pivaloyloxymethyl)ester for use in the therapy of hepatitis B, a disease evoked by
a DNA virus. Diphosphorylated PMEA®", i.e., PMEApp*", is initially recognized
by nucleic acid polymerases as an excellent substrate, but after insertion into the
growing nucleic acid chain, transcription is terminated due to the lack of a
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3’-hydroxyl group. Based on the metal ion-binding properties of PMEApp*~ it can be
explained why the ether oxygen in the aliphatic chain, R—-CH,—~O-CH,—PO;pp™*", is
compulsory for a useful biological activity. The systematic progress made over the
past 20 years [122] in understanding the coordination chemistry of these
compounds can be followed in the reviews [153] (1995), [185] (1999), and [186]
(2004) as well as in other recent works [187-189].

It can be seen from Figure 11 that the metal ion-binding properties of PMEA?~
and AMP?~ differ, if one considers the stability of the Ca** complexes: Ca(PMEA)
is evidently somewhat more stable than Ca(AMP)! By inclusion of the dianion of
(phosphonylmethoxy)ethane (PME®") it could be shown that this increased stability
is solely due to the formation of a 5-membered chelate involving the ether oxygen
as expressed in equilibrium (26):

H 9 & Po-
R—O0— C—PO" -
H — / \ (26)
ol—' R— O'l \\0_
K M2+ , M2 N

The percentage of the closed species amounts for Ca(PMEA) to 22 + 13%
(log Acapmea = 0.11 £ 0.07) [122]. For Mn(PMEA) and Zn(PMEA) the situation
is similar and the enhanced complex stabilities, log Apppmea = 0.21 £ 0.08
and log 4z,pmea = 0.30 £ 0.10 (eq. 14) [122,185], are solely explained with
equilibrium (26). Exactly the same applies for the Cd(PMEA) complex with log
Acapmea = 0.33 £ 0.06 [122], which corresponds to a formation degree of the
closed species of 53 + 7% in equilibrium (26), with no hint for the coordination of
any of the N sites of the adenine residue [185,186].

However, it ought to be mentioned that detailed studies over the years revealed
that for Cu®* [190] (and Ni%* [191]) the situation is more complicated and that the
four M(PMEA) isomers indicated in scheme (27) are in equilibrium with each
other:

M(PMEA)cyn7
King
KM
. ,. Kuewen),,
M2+ PMEA% <———2 M(PMEA),,
K
1/0 (27>
M(PMEA)0
Kyomns
M(PMEA)ci0ns

This means, there is an ‘open’ species in which M>* is only phosphonate-
coordinated, M(PMEA),,, and which then interacts either with N7 or the ether O
atom giving the chelated isomers, M(PMEA).,n; or M(PMEA),,0, respectively.
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Finally, the latter species may, in addition to the 5-membered chelate, also form a
7-membered ring by binding the coordinated M2* also to N3, M(PMEA).,0/N3-
The formation degrees of the four isomers M(PMEA),,, M(PMEA) N7, (€q. 22),
M(PMEA) 0 (eq. 26), and M(PMEA),o/n3 are about 17, 8, 34, and 41%, respec-
tively, for the Cu®* system [186,190—192].

Evidently, the dominating isomers in the case of Cu®* are also those involving
the ether O. In fact, Cu(PMEA),|,0 and Cu(PMEA).,o/n3 amount together to 75%.
This result confirms the rather high stability of the 5-membered chelates already
indicated above in equilibrium (26). In contrast, the corresponding 6-membered
chelate that could be formed with the dianion of 9-[2-(phosphonoethoxy)ethyl]-
adenine (PEEA®") [one more CH, group is inserted between O and PO%’ (Fig-
ure 14)] is considerably less stable, what agrees with the observations described in
Section 3.3. Indeed, Cu(PEEA),,,o and Cu(PEEA).,o/n3 amount together now to
only 61%, but the formation degree of the macrochelate according to equilibrium
(22), Cu(PEEA).n7, 1s now enhanced and amounts to about 18%. Even more
revealing, with Ca®" and Mg2+ the 6-membered chelate does not form at all,
that is, log Acaypeea = —0.05 £ 0.06 and log Angpeea = —0.01 &£ 0.07 [193].
Also in the Cd** system M(PEEA).,o does not occur, only Cd(PEEA).n7
(eq. 22) occurs with 29 £ 11%, next to the open species with a formation degree
of 71 £ 11% [193].

Three lessons are to be learned here: (i) Five-membered chelates are more stable
than 6-membered ones (see also Section 3.3), and this observation offers an explana-
tion why PMEA is a nucleotide analogue with excellent antiviral properties and
PEEA is not. In the latter case the second metal ion needed for the nucleotidyl transfer
is not properly adjusted at the triphosphate residue [186,193] (see also the last
paragraph in Section 6.3). (ii) From the Ca(PMEA) system it follows that if properly
pre-orientated by another primary binding site, N3 of a purine is well able to
coordinate metal ions (see also Section 6.4.2). (iii) The small structural difference
as it occurs between PMEA?™ (Figure 14) and PEEA”" changes the coordinating
properties of Cd** towards these nucleotide analogues completely: With PMEA*"
only the Cd(PMEA) 0 isomer forms, whereas with PEEA*" only Cd(PEEA). N7
occurs.

7.4 Cadmium(Il) Binding to Nucleotides Containing
a Platinum(II)-Coordinated Nucleobase Residue

A further way to alter nucleotides via their nucleobases (cf. Section 7.1) is to “fix”
a kinetically inert metal ion to the nucleobase. Several such examples have been
studied with cis-(NH;3),Pt*" coordinated to N3 of dCMP?~ [141] or to N7 of
dGMP? [194]. The main outcome of these studies is that the acid-base properties
of the phosphate groups are only relatively little affected [195] and that this is also
true for binding of divalent metal ions to the phosphate residues [141,194].
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To give a specific example: Coordination of cis-(NH3),Pt(dGuo-N 7)2+ to the N7
site of dGMP?" results in the complex cis-(NH3),Pt(dGuo-N7)(dGMP-N7) which
may be protonated at its phosphate group. Comparison of the corresponding acidity
constant, ng[Pt(dGuo)(dGMp)] = 5.85 £ 0.04, with pK5<dGMP> = 6.29 £ 0.01 reveals

an acidification of the P(O),(OH)™ group due to charge repulsion by the N7-
coordinated Pt(IT) of A pK, = 0.44 £+ 0.04 [196]. The average acidification of
cis-(NH3),Pt>" in the same complex on the two (N1)H sites is somewhat more
pronounced (as one would expect) and amounts to A pK,,, = 0.78 + 0.11 [196].
However, coordination of Mg®*, Cu?* or Zn** to the phosphate group of cis-
(NH3),Pt(dGuo-N7)(dGMP-N7) is inhibited on average only by about 0.2 log
unit [196]. The same may be surmised for Cd** binding. This moderate effect of
—0.2 log unit suggests with regard to DNA or RNA that cis-(NH;3),Pt**, if coordi-
nated to N7 of a guanine residue, affects metal ion binding to the nucleic acid
phosphate backbone only little.

Another interesting case concerns the acyclic nucleotide analogue PMEA?
(Figure 12; bottom, left), already discussed in Section 7.3. Coordination of
(Dien)Pt2+ either to N1 [197] or to N7 [198] leads, if monoprotonated, to the
complexes H[(Dien)Pt(PMEA-NI)]* and H[(Dien)Pt(PMEA-N7)]". Acidification
of the P(O),(OH)™ group by Pt** at N1 gives A pKyn1 = 0.21 £+ 0.03 (based on
pK§<PMEA) = 6.90 + 0.01) and by Pt** at N7 A pKyn7 = 0.44 £ 0.01 [197].
The higher acidity of H[(Dien)Pt(PMEA-N7)]" provides evidence that in the
(Dien)Pt(PMEA-N7) complex in aqueous solution an intramolecular, outersphere
macrochelate is formed through hydrogen bonds between the PO%’ residue of
PMEA?" and a Pt(Il)-coordinated (Dien)-NH, group. This formation amounts to
about 40% and is in accord with several other related observations [197].

Unfortunately, complex stability with Cd** has only been measured for (Dien)-
Pt(PMEA-N7) as ligand: log K(ng[(Dien)Pt(PMEA—N7)] = 2.13 £ 0.09 [198]. If this
value is compared with the expected, i.e., calculated, stability constant based on
the straight-line plot seen in Figure 11 and the acidity constant pK g[(Dien)Pt(PME A-N7)]

= 6.46 + 0.01, that is, log Kgg[(Dien)Pt(PMEA-N7)]calc = 2.52 + 0.05, one obtains the
stability reduction log 4caypienypipmea-n7) = —0.39 £ 0.10 (in analogy to eq. 14),
which is due to the repulsion between Pt** coordinated at N7 and Cd** bound at the
PO%’ group (cf. Figure 14). This stability reduction is identical with the one
observed for the corresponding complexes formed with Mg?*, Ca**, Mn**, Co**,
Ni** (and Cd**), which is on average 108 Ayy/DienpipMEAN7 Y2y = —0.42 £ 0.04
[198]. This result indicates that in all these complexes the metal ion is only
coordinated to the phosphonate group of the (Dien)Pt(PMEA-N7) ligand.

Overall, these results confirm the above conclusion that a purine-coordinated
Pt** unit affects metal ion binding at the phosphate group of the same nucleotide
only relatively little. This is of relevance for multiple metal ion binding to
nucleotides and nucleic acids as is the already discussed result (Section 4.1)
regarding (Dien)Pt(9EtG-N7)>* and its metal ion-binding properties, which are,
despite the Pt>* at N7 of the guanine residue, still quite remarkable at the (N1)” site
[82] (see also ref. [69]).
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8 A Short Appraisal of Mixed Ligand Complexes
Containing a Nucleotide

8.1 Definitions and General Comments

In following previous considerations and pathways [40,117,139,189] we define that
a mixed ligand or ternary complex of the kind to be considered here is composed
of a metal ion and two different coordinated ligands. There are various ways to
quantify the stability of such ternary complexes [199,200]. First we consider
complexes in which a nucleotide (= NP = nucleoside phosphate) is bound in the
coordination sphere of M** and to which a second ligand L binds, leading thus to the
ternary M(NP)(L)** complex and equilibrium (28) (charges deleted):

M(NP)*" + L = M(NP)(L)*" (28a)

Minp)w) = [M(NP)(L)**]/(IM(NP)**][L]) (28b)

ZN

Evidently, this equilibrium is best compared with the following one (see also
eq. 2):

M>* + L= M(L)*" (29a)
KNy = IM(L)*]/(IM*][L]) (29b)

The difference A log Kyynp (eq. 30),

Alog Kyy/npyL = log Kﬁgﬁ;(m — logKM) (30a)
M(L
= log Kyt xp) — 102 KM (30b)

characterizes the coordination tendency of L towards M(NP)** (eq. 28) relative to
M(aq)2+ (eq. 29) and vice versa (eq. 30b) [199,200]. The latter point is important
because it means that the difference A log Kyynp (eq. 30) also equals the one
resulting from the following two equilibria:

M(L)** + NP = M(NP)(L)** (31a)
KM = M(NP)(L)>]/(IM(L)>"][NP)]) (31b)

M(L)(NP)

M>* + NP = M(NP)*" (32a)
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KN = IM(NP)*]/([M**][NP)) (32b)

Factors which arise through direct [139,189,201,202] or indirect (i.e., metal ion-
mediated) [56,199,200,203,204] ligand-ligand interactions, being either favorable
or unfavorable, will show up in this description.

One should note that A log Kynp is the difference between two log stability
constants and thus has to be a constant itself. Indeed, it quantifies the position of
equilibrium (33):

M(NP)*" + M(L)*" = M(NP)(L)*" + M>* (33a)

[M(NP)(L)*][M**]

10A log Kyiynp/ — T 2+
M(NP)>][M(L)*]

(33b)

Since more coordination positions are available for binding of L to M** (eq. 29)
than to M(NP)2+ (eq. 28), one expects on statistical grounds [199,200] and in accord

with the general rule [22] that Kﬁ/l/[(]_) > K]\I\,/[I((]L“;z negative values for A log Kyynp/-

For example, for the coordination of a bidentate ligand followed by a monodentate
one in a regular octahedral (oh) coordination sphere like the one of Cd**, statistical
considerations [205] provide the value A log K>.1stayon = log (4:1/6:1) = —0.18.
For two different bidentate ligands A log K».o/staon = 1og (5/12) = —0.38 [199] results.
Correspondingly, for the Jahn-Teller distorted octahedral coordination sphere of Cu*
a statistical value is more difficult to assess, but on the basis of previously
advanced arguments [194] one obtains the values A log Ky.1/yce = —0.5 and A log
Ka:ostayca = —0.9 [199,205].

The available information on mixed ligand complexes formed with Cd** and a
nucleotide is rather limited. In addition, we shall concentrate below mainly on ternary
complexes containing NTPs because in these instances the available equilibrium
constants are relatively well defined.

8.2 Ternary Cadmium(Il) Complexes Containing ATP*
and a Buffer Molecule

Considering that many experiments in biochemistry are carried out in buffers to
stabilize the pH of a solution, it is important to indicate possible drawbacks of this
procedure (as was done, e.g., in refs [206-208]). In fact, the Zn2+—pr0moted
dephosphorylation of ATP is inhibited by acetate, Tris or borate buffers
[150,209]. Similarly, buffers composed of imidazole [210] or phosphate [29,211]
also inhibit the reactivity of M**/ATP systems. Corresponding effects must be
anticipated for Cd**/NTP systems.
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Tris is one of the most popular buffers used in biochemical studies probably
because its buffer region encompasses the physiological to slightly alkaline pH
range [212]. The same is true for Bistris which buffers in the pH range 6 to 7.5
[213]. Another widely employed buffer is Bicine [214,215] which is employed
in the pH range 7.5 to 9. The structures of the three mentioned buffers are shown in
Figure 15.

HO—CH, HO—CH, CH,—CH,—OH
HO—CH,—C—NH, HO—CH,—C—N
HO—CH, HO—CH, CH,—CH,—OH
Tris Bistris
o CH,—CH,—OH

>\C—CH2—NH+ Bicine
© CH,—CH,—OH
Figure 15 Chemical structures of 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris), 2-[bis(2-
hydroxyethyl)amino]-2-(hydroxymethyl)-1,3-propanediol (Bistris), and N,N-bis(2-hydroxyethyl)-
glycine (Bicine).

Because Bicine is derived from glycine, it was expected already nearly 50 years
ago that this buffer forms complexes with metal ions [216]. For Tris and Bistris
the awareness of metal ion interactions is much lower, and the fact that also mixed
ligand complexes may form [212,213], has hardly been realized. Therefore, the
stabilities of the ternary Cd** and some other metal ion complexes formed between
these buffers and ATP*" are briefly summarized. The stability constants accord-
ing to equilibria (28) and (29) are listed in Table 13 together with the stability
differences defined in equation (30).

The stabilities of the binary M** complexes of Tris and Bistris are quite large
(Table 13, column 3) and this fact has been attributed to chelate formation with
the hydroxyl groups [212,213]. The significant role of the hydroxyl group of
these buffers is also confirmed by a comparison of the stability constants of the
M(Tris)*>* complexes with those of the corresponding M(Bistris)** species
(Table 13, column 3). The stability increase is between 0.05 and about 1.5 log
units despite the fact that the basicity of the nitrogen in Bistris is about 1.5 pK units
lower (see footnote “b” in Table 13). This confirms the earlier conclusion that most
of the hydroxyl groups of Bistris participate in metal ion binding [213]. The rather
high stability of the Ca(Bistris)** complex is kind of a surprise but it has been
verified [206]. The reason is probably that Ca** with its relatively large ionic radius
fits well into the “pocket” provided by Bistris [57]. Moreover, it is known that Ca®*
has an exceptionally high affinity towards hydroxyl groups [57]. The stability of
Cd(Bistris)2+ is also relatively large, but again, it has been confirmed [208].
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Table 13 Stability constants of some ternary M(ATP)(L) (eq. 28) and binary M(L) complexes
(eq. 29), where L = Tris [212], Bistris [213], or Bicinate [214], as determined by potentiometric
pH titrations [212,213] or spectrophotometric measurements [214] in aqueous solutions at 25°C,
together with the stability differences according to eq. (30)*”.

(ATP
L M2+ log Kl\]\//[[(L) IOg K (ATP))( L) A log KM/ATP/L
Tris Ca%* <0.7
Co™* 1.73 £ 0.02 1.57 £ 0.05 -0.16 + 0.05
Cu* 4.05 + 0.02 3.50 £ 0.05 —0.55 £ 0.05
cd* 1.94 £ 0.02 1.17 £ 0.05 -0.77 £ 0.05
Bistris Ca®* 2.25 £0.02 1.85 £ 0.09 —0.40 + 0.09
Co™* 1.78 £ 0.03 1.33 £ 0.03 -0.45 £ 0.04
Ccu** 527 £ 0.01 3.62 £+ 0.03 -1.65 £ 0.03
cd* 2.47 £ 0.02 1.14 £ 0.07 -1.33 £ 0.07
Bicinate Co®* 5.08 £0.13 4.53 £0.22 -0.55 £ 0.26
Cu? 8.24 + 0.09 6.57 + 0.32 -1.67 £ 0.33

“ For the error limits see footnotes “a” of Tables 3 and 4.
b The acidity constants and employed ionic strengths (/) are: (i) PKH Tris) = 8:13 £ 0.01; 1 = 0.1
M, KNO; [212]. (ii) pKH H(Bistris) = = 6.72 £ 0.01; 7 = 1.0 M, KNO; [213]. For the acidity constant

of H(Bistris)" at 25°C and / = 0.1 M (KNOy) it holds pKf{ 5, . = 6.56 £ 0.04 [213]. (iii) The

acidity constants of H,(Bicinate)" as determined by potentiometric pH titration are pKHZ Bicinate) —
2.13 =+ 0.06 and pK}! = 8.33 £ 0.03; / = 1.0 M, KNO; [214].

H(Bicinate)

The hydroxyl groups also play an important role in the ternary complexes
containing ATP* as is evident from the in general small negative values observed
for A log Knyyatp (Table 13, column 5). Indeed, the role of the hydroxyl groups for
the stability of the M(ATP)(Tris)* complexes follows, e.g., from a comparison

with the stability constant of the Cu(ATP)(NH5)*~ complex (log K(C:l‘]’((?g)) (NHy) = 34

[27]). This constant is somewhat smaller than that of the corresponding Cu(ATP)-

(Tris)*™ complex, log K(CJE((:”E;))(T vis) = 3.5 (Table 13, column 4), despite the much

lower basicity of Tris (pKH(Tm) 8.13 [212]) compared to that of NH; (pKNH =
9.38 [27]). On the other hand, for the cd* complexes the situation is less clear-cut

Cd(A Cd(A .
(108 K ety < 2:2 [27] versus 10g Ko arp)rs) = 1-17), but overall it follows

that the OH groups play a role, though it is unclear to which extent they participate
in different ternary complexes and if they do this via direct metal ion binding or
via hydrogen bonding to the phosphate oxygens of the coordinated ATP*.
However, the values for A log Kyyatp/isuis as observed for the Ca** and Co**
complexes are relatively small (i.e., not strongly negative). Because the coordina-
tion spheres of these metal ions are already quite “saturated” by ATP* and the
nitrogen of Bistris, the most plausible explanation for the relatively high complex
stability is the additional formation of hydrogen bonds between some OH groups
of the coordinated Bistris and phosphate oxygens of the also coordinated ATP*.
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That A log Kcu/aTp/Bisuis 1S With —1.65 log units rather low, is no surprise because
of the Jahn-Teller distorted coordination sphere of Cu®* [128]. The value of A log
Kca/atpmiseis = —1.33 implies again that the Cd(ATP)Z*/OH interactions are not
very pronounced as already indicated by the Cd(ATP)(Tris)*~ data.

The stability constants of the two examples for binary M(Bicinate)* and ternary
M(ATP)(Bicinate)*~ complexes (no value for Cd** is known) provide an order and
speak for themselves. These values are so large (Table 13) that Bicine, if used as
buffer in the presence of metal ions, will certainly complex a very significant
amount of metal ions present. It is further clear that the hydroxyl groups of Bicinate
participate at least to some extent in metal ion binding. To put the observed
negative values for A log Kyyatps overall into perspective, it may be helpful to
recall that the expected statistical value for a regular octahedral coordination sphere
of M** (e.g., Co?*) and the coordination of two different but simple and symmetrical
tridentate ligands amounts already to A log K3.3/saon = —1.03 [213].

8.3 Mixed Ligand Complexes Containing a Nucleotide
and a Further Monodentate or Bidentate Ligand.
Release of Purine-N7 and Formation of Stacks

About 40 years ago intramolecular aromatic-ring stacking was described for the
first time [217,218] between heteroaromatic N bases (Arm), i.e., 2,2’-bipyridine or
1,10-phenanthroline, and AMP?~, ADP*>~ or ATP*", both ligands being bridged by a
metal ion [200,219-221]. Originally the interactions had been proven by UV
spectrophotometry [217-220] and '"H NMR shift measurements [201,222,223].
Later, complexes of the type M(Arm)(adenine nucleotide) were also isolated in
the solid state and the intramolecular stacking interaction was proven by X-ray
crystal structure studies (e.g., refs [11,224-226]). The formation degrees of these
intramolecular stacks in aqueous solution were largely determined by potentiomet-
ric pH titrations. A few results are summarized in Table 14 below.

From the results discussed in Section 6.3 it is evident that the “weak” point in
macrochelate formation of M(ATP)Z_ complexes is the coordination of N7 of the
adenine residue. Indeed, by "H NMR shift experiments it has been shown for Zn>*
and Cd** that already the formation of the ternary M(ATP)(OH)*~ complexes
releases N7 [227]. Similar observations have been made for Cd(ATP)(NH;)*"
[228]. For the ternary complexes of M(ATP)(imidazole)*~, where M** = Mn?**,
Co*, Zn>* or Cd**, it is shown, based on a careful analysis of stability data, that the
adenine moiety is released from the coordination sphere [228]. However, there is
also evidence that in these M(ATP)(imidazole)*” complexes intramolecular
stacking between the purine moiety and the imidazole ring occurs to some extent
(see Table 14 [229-232]).
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Table 14 Extent of intramolecular aromatic-ring stacking or hydrophobic adduct formation in
ternary M(N)(L) complexes, where N = nucleotide and L = another ligand, as depicted for
example in equilibrium (34) and as calculated from stability constants determined via potentio-
metric (pot.) pH titrations: Stability enhancement log 4yyn,1 (analogous to eq. 14), intramolecular
and dimensionless equilibrium constant Ky, (eq. 34), and percentage of the “closed” M(N)(L);
species in aqueous solution at 25°C and / = 0.1 M (NaClO,4 or KNO;).“" For comparison some
results obtained from 'H NMR shift experiments are also given.

M(L)(N) or ZMMN) L) Ref.
No. M@®)(L) log Aune  Kys pot.? NMR [139,140]
1 Cu(Phen)(UMP) 033 +0.07 1.14 +034 53 +7 [231]
2 Cu(Phen)(AMP)  0.99 & 0.08 877 +£1.81 902 [232]
3 Cu(Phen)(ATP)>  1.07 11 92 + (2) [233]
4 Zn(Phen)(ATP)> >95¢ [222]
5 Zn(Bpy)(ATP)*  0.54 2.5 70 55¢ [222,227]
6 Zn(Bpy)(UTP)>™ 045 1.8 65 40¢ [222,227]
7 Cd(Bpy)(ATP)>™  0.38 1.4 60 [227]
8 CdBpy)(CTP)*  0.37 13 55 [227]
9 Zn(ATP)(Trp)>  0.59 +0.06 2.89 +0.51 74 +3 40+ 15° [179,230]
10 Zn(ATP)(Leu)>~  0.02 £ 0.09 0.05 (0/0.29) 5 (0/22)¢ 30 (20/75)" [230]
11 Cd(ATP)(Leu)*~ 10 (5/25)%¢  [230]
12 Cd(ATP)Im)*~ 35 (15/50)“4 [229]

“ For the error limits (where given) see footnotes “a” of Tables 3 and 4.

b The calculations were done in analogy to equations (14) and (16) to (20) given in Section 4.2 (see
also refs, e.g., [51,221,230,231].

“ These NMR experiments were carried out in D,O at 27°C and / = 0.1 M (NaNO3).

9 1n parentheses the lower and upper limits are given, respectively.

¢ Based on NMR experiments carried out in H,O at 34°C and / = 0.1 — 1.5 M (KNO3).

’ The same result has been obtained for Zn(ATP)(imidazole)>™ [229].

The first mixed ligand complex containing ATP and an amino acid was one
with tryptophanate, i.e., Zn(ATP)(Trp)*~. By '"H NMR shift experiments it was
shown that an indole-adenine interaction takes place [233], which may be promoted
by Zn**. Later, the position of the intramolecular equilibrium (34) was determined:

O._ 0—p O. /,O—E
_ M 8 M 5
indole NS K N
N oO—p N o— E
h .
a |nc§ole ? (34)
é purine — ribose —¢
ribose/
purine

For Zn>* as metal ion, it was concluded [230] that the stacked species occurs
with a formation degree of approximately 75% (Table 14). Other metal ions were
studied as well [179,230,234], and the occurrence of intramolecular stacks in
M(ATP)(Trp)} complexes was confirmed by several groups [235,236]. It was
further shown that the isopropyl residue of leucinate is also able to undergo a
hydrophobic interaction in M(ATP)(Leu)3’ complexes [230]; e.g., the formation
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degree of the “closed” species for the corresponding Cd** complex amounts from 5
to 25% [230]. The occurrence of such species with a hydrophobic interaction was
again proven by 'H NMR shift studies [230] and by comparisons of stability
constants, mostly obtained via potentiometric pH titrations [230]. These stability
data and their differences (stability enhancements) were evaluated in analogy to
equations (14) and (16) — (20) in Section 4.2.

With Cd** only a few such complexes, allowing an intramolecular interaction,
have been studied; the corresponding results, listed in entries 7, 8 and 11, 12 of
Table 14, fit into the general picture: From entries 1 and 2 in Table 14 it is evident
that the size of the aromatic-ring systems (uracil versus adenine) matters, whereas
a replacement of AMP?~ by ATP* in the ternary complex (entry 3) does hardly
affect the stacking intensity, even though the overall stability of the latter complex

(108 Kutppen) atp) = 688 & 0.07 [223]) is by a factor of about 1000 larger (log
Kg;‘g:::;( awp) = 3-89 £ 0.01 [232]). As expected, replacement of the 3-ring Phen

by Bpy reduces the formation degree of the intramolecular stack (entries 4, 5). It is
also expected that the stacking interaction between the indole moiety of
tryptophanate (Trp”) and the adenine residue in Zn(ATP)(Trp)®>~ is more pro-
nounced than the hydrophobic interaction between the isopropyl residue of
leucinate (Leu”) and adenine in Zn(ATP)(Leu)*~ (entries 9, 10). The Cd(ATP)-
(Leu)*” complex fits into the picture. Maybe here it should be mentioned that the
"H NMR experiments allow a direct proof of intramolecular adduct formation,
but from potentiometric stability data usually the more exact formation degrees
are obtained. The last entry (no. 12) in Table 14 refers to Cd(ATP)(imidazole)>~ for
which, just like for Zn(ATP)(imidazole)®™ [229], stack formation between the
adenine residue and the coordinated imidazole could be proven [229]. This result
is in line with a suggestion [237] based on thermodynamic parameters that in
Zn(ATP)(histamine)z_ stacking occurs.

Finally, the above discussion should not distract from the fact that certain ligand
combinations, as discovered nearly 50 years ago [238], can give rise to enhanced
complex stabilities, i.e., the combination of a heteroaromatic N base (Arm) and an
O donor ligand in combination with a transition metal ion leads to indirect effects
being mediated by the metal ion [56,200,203,204]. For example, the combinations
Cu(Bpy/Phen)**/HPO 2~ [239], Mn(Bpy)>*/malonate [203] or M(Arm)**/pyro-
catecholate [240] give rise to enhanced complex stabilities. Clearly, the direct (as
discussed in this section) and indirect ligand-ligand interactions [200] that occur in
mixed ligand complexes are of relevance regarding the discrimination and selectiv-
ity observed in nature.

9 Cadmium(II) Binding in Dinucleotides and Dinucleoside
Monophosphates

One of the important questions in metal ion-nucleic acid coordination is to find out
to what extent neighboring nucleotide units affect binding of a metal ion at a given
site [58]. Some answers to this question can be found by studying ligands of the
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kind shown in Figure 16. Unfortunately, the information regarding Cd** complexes
and dinucleotides in general is limited to the nucleotide/nucleoside derivatives
shown in Figure 16.

0 7
0 3
i N
,O_F::O | ‘:/,\i-'
[ONg N~ S0
o
4' 1
s 2 O
(I) OH &
oo [t
O(s N~ "OH
(0]
4' 1
R =PO3”
3 2 .
OH OH R'=H
. R(2) = NH,
pUpU°—: X=0 GpG™: R=H
pUp(s)(U)®*: X =S R'= OH
R(2) = NH,
d(GpG):R=R'=H
R(2) = NH,
Ipl: R=R(2)=H
R'=OH

Figure 16 Chemical structures of three dinucleotides, i.e., uridylyl-(5’—3’)-5’-uridylate
(pUpU3_), p-thiouridylyl-(5°—3’)-5’-uridylate (pUp(s)U3_), and 2’-deoxyguanylyl(5’—3")-2’-
deoxy-5’-guanylate [d(pGpG)>7], as well as of three dinucleoside monophosphates, i.e.,
guanylyl(3’—5’)guanosine (GpG~), 2’-deoxyguanylyl(3’—5’)-2-deoxyguanosine [d(GpG)],
and inosylyl(3’—5’)inosine (IpI").

9.1 The Phosphodiester Link

If one recalls from Section 6.2.2 that the uracil moiety is not involved in metal ion
binding, meaning that the log stability constants of the Cd(UMP) complex fits on
the straight-reference line seen in Figure 11, one may expect that this “indifference”
of the uracil residue also holds for the pUpU”~ ligand. Indeed, if one applies
the acidity constant ng(pUpm = 6.44 (Table 15, footnote “b”) to the straight-line

equation (25), one obtains log Kgg(R-POq) = 2.52 + 0.05, which is 0.23 4 0.05 log
unit [33] lower than the measured stability constant log Kgg(pUpU) =275 + 0.03
(Table 15 [241-243]).

Because a metal ion coordinated at the terminal phosphate group of pUpU?~ will
“feel” the negative charge of the phosphodiester bridge even if no 10-membered
chelate is formed, some stability enhancement (eq. 14) is expected. Interestingly,
for the complexes M(pUpU)~ of Mg**, Mn>*, and Cd*" the stability enhancement
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is within the error limits identical giving on average log Awpupuscharge =
0.24 + 0.04. This result for the three metal ions having rather different properties
can only mean that the given value represents indeed the charge effect and that
none of the three metal ions forms a 10-membered chelate with the diester bridge
(a chelate occurs with Zn>* and Pb>* [33]) or interacts with the uracil moiety.

Table 15 Comparison of the stability constants for the Cd(pUpU)~, Cd[d(pGpG)], and
Cd(pUp(s)U)” complexes (Figure 16) between the measured stability constants (eq. 2) and the
calculated stability constants for M(R-PO3) species,” based on the basicity of the terminal
phosphate group” of the corresponding dinucleotide and the reference-line equation (25) with its
corresponding parameters [50,52,122], together with the stability differences log 4y as defined
in equation (14) (aqueous solution; 25°C and / = 0.1 M, NaNO;)*?.

Ligand (L) log K(c:g(L) log K‘C:(?(R_POR) log Acar

pUpU3’ 2.75 + 0.03 2.52 + 0.05 0.23 + 0.05
d(pGpG)3" 4.01 £+ 0.06 2.56 £+ 0.05 1.45 £+ 0.08
pUp(s)U3’ 3.16 £ 0.07 2.48 + 0.05 0.68 4+ 0.09

“For the error limits see footnotes “a” of Tables 3 and 4. The values for the M(pUpU),
MI[d(pGpG)]~, and M(pUp(s)U)™ systems are from refs [33], [241], and [242], respectively.

b Acidity constants (eq. 3) for the deprotonation of the monoprotonated terminal phosphate groups
of the dinucleotides (Figure 16): ng(pUPU) = 6.44 £ 0.02 [33,243], ng[d(pGpG)] = 6.56 + 0.03
[241,243], and ng(pUp(s)U) = 6.32 £ 0.03 [242]. For the other acidity constants of the three
dinucleotides see the given refs.

9.2 The Guanine Residue in a Dinucleotide

If one views the data for the Cd[d(pGpG)]” complex (second entry of Table 15)
with the presented result for the Cd(pUpU) complex in mind, it is immediately
evident that a new situation occurs: log Acgapcps) = 1.45 = 0.08 [241] is far
beyond the indicated charge effect (Section 9.1). In fact, the charge effect of the
bridging phosphodiester unit is expected to be the same with pUpU’~ and
d(pGpG)™™; furthermore, if coordinated to the terminal phosphate group Cd** does
not interact with the diester bridge as seen from Cd(pUpU), thus, it follows that in
Cd[d(pGpG)]™ a guanine-N7 interaction (eq. 22) must take place for which the
charge-corrected stability enhancement log Acq/q(pGpG)/charge,cor = (1.45 &= 0.08) —
(0.24 4+ 0.04) = 1.21 £ 0.09 holds. Application of equations (14) and (16) — (20)
leads to a formation degree for Cd[d(pGpG)] N7 of 94 + 1.5% [241]. Are both
guanine residues involved in this macrochelate formation or only one? A tenta-
tive answer may be obtained if one considers the stability enhancement for the
Cd(dGMP) complex, which is unfortunately not known, but which may be
estimated because the information for both Zn(GMP) [50] and Zn(dGMP) [244]
exists. This estimate is justified because Zn(GMP) and Cd(GMP) reach within the
error limits the same formation degree [50] for M(GMP).n7 (ca. 82%), despite
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the different overall stability constants. Because of the somewhat higher basicity of
N7 in dGMP, compared with that in GMP [31], one expects a somewhat larger
formation degree of the chelate for the deoxy complex. Indeed, this follows from
the given reasonings:

log Acq/acmp = 10g Acajomp + 108 Aznjaomp — 10g Azajcmp
— (0.79 % 0.06) + (0.84 = 0.08) — (0.69 £ 0.07)
=094 +£0.12

This result corresponds to 88.5 £ 3.2% for Cd(dGMP),,n;. This stability enhance-
ment for the Cd(dGMP) complex is by 0.27 £ 0.15 log unit smaller than the one
obtained for Cd[d(pGpG)]™ indicating that in the dinucleotide complex both gua-
nine residues (Figure 16) are involved to some extent.

It may be added that for the Cd[d(pGpG)] system also the monoprotonated
species, that is, Cd[H;d(pGpG)], was observed [241], where the proton is located at
the terminal phosphate group and Cd** at guanine-N7. From other purine systems it
is known that a metal ion bound to N7 in a nucleotide complex may form
macrochelates by also interacting with the P(O),(OH)™ residue [97,162]. Indeed,
a detailed evaluation provided a stability enhancement of log 4cy/m:apGpc) = 0.27
£ 0.18 for Cd[H;d(pGpG)] and this corresponds to a formation degree for the
chelated species of 46 + 22% [241]. Hence, taken together, all these results
prove that metal ions are able to bridge the distance between a phosphate group
and an N7 site in a d(GMP) unit. This is of relevance for the interaction of metal ions
with nucleic acids.

9.3 The Non-bridging Sulfur of the Thiophosphodiester Link

Considering the already previously indicated importance of so-called “rescue”
experiments in ribozyme chemistry (Sections 7.2 and 10.1), it is interesting to see
that for Cd(pUp(s)U)~ a stability enhancement of log Acapupeu = 0.68 £ 0.09 is
observed (Table 15 [242]) (Figure 16). If this value is charge-corrected in the way
explained above, one obtains log Acdpupes)Uschargecor = (0.68 = 0.09) —
(0.24 + 0.04) = 0.44 £ 0.10. Since no interaction with an oxygen in the diester
bridge occurs in Cd(pUpU)~, the whole charge-corrected stability enhancement
needs to be attributed to a Cd**/S interaction with the non-bridging S of the
thiophosphodiester link. The corresponding 10-membered chelate reaches a forma-
tion degree of 64 + 8% [242].

It is worth to note that no stability enhancement is observed for the Mg(pUp(s)U)~
and Mn(pUp(s)U)~ complexes. Clearly, this observation has consequences for the
“rescue” experiments in ribozyme chemistry [28].
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9.4 Dinucleoside Monophosphates

Another interesting molecule in the present context is IpI” (Figure 16) for which
the Cd** complexes Cd(Ip)* and Cd(IpI — H) have been studied [75]. Since the
stability constant of Cd(IpI)" could only be estimated, we will not consider
this complex further, though it ought to be mentioned that it is transformed to
Cd(IpI — H) with ngdapI) = 6.7 = 0.3, meaning that the deprotonation reaction
occurs close to the physiological pH range. By using the Cd** complexes of inosine
as a basis a stability enhancement of log Acga/apr — my = 0.40 &= 0.30 was estimated
for the Cd(Ipl — H) complex and this corresponds to a formation degree of 60%
(with lower and upper limits of 21 and 80%, respectively) [75] for the chelate.

Which is the structure of the closed or chelated species? Since N7 of a 5’-purine
unit is in general somewhat more basic than the one of a 3’ unit [38,48], one may
assume that the initial complex formation in IpI” occurs preferably at N7 of the
5’-inosine residue. This binding mode also allows an outersphere interaction with
the (C6)O site, especially after deprotonation of (N1)H [74,119,162], as well as a
maximal electrostatic interaction with the negatively charged phosphoryl bridge
and possibly even macrochelate formation to a certain extent, as has been suggested
before for an intermediate Pt(II) complex with a related dinucleoside monophos-
phate [245,246]. Such a structure is also well known for M(IMP) and related
complexes (Section 6.2.3) [40,50,117]. Hence, one may conclude that two types of
macrochelates are possible: (i) the one indicated above between N7 and the
phosphodiester bridge or (ii) one that involves both N7 sites of (IpI — H)*~. Of course,
both types of macrochelates may occur in equilibrium with each other, and then the
formation degree mentioned above encompasses both species.

Considering that Mg>* does not form significant amounts of Mg(IpI — H)y
macrochelates [75] (whereas Co>* and Zn** do), we favor N7/N7 macrochelates.
However, in doing so, one has to answer the question why no significant amounts of
macrochelates are observed with the Cd(GpG — H) and Cd[d(GpG — H)] systems
(Figure 16) [38]. If one applies the indicated evaluation procedure [75] to the data
of ref. [38], one notes that the log 4cq/Gp — 1y and log 4cgaGpa — 1y values are zero
within their error limits. This agrees with the earlier conclusion [38] that “no hint
for the formation of significant amounts of intramolecular chelates involving
both N7 sites” have been found, though low concentrations could still occur, of
course. A possible explanation could be that the intramolecular stacking interaction
in (Ipl — H)z’ is smaller than in (GpG - H)Z’, and in fact, this is expected
[137,247,248]. Consequently, (IpI — H)*~ is more flexible for adapting to the
configuration needed in aqueous solution for an N7/N7 macrochelate which is
known to form with the kinetically inert cis-(NH3)2Pt2+ and both dinucleoside
monophosphates [249,250]. One should emphasize here that the amount of free
energy involved to shift the situation from one side to another is very small; for
example, a formation degree of 20% of a macrochelate at 25°C corresponds only to
a stability enhancement of 10g Aniigana = 0.1 (eq. 14) and a change in free energy
of AG® = —0.57 kJ/mol [52].
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10 Cadmium(II) Binding to Nucleic Acids

Interest in the interaction of cadmium(II) with nucleic acids was triggered, at least
in part, by the discovery of Wacker and Vallee [7] more than 50 years ago that RNA
from the horse kidney cortex contained not only essential metal ions like those of
Mg, Ca, Mn, Fe or Zn, but also Cd. The toxicity of cadmium(II) is well established
for many years (see Chapters 1, 14, and 15) and it appears that it is primarily due to
Cd(ID)-protein interactions. However, due to its high affinity for R—S~ groups Cd**
may affect thiolate-disulfide equilibria and thus the redox state of the cell. This in
turn means that Cd** may stimulate the production of reactive oxygen species
(ROS) and these may lead to DNA damage [251]. In addition, Cd** interferes
with DNA repair pathways of the cell by directly inhibiting the relevant enzymes or
by hampering their binding to aberrant DNA sites [251].

Despite the obvious toxic effects on living cells, Cd** is often used in in vitro
studies as a probe of Mg>* or Ca”* (see Chapter 6) having the advantage of a higher
affinity towards most ligands, including nucleotides and their constituents, as
described in the previous sections. Below we consider now larger entities.

10.1 Cadmium(Il)-Rescue Experiments

As indicated above in Section 7.2, Cd** binding to phosphorothioate nucleotides
can be exploited in so-called rescue experiments where one takes advantage of
the higher affinity of Cd** towards sulfur ligands compared to Mg** [170,252].
Such a rescue is also part of so-called nucleotide analogue interference mapping/
suppression (NAIM/NAIS) experiments, which are used to identify catalytically
crucial atoms within a RNA and/or tertiary contacts [253—-255]. This technique has
been widely applied to study metal ion binding sites and their influence on catalytic
RNA:gs, i.e., ribozymes [256-262]. Major limitations of this method are the fact that
(1) T7 RNA polymerase, which is generally used for the transcription of defined
RNA sequences, inserts only S, thionucleotides under inversion of their conforma-
tion to R,. Consequently, in such T7-transcribed RNA molecules only the R,
configuration can be studied. (ii) Sulfur has a slightly larger radius compared to
oxygen, which can lead to small perturbations in local geometry of a metal ion-
binding pocket or a tertiary interaction within the global fold of the RNA. In such
cases, the sulfur substitution cannot be rescued by the addition of Ccd*.

The principle of cadmium(I) rescue experiments is as follows (see also refs
[8,10]): Phosphorothioate nucleotides are inserted into a RNA at single, defined
sites. In cases of significantly decreased or abolished enzymatic activity of the RNA
and subsequent restoration of activity upon addition of soft metal ions like Cd**,
one assumes that the respective phosphate moiety coordinates a metal ion which is
relevant for the catalytic activity of the ribozymes.

The technique was first applied to the enzymes arginine kinase and creatinine
kinase. Studies on ATPyS and on the stereospecificity for diastereomers of ATPaS
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and ATPBS in the presence of Mg?* and Cd** [263,264] proved that metal ions
coordinate to the respective phosphate groups at certain steps of the catalytic cycle.
Later, as the enzymatic nature of some RNA molecules was discovered, the
technique proved powerful in shedding light on their catalytic mechanism as is
exemplified with the following few examples.

The different metal ion-binding modes of the two classes of RNAse P, a
ribonuclease and ribozyme, could be revealed [265,266]. For group II introns, it
was shown that a metal ion is required to stabilize the leaving group in both steps of
the splicing reaction [267]. In addition, the results of this study were consistent with
the findings on the catalysis of the eukaryotic spliceosome [267,268], thus further
corroborating a common ancestry of these two machineries. In the case of the group
Lintron, another large ribozyme, cadmium(II) rescue experiments helped to develop
a very detailed understanding of the catalytic mechanism. It was found that three
metal ions are required for the splicing mechanism, which bind in the active site
and simultaneously contact the attacking nucleophile and the scissile phosphate
[269,270].

Cadmium(II) binding was also intensively used to study metal ion requirements
for the catalysis of the self-cleaving hammerhead ribozyme. Also here, phosphoro-
thioate studies helped to prove the coordination of divalent metal ions during
catalysis [271,272]. Cd** binds with a K of 25 pM in the ground state thereby
increasing the activity 10*-fold. The Kp, of Cd** in the transition state was calcu-
lated to be 2.5 nM indicating that the metal ion recruits at least one more ligand in
the transition state. Confusion was caused by the observation that this Cd** binding
site was situated at a 20 A distance from the scissile phosphate; this discrepancy
originated in the fact that earlier studies were performed with a minimal ribozyme
construct that lacked important tertiary contacts [273]. The Cd** interactions were
also investigated using *'P and '>N NMR, with Cd** binding leading to an upfield
shift of the thiophosphate-*'P or guanine-'>N7 resonance, respectively [274—277].
The catalytic activity of the hammerhead ribozyme was also shown to be in
principle independent of divalent metal ions [278]: In the presence of unphysio-
logically high, i.e., molar, concentrations of monovalent cations, activity can be
partly rescued, thus confirming that a direct M>* binding to the active site is not
mandatory but that also M* ions can be catalytically competent. Such an exchange
of low concentration of divalent ions versus high concentrations of monovalent
metal ions is well known and is explained by their differences in the binding
affinities [127,279,280].

10.2 Crystal Structures of RNA or DNA-Protein Complexes
Containing Cd(Il)

More detailed information on cadmium(Il) binding to nucleic acids is available
from a small number of crystal structures of RNA as well as RNA- or DNA-protein
complexes. There are only 23 entries in the Protein Data Base that contain Cd** ions
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interacting with at least one atom of a DNA or RNA and of these 18 structures
represent different parts of the 50s subunit of the prokaryotic ribosome; the other
five are structures of a Diels-Alder ribozyme (1YKQ [281]), the product complex
of the hammerhead ribozyme (488D [282]), a prokaryotic enzyme mediating
DNA bending called “integration host factor” in complex with a DNA substrate
(1IHF [283], 2HTO [284]) and DNA polymerase 3 in complex with DNA and ATP
(8ICE [285]).

Most of the binding sites identified in these structures confirm what is stated in
the previous sections on Cd** binding to isolated nucleotides. Innersphere contacts
are almost exclusively formed by guanine N7 or, to a lesser extent, by adenine N7
or one of the non-bridging phosphate oxygens (OP1 and OP2). Additional
outersphere contacts are highly abundant. In case of innersphere binding the Cd**—
ligand distance is about 2 A If guanine N7 is innersphere coordinated, then O6 of
the same guanine is always in a distance to enable an outersphere interaction
(usually at a distance of about 3 A). One example of such a coordination pattern
is found in the hammerhead ribozyme, where Cd** strongly influences catalytic
activity (see Section 10.1). The sites G10.1 N7 and A9 OP2 constitute the
innersphere contacs with the Cd** ion while numerous further atoms of five
different nucleotides interact by outersphere coordination with the Cd** ion from
distances between 2.9 and 5.6 A (Figure 17) [282,286].

Apart from the above mentioned coordination pattern, Cd** contacts to nearly
any nitrogen or oxygen atom in nucleotides can be observed. The total number of
potential interactions to a single Cd** ion varies greatly depending on the binding
site. The same is true for the number of involved residues that ranges from 2 to 6.
In general, one nucleobase (mostly the one coordinated via N7) provides most
further atoms to bind the Cd** ion while the residues at the n+1 and n—1 position
and, if available, its base pairing partners provide few additional liganding atoms.

The only Cd**-containing RNA-protein complex deposited in the Protein Data
Bank is the aforementioned 50s subunit of the ribosome. Surprisingly for such a
giant molecular assembly, the maximum number is eight Cd** ions bound in one
structure (IMMS [287]), seven of which make contacts to RNA. Two special
Cd** coordination sites are detected in this 50s RNA. In the first case, uracil O4
is the only innersphere contact to Cd** with no N7 or phosphate oxygen being
within 5 A. In two further binding sites, one of which comprises numerous
liganding atoms from six different nucleotides, rare innersphere contacts between
Cd** and the ribose 02’ are observed. These special cases illustrate how increas-
ingly complex molecular assemblies open up coordination options by providing a
complex and defined overall geometry. This allows for a summation of
contributions of several weak interactions or facilitates weak interactions by a
spatial pre-arrangement of strong interactions.

To the best of our knowledge there is no structure available of only DNA with
bound Cd(Il) ions. The structures of the prokaryotic DNA-bending protein IHF
(integration host factor) with doubly nicked DNA (PDB 2HTO) or singly-nicked
DNA (PDB 1IHF) mostly display conservative binding modes involving guanine and
adenine N7 or phosphate oxygens. Often, a combination of amino acids, DNA
nucleotides, and water molecules constitutes the binding sites for the single Cd** ions.
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S

Figure 17 Cd** coordination within the hammerhead ribozyme. Two innersphere contacts of
cd* (green sphere) to N7 of G10.1 (blue) and OP2 of A9 (red) are shown. Further ligands for
outersphere interactions at a distance less than 5 A to Cd** are shown as blue (nitrogen) and red
(oxygen) spheres. The figure was prepared with MOLMOL [286] using PDB entry 488D [282].

The PDB structure of DNA polymerase 3 with 7 base pairs of DNA and ATP
bound (PDB 8ICE) contains just one binding site in which DNA is involved. The
cadmium(II) has contacts to four different amino acids and two phosphate oxygens;
it is also in coordination distance to OS5’ of adenine and O3’ of a guanine.
Additionally, four oxygen atoms of pyrophosphate coordinate the Cd**. This is a
good example of how DNA-Cd** contacts can be facilitated by another main
binding site. In this case, the pyrophosphate is required to bind a metal ion in this
site as in its absence the site remains unoccupied [285].

10.3 Cadmium(Il) as Probe in EPR and NMR Spectroscopy

Cadmium(IT)-induced EPR silencing was applied to evaluate the affinity of Mn**
to several distinct binding sites in the Diels-Alder ribozyme [288]. As Cd* is
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EPR-silent, it was used to saturate four of five binding sites for divalent metal ions
of the ribozyme to selectively study the affinity of Mn** for each binding site
separately. This method relies on the fact that a Cd** ion once bound to the
ribozyme cannot be substituted by Mn** since its affinity to all five binding sites
is higher.

As mentioned above in Section 10.1, Cd>* is readily applied in combination with
thiophosphate derivatives using >'P NMR making advantage of the chemical shift
dispersion of the thiophosphate group as well as the higher affinity [274-277].
Similarly, Cd** can also be applied as mimic of Mg”* in chemical shift titration
experiments, its higher affinity being of advantage for better spectral quality [289].
In addition, '''Cd or ''*Cd are NMR-active nuclei and regularly used in proteins to
investigate cd* binding [290,291] (see also Chapter 6). In larger nucleic acids,
such studies are not as straightforward as with proteins due to the much lower
affinity and faster exchange rates. Consequently, no distinct signal for ''/''3Cd is
observed upon binding. We are aware of only one example where a change in
chemical shift of the ''*Cd is observed upon addition to the central core of a group
II intron ribozyme [292].

11 Concluding Remarks

Cadmium(II) is a metal ion that displays distinct coordinating properties with
a mostly octahedral coordination sphere. It is commonly classified as a relatively
soft ion and it prefers thus aromatic-nitrogen sites, especially N7 of purine residues.
However, interactions with phosphate oxygens including those of the phospho-
diester bridge are also not negligible and, provided a suitably located primary
binding site is available, also hydroxyl and carbonyl groups may coordinate.
Overall, one can conclude that the coordination chemistry of Cd** with nucleotides
and the corresponding substituents is relatively well understood today; this includes
the relations between the toxic Cd** and the essential Zn>*, Ca®*, and Mg** ions, for
which it is often employed as a probe. However, with regard to less common
nucleotides, which also occur in Nature, like thio-pyrimidine or -purine derivatives,
our knowledge is very scarce and considerably more work is needed. This is of high
relevance because Cd**-thio interactions are very stable, meaning that such an
interaction can totally change the properties of a nucleic acid complex because
commonly metal ion-nucleic acid interactions are weak compared to those of
proteins.

Indeed, Cd** coordinates to nucleic acids often not only directly, like with purine-
N7 sites, but also indirectly to oxygen and (other) nitrogen sites as is exemplified by
many outersphere interactions found in nucleic acid structures. Most important in this
respect is also the high affinity of Cd** towards sulfur ligands. These characteristics
make Cd** on the one hand a toxic element that interferes especially with proteins in
numerous metabolic pathways, but on the other hand it is also an interesting mimic
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for other metal ions in in vitro studies. Especially as a replacement for Ca** and Mg**
it is regularly applied in nucleic acid research.

The coordination chemistry of Cd** towards the building blocks of nucleic acids is
well established and the intrinsic affinities to almost all possible coordinating atoms
are known. This knowledge should provide a perfect basis to investigate in the future
Cd** binding also to larger and more complex nucleic acid structures. The higher
intrinsic affinity of Cd** compared to many other divalent metal ions, especially
Mg?** and Ca?*, allows in many cases a more detailed investigation of the coordina-
tion pattern. In the case of ribozymes, a differing catalytic rate in the presence of Cd**
versus that of Mg?* should in principle allow to draw conclusions on Mg”* binding.
However, such investigations are in many instances severely hampered by the fact
that even with Cd** it is often highly challenging to characterize a binding pocket
down to the single coordinating atoms. This is due to the size of the RNA itself and
the limited chemical diversity of its building blocks, which make it very difficult to
distinguish individual nucleotides. Highly promising in this respect are combinations
of 13C, 5N, and Bcd NMR, which allow to observe both the RNA liganding sites
and the metal ion simultaneously. Although hampered by the fast exchange of the
metal ion in nucleic acids, the increasing sensitivity of NMR probeheads, also for
heteronuclei, will certainly lead to new developments and experiments in the future.

Abbreviations and Definitions

The abbreviations for the nucleobases and nucleosides are defined in Figure 1 and
the labeling systems for the di- and triphosphate residues in Figure 9. Other
abbreviations are defined below.

Species written in the text without a charge do not carry one or represent
the species in general (i.e., independent of the protonation degree); which of
the two possibilities applies is always clear from the context. In formulas such as
M(H;NMP)* the H* and NMP*~ are separated by a semicolon to facilitate reading;
yet they appear within the same parenthesis to indicate that the proton is at the
ligand without defining its location. A formula like (NB — H)” means that the ligand,
here a nucleobase residue, has lost a proton and it is to be read as NB minus H". The
term (aq) is used to indicate that water is acting as a ligand.

Ac” acetate (Figure 9)

AcP*” acetyl phosphate (Figure 3)

Ade adenine (Figure 1)

Ado adenosine (Figure 1)

ADP*~ adenosine 5’-diphosphate (Figure 10)
AMP* adenosine 5’-monophosphate (Figure 3)
AMPS*~ adenosine 5°-O-thiomonophosphate
AnP*~ acetonylphosphonate (Figure 3)

ATP* adenosine 5’-triphosphate (Figure 10)
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Bicine
Bistris

Bpy
C28
CDP*~
CMP*
CTP+
Cyd

Cyt
dCMP*
dGMP*~
d(GpG)~
dGuo
DHAP*
Dien
DMBI

d(pGpG)*
dTDP?*"

dThd
dTMP*

dTTP*+

g-Ado
&-AMP*

En
EPR
9EtG
FMN?>~
G1P*
GDP*
GMP*~
GpG™~
GTP*+
Gua
Guo
HMP*~
HOAc™
HOMPy
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N,N-bis(2-hydroxyethyl)glycine (Figure 15)
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)-1,3-propanediol
(Figure 15)

2,2’-bipyridine

2-thiocytidine

cytidine 5’-diphosphate (Figure 10)

cytidine 5’-monophosphate (Figure 10)

cytidine 5’-triphosphate (Figure 10)

cytidine (Figure 1)

cytosine (Figure 1)

2’-deoxycytidine 5’-monophosphate

2’-deoxyguanosine 5’-monophosphate
2’-deoxyguanylyl(3’—5’)-2’-deoxyguanosine (Figure 16)
2’-deoxyguanosine

dihydroxyacetone phosphate (Figure 3)

diethylenetriamine (= 1,4,7-triazaheptane)
1,4-dimethylbenzimidazole (= 6,9-dimethyl-1,3-dideazapurine)
(Figure 5)

2’-deoxyguanylyl(5’—3’)-2’-deoxy-5’-guanylate (Figure 16)
thymidine [= 1-(2-deoxy-B-D-ribofuranosyl)thymine]
5’-diphosphate

thymidine [= 1-(2-deoxy-B-D-ribofuranosyl)thymine] (Figure 1)
thymidine [= 1-(2-deoxy-B-D-ribofuranosyl)thymine]
5’-monophosphate

thymidine [= 1-(2-deoxy-B-D-ribofuranosyl)thymine]
5’-triphosphate

dielectric constant (or permittivity)

g-adenosine (= 1,N°-ethenoadenosine)

g-adenosine 5’-monophosphate (= 1,N°-ethenoadenosine
5’-monophosphate) (Figure 14)

ethylenediamine (= 1,2-diaminoethane)

electron paramagnetic resonance

9-ethylguanine

flavin mononucleotide (= riboflavin 5’-phosphate) (Figure 13)
glycerol 1-phosphate (Figures 3 and 13)

guanosine 5’-diphosphate

guanosine 5’-monophosphate

guanylyl(3’—5")guanosine (Figure 16)

guanosine 5’-triphosphate

guanine (Figure 1)

guanosine (Figure 1)

hydroxymethylphosphonate (Figure 4)

hydroxyacetate (Figure 4)

o-(hydroxymethyl)pyridine (Figure 4)
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H(Or)
Hyp

I

IDP*~
[HF

Im
IMP*~
Ino

Ipl”
TP+
K,

K

L

Leu
Leu™
M2+
IMBI
9MeA
9MeHyp
IMeG
MeOPS>~
1MIm
2MPy
NAIM/NAIS
NB
NDP*~
NMP*~
NP
NTP*
oh
OMP?~
oPyN
Or
PDB
PEEAZ
Phen
PME*"
PMEA*"

orotidine (Figure 8)

hypoxanthine (Figure 1)

ionic strength

inosine 5’°-diphosphate

integration host factor

imidazole

inosine 5’-monophosphate

inosine

inosylyl(3’—5’)inosine (Figure 16)

inosine 5’-triphosphate

general acidity constant

intramolecular equilibrium constant
general ligand

leucine

leucinate

divalent metal ion

1-methylbenzimidazole (Figure 5)
9-methyladenine

9-methylhypoxanthine

9-methylguanine

methyl thiophosphate

1-methylimidazole (Figure 5)
2-methylpyridine (Figure 5)

nucleotide analogue interference mapping/suppression
nucleobase derivative

nucleoside 5’-diphosphate

nucleoside 5’-monophosphate

nucleoside phosphate

nucleoside 5’-triphosphate

octahedral

orotidinate 5’-monophosphate
ortho-aminopyridine-type ligand (Figure 7)
orotidinate (Figure 8)

Protein Data Bank

dianion of 9-[2-(phosphonoethoxy)ethyl]adenine
1,10-phenanthroline
(phosphonomethoxy)ethane = ethoxymethanephosphonate
dianion of 9-[2-(phosphonomethoxy)ethyl]adenine (= Adefovir)
(Figure 14)

diphosphorylated PMEA?~

thiophosphate monoester
uridylyl-(5’—3)-5"-uridylate (Figure 16)
pyridine

pyridine-type ligand (Figure 7)
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R-DP* diphosphate monoester (Figure 9)

RibMP* D-ribose 5S-monophosphate (cf. Figure 1)

R-MP*~ monophosphate monoester (Figure 9)

(RO),PO; phosphodiester unit (Figure 9)

R-PO%‘ monophosphate monoester and/or phosphonate ligand
R-TP* triphosphate monoester (Figure 9)

Thy thymine (Figure 1)

Tris 2-amino-2-(hydroxymethyl)-1,3-propanediol (Figure 15)
Trp tryptophan

Trp~ tryptophanate

Tu tubercidin (Figure 5)

TuMP*~ tubercidin 5’-monophosphate ( = 7-deaza-AMP?*")

U uridine-type ligand

(U-H)y" uridinate-type ligand

U2S 2-thiouridine (Figure 8)

u4S 4-thiouridine (Figure 8)

UDP* uridine 5’-diphosphate

UMP*~ uridine 5’-monophosphate

UMPS*~ uridine 5’-O-thiomonophosphate (Figure 14)

Ura uracil (Figure 1)

Urd uridine (Figure 1)

UTP* uridine 5’-triphosphate

Xao xanthosine (Figure 8)

XMP*~ xanthosinate 5’-monophosphate = (XMP — H)* = (X - HMP)*~

(Figure 13)
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Abstract Cadmium(II) ions form complexes with all natural amino acids and
peptides. The thermodynamic stabilities of the cadmium(II) complexes of the
most common amino acids and peptides are generally lower than those of the
corresponding zinc(I) complexes, except the complexes of thiolate ligands.
The coordination geometry of the cadmium(Il) amino acid complexes is gener-
ally octahedral with the involvement of the amino and carboxylate groups in
metal binding. In the case of simple peptides, both octahedral and tetrahedral
complexes can be formed depending on the steric conditions. The terminal
amino group and the subsequent carbonyl-O atom are the primary binding
sites and there is no example for cadmium(Il)-induced peptide amide depro-
tonation and coordination. The various hydrophobic and polar side chains do not
have a significant impact on the structural and thermodynamic parameters
of cadmium(II) complexes of amino acids and peptides. B-carboxylate function
of aspartic acid and imidazole-N donors of histidyl residues slightly enhance
the thermodynamic stability of cadmium(Il)-peptide complexes. The most re-
markable effects of side chains are, however, connected to the involvement of
thiolate residues in cadmium(II) binding. Stability constants of the cadmium(II)
complexes of both L-cysteine and its peptides and related ligands are signi-
ficantly higher than those of the zinc(II) complexes. Thiolate donor functions
can be bridging ligands too, resulting in the formation of polynuclear cadmium(IIl)
complexes.

Keywords amino acids ¢ cadmium(II) « peptides ¢ histidine ¢ cysteine ¢ thiolate
ligands ¢ stability constants * octahedral complexes ¢ polynuclear complexes

1 Introduction

Cadmium is a d-block element with the electronic configuration 4d'%5s?. The closed
d-shell results in the stabilization of the divalent (+2) oxidation state and up to now
stable cadmium compounds have not been prepared in any other form. Cadmium is
often referred to as the last member of the 4d (or second row) transition elements,
while other textbooks describe cadmium as a member of the zinc group (Zn, Cd, and
Hg) and do not consider it as a transition element. This dichotomy is reflected in
the chemical properties of the element showing similarities to both transition and
p-block metals. The basic chemical properties of cadmium and its major compounds
including its complexes have been thoroughly described in the major inorganic and
coordination chemistry textbooks. It is not the aim of this compilation to give an
overview on the chemistry of cadmium(II) compounds. We will focus only on the
major characteristics of cadmium(II) complexes affecting the interactions with
amino acids and peptides.
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The cadmium(Il) ion with its d'® configuration shows no preferences for any
coordination geometry arising from the crystal field stabilization. Therefore, it
displays a variety of coordination geometries based upon the interplay of electro-
static effects, the covalency, and the size factor. Similarly to zinc(I) ion, 4 and 6 are
the most common coordination numbers existing in tetrahedral and octahedral
complexes, respectively. The ionic radius of cadmium(Il) is, however, significantly
larger than that of zinc(II) resulting in a high preference for the formation of six-
coordinated octahedral species with cadmium(II). The donor atom preferences are
also slightly different for the two metal ions. The classification of zinc(Il) into the
hard-soft categories is rather contradictory because it forms stable complexes with
both oxygen and sulfur donor ligands; e.g., see the easy formation of [Zn(OH),]*
hydroxo complexes and of the ZnS precipitate. The increased size of cadmium(II)
ions enhances its affinity towards sulfur containing ligands which is reflected in the
binding mode of cadmium(II) under biological conditions, too. Similar differences
can be observed in the hydrolytic reactions of the two metal ions. It is well-known
that simple zinc(Il) compounds are hydrolyzed even in slightly acidic samples
(around pH 6.0) but the hydroxide precipitates are easily dissolved under alkaline
conditions. On the contrary, cadmium(II) does not show any amphoteric character.
The precipitation of cadmium(Il)-hydroxide occurs in slightly basic solution
(pH ~ 8.0) but this precipitate does not dissolve even at high pH values.

There is a significant difference in the affinity of the two metal ions towards the
complexation with halide ions, too. In a diluted aqueous solution of zinc(I)
chloride the octahedral aqua ions [Zn(HQO)(,]2+ are the predominating species,
while a significant ratio of chloro complexes are formed with cadmium(II) under
the same conditions. The stability constants of the complexes formed with bromide
or iodide ions are even higher. The consideration of these differences is especially
important during the selection of the appropriate counter ions to adjust the ionic
strength for thermodynamic or electrochemical studies or even in the synthesis of
cadmium(II) compounds.

Finally, it is also important to compare the properties of cadmium(II) and
mercury(Il) ions. For most of the transition elements the chemical properties of
the 4d series are rather similar to those of the 5d elements. This is not true for
the zinc(Il) group elements and the properties of cadmium(II) significantly differ
from those of mercury(II). Coordination numbers 2 (linear) and 4 (tetrahedral)
are the most preferred arrangements for mercury(II) complexes, while the octa-
hedron is the major stereochemistry of cadmium(Il). Moreover, mercury(Il) is a
typical soft metal ion with an outstanding affinity for the interaction of sulfur or
other heavy donor ligands. It has already been mentioned that cadmium(II) ions
also prefer the binding of thiolate sulfur atoms but the various nitrogen and
oxygen donor ligands are also promising candidates for a stable interaction with
this metal ion. As a consequence, all amino acids and peptides are effective
ligands for the complexation with cadmium(Il) and the differences in the side
chain donor functions result in a great variety of the complex formations with
these ligands as it will be shown in the next sections.
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2 Complexes of Amino Acids and Derivatives

2.1 General Characteristics of Cadmium(Il) Complexes
of Amino Acids

Cadmium(II) complexes of almost all natural amino acids and numerous amino
acid derivatives were studied in the last few decades. The complex formation
processes are generally very simple, so in this review the comparison of their
stability and structure with those of other metal ions is emphasized. The enhanced
stability and high structural variety of the complexes were observed with sulfur-
containing amino acids and their derivatives, the characterization of this type of
complexes is described in Section 2.3.5.

The stoichiometry and stability constants of the complexes were determined
most frequently by means of potentiometric techniques, but these data were very
often completed with results of polarography. The structures of complexes were
proposed on the basis of the stoichiometry and stability of various species and
via the analogy to other metal ion complexes. In some cases, the suggested
structures of complexes were supported by the use of IR-spectroscopy, ''*Cd
NMR, and X-ray studies.

The solution studies were performed in the usual concentration range and metal
ion to ligand ratios: metal ion concentrations of 5-10~* to 5-10~ M give metal ion to
ligand ratios of 1:5 to 1:1. The complex formation processes take place in the pH
range 5 to 9. The presence of cadmium(II)-amino acid complexes usually cannot be
detected in acidic solutions (below pH 5) with the exception of systems containing
thiol derivatives. The hydrolysis of cadmium(II) ions takes place in slightly basic
solution and the complex formation processes are often not able to prevent the
formation of cadmium(II) hydroxide precipitates. The presence of mixed hydroxo
complexes is generally not detected.

Cadmium(I) has a high affinity towards halide anions as ligands: the stability of
chloro complexes is around one order of magnitude higher than that of the common
3d transition metal ions (e.g., log f; = 1.59, log f, = 2.25, log f3 = 2.40 for
Cd(I) [1], log By = 0.73, log f, = 1.17, log f3 = 1.20 for Zn(Il) [2], and log
f1 = 0.69 for Ni(Il) [3]). The presence of chloro complexes could not be neglected
in diluted solutions, if chloride is the counter anion to adjust the ionic strength.
As a consequence, the potentiometric and electrochemical data were generally
determined at NO3; or ClO, ionic strength. The preparation of CdCl,-Gly and
CdCl,-2Gly complexes in the solid state [4] also proves the high affinity of
cadmium(II) for chloride.

The stoichiometry and stability constants of cadmium(II)-amino acid complexes
are collected in Tables 1 and 2 together with data of the corresponding zinc(II)
complexes for comparison.

These data show that, with the exception of thiol derivatives, exlusively CdL and
CdL, (and CdL; or CdHL in some cases) complexes are formed in all cadmium(II)-
amino acid systems. The stoichiometries of the zinc(I) and cadmium(II)
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Table 1 Stability constants (log ) of complexes formed between Cd(II) or Zn(II) and amino acid
systems (/ = 0.1-1 M KNO;/NaNO3, */ = 3 M NaClOy4, T = 293-298 K).

CdL CdL, CdL; Ref. ZnL Znl, Znl; Ref.

Glycine 426 7.83 1051 [6] 5.03 923 11.65 [22]
Amino acids with hydrophobic side chains

o-Alanine 396 17.37 9.98 [6] 4.63 8.66 [23]
Valine 3.70 6.90 [8] 446 8.24 [23]
Leucine 4.04 17.53 [10] 4.89 9.19 [10]
Isoleucine 3.60 6.79 9.32 [12] 449 849 1090 [12]
2-Amino-pentanoic acid 3.73 17.03 [13] 442 8.52 [13]
2-Amino-hexanoic acid 3.86 7.33 [13] 4.59 893 [13]
B-Alanine 3.60 5.80 [16] 4.14 [23]
Amino acids with polar side chains

Phenylalanine 3.60 6.79 9.32 [6] 443 8.0 [24]
Tryptophan 451 8.19 [17] 5.14 9.86 [17]
Arginine 327 645 [18] 4.19 8.12 [18]
Asparagine* 4.07 17.58 9.61 [19] 5.07 943 1230 [19]
Glutamine* 4.10 7.66 [19] 4.83 9.17 11.84 [25]
Amino acids with O-donor side chains

Serine” 3.77 17.03 9.33 [6] 445 8.16 [40]
Threonine 3.90 7.10 [8] 4.74 8.5l [41]
Tyrosine 3.56 6.08 [17] 420 8.24 [17]
Aspartic acid? 4.68 8.27 [6] 5.69 9.77 [42]
Amino acids with N-donor side chains

Lysine” 7.80 [31] 4.06 7.53 [43]
Ornithine (2,5-diaminopentanoic acid) 3.41 5.82 [32] 3.77 6.44 [44]
Histidine® 5.58 9.92 [6] 6.45 12.01 [48]
Histamine® 478 8.05 10.05 [38] 5.21 10.13 [38]

“ZnH_; L: -3.73 (serine), —3.20 (aspartic acid).
b ZnHL: 14.72, ZnHL,: 19.67, ZnH,L,: 28.85.
¢ CdHL: 11.16 (histidine), 11.53 (histamine).

complexes are very similar, though the formation of mixed hydroxo species was
also observed in some cases. The presence of a thiol group in the side chain results
in the formation of di- or trinuclear cadmium(II) complexes and the preference for
formation of polynuclear species is much higher in cadmium(Il)-containing
systems than in the presence of zinc(II).

2.2 Complexes of Amino Acids with Non-coordinating
Side Chains

The stoichiometry and thermodynamic stability constants of cadmium(II)
complexes of glycine [5—7] and numerous amino acids containing hydrophobic
[6,8—16] and polar [6,17-21] side chains were published. The stability constants of
CdL and CdL, complexes are usually similar to each other (log f(CdL) ~ 3.6 — 4.1,
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log p(CdL,) ~ 6.8 — 8.2) and these complexes are around one order of magnitude
less stable than the analogous zinc(II) complexes [22-25] (log f(ZnL) ~ 4.4 — 5.2,
log f(Znl,) ~ 8.2 — 9.9). In these complexes metal ions bind to the amino and
carboxylate groups forming five-membered chelate rings. This coordination mode
was also established for the CdCl,+Gly complex in the solid state on the basis
of infrared spectra [4]. Although these infrared experiments have shown a mono-
dentate coordination of glycine via a carboxylate group in the CdCl,-2Gly
complex, the single carboxylate group does not offer an effective binding site for
cadmium(II) in solution. This fact is proven by the low stability constant of the
cadmium(II)-N-acetyl-glycine complex (log S(CdL) = 1.13) [26]. Comparison
of the stability of Cd(II)-glycinamide [27,28] complexes (log S(CdL) = 2.65,
log B(CdL,) = 4.88) with those of the cadmium(Il)-glycine systems proves
the bidentate coordination of amino acids through the NH,, COO™ donor set as
well, while glycinamide is able to bind the metal ion via (NH,, CO) donor groups
resulting in a slightly reduced stability.

The stepwise stability constants characterizing the formation of ML, complexes
and the log (K,/K,) values describing the preference for binding of the second
ligand to the metal ion correspond to the statistical values, similarly to those of the
zinc(Il) complexes. For all cadmium(II)- and zinc(II)-phenylalanine and -arginine
systems the log (K/K>) values are lower than statistically expected (0.6) suggesting
that the binding of the second ligand is favored. This can be explained by the
stacking of aromatic rings of phenylalanine in the ML, complexes. Similar trends
can be observed in the case of the cadmium(II)- and zinc(Il)-arginine systems due
to a secondary interaction between the polar side chains. The distance between
the amino and carboxylate groups is larger in the B-alanine molecule and the
simultaneous coordination of the two terminal groups to the metal ion results in
six-membered chelate rings decreasing the stability of mono- and bis(ligand)
cadmium(II) complexes and increasing the log (K/K>) value.

The octahedral geometry of cadmium(II) complexes also allows the formation
of tris(ligand) complexes. Because of steric requirements the presence of ML;
complexes was suggested only in the case of glycine and for some other amino
acids containing small side chain residues. Indeed, the formation of all three
cadmium(Il)-glycine species was detected by means of ''>*Cd NMR measure-
ments [29]. These observations strongly support the existence of an octahedral
coordination geometry of cadmium(Il) in its common amino acid complexes.

2.3 Complexes of Amino Acids with Coordinating Side Chains

The O- and/or N-atoms in the side chains of amino acids can be potential binding
sites for metal ions depending on the position of the donor atoms and the hard-soft
character of the metal ion. Taking into account the soft character of cadmium(II) a
negligible effect of O donor side chains can be expected, while the N donor atoms
may have an enhanced ability to take part in the complex formation processes.
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The characterization of complexes of various amino acids containing —OH
(serine, threonine, tyrosine) [6,8,17,30] or —-COOH groups (aspartic and glutamic
acids) [6] and -NH; (lysine, ornithine) [31,32] or imidazole N (histidine, histamine)
[3,6,33—38] has been published.

2.3.1 Complexes of Amino Acids with O-Donor Side Chains

The stoichiometry and stability constants of the complexes in Table 1 reflect that
the presence of an —OH group in the side chain does not affect the metal binding
ability of amino acids, not even the —OH group in a chelatable position (serine,
threonine) takes part in metal ion binding. A slight enhancement of stability can be
detected, however, for aspartic acid, where the tridentate coordination of the ligand
is suggested. The coordination of side chain carboxylate groups was found in the
solid complex of Cd(AspH)NOj3; and Cd(Asp) [39]. The coordination of the (NH,,a-
COQ") set was detected in the Cd(Asp) species, nevertheless, the crystal structure
of the Cd(AspH)NO; complex shows a two-dimensional polymer in which each
cadmium is coordinated to oxygen donor atoms of carboxylate groups and a nitrate
anion, the amino group is protonated and the aspartic acid molecules act as bridging
ligands. The metal center is seven-coordinated with distorted octahedral geometry.
It is worth to compare these data with those of lead(II), which has a similar soft
character, and both types of analogous solid complexes were prepared. The metal
ion is bound to the same donor atoms in these species, but the metal center in the
Pb(AspH)NO; complex is six-coordinated with regular octahedral geometry.

A similar trend of stability constants can be observed for the corresponding
zinc(Il) complexes [17,40-42]. The binding of the extra carboxylate group of
aspartic acid results in an increased stability. At the same time, similarly to the
amino acids containing non-coordinating side chains, these amino acids also form
more stable complexes with zinc(II) compared to cadmium(II). The steric effects of
bulky side chains or the tridentate binding of the ligands prevent the formation of
tris complexes in all cadmium(II)- and zinc(II)-containing systems with the excep-
tion of the cadmium(Il)-serine system.

2.3.2 Complexes of Amino Acids with N-Donor Side Chains

Lysine and ornithine contain an additional terminal amino group in the side chain.
The simultaneous binding of these amino groups with the (NH,,COO™) donor set to
the metal ion would result in the formation of eight- or seven-membered chelate
rings, respectively, which are not favored by transition metal ions. Similarly to
other metal ions, the presence of the side chain amino group does not have a
significant impact on the thermodynamic stability of these cadmium(II) complexes
[31,32,43,44]. There are, however, significant differences in the preferred stoichi-
ometry of the complexes because the non-coordinated amino groups remain
protonated below pH 9.0.
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The imidazole-nitrogen donor of histidine is one of the most important binding
sites for transition metal ions in biological systems. The N(3) atom itself can be a
metal binding site which is reflected in the significant complex formation processes
in the lead(Il) or copper(Il) 4-methylimidazole and N-acetyl-histidine-amide
systems [45,46]; yet, a much lower affinity of these ligands is observed towards
cadmium(II) [45,47]. The presence of the terminal amino group in histidine or
histamine, however, enhances the coordination ability of the ligands forming stable
six-membered chelate rings. As a consequence, a higher thermodynamic stability of
the cadmium(Il)-histamine and -histidine complexes was observed compared
to other amino acids, or similarly, compared to other metal ions like Cu(Il),
Ni(Il) or Zn(II) [48]. Nevertheless, the stability order follows the same trend as
was mentioned for other amino acids: log S(Cd(II) complexes) < log B(Zn(II)
complexes). On the other hand, similarly to other metal ions, a tridentate co-
ordination of histidine was suggested, which is reflected in the stability order: log
B(Cd(ID)(histamine); ») < log B(Cd(ID)(histidine); ») [6]. The stoichiometry and
stability of the complexes were determined using potentiometry [3,6,33-36] or
polarography [37]; the tridentate coordination of the ligand and the regular octahe-
dral geometry of the complexes were further supported by means of cyclic
voltammetry [49] and IR multiple photon dissociation spectroscopy [50]. In the
latter experiments, the structures of Cd(Cl)(HHis), CdL and Cd(HHis), species
have been determined in the gas phase and the data were completed by quantum
mechanical calculations. The results indicated that histidine coordinates to the
metal in a charge-solvated tridentate form in the Cd(Cl)(HHis) complex and has a
similar tridentate configuration with a deprotonated carboxylic acid terminus in
the CdL complex.

2.3.3 Complexes of Amino Acids Containing Sulfur Donor Atoms

The sulfur atom with its soft character can be an important binding site for
cadmium(Il). Methionine and cysteine (or cystine) are proteinogenic amino
acids containing sulfur donor atoms in the side chain in different chemical
environments, namely as thioether and thiol (or disulfide) groups, respectively.
In addition to their cadmium(Il) and zinc(II) complexes [6,51-53] those of
numerous amino acid derivatives containing thioether (S-methyl-cysteine) [6]
and thiol groups (p-penicillamine, N-acetyl-cysteine, cysteine-methylester,
N-acetyl-p-penicillamine, N-2-mercaptopropanoyl-glycine, 2-mercaptosuccinic
acid) [27,54-59] were studied. The thermodynamic stability constants of cad-
mium(Il) and zinc(I) complexes of sulfur-containing ligands are collected in
Table 2.

2.3.4 Complexes of Thioether Ligands

In both, the cadmium(II) S-methyl-cysteine and methionine systems, mono-, bis-,
and tris(ligand) complexes are formed corresponding to the six-coordinated octa-
hedral geometry of cadmium(II). Although the corresponding zinc(II) complexes
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are more stable, the formation of ZnL3; complexes was not detected. Taking into
account the different pK values of the terminal amino groups of amino acids, the
relative stability of the complexes can be evaluated by the comparison of the the log
B1 — pK(NH7) values: glycine: —5.30 ~ methionine: —5.41 < S-methyl-cysteine:
—4.93. The higher value for S-methyl-cysteine reflects the enhancement of the
stability of the cadmium(II) complex of this ligand, which could be explained by
the participation of the thioether sulfur atom in metal binding. The tridentate
coordination of the ligand results in the formation of two five-membered chelate
rings. The contribution of the thioether moiety to metal binding is, however, rather
weak and cannot prevent formation of the tris(ligand) complex. Moreover, the same
effect cannot be observed for methionine due to the larger distance between
thioether and amino/carboxylate groups.

2.3.5 Complexes of Cysteine and Derivatives

The investigation of the complexes of cysteine and a series of amino acid
derivatives containing thiol groups gave the possibility to compare the coordi-
nation ability of these ligands and assess the trend of stability of the complexes
which coordinate to different donor groups. In L-cysteine and D-penicillamine
three potential donor groups (NH,, S, COO") are present, while in the N-
acetyl-cysteine, N-acetyl-pD-penicillamine, N-2-mercapto-propanoyl-glycine
and 2-mercapto-succinic acid the (S7,COO7/CO) and in cysteine-methylester
the (NH,,S7) donor sets serve as the metal binding sites. All data reveal the
significantly enhanced stability of cadmium(II) complexes with these thiolate
ligands. The stability of complexes follows the trend: N-2-mercapto-propanoyl-
glycine ~ N-acetyl-cysteine ~ N-acetyl-p-penicillamine < cysteine-methylester
< 2-mercapto-succinic acid < p-penicillamine ~ L-cysteine. The highest sta-
bility constants for p-penicillamine and L-cysteine prove the tridentate coordi-
nation of these ligands with (N,S,0) binding mode and this coordination mode
is preferred compared to the tridentate (N,0,0) coordination of 2-mercapto-
succinic acid. Thiol sulfur donor atoms of cysteine and penicillamine are in
chelating position with both amino (five-membered) and carboxylate groups
(six-membered) and this tridentate coordination mode is much more favored
for binding to cadmium(II) than that of bidentate coordination of the common
amino acids. Moreover, the coordination of thiol sulfur atoms together with the
carboxylate or/and amino groups results in the enhanced stability of cadmium(II)
complexes as compared to those of zinc(Il) or nickel(Il) [S1]. It can be concluded
that the thiol group is a more effective binding site for cadmium(II) than for the
other two metal ions.

The other characteristic feature of the thiol donor group in cadmium
complexes is the formation of oligomeric structures. The existence of Cd,L;
was detected in the cadmium(Il)-cysteine and -cysteine-methylester system,
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while trinuclear Cd;L, species are present for the other thiol derivatives. Similar
structures were determined for nickel(Il) and zinc(IT) [51]. The suggested struc-
ture of these complexes contains two or three metal ions connected via sulfur
bridges. The formation of oligomeric species is the most common in the case of
cadmium(II)-containing systems, and these complexes are usually present in the
slightly acidic or neutral pH range in equimolar solutions. Increasing the excess
of ligand and/or pH makes the formation of CdL, and CdLj species preferable.
The use of polarographic techniques established the formation of polynuclear
species as well [27].

Most of the earlier studies on the cadmium(Il) complexes of L-cysteine and
derivatives have been performed in rather diluted solutions and the tridentate
chelating form of the ligand predominated under these conditions. In the last few
years the structures of the complexes formed in more concentrated samples or
in the solid state were determined by means of X-ray diffraction, ''*Cd NMR,
Raman, IR, EXAFS, and XANES spectroscopic methods [60—62]. The complexes
[Cd(HCys),-H,0] and [Cd(HCys),-H,0]-H;0"CIO; were prepared from acidic
solution and the combined application of various spectroscopic techniques revealed
that the cysteine amino group is protonated and not involved in bonding. The
existence of CdS; and CdS;O structural units with single thiolate (Cd-S-Cd)
bridges were identified, although a minor amount of central Cd(II) with CdS;0,/3
and CdS,O0 coordination environments cannot be ruled out. ''>*Cd NMR measure-
ments were carried out in cadmium(Il)-cysteine, -penicillamine, and -N-acetyl-
cysteine solutions at two orders of magnitude higher concentration (0.2-2.0 M)
than the one used for the potentiometric measurements. Around physiological pH
and in the presence of high excess of ligand the complexes are almost exclusively
sulfur-coordinated as [Cd(S-cysteinate),], while the deprotonation of the ammo-
nium groups promotes chelate formation, and the presence of complexes with
CdS3N coordination was also supposed. Similarly to the cadmium(II)-cysteine
system the tetrathiolate complex is the major species in the cadmium(II)-N-
acetyl-cysteine solution under similar circumstances ([ligand] = 1.0 M, high
excess of ligand). Oligomeric complexes with CdS;03, CdS;0, and CdS, coordi-
nation sites and a single thiolate bridge between cadmium(Il) ions were also
detected at a 1:2 metal to ligand ratio.

For the corresponding penicillamine systems, however, the Cd(penicillamine);
complexes were found to be the dominating species with a CdS;(N/O) coordination
mode around pH 7.5. The increase of pH resulted in the formation of complexes
with mixed coordinated CdS,(N)(N/O) metal centers. These findings are in good
agreement with previous conclusions that D-penicillamine has a reduced affinity
to form polynuclear complexes. On the basis of these studies it was concluded [61]
that the differences between cysteine and penicillamine as metal binding ligands
can explain why cysteine-rich metallothioneines are capable of capturing cadmium(II)
ions, while penicillamine can be a useful molecule for the treatment of the
toxic effects of mercury(Il) and lead(Il) exposure and is not efficient against
cadmium(II) poisoning.
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3 Complexes of Peptides and Related Ligands

All major reviews [63-66] published on the metal complexes of peptides came to
the conclusion that cadmium(II) complexes of peptides are much less studied than
those of the essential 3d transition elements, i.e., copper(Il), nickel(II), and zinc(II).
The explanation of this is rather simple and evident: Several hundreds of structural
and equilibrium studies support the result that the outstanding metal binding affinity
of peptide ligands is connected to the involvement of amide groups in metal ion
coordination. Up to now, there is no reliable publication in the literature for a
cadmium(II)-promoted deprotonation and coordination of the peptide amide bond.
As a consequence, the most common peptides without any coordinating side chain
residue are relatively weak cadmium(Il) binders. The coordination geometry of
cadmium(Il) peptide complexes is also rather simple, because the characteristic
octahedral or tetrahedral species are formed in almost all cases. Unfortunately,
the closed d-shell of cadmium(Il) and the resulting diamagnetic and colorless
complexes rule out the widespead applications of various spectroscopic techniques.

The typical soft character of cadmium(II), however, results in a high selectiv-
ity for the complexation with thiol containing ligands including L-cysteine and
its peptide derivatives. A great majority of the papers published on cadmium(II)-
peptide complexes focus on the various cysteinyl peptides with a special empha-
sis on the interactions with glutathione, phytochelatins, and various forms of
thioneins. The high versatility in the complex formation of these peptides and
their outstanding biological significance are thoroughly discussed in other
chapters of this book. At this point, we will focus only on: (i) the cadmium(II)
complexes of the most common small and oligopeptides revealing the similarities
and differences in their structures and thermodynamic stabilities and (ii) the
cadmium(II) complexes of the peptides of L-cysteine and related ligands includ-
ing glutathione and structural models of phytochelatins.

3.1 Complexes of Peptides with Non-coordinating Side Chains

N-terminally protected amino acids and peptides are generally weak complex-
ing agents for most of the divalent transition metal ions. Accordingly, in the
cadmium(II)-N-acetylglycine system the monodentate carboxylate coordination
of the ligand has been suggested on the basis of both potentiometric and IR spectro-
scopic measurements [26,67]. The comparison of the stability constants reported for
the [ML] type complexes of cadmium(II) and zinc(II) with N-acetylglycine, however,
revealed the enhanced tendency of cadmium(Il) for carboxylate binding. The
values log K; = 1.13 and 0.71 were published for cadmium(II) and zinc(Il),
respectively [26]. Similar conclusions were drawn from the NMR studies on the
same systems [68].
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The di- and tri-peptides with free amino termini are much more effective ligands
for complexation with cadmium(Il). The cadmium(Il) complexes of diglycine and
triglycine and some other peptides consisting of Ala, Leu, Pro or Val residues have
been studied by potentiometric and NMR spectroscopic measurements [6,69—74].
Exclusive carboxylate binding of the peptides was suggested in acidic solution (pH
<5.0), while the formation of the common (NH,,CO) 5-membered chelate was
suggested at increasing pH. NMR spectroscopy proved to be a very useful tech-
nique to study the cadmium(II) complexes of amino acids and peptides. The major
advantage of the studies on cadmium(Il) species is that in addition to the widely
applied 'H and '>C NMR techniques [71], also ''*Cd NMR [73] can be efficiently
applied. In most cases only the existence of [CdL] and [CdL,] stoichiometries
were suggested. As a consequence, there is a contradiction for the proposed
structures of cadmium(Il)-peptide complexes. Some authors suggest a tetrahedral
environment [69], but the formation of octahedral complexes is also possible.
This dichotomy probably comes from the experimental conditions used in the
cited works. Relatively low ligand to metal ratios (L/M < 2) were generally used
in these studies, while the formation of tris(ligand) complexes in measurable
concentration requires a high ligand excess. The existence of octahedral tris(ligand)
complexes is, however, definitely proven for the cadmium(Il) complexes of simple
amino acids suggesting the same coordination geometry for the small peptides.
Unfortunately, exact structural determination studies have not been published for
the cadmium(II) complexes of the most common peptide molecules.

Comparison of the stability constants published for the zinc(IT) and cadmium(II)
complexes of dipeptides leads to the same conclusions as reported for the amino
acids. The values log /1 = 3.75 and 2.86 and log f, = 6.61 and 5.35 were reported
for the diglycine complexes of zinc(II) [75] and cadmium(II) [70], respectively. It is
evident from these data that the thermodynamic stability of zinc(I) complexes is
higher than that of cadmium(II). This trend is just the opposite of what was
published for the monodentate carboxylate coordination but shows a good agree-
ment with the data reported for corresponding amino acids. Moreover, these data
show that simple dipeptides without any coordinating side chains are less effective
ligands to bind cadmium(II) compared with the essential transition elements
including zinc(I), cobalt(Il), and especially nickel(Il) or copper(Il).

3.2 Complexes of Peptides with Coordinating Side Chains

The presence of side chain donor atoms generally influences the thermodynamic
stability and coordination geometry of peptide complexes significantly. The most
important findings in this field have already been reviewed by several authors
[63-66]. It is evident from these compilations that the effects of various donor
atoms largely depend on the number and location of the extra donor atoms and
also on the nature of the metal ions. Most of the data were published for the
copper(Il) complexes, but nickel(Il) and palladium(Il) are also widely studied.
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In the case of cadmium(Il), systematic studies on the role of specific amino acid
residues are not available. On the basis of the analogies to other transition elements
and from selected data for several systems, some general conclusions on the role of
side chain residues can be predicted.

The alcoholic-OH groups of serine and threonine are generally weakly
coordinating donors and they do not affect significantly even the stability of
copper(Il) and zinc(Il) peptide complexes. Similar effects can be expected for the
interaction of these peptides with cadmium(II) and probably a similar conclusion
can be drawn on the role of phenolate-O donor atoms of the tyrosyl residues.
The carboxylate functions of aspartyl and glutamyl residues are much more effec-
tive metal binding sites and this is reflected in the thermodynamic stability of their
cadmium(II) complexes. Stability constants for the GlyGlu complexes of cadmium(II)
were determined by potentiometric measurements [76]. The formation of the
species [CdHL] and [CdL] was detected with the stability constants log K = 1.62
and 3.43 for the reactions Cd + HL and Cd + L, respectively (charges are omitted
for simplicity). The protonated complex corresponds to the exclusive carboxylate
coordination, while the common (amino, carbonyl) (NH,,CO) coordination mode is
expected for the other species. Comparison of these data with those of GlyGly
shows the enhanced stability of the complex formation in the presence of extra
carboxylate residues. In another study, the cadmium(II)-induced helical structure of
poly-glutamic acid was observed via the interaction of the carboxylate residues
[77]. The stabilizing effect of the B-carboxylate groups of aspartic acid is generally
more enhanced due to the formation of the (NH,,COQO") six-membered chelates.
This type of interaction was identified in the cadmium(Il)-AspAspAsnLyslle
system [78] and a slight stability enhancement due to the aspartyl residue was
observed in the cadmium(II) complexes of GlyAsp, too [73].

Taking into account the mildly soft character of cadmium(Il), the thioether
donor functions of peptides containing methionine or S-methyl-cysteine are
promising candidates for an extra stabilization of complex formation. It is well
known from many literature studies that thioether donor functions of peptides are
the primary ligating sites in the silver(I), mercury(Il), palladium(II), and platinum(II)
complexes [79]. These effects, however, cannot be observed in the stability of the
cadmium(II) complexes of either methionine or its simple peptides [6]. Similar
conclusions were obtained from the studies on the cadmium(II) complexes of
methionine enkephalin and the peptide fragments of prion protein containing also
methionine residues [45,80]. In contrast to these results reported for the peptides,
the existence of a Cd—S(thioether) bond was suggested in solid phase complexes of
several ligands containing aromatic-N and thioether-S donor atoms [81,82]. The
disulfide moiety which is a potential binding site of cystine and oxidized glutathi-
one is also not considered as a binding site for the common transition elements. The
double dipeptide (GlyCys), contains the disulfide moiety in a promising location
for metal binding but even in this case a direct M—S(disulfide) bond was not
observed in the copper(Il), nickel(Il), zinc(II), cobalt(Il), and cadmium(II)
complexes [83]. On the contrary, studies on the cadmium(II) complexes of various
thioamides revealed a stability enhancement resulting from a Cd—S(thiocarbonyl)
interaction [27].
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3.3 Complexes of Peptides Containing Histidine

The imidazole-N donor of the histidyl residue is generally considered as one of the
most effective metal ion binding sites of peptides and proteins. A huge number of
metalloproteins contain this residue in the active site and the peptide fragments of
such proteins are among the most studied ligands. All general reviews on metal
complexes of peptides also contain an overview on the complex formation of the
peptides containing histidine [1-4], while some others are specifically devoted to
these peptides and related ligands [84-86]. Most of the studies in this field are
dealing with the interaction of these peptides with copper(Il) but complex
formation with nickel(II), palladium(I), and zinc(Il) is also widely studied.
The number of publications on the corresponding cadmium(II) complexes is not
large but allows to draw some general conclusions.

One set of the studies includes solution and structural investigations on cadmium(II)
complexes of terminally protected peptides containing one to four histidyl
residues. It is widely accepted that the imidazole side chains are the primary
metal binding sites in these peptides for almost any metal ion. It is also well
documented that binding of several metal ions, like copper(Il) and nickel(I) (and
zinc(Il) for some specific sequences [65,66,85]) can induce the parallel
deprotonation and coordination of subsequent amide residues. It is important to
emphasize that up to now there is no reliable publication for the cadmium(Il)-
promoted amide binding of peptides. Therefore, the peptide backbone cannot be
considered as a potential binding site for complex formation with cadmium(II) and
only the N-and/or C-termini and various side chains can be involved in binding.
Small (tetra- and penta-) peptide fragments of prion protein provide simple
examples for the coordination of imidazole-N donors in cadmium(Il) complexes.
The stability constants for the Cd-N;,,, bonded species fall into the range 2.2 to 2.7
[45,47]. The comparison of these values to those reported for other transition
elements gives the stability order: Pd(II) > Cu(Il) > Ni(Il) ~ Zn(II) > Cd(II).
It is evident from these data that even the presence of a histidyl residue does not
significantly enhance the cadmium(Il) binding ability of peptide molecules.
Because of the relatively low thermodynamic stability of these complexes, the
formation of 1:1 CdL species was suggested in most cases. The equilibrium data
reported for the prion fragments were also compared to the stability constants of
small model ligands, like N-acetyl-histamine [45] and 4-methylimidazole [47].
A slight stability enhancement of the peptide complexes was observed and this
was explained by the effect of the other side chain residues of the peptides. The
application of high ligand excess made it possible to detect the formation of CdL,
and CdL; complexes with the latter ligand while in a former study even the
existence of 1:4 stoichiometries was suggested [46].

The synthesis and studies of multihistidine peptides is a rapidly increasing field
in metallopeptide chemistry because these ligands are the most promising models
for biological conditions. The exclusive coordination of the imidazole-N side chain
donor atoms of these ligands results in the formation of various macrochelates built
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up from 2Nj,,, 3N;,,, or 4N;, donors. The stability constants of these macrochelates
are significantly enhanced with increasing number of coordinated imidazoles, but
the size of the molecules and the other amino acids in the sequence also affect the
overall stability. A huge number of data has been reported for the corresponding
copper(Il), nickel(Il), and zinc(Il) complexes [87] and more recently some data
for corresponding cadmium(II) complexes also became available [88]. The involve-
ment of sarcosine (N-methylglycine) in the peptide sequence, prevents metal
ion coordination of amide residues, thus the peptides containing sarcosyl and
histidyl residues in alternating positions (terminally protected HisSarHis,
HisSarHisSarHis, and HisSarHisSarHisSarHis) are the best models to study
macrochelation. The stability constants of these macrochelates are collected in
Table 3. The stability order follows the trend: Cu(Il) > Ni(Il) > Zn(II) > Cd(II)
in all cases. This stability order clearly demonstrates the relatively low affinity
of peptides and/or imidazole-containing ligands for complex formation with
cadmium(II).

Table 3 Stability constants (log K) of the macrochelate complexes of multihistidine peptides.

Binding copper(Il) [87] nickel(IT) [88] zinc(IT) [87] cadmium(II) [88]
M-2N;,, 6.48 3.89 3.66 324
M-3N;, 8.14 5.28 4.79 3.67
M-4N;,, 9.29 6.04 5.58 4.14

The log K values refer to the [CdL] species of peptides with 2N;,, 3N;;,, and 4N;,,, coordination of
Ac-HisSarHis-NH,, Ac-HisSarHisSarHis-NH,, and Ac-HisSarHisSarHisSarHis-NH,, respectively.

The N-terminally free histidine-containing peptides are more effective ligands
than their protected counterparts. The cadmium(II) complex of GlyHis was studied
by potentiometry and the stability constants log f; = 3.69 and log §, = 5.44 were
obtained [6]. The value reported for the 1:1 complex is significantly higher than
those of glycylglycine supporting the tridentate coordination mode of GlyHis in this
species. On the other hand, this peptide is known as the simplest example for the
zinc(Il)-induced amide deprotonation and coordination but this reaction was not
observed in the corresponding cadmium(II) complexes.

L-Carnosine (B-alanyl-L-histidine) represents one of the most important
biologically relevant dipeptides. This peptide forms a very stable imidazole-bridged
dinuclear complex with copper(Il), but the formation of only simple mono and bis
(ligand) complexes was suggested for cadmium(II). The corresponding stability
constants are log ; = 3.03 and log f, = 5.13 for the species [CdL] and [CdL,],
respectively [89]. These values are rather similar to those reported for glycylglycine
(see Section 3.1) indicating that the stabilizing role of imidazolyl side chains is quite
weak in the cadmium(II) complexes. Comparison with the corresponding zinc(II)
complexes leads to similar conclusions. The value log f/; = 4.11 was reported for
the [ZnL] complex of L-carnosine, which is definitely higher than that of cadmium(II).
In another study, the cadmium(IT)-L-carnosine system was investigated by '>°C NMR
spectroscopy and the peptide was described as a quadridentate ligand which undergoes
a tautomeric change during complex formation [90].
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The N-terminus of albumin (AspAlaHis. . .) is known as the most effective metal
binding site for the binding of copper(Il) and nickel(Il) (ATCUN motif) [65,66].
The zinc(Il) and cadmium(Il) complexes of the corresponding tripeptide
(AspAlaHis-NHMe) were studied by potentiometric measurements [91]. It was
found that neither zinc(Il) nor cadmium(II) are able to induce amide deprotonation
and coordination in these peptides. The complex [ML] was suggested as the major
species with the stability constants log K = 4.17 and 3.66 for zinc(I) and cadmium(II),
respectively. These values provide further support for the small stabilization effects
of histidyl side chains in cadmium(II) complexes. The interaction of cadmium(II)
with various forms of native serum albumins (HSA, BSA, PSA) was also studied by
several groups [92,93]. It was found that cadmium(II) and zinc(II) cannot compete
with copper(II) and nickel(II) for binding at the amino termini, but the second metal
binding site of the protein can be an effective Cd/Zn binding site.

3.4 Complexes of Peptides with Thiol Donor Functions

A huge number of literature data prove that cadmium(II) has a high preference for
thiolate-S™ donors. The high covalency of this bond is reflected in the low solubility
and characteristic color of the CdS precipitate and also in the great structural variety
of cadmium-thiolate complexes. Moreover, the occurrence and effects of cadmium(II)
in biological systems are connected to its high affinity for binding in thioneins and
phytochelatins. The biological role of these substances and the binding modes
of cadmium(Il) in metallothioneins and phytochelatins are discussed in other
chapters in this book. Here we want to focus on the structural and equilibrium
conditions of simple oligopeptides containing cysteinyl residues in different
numbers and locations. Among them, the tripeptide glutathione is the best known
and its sequence is in a close relation with those of phytochelatins. The peptides
with multiple cysteinyl sites are frequently used models for the understanding of
the chemistry of phytochelatins and also the effect of cadmium(II) binding to zinc
finger proteins.

34.1 Cadmium(II) Complexes of Small Peptides Containing L-Cysteinyl
Residues

N-acetyl-L-cysteine and N-acetyl-pD-penicillamine are the simplest ligands
containing the thiolate and amide donor functions in the same molecule. For
understanding the coordination chemistry of L-cysteine and its peptide derivatives,
it is important to take into account that the thiol group can form a five-membered
chelate with the amide-N and a six-membered one with the carboxylate-O donor
atoms. All studies rule out a cadmium(Il)-induced amide coordination in these
complexes, therefore the formation of the (S,0) chelate is the governing factor
during complex formation with N-acetyl-L-cysteine. The equilibrium data have
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been determined by potentiometric measurements for a series of derivatives of
L-cysteine and related ligands [27]. The stability order of the various coordination
modes was suggested as follows: (S,N,0) > (S,N) > (5,0,0) > (5,0) [27]. It is
obvious from this stability sequence that the parallel coordination of the thiolate
and amino donors are the most preferred ones, but the thermodynamic stability of
the various (S,0) chelates is also significant. In accordance with the bidentate
character of N-acetyl-L-cysteine and N-acetyl-p-penicillamine, the formation of
mono, bis, and tris complexes was suggested supporting the octahedral geometry
of the metal ion in these complexes. In a more recent study using X-ray absorption
and ''>Cd NMR spectroscopies the formation of tetrathiolate and sulfur-bridged
oligomeric species was also suggested in more concentrated samples [62].

The ability of cadmium(II) to form stable complexes both with (S,N) and (S,0)
coordinations results in a significant difference in the coordination modes of
dipeptides containing the cystenyl residues in the N- and C-termini. Very stable
mono and bis(ligand) complexes ([CdL] and [CdL,]) were formed in the cadmium(II)-
CysGly system with the involvement of the (S7,NH;) coordination sites. This
binding mode is favored for the high majority of transition metal ions and able to
prevent the deprotonation and coordination of the amide goups even in the
corresponding nickel(Il) complexes [94]. However, in the case of AlaCys and
PheCys containing C-terminal Cys residues, the (S7,COO") coordination mode
predominates and the uncoordinated amino groups are protonated around the
physiological pH range. In the case of these dipeptides, there are significant
differences in complex formation of different metal ions. In the case of nickel(Il)
and palladium(I), the coordination of the amino and thiolate functions promotes
the ionization and binding of the internal amide function and very stable species
are formed with (NH,,N",S") binding sites [95]. The corresponding zinc(II) and
cobalt(Il) complexes are, however, very similar to those of cadmium(Il), because
the (S7,COO") chelate is stable enough to prevent amide binding [57]. It is also
important to note that the formation of thiolate-bridged polynuclear complexes was
negligible in the diluted samples of these cadmium(II)-dipeptide systems. It has
already been discussed in Section 2 that oligomerization is very significant with
L-cysteine but it is suppressed for p-penicillamine because of the steric effects of the
methyl substituents. The formation of oligomers was observed for other small
ligands with (S,N) coordination sites, e.g., for 2-mercaptoethylamine [96]. The
existence of these thiol-coordinated cadmium(II) centers can be easily followed
by the application of ''>*Cd NMR spectroscopy [97]. In all probability, the lack of
oligomerization in diluted samples of peptide complexes can also be interpreted by
the steric factors caused by the non-coordinated residues of the peptides.

Apart from glutathione, AlaAlaCys is the only tripeptide the cadmium(II)
complexes of which have been studied [94]. Interestingly, its complex formation
processes are very similar to those of AlaCys, the (S7,COO")-coordinated
C-terminus being the exclusive cadmium(Il) binding site. This is a significant
difference to the complex formation of any other peptide because in the absence
of cysteinyl residues the N-terminal amino acids are the primary metal binding sites.
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3.4.2 Complexes of Glutathione

Glutathione (7y-L-glutamyl-L-cysteinylglycine) is the most abundant naturally
occurring tripeptide which participates in a series of biochemical processes
especially in the defense mechanism against reactive oxygen species (ROS).
It has a specific sequence because the y-carboxylate group of the N-terminal
glutamic acid is part of the peptide bond formed with cysteine. This results in the
separation of the amino terminus from the amide and thiolate functions and in the
high versatility of the complex forming processes of glutathione with any metal ion.
The most important findings on the metal complexes of glutathione are discussed in
the general reviews [63,64], while another compilation is devoted specifically to
this ligand [98].

The complexity of the reactions of glutathione with metal ions comes from the
fact that it can behave as an amino acid (via the N-terminus), a thiolate ligand (via
the internal Cys residue), and as a peptide because the thiolate and the amide group
from the Gly residue can form a chelate. A series of different experimental
techniques has been used to study the interaction of cadmium(II) with glutathione.
It is evident from the early potentiometric studies that the speciation of the
cadmium(II)-glutathione system is very complicated and the stoichiometry of the
major species depends on the metal to ligand ratios [99,100]. The existence of mono
and bis(ligand) complexes, as well as various protonated and dinuclear species has
been suggested. The published equilibrium data are contradictory but it is evident
that the cadmium(I) complexes have a higher thermodynamic stability than the
corresponding zinc(I) complexes. Almost any possible coordination mode was
suggested to exist in these species with a preference for the involvement of thiolate
and amino groups in cadmium(II) binding. Even ionization of the peptide linkage
was suggested [99] but it was not supported by further studies.

The application of '>C NMR spectroscopy provided additional insight into the
binding sites of glutathione in its cadmium(Il) complexes [101]. It was found that
the actual sites involved in metal binding are dependent on the cadmium(Il)/
glutathione ratio and the pH of the solution. The thiolate, amino and glycyl
carboxylate functions were suggested as the major cadmium(Il) binding sites but
the coordination of the amide function was reported to occur only in the zinc(II)-
containing systems and not for cadmium(II). More recently, various NMR and ESI-
MS experimental techniques and even DFT calculations were used to understand
the cadmium(II)-glutathione interaction [102—104]. The preference for binding of
the same sites as listed above was suggested in these studies as well, with a specific
importance for the thiolate coordination in cadmium(Il) binding. The structural
similarity of glutathione and phytochelatins and the role of these substances in
cadmium(Il) detoxification gave a big impetus to the studies on the cadmium(II)
complexes of other thiol-containing ligands related to glutathione. The results of
these studies will be discussed together with those of phytochelatins in
Section 3.4.4.
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3.4.3 Complexes of Peptides with Multiple Cysteinyl Sites

There are at least three major types of natural proteins and peptides which are rich
in cysteinyl residues: metallothioneins, zinc finger proteins, and phytochelatins.
The biological role and structural characteristics of metallothioneins are dealt with
in Chapter 11 of this book. Zinc finger peptides are possible targets for cadmium(II)
toxicity, while phytochelatins play an important role in the defense mechanisms of
plants (Chapter 13). The multicysteine peptides are frequently used to mimic the
cadmium(II) binding ability of all these natural substances.

The hexapeptide LysCysThrCysCysAla contains three cysteinyl residues and
corresponds to the C-terminal fragment (56-61) of mouse liver metallothionein.
Its complexation with cadmium(Il) was studied by CD and 3cd NMR
spectroscopies and various electrochemical techniques [105-107]. The low solu-
bility of the polynuclear complexes limited the applicability of the ''*Cd NMR
spectroscopy. CD spectroscopy, however, provided a definite proof for the forma-
tion of a dinuclear cluster and subsequent conformational changes of the peptide
[105]. The peptide fragment (49-61) of rabbit liver metallothionein contains four
Cys residues and it was found that it can bind a single cadmium(II) ion in a
monomeric complex with thiolate coordination [108]. The existence of similar
mononuclear thiolate binding sites was also found in other cadmium(II) peptide
complexes [109]. The coordination properties of the peptides with a -CXXC-
sequence motif were studied with different metal ions. The stability of the
complexes is closely related to the number of thiolate residues suggesting
the involvement of all sulfur atoms in metal binding. The stability order of the
complexes was reported as: Bi(IIl) >> Cd(Il) > Zn(II) > Ni(II) [110]. The metal
binding abilities of the -CAAC-, -CACA- and -CCAA- sequences were compared
in another study [111].

The cadmium(Il) binding ability of peptides containing both cysteinyl and
histidyl (and/or aspartyl) residues was also studied. These peptides are promising
models for the understanding of the structure of various zinc finger proteins [112]
and newly identified types of metallothioneins [113]. It was found that the Cys(4)
and Cys(2)His(2) sites have different affinites for zinc(II) and cadmium(II) binding
which can contribute to the metal ion selectivity under biological conditions
[113,114]. Affinity constants for the tetrahedral metal binding of the Cys(2)His(2)
peptides have been determined via competition measurements. The relative
affinities of the metals followed the order: Cd(II) ~ Zn(Il) > Co(II), but the
replacement of His by Asp resulted in a completely different coordination
geometry [115].

3.4.4 Cadmium(II) Binding to Phytochelatins and Related Ligands

Phytochelatins with the general sequence (y-Glu-Cys),Gly (n = 2—11) are cysteine
rich peptides synthesized by plants and are involved in metal ion bioregulation and
phytoremediation. Chapters 12 and 13 of this volume are devoted to the biological
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significance and the agricultural/industrial applications of these molecules. It is
evident that the amino acid sequence of phytochelatins is closely related to that of
glutathione reported in Section 3.4.2. It has already been discussed that the coordi-
nation chemistry of glutathione is rather complicated and the speciation for most of
the metal ions is still contradictory. Phytochelatins have the same possible binding
sites but with multiple cysteinyl residues. This results in an enhanced complexity
in the interaction of cadmium(Il) with phytochelatins. In the last few years a
huge number of papers were published on various aspects of the interactions of
cadmium(II) with phytochelatins and related ligands. Most of these studies focus on
the biological aspects of this interaction and they are discussed in the above
mentioned chapters. Several reviews are also available including the most impor-
tant findings from a chemical point of view [116,117]. Taking into account these
references, we focus here only on the basic coordination chemistry of phyto-
chelatins and related substances.

The cadmium(II) binding ability of a short phytochelatin (y-GluCys),Gly (PC2)
has been studied by potentiometric, NMR, and UV-vis spectroscopies. It was found
that the stoichiometry of the complexes depends very strongly on the molar ratio of
the reactants and the pH of the solutions. The formation of mono and bis(ligand)
complexes and various protonated species was suggested. The coordination of 4 S
atoms was proposed in the bis complexes. In addition, cadmium binding of the
terminal amino and both carboxylate residues was suggested for the monomeric
complexes. The comparison of the stability constants with those of glutathione
revealed the enhanced tendency of phytochelatin for cadmium(Il) binding [118].
The application of various voltammetric experiments and parallel mass spectro-
metric measurements provided further insight in the interaction of cadmium(II) ions
with phytochelatins [119-122]. It was found that the phytochelatins containing four
or more (y-GluCys) moieties can form dinuclear species and even mixed metal
complexes can be formed with other soft elements including lead(Il). In another set
of experiments model peptides have been synthesized in which the glutamic acid
was replaced by other amino acids, like Asp, Lys, Gly, Ser, and Gln. The cadmium(II)
binding affinity of the various peptides was evaluated as: (y-GluCys),Gly =
(GluCys),Gly = (AspCys);Gly > (B-AspCys),Gly > (LysCys),Gly [123].

4 Comparison of Cadmium(II) Complexes with Other
Transition Elements

The results reported in the literature and summarized in the previous sections reveal
that cadmium(II) can form complexes with all natural amino acids and peptides.
The thermodynamic stabilities of the cadmium(Il) complexes are, however, rela-
tively low as compared to those of the corresponding copper(Il) and nickel(IT)
complexes. On the other hand, these data are comparable to those of the essential
zinc(IT) and the small differences are dependent on the effects of various side chain
residues. These effects together with the structural characteristics of the cadmium(II)
complexes can be evaluated separately for amino acids and peptides.
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The investigations of cadmium(II) complexes of amino acids and related ligands
revealed that the amino acids do not have a high binding ability towards cadmium(II)
with the exception of ligands containing thiol groups. The monodentate coordi-
nation of amino acids through their terminal amino, carboxylate or various side
chain O or N donor functions results in a very week or even no interaction in
solution but these donors can be binding sites in solid crystals. More significant
complex formation processes occur via the bidentate (NH,,COQO™) coordination but
even in this case the stability constants of cadmium(II) complexes are more than
one order of magnitude smaller than those of other metal ions (log f (Cu(Il)
complexes) > log f (Ni(Il) complexes) > log f (Zn(Ill) complexes) > log
f (Cd(II) complexes). The various hydrophobic and polar side chains do not have
a significant impact on this interaction as it is well reflected by the thermodynamic
stability constants of complexes given in Table 1. Only for aspartic acid and
histidine the presence of the B-carboxylate group and imidazole-N donor site in
the side chains, respectively, influences slightly the coordination ability of the
ligands. The enhanced stability of these complexes comes from the participation
of side chain donor atoms in metal binding resulting in tridentate coordination of
the molecules.

Due to the soft character of cadmium(II) a stronger interaction with sulfur donor
atoms could be expected. The influence of thioether groups is almost negligible and
can be observed only in case the thioether group is bound simultaneously to the
(NH,,COO") donor set forming five-membered chelate rings. It is worth to mention
that similar enhancement of the stability can be observed in the thioamide
analogues of amino acids (methionine-N-methylamide), where the metal ion
binds to the (NH,,CS) set forming a five-membered chelate ring [27].

The most significant effect of the side chain donor atoms is detected for amino
acids and related ligands containing thiol groups. Although the exclusive coordina-
tion of the thiolate donor atom was also found in solid state complexes and in more
concentrated solutions around the physiological pH, but depending on the potential
donor atoms the thiol sulfur and amino or/and carboxylate groups offer the main
binding sites leading to chelates for most metal ions. Systematic studies on cad-
mium(II) complexes of thiol ligands have shown that the (NH,,S™) coordination is
preferred over the (COO,S") one, and the tridentate binding of the ligand is the
most favored situation.

The other general characteristic feature of cadmium(II) complexes with thiol
derivatives is the formation of di- or trinuclear species, in which thiol sulfur atoms
behave as bridging ligands. The existence of polynuclear species was observed in
nickel(I)- and zinc(IT)-cysteine systems with similar stoichiometry, but cadmium(II)
complexes have usually an octahedral geometry, while in the nickel(Il) complexes
this coordination mode results in four-coordinated square planar complexes.

Comparison of the stability of cadmium(II) complexes of cysteine and related
ligands with those of the corresponding nickel(IT) and zinc(II) clearly shows that the
stability order follows just opposite trends with respect to that of other amino acids:
log B (Cd(Il)-complexes) > log § (Ni(II)-complexes) > log f (Zn(I)-complexes).



9  Cadmium(II) Complexes of Amino Acids and Peptides 297

Figure 1 illustrates the change of the stability order, where the log f values of
monoligand cadmium(Il) complexes are depicted together with those of the
corresponding zinc(I) complexes. It is obvious from this figure that all amino
acids form more stable complexes with zinc(II) than with cadmium(Il) but the
presence of the thiolate function results in an enhanced stability and the opposite
trend of complex stability.
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Figure 1 Logarithmic values of the thermodynamic stability of CdL and ZnL complexes for
different amino acids or related ligands.

A computer simulation was performed to describe the distribution of cadmium(II)
and nickel(Il) within low-molecular-weight ligands in human blood plasma
[124]. The determination of stability constants of several complexes was performed
under “biological conditions”, and the conclusions coming from these results are in
agreement with the above-mentioned findings: The predominant complexes formed
by cadmium(II) are binary cysteinate species, whereas nickel(Il) exists mainly as a
ternary complex involving both cysteinate and histidinate ligands. As a conclusion,
the preference for cadmium(II) binding donor sets can be given as follows: (S7,
NH,,COO") > (S ,NH,) > (§,CO0,CO) > (§,CO0") > (NH,,N(Im),COO")
> (NH,,COO™,S(thioether)) ~ (NH,,CS(thioamide)) ~ (NH,,COO~,COO") >
(NH,,CO0O") > (NH,,CO).

In the case of the common peptides the comparison of the stability constants of
zinc(Il) and cadmium(Il) complexes reveals the same trends as reported for the
amino acids: Favored complexation with zinc(I) in almost all cases, except for
the thiolate ligands. The binding of several side chain residues may enhance the
stability of cadmium(Il) complexes but the extent of this stabilization is relatively
low. This is true even for the aspartyl or histidyl residues which are generally
considered as the most strongly coordinating side chains in the corresponding
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copper(Il), nickel(IT), and zinc(I) complexes. The terminal amino and the neigh-
boring carbonyl groups are the major cadmium(II) binding sites of peptides and
there is no example for the cadmium(II)-induced amide deprotonation and coordi-
nation in peptide complexes. The coordination geometry of the cadmium(II)
complexes of simple peptides is a matter of debate. The formation of octahedral
tris(ligand) complexes is reported only in a few cases, but in all probability it
depends on the experimental conditions. Namely, the low thermodynamic stability
would require the application of high ligand to metal ratios for a reliable detection
of tris(ligand) complexes, but such conditions were not considered in the earlier
studies. At the same time, bulky side chains of peptide molecules can hinder
coordination of three ligating sites and may shift the preference to a tetrahedral
coordination geometry in the common peptide complexes.

The presence of one or more cysteinyl residues significantly enhances the
thermodynamic stability of cadmium(II)-peptide complexes. The data included in
Table 4 provide a definite proof for this statement. The percentages of the peptides
GlyGly and CysGly coordinated to nickel(Il), zinc(II), and cadmium(II) at pH 7.5
are summarized in this table. The data were calculated for the model systems when
one of the three different metal ions and one of the peptides are present in the
sample in equimolar concentrations. It can be seen from Table 4 that in the case of
GlyGly the complexation is most favored with nickel(Il) and only a low, but well
measurable percentage of the peptide is bonded to cadmium(II). For CysGly the
distribution of the peptide among the three metal ions is completely different. The
ratio of bonded zinc(Il) ions is relatively low, while the nickel(I) and especially
cadmium(II) complexes predominate in this model system.

Table 4 Percentages of the peptides GlyGly and CysGly coordinated to nickel(Il), zinc(Il) or
cadmium(II) at pH 7.5. The metal ions and the peptides are present in 5 mM concentration.

Metal ion GlyGly (%) CysGly (%)
free ligand 19.8 35107
Ni(II) 45.2 [125] 19.7 [95]
Zn(ID) 30.1 [75] 5.6 [57]
Cddn 4.9 [70] 74.7 [94]

The coordination geometry of the CdS, tetrathiolate centers which are the most
common species formed with multicysteine peptides is always tetrahedral. This
stereochemistry is also common for the cadmium(II) complexes of simple peptides
containing cysteine or for the amino acid itself. Some small ligands (like N-acetyl-
L-cysteine), however, can form stable tris(ligand) complexes with the bidentate (S,
COOQO") coordination mode suggesting the existence of an octahedral coordination
geometry. The complexity and structural variety of cadmium(II) peptide complexes
is further enhanced by the propensity of the formation of sulfur-bridged species.
The existence of thiolate-bridged oligonuclear or polynuclear complexes is also a
common feature of cadmium(Il)-peptide complexes containing cysteinyl residues
and their biological significance is discussed elsewhere in this book.
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Abbreviations and Definitions

Ac acetyl

Ala alanine

Asn asparagine

Asp aspartic acid

BSA bovine serum albumin

CDh circular dichroism

Cys cysteine

DFT density functional theory
ESI-MS electrospray ionization mass spectrometry
EXAFS extended X-ray absorption fine structure
Gln glutamine

Glu glutamic acid

Gly glycine

His histidine

HSA human serum albumin

Ile isoleucine

IR infrared

L general ligand

L-carnosine  B-alanyl-L-histidine

Leu leucine

Lys lysine

NMR nuclear magnetic resonance
PC phytochelatin

Phe phenylalanine

Pro proline

PSA porcine serum albumin

ROS reactive oxygen species

Sar sarcosine = N-methylglycine
Thr threonine

Val valine

XANES X-ray absorption near-edge structure
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Abstract This chapter describes an approach using designed proteins to
understand the structure, spectroscopy, and dynamics of proteins that bind Cd(II).
We will show that three-stranded coiled coils (3SCCs) based on the parent peptides
TRI (Ac-G(LKALEEK),G-NH,) or GRAND (Ac-G(LKALEEK)sG-NH;) have
been essential for understanding how Cd(II) binds to thiolate-rich environments
in proteins. Examples are given correlating physical properties such as the binding
constants or deprotonation constants relating to structure. We present a scale that
relates ''*Cd NMR chemical shifts to structures extracted from '''™Cd PAC
experiments. In addition, we describe motional processes that help transport from
the helical interface of proteins into the hydrophobic interior of helical bundles.
These studies help clarify the chemistry of Cd(II) in relation to metal-regulated
gene expression and detoxification.

Keywords coiled coil ¢ de novo design ¢ peptide ¢ protein ¢ thiol

1 Introduction

As a general rule, when one thinks of the biochemistry of Cd(II), one is confronted
with the toxicity of this element with the only known true Cd(Il) enzyme being a
marine-based carbonic anhydrase [1]. However, there is a rich natural biological
chemistry that deals with this metal’s sequestration and detoxification by organisms
ranging from microbes to humans. In addition, scientists have exploited the simi-
larity of the chemistry between Zn(II) and Cd(II) to understand a broad range of
enzymes and proteins. Unlike Zn(I) which is spectroscopically silent, one may
utilize the nuclear properties of '''Cd or ''*Cd as an NMR nucleus, '''™Cd using
perturbed angular correlation or electronic spectroscopy examining the ultraviolet
region of the electromagnetic spectrum. These spectroscopic tools provide deep
insight into the coordination environment and mechanism of proteins ranging from
metallothioneins to metal-substituted phosphatases.

For nearly half a century, bioinorganic chemists have been preparing small
molecule models to provide insight into the inner workings of the far more complex
natural systems of interest. While this approach has been wildly successful across
the gamut of this discipline, as our understanding of metallobiochemistry has
increased, the need for more realistic models has become essential.

One approach to model more accurately metal sites in proteins is to apply
de novo protein design strategies to the problem. Studies with small molecules
often are limited by a variety of factors. Sometimes, it is synthetically too difficult
to incorporate the exact metal binding functional group into the model. The best
example of this is histidine, which is often replaced by pyridine or even alkyl
amines as a metal ligand, but has also been problematic for the sulfur-containing
ligand cysteine. Another significant limitation is that it is very difficult to engineer
second coordination environments (steric bulk, H-bonding residues, local charges)
that may be essential for recognition or catalysis. Beyond this, one has great
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difficulty with small molecules controlling the dielectric properties, which is then
dominated by the choice of solvent. In fact, often one is limited to solvents such as
acetonitrile or dichloromethane because of complex stability (hydrolysis or dimer-
ization) or solubility. This limitation is particularly problematic if one is interested
in examining enzymes such as phosphatases that use water as a substrate. It also
leads to uninterpretable binding or hydrolysis constants as the protic environment
doesn’t match water.

At the same time, one often needs simpler constructs than the natural systems.
This can be because of complex allosteric events that obscure the process of
interest. Sometimes, a protein will bind more than one metal in more than one
type of site (e.g., the simultaneous presence of a Type 1 and Type 2 copper center),
which complicates the interpretation of the center of interest. Metal transporters or
electron transfer systems are membrane-associated which presents an entirely new
level of complexity. While methodology to clone and express proteins has matured
significantly over the past 20 years, one still often will be limited by too little
protein to investigate. Site specific incorporation of isotopes (‘*C or '°N) as a
probe of metal site environment is far more easily achieved using synthesized
peptides. In addition to these significant limitations, one may be interested in asking
more fundamental questions such as whether the secondary structure (o-helix
versus B-sheet) is required for proper metal function. Even if one uses sophisticated
expression approaches, it is far easier to incorporate non-coded amino acids into
designed proteins. Thus, one can see that de novo protein design provides
opportunities heretofore unavailable for the metallobiochemical researcher.

In this chapter, we summarize some of the key Cd(II) binding proteins. Then, we
demonstrate how designed peptides can be exploited to understand the structure,
spectroscopy or activity of Cd(Il) proteins.

2  Function and Coordination Chemistry of Cd(II)
in Metalloregulatory Proteins

2.1 General Overview of Metalloregulatory Proteins
for Heavy Metals

With metal ions found in approximately a third of all biomolecules [2] there has
been significant interest in understanding the mechanisms and coordination chem-
istry, associated with the transport and regulation of these metal ions. In addition to
the essential roles these metal ions play, an excess as a result of misregulation,
frequently is associated with various disease states. Furthermore, some metal ions
and particularly heavy metal ions, can be exclusively associated with toxicity.
Nature has therefore evolved metalloregulatory proteins for heavy metal ion detox-
ification, which due to the soft nature of the heavy metal ions, is often dominated by
Cys coordination chemistry.
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These metalloregulatory proteins generally function by changing gene or protein
expression in response to the presence of these metal ions. They tend to display
high metal ion specificity, which can be achieved as a result of the ligand donor
sets and coordination geometries associated with the metal ion binding site. SmtB/
ArsR and MerR represent two different families of transcriptional regulatory
metalloproteins important in dealing with heavy metal toxicity.

SmtB and ArsR have evolved from a common evolutionary origin. They function
as a repressor binding to, in the case of SmtB, the smt operator-promoter in the
absence of metal ions. On binding Zn(II), the SmtB repressor changes conformation,
dissociates from the DNA and induces expression of a metallothionein, a class of
cysteine-rich low-molecular-weight proteins.

The first metallothionein to be isolated was in 1957 from horse kidney tissue and
found to contain Cd(II) [3]. They are believed to play a role in metal ion regulation
and detoxification, and display fascinating coordination chemistry with a range of
d'"® metal ions. The binding of Cd(II) to metallothioneins is discussed in much detail
in Chapter 11, and involves the coordination of Cd(II) to multiple thiols from Cys
amino acid side chains in the form of Cd(II) thiolate clusters with both bridging and
terminal thiolates.

MerR is a Hg(IT) sensor metalloregulatory protein which induces transcription of
the mer operon, responsible for Hg(Il) detoxification, on binding Hg(I). MerR is a
dimeric protein which is bound to DNA both in the absence and presence of Hg(Il),
which is one way in which it differs from the SmtB/ArsR family. Despite two
potential binding sites, one equivalent of Hg(I) binds at the dimeric interface to
three Cys residues, Cys82 from one monomer and Cys117 and Cys126 from the
second monomer, in a trigonal fashion as HgS; [4]. This results in a conformational
change which translates into a 33 degree unwinding of the bound DNA, triggering
synthesis of MerA, MerB, MerP, and MerT. Other metal ions, including Cd(Il),
are capable of triggering a similar response, but require significantly higher
concentrations [5].

Cd(II)-substituted proteins, in which the native metal ion has been replaced with
the spectroscopically richer Cd(II), are discussed in detail in Chapter 6. In the
following two sections of this chapter, the Cd(II) coordination chemistry of two
Cd(II) metalloregulatory proteins, CadC and CmtR, are described.

2.2 Coordination Chemistry of Cd(Il) in CadC

The Staphylococcus aureus pI258 CadC protein is a member of the SmtB/ArsR
family of metal-responsive transcriptional repressors and was first isolated in 1968
[6]. Exposure of CadC, a homodimeric repressor, to Cd(II), Pb(Il) or Zn(II) results
in dissociation from the DNA and exposure of the cad operon, as demonstrated by
in vitro restriction enzyme assays [7-9]. CadC consists of two different metal ion
sites, site 1 and site 2 (4 sites in total per homodimer). Site 1 is a thiol-rich
mononuclear metal ion binding site, whereas site 2 consists of two metal ion sites
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at the homodimer interface [10,11]. Site 1 is responsible for the regulatory role of
CadC whereas site 2 has been shown by mutagenesis studies to not be necessary for
the correct biological function [10]. In contrast, ArsR contains a site 1 but lacks a
site 2 and SmtB contains both a site 1 and 2, where both play an important
regulatory role. These observations could suggest that CadC represents an evolu-
tionary midway between ArsR and SmtB [12].

Site 1 consists of a thiol-rich mononuclear metal ion binding site, whereas site
2 consists of two metal ion sites at the homodimer interface with His;s3, His;14,
Aspio1, and Glu; ;7 amino acid side chains as ligands [10,11]. The structure of site 2,
based on PDB 1U2W[10], is shown in Figure 1. No crystal structure has to
date been reported with a metallated site 1, however, mutagenesis studies have
established that the metal ligands are provided by Cyssg and Cysgy from one
monomer and Cys; and Cys;; from the second [7]. The fourth Cys;; residue has
been shown to be non-essential by mutagenesis studies [7]. Site 1 displays a
preference for Cd(I) over Zn(Il), whereas the non-essential site 2 displays the
opposite preference for Zn(Il) over Cd(II) [10].

Figure 1 PYMOL ribbon diagram based on PDB 1U2W showing two Zn(II) bound to site 2 of
CadC. Both Zn(II) are bound to His;(3 and Asp;o; from one monomer, and His,4 and Glu;,7 from
the second monomer [10]. Shown are the main chain atoms represented as helical ribbons (green)
and His/Asp/Glu side chains in stick form with the nitrogen (blue) and oxygen (red) donor atoms,
and the Zn(Il) as grey spheres.

A spectroscopic study using chelator competition experiments by Giedroc and
coworkers, reported that Cd(II) binds to CadC with a 1:1 stoichiometry and a K4 of
43 (£1.8) x 10" M was reported for Cd(I) binding [13]. The Cd-CadC
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difference (minus apo-CadC) UV-visible spectrum displays a maximum at 238 nm,
with an extinction coefficient of ca. 25000 M~! em™ [13,14]. 3Cd NMR spectros-
copy of "*Cd-CadC resulted in a single resonance at 622 ppm [13,15]. These
results were unable to distinguish between a CdS;, CdS;X (where X = N or O),
and CdS, site. Mutation of Cysg to a Gly residue resulted in a 3Cd NMR chemical
shift of 534 ppm compared to 622 ppm, consistent with loss of a bound thiol [14].
However, a less shifted '>*Cd NMR resonance of 592 ppm was obtained on
mutating Cys;; to Gly [14]. This could suggest that the Cys;; residue is more
weakly bound to the Cd(II). On replacing Cd(II) with Pb(Il), the Cys;; residue does
not contribute to the coordination sphere [14].

A Cd-S bond length of 2.53 A was reported from EXAFS experiments [13].
This provides some evidence for a CdS;Y type structure where Y is a Cys thiol, or
an exogenous ligand like water, as one would expect a Cd—S bond length of 2.44 A
for a fully CdS; site [16,17], and 2.54 Afora fully CdS, site [18]. Despite the good
match in bond length, a reduction in the goodness-of-fit for the EXAFS data was
observed for CdS,; compared to either CdS; or CdSs. A Cd(II) coordination
environment of CdS;N is unlikely as there are no conserved His residues in close
proximity to the Cd(Il) site. However, an exogenous water molecule or a Glu/Asp
amino acid side chain, bound to the Cd(II) to yield CdS30, cannot be ruled out. The
lack of conserved Met residues and the longer Cd-thioether bond length, rule out a
Met residue contributing to the coordination sphere as Cd(Cys-S);(Met-S). Finally,
though Cys;; is not required for activity [7], it may contribute to the Cd(II)
coordination sphere as the fourth thiol ligand to generate a distorted CdS, site.
The latter, with a weakly associated Cysy, is thought to be most likely.

2.3 Coordination Chemistry of Cd(Il) in CmtR

Mycobacterium tuberculosis H37Rv CmtR is a recently discovered transcriptional
repressor protein [19]. CmtR promotes gene expression on exposure to Cd(II) and
Pb(II), but unlike CadC, does not respond in the presence of Zn(II) [19].

Mutating Cyss7, Cyser, and Cys g, with Ser demonstrated that all three amino
acids contribute to the Cd(II) coordination sphere. For example, Cd(II) bound to
wild-type CmtR results in a UV-visible spectrum with a maximum absorbance at
ca. 240 nm, with an extinction coefficient of ca. 16000 M~ cm™ [20]. This,
however, drops to ca. 12000 M~ cm™ for the Cys102Ser mutant, consistent with
the loss of a S™ to Cd(Il) ligand-to-metal charge-transfer (LMCT) [20]. The
importance of Cys;gp, for Cd(II) binding is further supported by a drop in Kcq
from 9.9 (+2.3) x 10° M for wild-type CmtR, to 3.2 (£0.4) x 10° M for the
Cys102Ser mutant [20].

A single broad ''*Cd NMR chemical shift of 480 ppm has been reported for
"3Cd(1I) bound to CmtR [20]. This was proposed to consist of Cd(II) bound to the
two thiols, Cyss; and Cyse;, and additional undefined ligands. '''™Cd PAC data
(vide infra) was recorded and could be fit to one species, which was best described
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as '""™Cd(II) bound to Cyss; and Cysg;, with a weakly associated Cys;g,, and a
fourth ligand which is most likely an exogenous water molecule [20].

Recently, the structure of Cd(II) bound to CmtR was solved by 2D NMR, to
yield a three coordinate CdSj; site, see Figure 2 [21]. This structure shows Cd(II)
bound to Cys;g, from the flexible tail of one monomer, and the Cyss; and Cysg;
from an a-helix from the second monomer. Under these conditions the three Cys
residues appear to be bound to the Cd(Il) in a similar fashion [21], but from
different monomers and as part of protein domains with different inherent
flexibility.

Figure 2 PYMOL ribbon diagram based on the NMR solution structure of CmtR (PDB 2JSC)
showing Cd(II) bound to three Cys amino acid side chains in an endo geometry [21]. Shown are the
main chain atoms represented as helical ribbons (green), the Cys side chains (stick form) with the
thiol group (orange) and the Cd(II) (violet), as spheres.

Apo CmtR is thought to be conformationally flexible, with one of these accessi-
ble conformations being responsible for DNA binding. However, on binding Cd(II)
this flexibility is dramatically reduced, locking the CmtR homodimer in a confor-
mation that is unable to bind to DNA resulting in dissociation from the DNA in a
similar fashion to CadC [21].

3 Strategies for Designing Peptides for Complexation of Cd(II)

The natural proteins previously discussed possess large complex structures making
it challenging to correlate chemical observation with structure and Cd(II) coordi-
nation chemistry. The field of de novo peptide design involves the design of
artificial minimalist peptide sequences which by virtue of their primary structure
predictably fold into well defined secondary, tertiary, and quaternary structures.
These systems offer significant opportunities for gaining further understanding
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about fundamental processes such as protein folding, protein-protein interactions,
and structure-function relationships for biological molecules. Furthermore, they
offer the opportunity to investigate the coordination chemistry of metal ions to
proteins in a significantly smaller and simple structure, thereby allowing structure-
function relationships to readily be established.

Attractive structures extensively investigated by de novo peptide design include
coiled coils that are based on the common o-helical motif. These can range from
low to high numbers of a-helixes [22-25], consist of parallel or antiparallel
orientiation of a-helixes [26], and be homo or hetero aggregates [27,28]. However,
a number of different protein folds based on different secondary structures, have also
been investigated by de novo design, including -sheet structures [29-31], B-hairpin
peptides [32,33], B, motifs based on zinc-finger domains [34-36], and y-turns [37].

This section will discuss our efforts to elucidate the coordination chemistry of
Cd(II) to thiol sites in the interior of a-helical coiled coils, a common motif
routinely used in peptide design. Our work has focused primarily on the TRI
peptide family (Table 1), which is a 30 amino acid peptide sequence based on
the heptad repeat approach, abcdefg [38,39]. In water the TRI peptide folds into
an o-helix with one face containing hydrophobic Leu residues (a and d sites). These
a-helixes aggregate together, generating a hydrophobic core, to yield two-stranded
coiled coils at low pH and three-stranded coiled coils at higher pH (> pH 5) [38,39].
The three-stranded coiled coil is further stabilized by salt bridges between
glutamate and lysine residues in the e and g positions of adjacent o-helixes
(Figure 3).

Table 1 Peptide sequences discussed in this chapter.

Peptide Sequence”
TRI Ac-G LKALEEK LKALEEK LKALEEK LKALEEK G-NH,
TRIL12C Ac-G LKALEEK LKACEEK LKALEEK LKALEEK G-NH,
TRIL16C Ac-G LKALEEK LKALEEK QKALEEK LKALEEK G-NH,
CoilSer Ac-E WEALEKK LAALESK LQALEKK LEALEHG-NH,
TRIL12AL16C Ac-G LKALEEK LKAAEEK CKALEEK LKALEEK G-NH,
TRIL16Pen Ac-G LKALEEK LKALEEK KKALEEK LKALEEK G-NH,
TRIL12LpL16CY Ac-G LKALEEK LKALpEEK CKALEEK LKALEEK G-NH,
TRIL9CL19C Ac-G LKALEEK CKALEEK LKACEEK LKALEEK G-NH,
GRAND Ac-G LKALEEK LKALEEK LKALEEK LKALEEK
LKALEEK G-NH,
GRANDL16PenL.26AL30C Ac-G LKALEEK LKALEEK KKALEEK LKAéEEK

CKALEEK G-NH,
GRANDLI2LpL16CL26AL30CY Ac-G LKALEEK LKALREEK CKALEEK LKAAEEK
CKALEEK G-NH,

o3DIV MGS WAEF K QR LAAIKTR CQALGG SEAECAAF EKE
IAAFESE LQAY KGKGNPE VEAL R KE AAAIRDE
CQAY RHN

BABY Ac-G LKALEEK LKALEEK LKALEEK G-NH,

“X = Pen, Lp = p-leucine. Bold and underlined residues indicate substitutions.
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Figure 3 Top down view of the pH dependent conversion of the TRI peptides from a parallel
dimer (two-stranded coiled coil) to a trimer (three-stranded coiled coil). Shown are the abcdefg
heptad positioning of amino acids, demonstrating the hydrophobic core generated by the @ and d
sites, and the favorable electrostatics interactions formed between the ¢ and g sites.

Two general strategies have been exploited in de novo peptide design for the
introduction of metal ion binding sites. The first strategy involves the use of
cofactors, the most common of which are units of heme [40] though examples
also exist with [4Fe-S4]2+ [41]. In this Chapter we take advantage of the second
strategy which engineers metal binding sites into the hydrophobic interior of a
coiled coil by replacing Leu residues with amino acids capable of coordinating
metal ions.

3.1 Preparation of Mixed CdS3;/CdS;0 Systems in Coiled Coils

A soft thiol site is generated on introducing a Cys residue into the hydrophobic core
of a three stranded coiled coil based on TRI. Cys containing analogues of TRI have
previously been shown to be capable of binding to various heavy metal ions
including Hg(I), Bi(III), As(IIl), and Pb(Il) [38—48]. However, two options exist
for introducing a Cys residue into the coiled coil interior as Leu side chains in both
the a and d sites are directed towards the hydrophobic core. Initial solution studies
involved two peptides, TRIL12C and TRIL16C, in which the Leu (L) in position 12
(d site) or 16 (a site) has been replaced with a Cys (C) residue. These systems offer
an opportunity to investigate the differences afforded by the subtly different
orientation of the Cys side chains in these two sites.

The binding of Cd(II) to these two peptides was investigated by UV-visible
spectroscopy. The addition of increasing amounts of Cd(II) to an aqueous solution
of TRIL16C at pH 8.5, resulted in a steady increase in the characteristic Cd-S
LMCT at 232 nm, with an extinction coefficient of 22600 M ! ¢cm™. This reached a
plateau at 1 equivalent of Cd(II) per three strands of TRIL16C (Figure 4) consistent
with the formation of Cd(TRIL16C); [49]. Analogous experiments performed with
TRIL12C produced similar results with a A, of 231 nm, an extinction coefficient
0f 20600 M cm™, and a binding ratio consistent with formation of Cd(TRIL12C);
[49]. Both peptides required these basic experimental conditions in order to achieve
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complete complexation of Cd(II) by the three Cys residues. A pH titration of Cd(II)
in the presence of three equivalents of peptide monomer allowed the pK,,, for
the simultaneous release of two protons (vide infra), to be determined and was
found to be lower for a sites (TRIL16C) compared to d sites (TRIL12C) (Table 2).
The properties of the two trigonal Cys sites (a versus d) differed further. Cd(II)
binding to the three thiols in the interior of the coiled coil results in an induced
LMCT in the circular dichroism (CD) spectra. Intriguingly, the induced signals
were found to be similar but of opposite polarity for the a and d sites, respectively
[49]. More significantly, the affinity of Cd(II) was found to be higher for a sites
compared to d sites [49,50].

0.3 -

0.30
0.25 sstessse
0.20 .

0.154 .

0.10 ®

Abs, 32

0.054 .
0.00 .

-0.05 T T T T T T

Eq. of TRIL16C

Absorbance

0.0

220 240 260 300 320

280

Wavelength / nm

Figure 4 Representative UV-visible difference spectra for the titration of increasing concentrations
of TRIL16C into a solution of Cd(II) at pH 8.5. Inset shows the plot of absorbance at 232 nm as a
function of peptide equivalence, which plateaus at 1 Cd(II):3 TRIL16C, consistent with Cd(II)
binding to three Cys side chains in the hydrophobic interior of a three-stranded coiled coil.

Table 2 Spectroscopic values for some Cd(IT) thiol complexes [82]“.

EXAFS
UV nm (Ag) 13Cd NMR chemical shift Cd-S bond
CA(TRILI2C);” 231 (20600) 619 ppm 2.49 A
CA(TRIL16C);® 232 (22600) 625 ppm 2.49 A
Cds;? 190260 (15000-25000) 570-660 ppm 242248 A
Cds? 227-250 (8000—-40000)° 610-750 ppm? 2.47-2.61 A”

“ Reproduced by permission of the Royal Society of Chemistry; copyright 2009.

b Data from Ref. [49] and references therein.
¢ Data from Refs [66,67,70].
4 Data from Refs [15,55,66].



10 Natural and Artificial Proteins Containing Cadmium 313

The differences associated with Cd(II) coordination to three Cys side chains in
an a versus a d site (e.g., pK,, of binding, induced CD signal, affinity) are thought to
be related to the orientation of the Cys side chains. Models were prepared, based on
the crystal structure of the related CoilV,L4 [51], of three Cys side chains in an a
and a d site, respectively, and subjected to energy minimizations [38]. The thiol site
generated in an a site is highly preorganized with the three Cys side chains directed
towards the interior of the coiled coil. In contrast, the thiol goups in a d site were
directed towards the helical interface, suggesting that reorganization was required
in order to coordinate to a metal ion [38]. More recently crystal structures have been
obtained of related three-stranded coiled coils based on CoilSer [52] with Cys in an
a site (9 position) or a d site (19 position) which are in reasonable agreement with
the original findings [53]. The major rotamer of Cys side chains in an a site are
directed towards the interior of the coiled coil with sulfur-sulfur distances of
33-34A, forming a pre-organized metal binding site (Figure 5, left). In contrast,
the Cys side chains in a d position are slightly further rotated down the a-helix and
as such these do not appear particularly pre-organised for metal binding (Figure 5,
right). In this structure, two of the Cys side chains are pointed towards the coiled
coil interior, and the third is directed away from the interior towards the helical
interface. That latter is likely to require reorganization to position itself for metal
binding [53].

Figure 5 Ribbon diagrams of parallel three-stranded coiled coils showing the orientation of the
Cys side chain (major rotamer) in an a and d site, PDB codes 3LJM and 2X6P. Shown are the main
chain atoms represented as helical ribbons (green) and Cys side chains in stick form with the thiol
group (orange) in the interior [53].

The Cd(II) binding sites were further characterized by "3Cd NMR and extended
X-ray absorption fine structure spectroscopy (EXAFS). ''*Cd NMR spectra of
solutions containing 3 equivalents of TRIL16C or TRILI12C in the presence
of 1 equivalent enriched ''*CdCl, at pH 8.5 resulted in single resonances with
chemical shifts of 625 and 619 ppm, respectively [49]. The EXAFS data for Cd(II)
bound to TRIL16C and TRIL12C are extremely similar and in both cases the best
fits were for three sulfurs bound to the Cd(II) at 2.49 A [49]. The data obtained so
far could be consistent with either CdS;, CdS4 or CdS;X (where X = O or N).
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'Imcd perturbed angular correlation (PAC) spectroscopy [54,55] was sub-
sequently employed to determine the Cd(II) coordination geometry of Cd
(TRIL16C)5 as PAC is capable of assessing both the electronic environment of
the ''"™Cd(IT) as well as the symmetry of the site, on an extremely fast timescale
(ns compared to the ms timescale of NMR). Unexpectedly it was discovered that
the Cd(II) is in fact bound to TRIL16C as a mixture of two species, 40% trigonal
planar CdS; (0, = 0.44 rad/ns) and 60% tetrahedral CdS;0 (®, = 0.34 rad/ns),
where O corresponds to an exogenous water molecule (Figure 6a and Table 3) [49].

a 625

1
"\ \ F Y
1]
I 1]
o rwwW‘t‘Ww V i : i
1 1 :
]
b 574 Y1 & |
v ]
]
L
J\-—ﬂeﬂwwﬂbﬂr«
v
c |684 y
MJ ‘
\-N—WWWWWM%A
700 675 650 625 600 575 ssp 0 02 04 06 08 10 12 14 186
U3 Chemical Shift/ ppm Angular frequency (rad/ns)

Figure 6 3Cd NMR and corresponding Himeqg perturbed angular correlation (PAC) spectra
showing (a) a mixture of CdS; and CdS;0 for Cd(TRIL16C)5 , (b) 100% CdS;0O for Cd
(TRIL12AL16C)5, and (c) 100% CdS; for Cd(TRIL16Pen);, respectively.

Table 3 Physical properties of Cd/TRILXC complexes [82]“.

Peptide Apparent pK,," 13Cd NMR¢ Himeg pac?

TRIL9C 13.4 615 -

TRIL19C 14.3 627 -

TRIL9CL19C - 615 & 623 -

TRIL16C 13.4 625 60% CdS;0/40% CdS;
TRIL12AL16C 12.2 574 100% CdS;0
TRIL16Pen 15.8 684 100% CdS;
TRIL12LpL16C¢ 15.1 697 100% CdS;

“ Reproduced by permission of the Royal Society of Chemistry; copyright 2009.

b Fit to a model for the simultaneous release of two protons. Data from Refs [63,65,71] and
references therein.

© Given in ppm versus Cd(ClO,), in D,0. Data from Refs [49,63,65,71] and references therein.
dPercentage of CdSs and CdS;0 based on best fit to PAC. Data from Refs [49,60,63,65] and
references therein.

¢ Lp = p-leucine.
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It was not possible to detect these two distinct species by ''*Cd NMR as the
interchange between the two occurs rapidly on the NMR timescale and instead a
single signal for the average species is observed. The faster timescale of PAC has
allowed the species to be observed directly and for us to distinguish between the
three structures, CdS;, CdS, or CdS;X.

3.2 Preparation of Pure CdS;0 Structures in Coiled Coils

Though Cd(II) was successfully coordinated to three thiol Cys side chains in the
hydrophobic interior of a designed three-stranded coiled coil, the fact that it was
bound as a mixture of CdS3; and CdS;0 was frustrating and lacked the control and
specificity of Biology that we had been striving to achieve. We therefore directed
our attention towards design strategies that would allow us to coordinate Cd(II)
as exclusively tetrahedral CdS;0. Not only would such a structure demonstrate the
potential behind de novo peptide design, but it would also allow us to investigate
the chemistry associated with coordinated water molecules. These are extremely
important in biological sites for enzymatic activity, notably in hydrolytic
metalloenzymes, and ultimately would allow us to investigate binding of small
substrate molecules to the metal center [56,57].

It was reasoned that a cavity could be generated adjacent to the metal binding
site by removing some steric bulk, and that this cavity could be hydrated, encour-
aging the formation of CdS;O (see Figure 7) [58—60]. This required replacement of
the Leu in position 12 (directly above the Cys at position 16) with a sterically less
demanding amino acid. Both Gly, a helix destabilizing, and Ala, a helix stabilizing,
amino acid were subsequently incorporated, to generate TRIL12GL16C and
TRIL12AL16C, respectively [61]. The Cd(II) coordination environment was
probed by ''>Cd NMR and resulted in single resonances at 572 and 574 ppm,
respectively [59]. As we had previously shown that ''*Cd NMR will not distinguish
between the two dynamic species, CdS; and CdS;0, Imeq PAC data was
recorded for ''"™Cd(TRIL12AL16C); . This confirmed that Cd(IT) was bound to
TRIL12AL16C as exclusively tetrahedral CdS;O as indicated by a signal due to a
single species with @, = 0.34 rad/ns (Figure 6b and Table 3) [59,60].

Introduction of a cavity directly below the Cys plane, e.g., TRIL16CL19A, binds
Cd(II) fully as a CdS;0 species as confirmed by '''™Cd PAC. However the PAC
data reported is ®, = 0.27 rad/ns, which is significantly different to that of 0.34 rad/
ns reported for CdS30 generated on binding Cd(II) to a peptide with the cavity
above the Cys plane, Cd(TRIL12AL16C);. Though both species are consistent with
a CdS;0 species, they must clearly differ in some way. Pb(II) binds to the three Cys
in aminolevulinic acid dehydratase (ALAD) by positioning itself slightly above the
Cys plane (Figure 8a) (termed exo) [62]. In contrast, we recently showed that
As(IIT) binds to three Cys in the interior of a three-stranded coiled coil, by binding



316 Peacock and Pecoraro

Figure 7 Proposed PYMOL model illustrating that the cavity generated on replacing the Leu
layer directly above the metal binding site with a sterically less demanding amino acid (e.g., Ala)
could more easily accommodate a coordinated water molecule. Shown are the main chain atoms
represented as helical ribbons (green), the Leu/Ala side chains in the hydrophobic core as space
filling spheres, the Cys side chains (stick form) with the thiol group (orange) coordinated to the
Cd(I) (violet) with a bound water (red).

below the Cys plane (Figure 8b) (termed endo) [48]. Cd(I) is an intermediate size
and, therefore, may be able to bind in either form. A 2D NMR structure of Cd(II)
bound to CmtR as CdS; in the endo form has been reported, see Figure 2 [21].
Based on these observations, it was proposed that the CdS;0 species with ®, =
0.34 rad/ns, corresponds to the exo form, and that with o, = 0.27 rad/ns, corres-
ponds to the endo form (Figure 8) [63]. Due to the smaller number of studies
on Cd(II)-peptide complexes which contain a contribution from the latter form
of CdS;0 (®, = 0.27 rad/ns), the remainder of this chapter will focus on the former
CdS;0 with m, = 0.34 rad/ns, observed for Cd(TRIL12AL16C); .

&' ??bl gi ﬁi
1 i i

Figure 8 Crystal structure showing coordination to three Cys of (a) Pb(Il) in an exo geometry
(PDB 1QNV) [62] and (b) As(IIl) in an endo geometry (PDB 2JGO) [48]. Models of CdS;0 bound
as (c) endo and (d) exo. Shown are the main chain atoms represented as helical ribbons (green), the
Cys side chains (stick form) with the thiol group (orange), the metal (violet) and bound water (red),
as spheres.

We have just seen how a cavity adjacent to the metal binding site results in the
formation of CdS;O. Intriguingly, introducing cavities at different positions in
the coiled coil also altered the extent of CdS;0 formation. A cavity two layers
above the Cys, TRIL9AL16C, resulted in the formation of a pure CdS;O species as
confirmed by both ''*Cd NMR (583 ppm) [59] and '''™Cd PAC (0, = 0.33 rad/ns)
[62]. In contrast, introduction of a cavity two layers below the Cys plane,



10 Natural and Artificial Proteins Containing Cadmium 317

TRIL16CL23A, resulted in the formation of a more CdS; species as determined
by '"*Cd NMR (643 ppm) [59] and '''™Cd PAC (55% o, = 0.34 rad/ns and 45%
®, = 0. 45 rad/ns) [63]. Without crystallographic data it is challenging to elucidate
the causes of these subtle differences, however, they are most likely the result of
modifications to the packing of Leu side chains in the hydrophobic core and more
specifically adjacent to the metal binding site. These changes could also be
the result of the subtle interplay between protein-fold stability and coordination
chemistry (vide infra).

TRIL16C binds Cd(IT) as a mixture of CdS; and CdS;0, however, due to the
timescales of ''*Cd NMR (0.01-10 ms) we observe a single resonance at 625 ppm.
In contrast the timescale of ''"™Cd PAC (0.1-100 ns) allows us to distinguish
between these two species. Therefore we are able to conclude that the water (O in
CdS;0) exchange rate must be between 0.01-10 ps [63].

3.3 Preparation of Pure CdS; Structures in Coiled Coils Using
Non-coded Amino Acids

We next directed our attention to the more challenging task of preparing a
pure trigonal CdS; site within our coiled coils. We reasoned that if removing
steric bulk above the Cys plane increased the coordination number of the Cd(II)
that the introduction of steric bulk may reduce the coordination number. Unfortu-
nately Leu is one of the most sterically demanding of the coded amino acids,
however, an advantage of de novo peptide design, is that we are not limited to
these 20 amino acids. Initial studies involved introducing the sterically demanding
synthetic amino acid, hexafluoroleucine (Hfl), in which the hydrogen atoms on the
side chain are replaced with fluorine atoms. The observation of a chemical shift at
574 ppm for pure CdS;0 and at 625 ppm for a 60:40 mixture of CdS;0:CdS,,
suggests that we would expect to observe a resonance downfield of 625 ppm for
pure CdS;. Extrapolating these two values, predicts a resonance at 698 ppm for pure
CdS; with no contribution from CdS;0 [60]. Surprisingly ''*Cd NMR of '*Cd
(TRIL12HAIL16C)5 resulted in a shift towards CdS;O as indicated by a shift from
625 ppm (TRIL16C) to 607 ppm in the ''*Cd NMR spectra [60].

The next approach involved introducing steric bulk directly into the metal
binding site. With this in mind, Cys was replaced with the non-coded amino acid
penicillamine (Pen), which can be considered as being the analogue of Cys in which
the B-methylene protons have been replaced with bulky methyl groups. Alter-
natively, one could consider Pen as being the thiol-containing analogue of Val.
Crystal structures of Pen within the interior of a three-stranded coiled coil (Figure 9)
confirm that both these interpretations are correct [64]. The Cd(II) coordination
environment of the resulting complex, ”3Cd(TRIL16Pen)3’, was probed by ''*Cd
NMR and resulted in single resonances at 684 ppm, which is extremely close to the
earlier predicted value of 698 ppm for pure CdS; (Figure 6¢) [60]. '''™Cd PAC
of '""™Cd(TRIL16Pen); , confirmed that Cd(IT) was bound as exclusively trigonal
planar CdS; (100% o, = 0.45 rad/ns) (Figure 6¢ and Table 3) [59,60]. Based on the
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crystallographic evidence for Pen [64], it is thought that the exclusion of water from
the CdS; site, is not as a result of the restricted water access due to the bulky methyl
groups. Instead it is thought that these restrict the rotation of the Pen ligand such
that the thiol groups are more rigidly pre-organized for metal binding, and that the
methyl groups enhance the packing of the Leu layers above and below the Cd(II)
plane, preventing water access [64].

Figure 9 Model for the difference electron density of CoilSerL16Pen using either (a) Cys or
(b) Val as a model for the non-coded for amino acid penicillamine (Pen) in the interior of a three
stranded coiled coil. Shown is a top down view from the N-terminus of the three-stranded coiled coil
(PDB 3HS5F) during the building of the Pen side chain [64]. The 2F,-F. map (blue, contoured at
1.50) and F,-F. map (green, contoured at 3c) after one round of refinement, show that the density
for the methyl groups (at the position of the B-methylene protons) is missing for the Cys model, as is
the thiol group when Val is used. The other amino acid side chains have been omitted for clarity.

In order to evaluate if CdS; coordination was a result of using Pen as the
coordinating ligand, we set out to prepare a CdS;0 site using Pen. Using the same
strategy as described earlier, by generating a cavity directly above the Pen plane
(TRIL12AL16Pen), coordination of Cd(II) as exclusively CdS30 could be achieved
using Pen. Both '">Cd NMR (chemical shift of 583 ppm) and '''™Cd PAC (100%
®, = 0.34 rad/ns) confirmed a fully CdS;O site for Cd(TRIL12AL16Pen); [63].

Though we had successfully achieved a fully three-coordinate CdSj; site, our
goal had been to prepare this with Cys. We reconsidered our approach to intro-
ducing steric bulk above the Cys plane, and reasoned that by redirecting the Leu
side chain towards the Cys site (Figure 10), by use of the p-amino acid, we should
exclude water binding [65]. The peptide TRIL12LpL16C (Lp = p-Leucine) was
prepared and the p-Leu was found to be tolerated and resulted in a well folded
coiled coil. This itself was an interesting observation as little to nothing had been
reported on the influence on protein structure and stability of p-amino acid substi-
tution into a coiled coil form with L-amino acids. This mixed chirality construct was
found to bind ''*Cd(II) with a single ''>*Cd NMR chemical shift of 697 ppm [65],
which is almost identical to that predicted earlier for 100% CdS; (698 ppm) [60].
Imcd PAC confirmed the binding site as pure CdS; (o, = 0.46 rad/ns) [60]. We
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have called these peptides, which contain all L-amino acids as well as a b-amino
acid in the primary sequence, “diastereopeptides”. Though the p-Leu is a non-coded
amino acid, the alignment of the Leu side chain towards the C-terminus rather than
the N-terminus, would be reproduced in an antiparallel coiled coil or peptide fold.

Leu
Leu

Cys

Leu

L-Leucine D-Leucine

Figure 10 Cartoon representations illustrating the effect of altering the chirality of the Leu amino
acid in the layer directly above the metal binding Cys plane. Reorientation of the Leu side chain
serves to increase the steric bulk directly above the Cys ligands, preventing water access and
resulting in Cd(II) binding as CdS;.

3.4 Preparation of CdS, Systems in Coiled Coils

Many Cd(II) sites in biological systems are thought to involve the coordination of
four thiol ligands (metallothioneins and CadC, vide supra) and we therefore set
out to design o-helical scaffolds capable of coordinating Cd(II) as tetrahedral
4-coordinate CdS,. Our current designs based on TRI offer a maximum of three
Cys side chains for metal ion coordination. We decided to incorporate a double Cys
site, with no intervening Leu layers, using an a-helix as the scaffold. This can be
achieved by replacing two Leu residues in adjacent a and d sites on the same face of
the a-helix, with Cys. For example, one could replace an a site followed by a d site,
to generate a C,-X-X-C4 type sequence (where X = any amino acid). Alterna-
tively, one could replace a d site followed by an a site, to generate a Cy4-X-X-X-C,
type motif. Intriguingly, only the C,-X-X-C4 sequence is commonly found in
proteins, while the Cy-X-X-X-C, sequence is only rarely observed. Two peptides
based on TRI were subsequently prepared to allow us to compare Cd(II) chelation
by the C,-X-X-C4 (TRIL9CL12C) and C4-X-X-X-C, (TRIL12CL16C) motif,
respectively, and to try to establish why the latter sequence is so uncommon [66].

The incorporation of two adjacent Cys sites with no intervening Leu layers is a
relatively destabilizing modification. The substitution of two adjacent Leu residues
in Ogawa’s C16C19-GGY (C,-X-X-C4) two-stranded coiled coil, generated a
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disordered random coil in solution [67,68]; however, a related peptide was found to
be more tolerant of this substitution [69]. Similarly, the C,-X-X-C4 and Cy4-X-X-X-
C, modifications to TRI, TRIL9CL12C, and TRIL12CL16C, are also destabilizing
and result in a mixture of two- (major species) and three-stranded (minor species)
coiled coils in solution [66].

A UV-visible spectroscopy titration of Cd(II) into buffered solutions of either
C16C19-GGY (pH 5.3) or TRIL12CL16C (pH 8.5), results in the linear increase
in the LMCT at 238 nm, which both plateau at 1 equivalence of Cd(II) per
two strands of peptide monomer [66,67]. However, the extinction coefficients of
14920 M~ em ™, for Cd(II) bound to TRIL12CL16C, is more consistent with three
rather than four thiolates bound to Cd(II) [49,66,70]. While the analogous experi-
ment performed with TRIL9CL12C resulted in similar spectra, the linear increase
in absorbance at 241 nm plateaus initially at 0.3 equivalence Cd(II), more consis-
tent with a three- rather than a two-stranded coiled coil, but then increases again
until 0.6 equivalence.

"3Cd NMR showed the formation of a single resonance at 560 ppm, on addition
of 3Cd(II) to TRL12CL16C which contained the Cy4-X-X-X-C, motif. However,
the value of 560 ppm is not consistent with either CdS, or CdS;, but is in the range
expected for a CdS;0 type coordination environment. '''"™Cd PAC for Cd(II)
bound to TRIL12CL16C results in one clear signal with ®, = 0.38 rad/ns [66],
which is most similar to the ®, = 0.34 rad/ns previously assigned to CdS;0 [60],
however, this site appears to be more distorted. The current working model is of
CdS;0 coordination within a two-stranded coiled coil.

An analogous experiment performed with TRILOCL12C, results in the formation
of two resonances at 650 and 630 ppm, which could be consistent with CdS,, CdSs,
CdS;X or a dynamic mixture of these. Though Cd(II) coordination is clearly
different to C,-X-X-C4 (TRIL9CL12C) and C4-X-X-X-C, (TRIL12CL16C), the
amplitude of the NMR resonances are highest at 1 equivalence of ''>Cd(II) per two
strands of peptide monomer, which would be consistent with a predominantly two-
stranded coiled coil. A large frequency spread was detected by '''™Cd PAC, which
is consistent with a flexible metal binding site, with @, = 0.14 rad/ns [66]. This is
clearly different to the values of ®, obtained for CdS;0 or CdS;, and was best fitted
to a CdS, type species [66]. Here the working model is of CdS, as part of both a
two-stranded coiled coil (both Cys from each a-helix) and a three-stranded coiled
coil (both Cys from one o-helix, and a single Cys from the two remaining
a-helixes). These studies illustrate that this de novo approach can achieve a desired
CdS, structure, but also illustrate a design flaw in that the resultant peptides are
highly symmetrical because they are homotrimers. Future work is necessary to
develop heterotrimeric coiled coils with different amino acid sequences in order
to achieve more closely environments found in native proteins.

3.5 Design of Coiled Coils Containing Multiple Cd(II) Sites

We are ideally placed to take advantage of the various Cd(Il) sites we have been
able to design into the interior of a coiled coil, to answer important questions
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concerning metalloprotein coordination chemistry. Do a and d type sites differ
significantly when in close proximity to one another? Can a metal ion discriminate
between two extremely similar sites in close proximity to one another? Would two
adjacent metal ion sites communicate with one another? Is binding of two metal
ions cooperative? Are coordinatively unsaturated CdS; or tetrahedral CdS;0 sites
preferred?

The peptide TRILICL19C was prepared in order to answer questions concerning
preferences for two extremely similar Cd(II) sites, with the a (9) and the d (19)
sites differing only in a very subtle shift in the positions of the Cys side chains.
In the designed peptide, TRILIOCL19C, the two sites are in very close proximity
(15-16 A), being separated by only two hydrophobic Leu layers. Cd(II) was found
to bind selectively to the a site, as confirmed by ''>*Cd NMR (615 ppm), 2D NOESY
and CD [50]. Only once this site is fully occupied does the second equivalent of
Cd(II) bind to the d site, as again confirmed by ''*Cd NMR (623 ppm) (Figure 11),
2D NOESY, and CD [50]. These observations are consistent with the higher affinity
of Cd(II) for TRIL16C (a site) compared to TRIL12C (d site) [49], and are thought
to be the result of the more pre-organized metal binding site generated by the
Cys side chains in an a site. However, what was not necessarily predicted, was
the observation of two distinct resonances at 615 and 623 ppm for the ''*Cd NMR
of the fully loaded Cdz(TRIL9CL19C)%’ [50]. These are extremely similar
to their analogous monosubstituted peptides Cd(TRIL9C); (615 ppm) [28] and
Cd(TRIL19C); (627 ppm) [71], indicating that these two sites are capable of
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2.0eqCd

615 ppm
l.1eqCd

Figure 11 ''*Cd NMR

spectra for the titration of

1I3Cd(lI) into a solution of

TRILOCL19C, at pH 8.5.

"3Cd(11) binds initially to the 0.9eq Cd
a site (615 ppm) and only
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3Cd(11) bind to the d site
(623 ppm). Reprinted with v v v T T v v

copyright 2012 American . .
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behaving independently. The observation of two distinct resonances, as opposed to
an average resonance, provides evidence that there is no significant metal exchange
between the two sites on the NMR timescale. Importantly, site-specific metal
binding has been achieved between two extremely similar metal ion sites in a
relatively short peptide sequence (30 amino acids).

Cd(I) bound to either the a or d site in the previous example, are bound as a
mixture of CdS; and CdS;0. A more challenging design would be to prepare a
coiled coil capable of binding two equivalents of Cd(II) to two distinct sites, one as
exclusively CdS; and the other as exclusively CdS;O. Initial efforts to prepare two
such sites within TRI were unsuccessful due to peptide instability and it was
necessary to revert to GRAND which contains one additional heptad compared to
TRI (Table 1) [72]. The additional heptad not only provides a longer peptide
sequence so that the two sites could be designed further removed from one another,
but also provides a ca. 5 kcal mol™' enhancement in stability due to the additional
stabilizing hydrophobic layers and salt bridges provided by the fifth heptad [72,73].
This is important when one considers the number of hydrophobic Leu layers which
need to be interrupted in order to achieve our design. The non-coded amino acid
Pen was used to generate a 3-coordinate site towards the N-terminus end of the
peptide (position 16). A Cys with an adjacent cavity (generated by replacement of
Leu with Ala), was introduced towards the C-terminus (position 30) in order to
generate the 4-coordinate site. The resulting peptide, GRANDL16Penl.26AL30C,
was found to successfully sequester Cd(II) to the two sites as exclusively CdS; (16
site) and CdS;O (30 site). The first equivalent of '">Cd(II) occupied the 4-
coordinate CdS;0 site (588 ppm) and only once this site was fully loaded did the
second equivalent of ''*Cd(IT) bind to the 3-coordinate CdS; site (687 ppm) [74].

A second design strategy retained the same 4-coordinate site in position 30, but
utilized the repositioning of the Leu side chain (p-Leu) directly above the Cys site,
to generate the 3-coordinate CdSj site. The resulting peptide, GRANDLI12L5-
L16CL26AL30C, provides an opportunity to establish Cd(I) preferences for bind-
ing to the Cys residue as exclusively CdS; or CdS;0. These two sites offer identical
first coordination sphere ligands, Cys residues in an a site, and differ only in the
nature of the second coordination sphere (non-coordinating) residue in the layer
directly above the Cys plane. ''>*Cd NMR again supported the selective binding of
the first equivalent of ''*Cd(II) to the 4-coordinate site with the appearance of a
single resonance at 589 ppm. The second equivalent resulted in the appearance of
a second distinct resonance at 690 ppm [65]. These results together with those for
GRANDL16PenL.26AL30C confirm the higher preference for the formation of
CdS;0 rather than CdS;. Furthermore, water exchange between these two sites, if
any, must occur slower than the NMR timescale. Peptides that can coordinate two
equivalences of the same metal ion, to two distinct sites, but with different coordi-
nation geometries and consequently different physical properties (vide infra), are
called “heterochromic” peptides. We liken this scenario to that of a face (coiled
coil) with two eyes (metal ions) but with different colors (coordination geometries
and physical properties).
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We then turned our attention to the design of coiled coils capable of binding two
equivalents of Cd(II) both as exclusively CdS3, or CdS;0, in an effort to determine
whether, as opposed to the coordination number, the position of these sites within a
coiled coil played an important role. Two CdS;0 sites were prepared at either
end of GRAND by replacement of the Leu directly above the metal binding Cys
site with Ala. The designed peptide, GRANDL12AL16CL26AL30C, bound two
equivalents of ''*Cd(IT) with ''*Cd NMR chemical shifts at 589 and 572 ppm. Both
these chemical shifts and '''"™Cd PAC data are consisted with fully bound CdS;0
indicating that a single peptide capable of binding two 4-coordinate Cd(II) has been
successfully designed [75]. The two sites, which are three layers apart and separated
by two layers of hydrophobic Leu, behave independently from one another as the
chemical shifts of the sites are not sensitive to the metallation state of the other
site. Intriguingly, one CdS;O site, confirmed by 2D NOESY as the 16 position,
is populated at a much lower pH (pK,, 11.8) than the second site at position
30 (pKa2 13.9) [75]. However, at pH values where both sites are capable of fully
binding Cd(II) as CdS;O, selectivity is not observed for one site over the other [75].

Our next goal was to design a peptide capable of coordinating two equivalents of
Cd(II) exclusively as CdS; in GRAND using Pen. It was necessary to position both
Pen far from either the N- or C-terminus, as fraying of the coiled coil would result
in water access to the Pen sites and a contribution of CdS;0 to the final species.
Pen residues were subsequently introduced at positions 16 and 23; however, it was
necessary to incorporate an Ile at position 26 to enhance packing and prevent
fraying of the coiled coil towards the C-terminus. GRANDL16PenL.23PenL.261
was capable of coordinating two equivalents of ''*Cd(II) resulting in two distinct
resonances with chemical shifts of 666 and 678 ppm [75]. Though these are clearly
predominantly CdS;, they do in fact represent a mixture with a significant CdS;0
contribution (20-30%). These sites are separated by a single Leu layer which is less
effective at packing than Ile, therefore the Leu in position 19 was replaced with Ile
in order to enhance the packing in the single separating layer. The resulting peptide,
GRANDL16PenL19IL.23PenL.261, was now found to be capable of coordinating
two ''3Cd(II) with more CdS; character, as indicated by two distinct resonances
with chemical shifts at 686 and 681 ppm [75]. These two sites, however, do not
behave independently of one another. ''*Cd(IT) bound to the 681 ppm site appears
to be sensitive to whether 113Cd(II) is bound to the second site (686 ppm) or not.
When the latter site is not fully bound, a resonance is instead detected for the first
site 10 ppm downfield at 691 ppm [75]. In contrast, the chemical shift of the second
site (686 ppm) appears to be unchanged irrespective of whether ''>Cd(II) is bound
to the first site (681 ppm) [75].

These systems have allowed us to study Cd(II) coordination to two “identical”
first coordination environments within the hydrophobic interior of a coiled coil.
Though the physical properties of the two sites are extremely similar in the
two examples above, they are not identical or fully independent of one another.
Factors contributing to these differences may lie in alternative packing of amino
acid side chains and the location of the site along the coiled coil.
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3.6 Complexation of Cd(Il) within Helical Bundles

The previous examples have all focused on structures generated by the aggregation
of three independent peptide strands into a three-stranded coiled coil. Unfortu-
nately, it is challenging to introduce asymmetry into these designed sites as they
rely on parallel homoaggregation. An attractive target is therefore to prepare a
single peptide chain that spontaneously folds into a three-helix bundle. The peptide
a3D developed by DeGrado and coworkers has been structurally characterized by
NMR spectroscopy (PDB code 2A3D) and found to fold into a counterclockwise
topology with the second a-helix antiparallel to the first and third o-helices of the
bundle [76]. A trigonal Cys site was prepared by introducing one Cys into each a-
helix toward the C-terminal end of the bundle in a relatively hydrophobic environ-
ment (Table 1 and Figure 12).

Figure 12 Model of o;DIV
generated from the NMR
structure of ozD (PDB code
2A3D) [76]. Shown are the
main chain atoms represented
as helical ribbons (green), the
side chains (stick form) of His
at the C-terminus (nitrogen in
blue) and Cys (grey) with the
thiol group (orange) directed
towards the interior of the
three-helix bundle [77].

Cd(I) binding to this peptide, o3DIV, was monitored by the formation of the
characteristic LMCT transition at 232 nm with a molar absorption coefficient of
18200 M~! cm™! at pH 8, consistent with three Cys bound to Cd(II) [77]. Titration
data confirmed a binding ratio of one Cd(II) per single strand of o3DIV as well as a
binding constant of 2.0 X 107 M7 [77]. '3Cd NMR of "*Cd(a3DIV)~ has two
resonances at 595 (major) and 583 (shoulder) ppm, both of which would be
consistent with predominantly CdS;O sites [77]. '''"™Cd PAC confirmed that one
signal is the result of 4-coordinate CdS;0 [77] but showed that the second species is
best described by a four coordinate CdS3;N (o, = 0.17 rad/ns), where N corres-
ponds to the His side chain towards the flexible C-terminus, which is in close
proximity to the metal binding site (Figure 12) [77]. Definitive correlation of the
'3Cd NMR signals to these two different structures awaits further experimentation.

A trigonal thiol Cd(IT) binding site has been successfully engineered into a three
helix bundle and it displays very similar spectroscopic properties to the analogous
sites engineered in to the three stranded coiled coils based on TRI and GRAND,
described previously. These helical bundles now offer significant advantages to
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explore asymmetric metal binding sites, which are more common in biology and
are crucial in order to introduce important second coordination sphere residues for
catalysis.

4 Physical Properties of Cd(II) in Thiolate Proteins

In the previous sections it has become apparent that Cd(II) thiolate complexes can
be readily studied by a number of techniques. The S™ to Cd(Il) LMCT transitions
observed by UV-visible and circular dichroism spectroscopy, provide a readily
accessible technique for studying these systems. It has become apparent that both
"3Cd NMR and ''"™Cd PAC spectroscopy are powerful tools with which to study
these sites. Metal ion affinity, solvent exchange rates and pK, for Cd(I) binding are
related to the nature of the coordination site as well as its location within the protein
fold. This section will focus on the relationships that have been established between
the physical properties of the Cd(II) thiolate site and the nature of these sites, using
the three-stranded coiled coil family of de novo designed proteins.

4.1 Relationship between "'>Cd NMR Chemical Shift
and """ Cd PAC

The coiled coils based on TRI offer a unique opportunity to investigate the different
coordination geometries of a given metal (e.g., Cd(Il)) within a structure that
remains for the most part unchanged. By now the relationship between ''*Cd
NMR and coordination geometry for fully CdS; (700-675 ppm) or CdS;0
(570-600 ppm) sites, will be apparent [63]. Equally we have observed resonances
intermediate between these two extremes which correspond to a mixture of these
two species, e.g. a resonance at 625 ppm for ''*Cd(IT) bound to TRIL16C was
consistent with a mixed species consisting of 40% CdS; and 60% CdS;0 [49].
Assessing a large range of peptides based on TRI by both ''*Cd NMR and the
complementary ''"™Cd PAC, which was able to distinguish between the two
species due to the nanosecond timescale of the technique, demonstrated that a
linear relationship exists between ''>Cd NMR chemical shift and the % of CdS;
and % CdS;0 which have contributed to that signal (Figure 13) [63]. This linear
correlation can be extrapolated to predict a theoretical ''>*Cd NMR chemical shift
of 579 ppm for tetrahedral CdS3;0 and 702 ppm for trigonal planar CdS; [63].
The linear correlation reported is extremely significant as it allows the scientific
community to readily establish the % of CdS; and % CdS;O by the routinely
available technique of ''*Cd NMR. Though ''"™Cd PAC is increasingly gaining
recognition, it remains a more elusive technique for general users to take
advantage of.
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Figure 13 Plot illustrating the linear relationship between ''3Cd NMR chemical shift and the
percentage of 4-coordinate CdS;O as determined by '''"™Cd PAC spectroscopy. Reprinted from
[63] with permission from Wiley-VCH Verlag GmbH & Co. KGaA; copyright 2007.

Commonly in the literature ''>Cd NMR chemical shifts are assigned to very
specific coordination structures. These are often justified by the fact that the
reported chemical shift falls within the wide range of values one would expect
for this particular structure. However, the new linear correlation established
(Figure 13) suggests that the range of chemical shifts for a specific structure may
not be as wide as previously believed. Furthermore, it may be much more appro-
priate to refer to a coordination structure which is a dynamic model consisting of
multiple contributing species, rather than one static well defined structure.
For example the reported ''*Cd NMR chemical shift of 622 ppm for ''*Cd-CadC
along with the EXAFS determined Cd-S bond length of 2.53 A, resulted in that
system being assigned as CdS, [13]. However, based on our findings, it may be
more appropriate to describe this as a rapidly (on the NMR time scale)
interconverting mixture of CdS; and CdS;X, where X is a weakly associated thiol
from Cys;; or an exogenous water molecule. Ultimately '''"™Cd PAC data might
provide further insight into the structure of this metalloregulatory protein.

4.2 Relationship between Cd(Il) Coordination Geometry
and pH-Dependent Binding

The physical properties of bound Cd(II) are highly dependent on the coordination
environment and geometry. As previously mentioned, monitoring the characteristic
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Cd-S LMCT by UV-visible spectroscopy has allowed the binding properties of
various peptides to be determined in aqueous solution. Intriguingly, the CdS;0
complex, Cd(TRIL12AL16C)5, is fully formed at a significantly lower pH (ca. pH
7.5) compared to the CdS; complex, Cd(TRIL16Pen); , which requires a signifi-
cantly higher pH (ca. pH 9) in order to form fully [74]. The pH profiles were
recorded and the data were subsequently fit to a model for the simultaneous release
of two protons on binding Cd(II) to the three thiolates provided by the peptide
(equation 1) [28,45].

Cd|(peptide — H), (peptide)] "= Cd(peptide); + 2H" (1)

A pK,, value (release of two protons) of 12.2 was determined for Cd(II) binding
to TRIL12AL16C as CdS;0, whereas the higher value of 15.8 was obtained for the
binding of Cd(II) to TRIL16Pen as CdS; [74]. This same behavior was observed for
the binding of Cd(II) to the heterochromic peptide, GRANDL16PenL.26AL30C,
containing a distinct CdS; and CdS;O0 site. The first equivalent of Cd(II) binds to
the peptide as CdS;0 (as determined by the ''*Cd NMR chemical shift at 588 ppm)
with a pK,; value of 9.6 [74]. Once this site is fully occupied the second equivalent
of Cd(II) binds to the vacant CdS; site (indicated by the appearance of a ''*Cd
NMR chemical shift at 687 ppm) with a pK,, value of 16.1 [74]. These values are in
good agreement with those determined for Cd(II) binding to the analogous sites in
GRANDL26AL30C and GRANDL16Pen (Figure 14) [74].
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Figure 14 UV spectral changes associated with the pH titration for 2 equivalents of Cd(II)
binding to GRANDLI16PenL.26AL30C (circle), 1 equivalents of Cd(II) binding to
GRANDL16Pen (square) and GRANDL26AL30C (triangle). The pH-dependent binding to a 4-
coordinate CdS30 site occurs at a lower pH than for a 3-coordinate CdSj; site. Reprinted from [74]
with permission from Wiley-VCH Verlag GmbH & Co. KGaA; copyright 2007.
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Though Pen and Cys both provide a thiol ligand to the Cd(II) ion, they do differ
slightly in their basicity [78,79]. Pen contains methyl groups in place of the
-methylene protons from Cys, which could alter the pH at which the thiols bind
to Cd(Il). Questions concerning whether the pK,, is intrinsically the result of
the metal coordination geometry or the nature of the coordinating ligand, can be
answered by preparing a 4-coordinate CdS;0 site with Pen and a 3-coordinate CdS;
site with Cys. Both of these have previously been prepared using peptide design.
TRIL12AL16Pen was confirmed by both ''*Cd NMR and '''™Cd PAC to bind
CddI) as fully CdS;0. The pK,, associated with Cd(II) binding to the three thiols of
Pen as CdS;0 was determined to be 12.7, which is extremely similar to the value
of 12.2 determined for CdS;0 coordination to Cys. TRIL12LpL16C was designed
and experimentally shown to bind Cd(II) to Cys as fully bound CdS;. The pK,,
associated with Cd(II) binding to the three thiols of Cys as CdS; was determined
to be 15.1 [65], which is also extremely similar to the value of 15.7 determined for
CdS; coordination to Pen. These comparisons suggest that the shifts in the pK,,
of binding is due primarily to the resulting Cd(II) coordination geometry, although
the alkyl substitution for the penicillamine ligand appears to push up the observed
pKa2 by 0.5 to 0.6 units in either coordination geometry.

TRIL16C, which binds Cd(II) as a mixture of 40% CdSs and 60% CdS;0 [49],
sequesters Cd(II) with a pK,, of 13.4. This value is consistent with ca. 40%
contribution of a pK,, of 15.8 for CdS; and a 60% contribution of a pK,, of 12.2
for CdS;0. This intermediate pK,, suggests that it is also an indication of the
speciation of the Cd(II) site. Therefore, one should be able to establish a correlation
with data obtained from '''"™Cd PAC. Alternatively, as the relationship between
'Imcd PAC and ''*Cd NMR has already been established, a linear correlation of
pKaz versus "3Cd chemical shift, as an indication of % CdS;0 (or % CdSs), can be
plotted (Figure 15) [63]. Once again this correlation could prove very useful in
interpreting Cd(II) thiolate sites in metalloproteins. Both of the correlations
established (Figures 13 and 15), suggest that a Cd(Il) site within a protein type
environment, which displays rapid ligand exchange (e.g., coordinated water), can
display an average of the physical properties displayed by the two exchanging
species (e.g., ''*Cd NMR chemical shift and pK,, of binding). Again this is
important to consider when assigning a particular structure based on experimentally
obtained physical properties, as these could be the result of multiple contributing
dynamic structures.

The pK,, versus ''*Cd chemical shift correlation is independent of the position
of the Cd(II) binding site within the coiled coil (for Cys in an a site), as the pK,,
assigned to the binding of Cd(II) to peptides such as TRIL9C and TRIL23C, all fall
on the linear correlation (Figure 15). Furthermore, the correlation is not limited to
TRI. Peptides which are both shorter (BABY), more weakly self-associated, and
longer (GRAND), more highly self-associated, all agree reasonably well with the
trend. Finally, Cys-containing analogues of CoilSer, a related three-stranded coiled
coil with a slightly different primary amino acid sequence, also behave in a similar
way. This linear correlation is, therefore, more widely applicable and could find
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Figure 15 Plot illustrating the linear relationship between ''>*Cd NMR chemical shift and the
pK., for the formation of Cd(peptide); [63].

significant use in interpreting coordination geometries in metalloproteins and
enzymes, as well as the resulting chemistry associated with the fourth coordinating
ligand, at the active metal ion site. However, before this analysis can be fully
utilized, a similar study examining the behavior of thiolate deprotonation from
cysteines in d sites must be completed.

The large spread of pK,, values for the formation of CdS;0O, which ranges from
9.6-13.3, is thought to be the result of varying self-association affinities of the
peptides that sequester Cd(I) as CdS;0 [63,74]. As discussed earlier, the introduc-
tion of an additional heptad results in a higher self-association energy by ca.
5 kcal mol™ per coiled coil (i.e., GRAND versus TRI versus BABY) [72,73].
The substitution of hydrophobic Leu layers within the interior of the coiled coil
leads to additional destabilization, ca. 6-7 kcal mol™" [72,73]. The data suggests
that the pK,; is dependent on formation of the binding site, i.e., a lower pK,,
is determined for peptides which are fully folded into coiled coils at a low pH.
The lowest pK,, values are determined for peptides based on GRAND and with a
minimum number of Leu substitutions, such as GRANDL12AL16C. In contrast,
higher pK,, values are determined for peptides with a low self-association affinity.
These conclusions are consistent with there being less variability concerning
the pK,, of a CdSj; site, as at the higher pH values required for CdS; formation,
the majority of peptides are fully folded.
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4.3 Influence of Peptide Self-Association Affinity
on Cd(Il) Binding

Efforts have been directed to use de novo peptide design of various peptide folds of
varying stability and to investigate metal ion binding to these. These systems should
allow questions concerning the origin of the resulting metal coordination geometry
and affinity, to be answered. Is this the result of the metal ions intrinsic coordination
geometry preference or a result of the peptide scaffold enforcing an otherwise less
favorable and often distorted geometry on the metal ion? How does the association
affinity of the protein or designed peptide in the absence of a metal ion relate to the
metal ion binding affinity? How does it relate to its ability to enforce an otherwise
less favorable coordination geometry on the metal ion?

In order to answer questions like these, a number of peptides were designed with
varying self-association affinities. As previously described, the introduction of an
additional heptad results in the formation of additional hydrophobic and salt-bridge
stabilizing interactions, thereby stabilizing the coiled coil by ca. 5 kcal mol™
[72,73]. Various derivatives of GRAND (vide supra) have already been described.
Likewise, the reduction in the number of heptads in the peptide sequence, such
as BABY (Table 1), which contains one heptad less than TRI, significantly
destabilizes the peptide fold. Furthermore, the reduction of an additional heptad,
MINI contains only two heptad repeats in the sequence, destabilizes the coiled coil
even further [72]. Similarly, the replacement of hydrophobic Leu residues with
smaller and less hydrophobic amino acids (e.g., Cys, Pen, Gly, Ala, p-Leu)
destabilizes the peptide fold further. Using these negative design principles it was
possible to prepare a range of peptides with varying degrees of self-association
affinity in the absence of metal ions. The binding constants of these peptides to
Cd(I) were then determined and found to be linearly related to the peptide self-
association affinity (Figure 16) [72]. These studies demonstrate that one can
use peptide self-association affinity, in de novo peptide design, to increase the
effective concentration of thiol ligands at the metal binding site, and that the peptide
structure in the absence of metal ions dictates the final coordination geometry.

A large spread of pK,, values, ranging from 9.6-13.3, is obtained for the
formation of CdS;0 (Figure 15) [63]. This large range is thought to be the result
of varying self-association affinities of the different peptides that have been
designed to sequester Cd(IT) as CdS;0. The experimental data suggests that the
pK; is dependent on formation of the binding site, i.e., a lower pK,, is obtained for
peptides that are fully folded into coiled coils at a low pH. The lowest pK,, values
have been determined for peptides based on GRAND and with a minimum number
of Leu substitutions, such as GRANDL12AL16C. In contrast, higher pK,, values
are measured for peptides with lower self-association affinities. These conclusions
are consistent with there being less variability concerning the pK,, of a CdSj site.
This is due to the fact that the majority of the peptides investigated will be fully
folded at the higher pH values required for CdS; formation.
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4.4 Metal Ion Exchange Rates into Helical Systems

Surprisingly, little is known about the pathways involved in metal binding and
release in metalloproteins. In particular, there is a lack of information concerning
the exchange rates of metal ion insertion in metalloregulatory proteins. Unfortu-
nately, the natural proteins are extremely complex, and individual factors that
contribute to the process of metal ion insertion, can be too challenging to identify.
It was, therefore, proposed that the helical bundles described here, for which the
Cd(I) coordination chemistry is well understood, could be used as models that help
clarify some of these questions, and in particular could represent models for Cd(II)
insertion into the repressor proteins CadC/CmtR.

Studies were initiated with GRANDL12AL16C and GRANDL26AL30C, which
have both been found to bind Cd(Il) as exclusively tetrahedral CdS;0, differing
only in the location of the site within the helical coiled coil. The Cd(II) binding site
in GRANDL12AL16C is located in the center of the coiled coil, yet that in
GRANDL26AL30C is located towards the C-terminus with only one hydrophobic
Leu layer between the Cys site and the bulk solvent. These two sites behave
extremely similar to one another, differing only in that Cd(II) populates the site
at the 30 position at a much lower pH (pK,; 9.9) than that at the 16 position (pK,
11.3) [75].
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Titrations of Cd(I) into a solution of GRANDLI12AL16C at pH 8.5 was
monitored by '">Cd NMR spectroscopy. In the presence of 1.0 equivalent
113Cd(NO3)2 a single resonance was observed at 572 ppm. On addition of a further
0.5 equivalents ''*>Cd (1.5 equivalents total), a slight broadening of the peak was
observed, however, there was no change to the chemical shift or the presence of
additional resonances [80]. The gradual stepwise addition of BCd(NO3), to
GRANDL26AL30C from 0.2 to 0.8 equivalents, resulted in the gradual increase
in intensity of a single resonance at 587 ppm [80]. On addition of 1.0 equivalent
"3Cd a slight decrease in intensity was detected, however, this was not
accompanied by any line broadening. On further addition of ''*Cd(II) the peak
broadened significantly, so that by 1.7 equivalents it had broadened beyond detec-
tion. These results are consistent with metal binding which is dependent upon the
position within the coiled coil. Notably a kinetically more labile site is generated
towards the C-terminus of the peptide, which due to the single Leu layer in position
34 and peptide fraying, is more exposed to the bulk solvent. The different kinetic
behavior of ''*Cd(II) binding to the two sites is maintained for the dual site peptide
GRANDLI12AL16CL26AL30C, with the L26 AL30C site being more dynamic than
the L12AL16C site.

Mathematical modeling of the exchange process was not consistent with a two-
site slow exchange mechanism, but was found to be consistent with a multi-site
exchange mechanism. This involves several ''*Cd(II) binding sites on the surface
of the peptide which destabilize the peptide fold and alter the chemical shift of
the ''*Cd(II) bound to the three thiol chains in the hydrophobic interior. The
proposed model (Figure 17) was further confirmed by studying ''*Cd(II) binding
to a mutant GRANDL26AE28QL30C. The Glu (E) in position 28 is normally
involved in forming stabilizing salt bridge interactions with the Lys (K) of an
adjacent o-helix, but has been replaced with a Gln (Q) residue. The Bedan is
thought to bind to the Glu adjacent to the metal binding site, thereby destabilizing
the coiled coil. The destabilized structure is able to operate by a “breathing”
mechanism whereby the ''*Cd(II) is subsequently coordinated by a single Cys
residue which adopts a rotamer which is directed towards the a-helical interface.
The ''3Cd(II) is then internalized into the hydrophobic interior and finally coordinated
by the two remaining Cys side chains. The new mutant GRANDL26AE28QL30C
lacks the necessary Glu for internalization of 113Cd(II) in this manner, and it was
found that a significantly larger equivalent of ''*Cd(I) (>2.1) was needed for
complete broadening of the NMR signal compared to GRANDL26AL30C which
contained the necessary Glu residue.

These studies have investigated the insertion of 3¢d(10) as tetrahedral CdS;0 to
Cys. Similar experiments were performed for ''*Cd(II) binding to GRANDL16-
PenL191L.23Penl.261, which sequesters 2.0 equivalents of 113Cd(II) both as trigonal
CdS;, as indicated by two '?Cd NMR resonances at 681 and 686 ppm [75].
Intriguingly, the addition of excess ''*Cd(II) does not cause broadening of either
resonance [80]. The two Pen sites are located at position 16 and 23 of the coiled coil,
as opposed to position 30 for the dynamic four-coordinate CdS;O site, and further
removed from the fraying termini and bulk solvent. The coiled coil is more stable due
to the improved packing of the hydrophobic core due to both the Pen methyl groups
and the inclusion of Ile residues in place of Leu at positions 19 and 26. Therefore,
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Figure 17 A cartoon representation of a model for five species (P, O, R, S, and free Cd) which
contribute to the binding of Cd(II) to the internal Cys; site within the hydrophobic interior of a
three-stranded coiled coil. Initial binding to external Glu residues occurs directly prior to internal-
ization. Shown are Cd(II) (green), Cys thiol (yellow), Glu oxygen (red), and Lys amine groups
(blue) represented as circles. Reprinted from [80] with permission from the American Chemical
Society; copyright 2012.
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the binding of ''*Cd(II) to the Glu side chain is much less destabilizing that for
the peptides studied capable of coordinating ''*Cd(II) as CdS;0. Furthermore, the
nature of the Pen ligand with the bulky methyl groups, is likely to restrict rotation of
the thiol group towards the a-helical interface, which is required for the insertion
mechanism described here. Investigation of the binding of ''*Cd(II) to a Cys ligand
as trigonal CdS;, e.g., GRANDLI2LKL16C, could allow for confirmation as to
whether these differences are due to the packing of the hydrophobic core, i.e., the
overall stability of the coiled coil, and the restricted rotation of the Pen ligand, or
if it is due to the more unlikely scenario of an intrinsic CdS3 property.

5 General Conclusions: Lessons for Understanding
the Biological Chemistry of Cd(II)

The success of the relatively simple coiled coil systems described in this chapter,
demonstrates that the large and complex biological architectures found in natural
systems may not be entirely necessary in order to display a high degree of
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specificity and control of coordinated metal ions. The selectivity and coordination
geometry (often distorted or coordinatively unsaturated) of metal ion sites in natural
systems is often crucial in order to display the correct function (e.g., structural) or
activity (e.g., catalytic). Furthermore, important structure-function relationships
can be established with these systems, which subsequently can be used to evaluate
natural systems, through systematically correlating chemical observations with
modifications to the designed structure.

We hope that this chapter has illustrated the opportunities afforded by de novo
design of metallopeptide architectures, and how our efforts to date have been
directed towards gaining further understanding about the roles of metal ions in
biology. From this we believe that it will be possible to understand how this
chemistry might relate to their biological functions, to understand the mechanisms
behind heavy metal toxicity and ultimately we expect to harness this knowledge
to design synthetic metalloenzymes [81], for novel industrial or biomedical
applications.

Abbreviations and Definitions

For the definition of the peptides see Table 1.

Ala alanine

ALAD aminolevulinic acid dehydratase
Asp aspartic acid

CD circular dichroism

Cys cysteine

EXAFS extended X-ray absorption fine structure
Glu glutamic acid

Gly glycine

His histidine

Hfl hexafluoroleucine

Ile isoleucine

Leu leucine

LMCT  ligand-to-metal charge-transfer
Met methionine

NOESY nuclear Overhauser effect specroscpy
PAC perturbed angular correlation
PDB Protein Data Bank

Pen penicillamine

NMR nuclear magnetic resonance
3SCC three-stranded coiled coil

Ser serine

Val valine
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Abstract Metallothioneins (MTs) are low-molecular-mass cysteine-rich proteins
with the ability to bind mono- and divalent metal ions with the electron
configuration d’’ in form of metal-thiolate clusters. MTs are thought, among others,
to play a role in the homeostasis of essential Zn(II) and Cu(I) ions. Besides these
metal ions also Cd(II) can be bound to certain MTs in vivo, giving rise to the
perception that another physiological role of MTs is in the detoxification of
heavy metal ions. Substitution of the spectroscopically silent Zn(II) ions in
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metalloproteins by Cd(II) proved to be an indispensable tool to probe the Zn(II)
sites in vitro. In this review, methods applied in the studies of structural and
chemical properties of Cd-MTs are presented. The first section focuses on the
physical basis of spectroscopic techniques such as electronic absorption, circular
dichroism (CD), magnetic CD, X-ray absorption, and perturbed angular correlation
of y-rays spectroscopy, as well as mass spectrometry, and their applications to
Cd-MTs from different organisms. The following is devoted to the discussion of
metal binding affinities of Cd-MTs, cluster dynamics, the reactivity of bound Cd(II)
ions with metal ion chelators and of thiolate ligands with alkylating and oxidizing
agents. Finally, a brief summary of the known three-dimensional structures of
Cd-MTs, determined almost exclusively by multinuclear NMR techniques, is
presented. Besides Cd-MTs, the described methods can also be applied to the
study of metal binding sites in other metalloproteins.

Keywords circular dichroism e electronic absorption ¢ electrospray ionization
mass spectrometry ¢ magnetic circular dichroism ¢ metal-thiolate cluster structures
» metallothionein ¢ perturbed angular correlation of y-rays spectroscopy ¢ X-ray
absorption spectroscopy

1 Introduction

Metallothioneins (MTs) is a collective name for ubiquitous low-molecular-mass metal
binding proteins (usually <10 kDa). The designation MT reflects a high cysteine
sulfur and metal content ranging between about 10-30% (w/w). These proteins have
been isolated from vertebrates, invertebrates, plants, eukaryotic microorganisms, and
prokaryotes [1]. MTs are intracellular proteins, but in higher organisms they can also
occur in extracellular space such as blood plasma and cerebrospinal fluid, suggesting
that they may play different biological roles depending on their localization. The first
MT was discovered by Margoshes and Vallee in 1957 as the cadmium binding protein
from equine kidney cortex [1]. Thus far, besides carbonic anhydrase in diatoms [2],
MTs are the only biological compounds in which cadmium accumulates naturally.
However, MTs can bind a variety of metal ions in vivo, the most important being
Zn(II), Cu(), and Cd{I). In fact, Zn(Il) and/or Cu(I) are the principal metal
constituents under normal physiological conditions. The binding of these metal ions
is achieved through the formation of cysteine (Cys) sulfur-based metal-thiolate
clusters. The majority of the MT literature has focused on vertebrate MTs in terms
of their structure, function, and regulation. Mammalian MTs are composed of 61—68
amino acids out of which 20 are conserved cysteine residues. With rare exceptions, the
aromatic amino acids and histidine (His) are absent in these MTs. The striking feature
of mammalian MTs is their inducibility by various agents such as heavy metals,
reactive oxygen species, hormones, and xenobiotics.

Several biological roles have been ascribed to these MTs, including their
involvement in zinc and copper homeostasis, the protection against environmental



11 Cadmium in Metallothioneins 341

heavy metals and oxidative stress, the control of redox status of the cell, the
antiapoptotic role and recently also in the protection and regeneration of the
mammalian brain following neurological injury and disease [3—14]. Whereas a
large number of studies have been conducted regarding the biological roles of
mammalian MTs, less biological data are available for MTs from other organisms.
Here, the most intriguing MTs are those found in plants [12]. The biological studies
revealed that four subclasses of plant MTs display differential responses to copper
and zinc. Interestingly, the zinc-binding type 4 plant MTs were found to be
regulated by hormones rather than zinc. It may be noted that apart from MTs,
phytochelatins, an enzymatically synthesized family of short glutathione-related
peptides, protect some plants and fungi from the cytotoxic effect of heavy metal
ions. The primary structures of plant MTs do not share discernible sequence
similarity with the vertebrate forms and often contain a few histidine residues.
In addition, these sequences show extended stretches of amino acids devoid of Cys
residues, referred to as ‘linkers’, connecting Cys-rich domains of the protein [15].

The structural studies on MTs are highly challenging because of the dynamic
nature of these proteins. Consequently, only a limited number of MT structures are
currently available mostly determined in solution by NMR. From the entries made
to the Protein Data Bank (PDB), the majority of the determined MT structures
are those of vertebrates followed by the echinoderm and crustacean proteins [16].
These structures contain either solely Cd(II) or both, Cd(I) and Zn(II) ions. Two
other MT structures containing divalent metal ions are those of cyanobacterial
M;SmtA (PDB code 1JID, [17]) and the two domains of the wheat MgE ~I/II
protein (PDB codes 2L.61/2L62/2KAK [18,19]). Several structures of the yeast
Saccharomyces cerevisiae Cupl protein (PDB codes 1RJU/1AQS [20,21]) and a
small MT from Neurospora crassa (PDB code 1T2Y [22]), both showing a clear
preference for the binding of monovalent Cu(I) ions, have also been reported.

The structural studies till about 1990 have been carried out on MTs isolated
from natural sources. Both the yield and sample heterogeneity, due to the presence
of several MT isoforms, were the limiting factors in these studies. The advent of a
recombinant expression allowed studying the structure and function of a desired
MT, in many instances not easily available otherwise. This technique offers a
number of advantages including the production of '>N- and '*C-labelled proteins
for NMR studies and the preparation of mutants. However, the recombinant
heterologous expression brings about also problems as it is often difficult to
unambiguously demonstrate the identity of the recombinant protein with the native
form. After all, MTs are not enzymes whose activity can be checked. As the native
protein was not isolated from natural sources, the presence of the naturally
occurring metal ion in the structure of recombinant MTs, i.e., zinc versus copper,
and consequently the correct protein fold is not known. To address the question of
the bound metal ion in vivo, a set of criteria based on recombinant expression in
E. coli was proposed recently to differentiate between intrinsically zinc and copper
thioneins [23]. Here, the expression of thionein with a zinc character in zinc- and
cadmium-supplemented media leads to the formation of homometallic species,
whereas its expression in copper-supplemented media results in mixed-metal
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species (Cu,Zn) and partially oxidized forms. The reverse is true for thionein with a
copper character expressed in zinc- and copper-supplemented media.

As Zn(II) and Cu(I) are spectroscopically silent, knowledge of the native metal
occupancy is crucial for the introduction of a suitable metal ion as a spectroscopic
probe required in the elucidation of the MT structure in solution. The NMR-active
109Ag(I) isotope (I = '4) has been used to probe for Cu(l) sites in MTs. However,
differences in the cluster organization in the yeast Cupl protein in complex with
Cu(l) or 109Ag(I) ions have been seen [20,21]. These results have been ascribed to
different coordination properties of both metal ions, putting the use of Ag(l) as a
probe for Cu(l) sites in MTs in question. In the study of zinc-containing MTs, the
spectral properties of Co(II) or Cd(II) ions have been successfully applied. At this
point it should be noted that in the studies of zinc enzymes, zinc substitution by
Co(II) or Cd(I) usually preserved their enzymatic activity. Co(Il) as a d’ ion is
always paramagnetic and when substituted for Zn(Il) in proteins it has always a
lower symmetry and is almost invariably in the high-spin state (S = 3/2). Here, the
electronic d-d transitions together with magnetic susceptibility and/or electron spin
resonance (EPR) measurements of Co(II)-MTs provided information regarding the
geometry of metal binding site(s) and their organization, respectively [24-26].

As discussed above, upon exposure or administration of cadmium to various
species this metal often accumulates in MTs. This makes cadmium a biologically
relevant probe for divalent metal sites in native or recombinant MTs. In this
context, it may be noted that the metal-thiolate clusters of recombinant, mainly
cadmium-containing MTs from various species including mammals expressed as
glutathione-S-transferase (GST) fusion proteins in E. coli, contained inorganic
sulfide (S*7) [27]. At this time, the physiological relevance of this finding is not
clear. However, pure homometallic MT forms can be obtained by a method of
metal reconstitution [28]. Cd(II), owing to its ''>Cd and '''Cd NMR active isotopes
(I =), proved to be indispensable in the structure determination of Cd-MTs from
various species. In addition to NMR, a number of other spectroscopic techniques
including electronic absorption, circular dichroism (CD), magnetic CD, X-ray
absorption, and perturbed angular correlation of y-rays spectroscopy as well as
mass spectrometry provided a wealth of structural information about the divalent
metal sites in MTs and their organization. In this chapter the application of these
spectroscopic techniques in the study of Cd-MTs are discussed.

2 Spectroscopic Characterization

2.1 Divalent Metal-Binding Sites and Their Organization

MTs consist of single polypeptide chains all sharing a high Cys content. These
residues are present in Cys-Xaa-Cys and Cys-Xaa-Yaa-Cys motifs, where Xaa and
Yaa stand for amino acids other than Cys. Besides these motifs also Cys-Cys and
even Cys-Cys-Cys stretches can be found in many MT sequences (Table 1).
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The intrinsic pK, value of cysteine residues in a protein environment is reported
to be around 9.1 [29]. Accordingly, at physiological pH roughly 98% of the
Cys residues will be present in the protonated thiol form. However, the pK, value
can be influenced by the surrounding residues. For example, in cysteine proteases
such as papain hydrogen bonding between the active site Cys and a charged His
residue causes a decrease of the apparent pK, value by up to 6 log units [29].
In creatine kinase similar hydrogen bonding to both, a serine residue and a back-
bone amide proton lowers the pK, of the enzymatically important Cys by 3 log units
[29,30]. In MTs it is the competition of thiophilic metal ions with the protons of the
thiol groups that leads to a pronounced decrease of the pK, values by roughly 4.5 to
5.5 log units in the presence of Zn(II) and Cd(II) ions, respectively. This effect
results in enhancement of the nucleophilicity of the bound sulfur ligand [31].
A peculiarity of MTs is the formation of metal-thiolate cluster structures. In these
clusters, next to terminal thiolate ligands also thiolates that bridge two metal ions
are observed. In this way the metal ion binding capacity of a given MT is signifi-
cantly increased compared to exclusive metal ion coordination in mononuclear MS,
sites. Lacking direct metal-metal bonds, the metal-thiolate clusters in MTs can be
seen as multinuclear coordination compounds of the Werner-type. In recent years,
biophysical studies on MTs from lower organisms and plants established that also
His residues present in some of the amino acid sequences can act as ligands for
Zn(Il) or Cd(II) (Figure 1).

Figure 1 Representative structures of metal binding sites with divalent metal ions and their
organization in metallothioneins: (a) mononuclear MS,N, site observed in the C-terminal Pg-
domain of wheat ZngE.-1 [19], (b) M,S¢ cluster in the N-terminal y-domain of wheat CdgE.-1
[18], (¢) M3So cluster commonly known as B-cluster as found, e.g., in mouse Cd;MT-1 [39],
(d) M4SoN,, cluster of a cyanobacterial MT [17], (e) M4S;; cluster commonly known as a-cluster
observed, e.g., in mouse Cd;MT-1 [39]. Zn(II) and Cd(II) ions are depicted as grey and yellow
spheres, respectively, the coordinating atoms of the Cys and His residues as orange and blue
spheres and the remaining atoms of the His imidazole ring are additionally shown as sticks.
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In a broad sense, four types of binding site motifs with Zn(II) or Cd(II) ions have
been reported to occur in MTs, with both metals tetrahedrally coordinated. These
include the mononuclear site and the di-, tri-, and tetranuclear metal clusters
(Figure 1). The widely present cluster types are the tri- and tetranuclear Zn(II)
and/or Cd(IT) clusters first observed in vertebrates. The basic units for these clusters
are M5Sg and M,4S;. In these clusters metals are coordinated by both terminal and
Lp-bridging thiolate ligands, forming a distorted boat cyclohexane-like ring and an
adamantane-type geometry with the metals and donor atoms arranged in two fused
six-membered rings of distorted boat conformations, respectively (Figure 1). The
concomitant presence of both types of clusters has been reported in vertebrate
(structures of rat, rabbit, mouse, human, and fish) and sea urchin MTs [32-39].
Two M3Sy clusters are present in crustacean MTs [40,41]. The cluster structure
present in MySmtA from the cyanobacterium Synechococcus PCC 7942 is unusual
in that it contains a single tetranuclear cluster in which besides nine cysteine ligands
also two histidines participate in metal binding (M4S9N,). Note that the histidines
solely act as terminal ligands (Figure 1). The most striking metal binding motifs are
present in the seed-specific metallothionein ZngE -1 from wheat in which three
types of metal site organizations occur with the basic units denoted as M3So, M5Sg,
and MS,N,. Hence, in this MT apart from a trinuclear thiolate cluster also a
dinuclear thiolate cluster, resembling that reported for the GAL4 transcription
factor [42], and a mononuclear MS,N, site similar to that found in zinc-finger
proteins exist.

2.2 UV/VIS and Circular Dichroism Spectroscopy

Our understanding of the electronic absorption and CD spectra of Cd-MTs came
from the studies of mammalian forms. In the absence of aromatic amino acids and
histidine the absorption spectrum of metal-free MT (apoMT) is characterized by a
gradual absorption increase below 230 nm, originating from the peptide backbone
amide transitions. However, in the fully metal-loaded Cd;MT a pronounced
shoulder at about 250 nm is discerned (Figure 2). The Gaussian analysis of the
metal-induced absorption profile revealed the presence of a minimum of three
transitions occurring at 250, 231, and 201 nm [43]. Based on the concept of optical
electronegativity differences by Jorgensen [44] the lowest energy Gaussian band at
250 nm has been assigned to the first CysS—Cd(II) LMCT transition in the complex.
In a molecular orbital (MO) scheme derived from Jgrgensen’s theory the electron
transfer originates from the highest occupied p, MO to an unoccupied MO localized
on the metal, containing contributions from the 5s orbital of the metal and empty 4s
orbitals of the ligand [45]. Additional contributions to this metal-induced absorption
profile including a higher energy LMCT, ligand-to-ligand charge-transfer (LLCT)
or intraligand charge-transfer-to-solvent (CTTS) transitions have also been
described [45-47].
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Figure 2 Effect of T T T T
increasing Cd(II) binding on
the electronic absorption 24+
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copyright 1987.
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However, in the titration studies of apoMT with increasing mole equiv of Cd(II)
an about 5 nm red shift to 250 nm was observed in the Cd-thiolate absorption
envelope when more than 4 Cd(II) were bound (Figure 2). In analogous titration
studies of apoMT using Co(Il) ions even a larger, about 30 nm, red shift of the
CysS—Co(II) LMCT bands (between 300 and 400 nm) occurred at a similar titration
point. This red shift in the absorption spectrum has been paralleled by the
occurrence of antiferromagnetic coupling in the corresponding EPR spectra of
Co(II)-MT, signifying that a cluster structure, i.e., the formation of thiolate bridges,
sets in. By analogy with these studies the red shift in the Cd-thiolate absorption
profile was attributed to the transformation of certain singly coordinated terminal
thiolate ligands in CdCys, units into two-fold coordinated bridging p,-S-Cys
ligands in the cluster structure of Cd;MT [43]. Although the electronic basis of
the red shift in this and other metal MT derivatives remains to be established, it
most likely reflects a reduction of the actual electronegativity of the thiolate sulfur
when p,-S-Cys bridges are formed.

The molar absorptivity of the 250 nm shoulder in Cd-MTs has also been used to
estimate the number of cysteine ligands involved in metal binding, considering a
molar extinction coefficient per cysteine ligand of about 56’000 M~' cm™. This
value has been derived from the changes in molar absorptivity at about 250 nm in a
number of cadmium-substituted metalloproteins containing a varying number of
cysteine ligands [48]. However, since in many newly discovered MTs aromatic
amino acids and histidine are present, a difference absorption spectrum Cd-MT
versus apoMT should be utilized. Note also that while protonated cysteines only
contribute to the tailing of amide and carboxylate transitions of apoMT starting at
about 230 nm, a fully deprotonated free cysteine amino acid (pK, 8.3) shows a
pronounced m—c* absorption band at 235 nm with a molar absorptivity of
3200 M em™ [49].

The CD spectrum of mammalian Cd;MT to the red of the peptide CD
bands at 215 nm (CD bands are also denoted as Cotton effects) has been proposed
to arise from the peptide-induced asymmetry of the binding sites and from chirality
brought about by interactions of asymmetrically oriented transition dipole moments
of similar chromophores (bridging thiolate ligands) within the cluster structure.
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The latter effect, known as the exciton splitting, is giving rise to a biphasic CD
profile of fully metal-loaded Cd;MT [50]. In Cd;MT both chirooptical effects
are best illustrated by changes in the CD profile observed in the cluster formation
process (Figure 3).

Figure 3 Top: Effect of
increasing Cd(II) binding,
i.e., addition of 1-7
equivalents, on the circular
dichroism (CD) spectrum of
apoMT from rabbit liver at
pH 8.4. Bottom: Difference
CD spectrum of Cd;MT
versus apoMT. The units are
based on the protein
concentration. Adapted from
[43] with permission from the
American Chemical Society;
copyright 1987.
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In contrast to the absorption studies, where the transformation of terminal
to bridging thiolates resulted in a red shift of the absorption envelope, in the
corresponding CD studies this structural transition is accompanied by a striking
change of the originally monophasic to a biphasic CD profile with a cross-over
point coinciding with the position of the first CysS—Cd(II) LMCT band within the
absorption envelope (at 249 nm). Specifically, a broad positive CD band with a
maximum centered at about 243 nm, originating from the asymmetry of the binding
sites, changes to a CD profile characterized by two oppositely signed CD bands at
about (-)240 and (+)260 nm. The biphasic profile has been assigned to an exciton
coupling of the manifold of linearly polarized transition dipole moments located at
bridging thiolate ligands in the clusters (Figure 3, bottom) [51]. In general, when
two or more chromophores are brought to close proximity, where orbital overlap
and electron exchange are negligible, they may interact through dipole-dipole
coupling of their locally excited states to produce delocalized excitation (exciton)
and a splitting (exciton splitting) of the locally excited states (Figure 4) [52].

In the CD spectra such an interaction shows exciton splitting characterized by
two oppositely-signed CD bands flanking the relevant absorption band. It may be
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noted that the exciton splitting is responsible for the typical biphasic CD profile
centered at 260 nm of oligomeric nucleic bases and DNA [53]. The presence of
exciton splitting in the CD spectra of mammalian Cd;MTs and other Cd-MTs has
been taken as evidence for the presence of a cluster structure. However, its absence
in a Cd-MT cannot exclude a cluster structure, as the exciton splitting depends on
interchromophoric distances and their mutual orientation. In theory, the rotational
strength should have maximum intensity when the dihedral angle between the
chromophores is approximately 45° but zero intensity when they are parallel or
perpendicular [53].

Figure 4 Exciton coupling: a  excited — X"

(a) Two non-de{;enerate’, state(s) — ‘
excited states X’ and X”, X
termed excitonic states, result
from the interaction of two
chromophores. Transitions to
these excitonic states are

. . ground
excited to different extents by

state

right- and left-circularly individual exciton-coupled
polarized light [52]. (b) The chromophore chromophores
resulting positive (dotted

curve) and negative (dashed b
curve) peaks or Cotton effects

result in a biphasic CD

spectrum (solid curve).
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As discussed above, a number of recombinant Zn- and Cd-MTs from various
species expressed as fusion proteins contained varying amounts of inorganic sulfide
(S*) (up to 14 mole equiv) [27]. Compared to the absorption and CD spectra of
Cd-MTs lacking S*, those with S*~ present in the cluster structure are characterized
by a red shift of the absorption envelope with a shoulder at about 280 nm and a new
CD band at the same wavelength [27]. Similar spectral features have also been
reported for S~ containing Zn(II)- or Cd(II)-phytochelatins [54,55]. The computer
analysis of CD spectra of proteins between 240—180 nm is often used to determine
their secondary structure elements such as the a-helix, B-sheet, and random coil.
However, this method cannot be applied to MEMTs (MII = Zn, Cd), due to the
presence of strong optically active metal-induced transitions in this spectral
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range [48]. However, the bands of metal-thiolate complexes do not overlap with the
secondary amide bands of the polypeptide when similar analyses by FT-IR or
Raman spectroscopy are carried out [5S6—60].

2.3 Magnetic Circular Dichroism Spectroscopy

In recent years, magnetic circular dichroism (MCD) added significantly to our knowl-
edge of the electronic structure of a wide variety of biological molecules mainly heme
proteins, non-heme iron proteins, and cobalt-substituted zinc proteins [61,62]. MCD
arises if the external magnetic field influences the electronic states of a chromophore in
such a way that right- and left-circularly polarized beams are differently absorbed.
There are three types of MCD effects designated as the A-, B-, and C-terms (Figure 5).

The A-term arises in situations when there is a non-degenerate ground state and a
degenerate excited state in the absence of an applied field. In the presence of a
magnetic field the excited state undergoes Zeeman splitting into two optically
active states that absorb left and right polarized light with equal intensity but of
opposite sign. As a result, a symmetrical derivative signal with the crossover point
at the maximum of the corresponding absorption band occurs. The C-term arises
when the ground state is initially degenerate and is split by the applied magnetic
field. However, as the electronic differential population of the ground state depends
on the Boltzmann distribution, the C-term MCD spectra are temperature-dependent
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Figure S Origin of MCD A- and C-terms. In (a), Zeeman splitting of the excited state j by the
magnetic field into j° and j” results in the two absorption curves for left and right circularly-
polarized light a-j and a-j”. The resultant MCD curve is the biphasic A-term. In (b), the magnetic
field splits the degenerate ground state into @’ and @” resulting in the corresponding absorption
bands. The net difference in this case is an MCD C-term of symmetrical line shape. Reprinted from
[62] with permission from Elsevier; copyright 1986.
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Figure 6 Electronic 20
absorption (Abs), magnetic 154
circular dichroism (MCD),
and circular dichroism (CD)
spectra of mouse Cd;MT-1 at
pH 8.0. Adapted from [72]
with permission from the
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and the spectral intensity will increase linearly as a function of 1/T. At high
temperatures, the C-term MCD spectra show two oppositely signed bands of
different intensity. When the temperature is low enough that the higher-energy
sublevels are completely depopulated, the intensity of the MCD band originating
from a degenerate ground state will be maximized and will show absorption band-
shape. The B-term arises from induced-field mixing of neighboring states. It is
temperature-independent and has absorption band shape.

The MCD spectra of proteins are rather insensitive to polypeptide conformation
since the MCD signal for the peptide backbone amide transition at 225 nm is weak
[63]. Since in Cd-MTs the ground state will be non-degenerate, only the A- and
B-terms can be observed in the MCD spectrum. The MCD spectra of mammalian
Cd;MTs are dominated by a derivative MCD profile with a crossover point at
250 nm assigned to positive A-terms, i.e., a positive lobe to high energy of the
crossover point, due to the presence of tetrahedral Cd(II)-thiolate units possessing
degenerate excited LMCT states (Figure 6, middle) [64].

Figure 6 exemplifies the information content provided by each method. Thus,
while the MCD spectra of Cd-MTs afford the information about the geometry of the
binding sites (A-terms if tetrahedral CdS, units are present), the conformational
changes accompanying the cluster formation and the presence of a cluster (exciton
splitting) is provided by the CD studies. Combination of CD and MCD techniques
has been used in a number of structural studies of Zn,Cd or Cd-MTs from different
species [65—73].
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2.4 X-Ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) provides information about the chemical
nature and environment of atoms in molecules. Since this technique is selective
for a short-range order, the local structural information around the element of
interest can be obtained even from disordered samples, such as powders and
solution. X-ray absorption spectra are characterized by sharp increases in
absorption at specific X-ray photon energies, which are characteristic of the
absorbing element (Figure 7a). These sudden increases in absorption are called
absorption edges (named for shells of the Bohr atom, i.e., K edges for n = 1; L
edges for n = 2, etc.), and correspond to the energy required to eject a core electron
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of the metal into the excited electronic state (LUMO) or to the continuum thus
producing a photoelectron. The former is known as X-ray absorption near-edge
structure (XANES), and the latter as extended X-ray absorption fine structure
(EXAFS) which studies the fine structure in the absorption at energies greater
than the threshold for electron release. These two methods give complementary
structural information, the XANES spectra reporting electronic structure and
symmetry of the metal site, and EXAFS reporting numbers, types, and distances
to ligands and neighboring atoms confined to a radius of up to 8 A from the
absorbing metal ion [74,75].

The majority of XAS investigations of MTs has been conducted on metalloforms
containing the physiologically relevant Zn(Il) and Cu(]) ions. Early XAS studies on
the Cd(II)-containing vertebrate MTs have been carried out prior to knowledge of
their 3D structures. The Cd K-edge EXAFS studies of rat liver CdsZn,MT-1 and
reconstituted Cd;MT-1 represented the first biological molecules to be studied by
this technique [76].

The EXAFS spectrum shown in Figure 7 established the exclusive Cd
coordination to four sulfur atoms at the distance of 2.53 A. A similar spectrum
was also obtained for reconstituted Cd;MT-1. It may be noted that in contrast to the
EXAFS studies on Zn;MT-1 no clear indication for a second-shell or metal-metal
back scattering, diagnostic of a cluster structure, was seen for the Cd(II)
metalloform. The reasons given for the absence of second shell Cd-Cd back
scattering in Cd;MT include (i) difficulties in obtaining high quality EXAFS data
with wave vectors >15 A~ which are required to unambiguously establish second
shell backscattering, (ii) photoelectron lifetime broadening which smears out the
scattering information, and (iii) well established fluxionality of the metal-thiolate
bonds in the clusters of MTs and in corresponding inorganic adamantane-like
models which is expected to result in dynamic disorder sufficiently large to
preclude the observation of mean Cd-Cd distances [76].

Rather recently the XANES and EXAFS data obtained on the structurally well-
characterized mammalian Cd;MTs and their protein domains in combination with
the classical molecular mechanics/molecular dynamics (MM/MD) modeling have
been used to determine the high resolution metal binding site geometry in these
proteins [77].

2.5 Perturbed Angular Correlation of y-Rays Spectroscopy

Information concerning the coordination geometry and dynamics of metal-binding
sites in proteins can be obtained from perturbed angular correlation of y-rays (PAC)
spectroscopy. The underlying theory of this nuclear spectroscopic method is
described in detail in [78] and with special emphasis on biological applications in
[79,80]. PAC provides means to determine the nuclear quadrupole interaction at the
site of an appropriate nucleus used as a spectroscopic probe. The nuclear quadrupole
interaction (NQI) describes the interaction between the electric quadrupole moment
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of the nucleus and the electric field gradient tensor of its coordination environment.
PAC requires an isotope that decays emitting two y-rays in succession. One of the
best suited excited nuclei for such purposes is the 49-min isomer of the isotope
g, i.e., metastable '''"™Cd, which is generated by bombardment of 198pg with
alpha particles. This metastable '''"™Cd isomer decays to the '''Cd ground state via
an intermediate 85-ns state (Figure 8a).

The intermediate '''"™Cd level has a spin value of 5/2, which is split by the
electric field gradient into three levels of different energy giving rise to successive
emission of two y-rays, y; and y,, in different directions (Figure 8b). Both y-rays
are related to each other by an angular correlation function W(0, ¢), where 0 is the
angle between y; and v, and ¢ is the delay time of y; with respect to y,. However, if
the nucleus is under influence of external forces, e.g., coordinating ligands, during
the time between the emissions of two y-rays, this ‘angular correlation’ is perturbed
giving rise to oscillation in the directionality of emission of the two y-rays of the
cascade (Figure 8c). The PAC spectrum of med-labeled Cd,MT from rabbit liver
is shown in Figure 9 (top).

The Cd;MT sample was prepared using trace amounts (10~'* mole) of freshly
prepared carrier-free '''™Cd(IT) which was mixed at low pH with seven mole equiv
of ‘cold’ Cd(II) and apoMT prior to adjustment to neutral pH. From least-squares
fits of the coincident counting W(180°, £)/ W(90°, ) ratios of the PAC spectrum, the
NQI parameters related to the coordinating ligands as well as their position were
determined. As shown in Figure 9 (bottom), two frequency components ®; =
120 MHz and ®, = 580 MHz with amplitudes of 80% and 20%, respectively,
have been resolved in the spectrum of Hmeqg-labeled Cd,MT. Since pure T4 or Oy,
symmetries produce a PAC spectrum lacking NQI, the observed vastly different
frequencies indicated a distortion from either symmetry. The predominant
component (o; = 120 MHz) has been attributed to the distorted tetrahedral CdS,
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Figure 8 (a) The radioactive nucleus MImCq is used in PAC spectroscopy as it emits two y-rays
in succession decaying to the stable isotope ' 'cd. Spin values and half-life of states as well as the
energy of the emitted y-rays are given. (b) The emission of the second y-ray is anisotropic, i.e.,
there is an angular correlation between the two y-rays. The coincidence count rate is illustrated by
a red line. (c¢) Upon interaction of the nucleus with its coordination environment this angular
correlation is perturbed (red dotted line) providing information about the local structure and its
dynamics.
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Figure 9 Top: Perturbed
angular correlation of y-rays
(PAC) spectrum of '''™Cd-
labeled Cd;MT from rabbit 1.04
liver in 65% sucrose solution
at 0 °C, pH 8.0. W(180°)/W
(90°) is plotted versus
delay time. The fully drawn
curve represents least-squares
fit to the spectrum. The bars
indicate 1 standard
deviation. The viscosity of the
sucrose solution immobilized
the protein within the time 3
scale of the experiment. - 1
Bottom: Resolution of the /\'} -
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unit in the metal-thiolate clusters and its damping to dynamic processes brought
about by charge fluctuations in the immediate vicinity of '''"™Cd. As a square-
planar CdS?~ complex would exhibit a frequency of about 880 MHz, the 580-MHz
frequency has been attributed to site(s) with a highly distorted tetrahedral geometry
[81]. Thus, both structural and dynamic features can be derived from the PAC
spectra [82].

Since nanomole quantities are sufficient in data sampling, the PAC technique
using ''"™Cd has also been applied to living cadmium-resistant cells. The results
revealed that > 66% of Cd in the resistant strains was bound to MT, and that MT is
apparently freely suspended in the cell cytoplasm [83].

2.6 Mass Spectrometry

Electrospray ionization (ESI) mass spectrometry (MS) and matrix assisted laser
desorption ionization (MALDI) have emerged recently as a powerful and sensitive
methods for the detection and structural analysis of a wide variety of analytes,
including large biomolecules such as nucleic acids and proteins. ESI-MS is a gentle
method of ionization based on protonation of the sample at atmospheric pressure.
The protonation of multiple basic sites in protein molecules results in multiply
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charged ions in the mass spectrum. The mass of the protein can then be calculated,
by a process known as deconvolution, according to the formula m/z = (M + nH")/n,
where M is the molecular mass of the protein and n is the number of protons
associated with it. The soft nature of ion generation in ESI-MS not only avoids
protein fragmentation upon transition to the gas phase, but it often preserves weak
non-covalent complexes thus allowing the compositions and binding stoichio-
metries of metal-protein complexes to be established directly. In comparison,
MALDI-MS has been shown to be highly suitable for the mass measurements of
protein samples but it has been less successful in the analysis of non-covalent
complexes because of the sample preparation method commonly used prior to
measurements [84,85].

The capabilities of ESI-MS in studying metal-protein complexes were first
recognized in the early 1990s when this technique was successfully applied to
investigate the metal binding properties of Zn;- and Cd;MT-2a species from rabbit
liver [86]. Since then ESI-MS has been widely used in the studies of various
metalloforms of other MTs and metalloproteins per se. The successful analysis of
metal-protein complexes requires preservation of the native state of the protein in
solution that is typically accomplished by use of a buffered solution at neutral pH.
Since common buffers used in protein isolation as well as high salt concentrations
can complicate the ESI mass spectra, the volatile buffers at pH 6—8 ammonium
acetate and ammonium hydrogen carbonate are most commonly used. Furthermore,
non-native conditions that ensure partial or full unfolding of proteins and their
extensive protonation usually involve typically the solvents acetonitrile or
methanol acidified with 1% acetic acid or 0.1% formic acid. Under these acidic
conditions ESI-MS spectra of metal-free proteins, e.g., apoMT, are obtained.

With the introduction of recombinant technology in MT research, the comparison
between calculated and experimentally obtained masses of the desired protein has
been routinely used in confirming the correctness of MT expression. ESI-MS has
also been used to determine the stoichiometry of the metal-MT complexes obtained
upon their expression in metal supplemented media and/or upon apoMT recon-
stitution with a desired metal ion. The cadmium binding capacity of MTs from
widely different species including human, rabbit, rat, crustacean, earthworm, mol-
lusc, algal, plants, and bacteria has been studied [17,86—95]. This method has also
been used to demonstrate the presence of inorganic sulfide in the cluster structure of
various recombinant Cd-containing MTs [27].

As mentioned above in the commonly used positive ion mode the protein
protonation gives rise to protein ion charge state distributions. Charge state
distributions of protein ions in ESI mass spectra can be used to evaluate protein
compactness in solution [84,85]. Under near-native conditions folded proteins give
rise to ions carrying a relatively small number of charges, as their compact shape in
solution does not allow a significant number of protons to be accommodated on the
surface upon transition from solution to the gas phase. Under non-native conditions
the presence of partially or fully unfolded protein conformers gives rise to ions
carrying a significantly larger number of charges, as many more protons can be
accommodated on the surface of a protein once its compactness is lost. In case of
MTs, a comparison between charge state distributions of the zinc and cadmium
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metalloforms was used to learn more about the conformational states and thus the
compactness of these structures. While for human Cd;MT-3 nearly exclusively
the higher +6 charge state was observed, the spectrum of Zn;MT-3 shows both, the
+6 and +5 charge state, with a slightly higher amount of the latter. From this finding
it has been concluded that the protein filled with Cd(II) has a more open conforma-
tion than that filled with Zn(II).

Similar analysis of spectra taken during the stepwise addition of metal ions to
the apo-forms additionally showed that the f-domain rather than the «-domain has the
more open conformation. This is in marked contrast to the analogous experiments
performed with rabbit MT-1 where no differences in charge state distribution between
the two metalloforms were found [96]. Similar studies on wheat metallothionein
ZnyPe-E.-1 and Cd4Pg-E.-1 revealed that while both spectra were dominated
by species with charge states of +4, the spectrum of ZnyBg-E.-1 showed in addition
the +5 charge state and that of Cd4Bg-E.-1 also a considerable population of the +3
charge state (Figure 10). These differences in charge distributions have been
interpreted in terms of conformational differences between these species, with the
CdyBg-E.-1 structure being more compact than that of ZnsBg-E.-1. The observed
conformational differences between the cadmium and zinc metalloforms are opposite
of what would be expected considering the larger ionic radius of Cd(II) and contrast
the findings for human MT-3 discussed above, providing that both types of metal ions
form similar cluster structures in Bg-E.-1 [95].

Apart from the characterization of isolated or metal-reconstituted MTs, ESI-MS
also allows the direct observation of partially metalated MT species during metal
uptake, metal release or metal exchange. Early optical and chirooptical (CD)
studies of mammalian Cd;MTs revealed that the formation of metal-thiolate
clusters is non-cooperative when carried out at pH 8.4 [43] (see Section 2.2 and
Figure 3). At neutral pH or upon partial Cd;MT demetalation at pH 3.5, however,
early ESI-MS studies indicated a largely cooperative cluster formation [86,87].
In the ESI-MS studies virtually no complexes with 1-3 bound Cd(II) ions were
detected; however, with six Cd(II) added besides the Cd;MT form mass peaks
corresponding to CdsMT and Cd¢MT did also appear in the spectra. In a non-
cooperative mechanism metal binding intermediates prior to the cluster formation
are seen. In a positive fully cooperative mechanism of metal binding both apoMT
and a clustered form coexist, i.e., there is an increasing binding affinity for each
additional binding site. The cooperative mechanism for the formation of both
clusters in rat liver MT was for the first time established using an experiment
where the stepwise titration of rat apoMT with Cd(II) ions was followed by
proteolytic digestion with subtilisin [97]. While apoMT or MT with only partially
filled clusters is digested, filled clusters and the completely metal-loaded full-length
protein are protected against proteolytic cleavage of the backbone. After addition of
two Cd(II) mole equiv to rat apoMT at neutral pH and subtilisin treatment the fully
metal-loaded 4-metal cluster domain was isolated in 50% yield with respect to the
amount of initially used apo-protein. Likewise, when five Cd(II) mole equiv were
used then 30% of the molecules were identified as Cd;MT with the remainder being
the 4-metal cluster domain, suggesting the subsequent cooperative formation of the
3-metal cluster.
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Figure 10 Non-deconvoluted a 100
ESI-MS spectra of (a) Zn,PBg-
E.-1 and (b) Cd4BE-E.-1
showing the different charge
states. The signal at 1367.2 m/z
in (a) originates from a species
with unprocessed N-terminal
methionine residue. Adapted
from [95].
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Insights into the process of MT metallation have been obtained from metal
titration studies of rabbit apoMT followed by ''*Cd NMR, indicating that the
pathway of the cluster formation in ''>*Cd;MT-2 is a pH-dependent process [98].
Whereas at pH 7.2 the formation of both clusters is cooperative with the 4-metal
cluster being formed first, at pH 8.6 the cluster structure was formed in a non-
cooperative manner. This effect has been interpreted in terms of a different degree
of deprotonation of the cysteine residues at both pH values with individual metal
binding to the protein through four terminal cysteine ligands being energetically
preferred at higher pH. At lower pH, where all Cys ligands are protonated, the
formation of metal clusters by cooperative metal-binding over single metal-binding
is preferred. As mentioned above, early ESI-MS studies revealed largely coopera-
tive Cd(II) binding to human and rabbit MT-2 at neutral pH, or upon a partial
Cd;MT-2 demetalation, at pH 3.5 [86,87].

After about 20 years from the initial ESI-MS studies, a series of new ESI-MS
investigations aiming at the mechanism of cadmium binding to human MT-1a and
its a- and B-domains has been initiated. The results obtained at the pH values 9.4,
8.0 and 8.4, respectively, corroborate the non-cooperative mechanism observed in
the CD studies (see above) with all individual metal-binding stoichiometries
detected in course of the filling up process. In addition, the binding of eight metals
has been observed [99,100]. Even though the number of literature reports regarding
metalation of mammalian MTs is steadily increasing, detailed ESI-MS studies on
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Cd(II) binding to apoMT as a function of pH are lacking. In other ESI-MS studies,
contradictory metal-binding properties of human MT-3, also known as the neuronal
growth inhibitory factor (GIF), have been reported. On the one hand, the direct
metalation of apoMT-3 in 5 mM ammonium acetate buffer (pH 7.5) revealed
that the reconstituted M;MT-3 form (M = Zn(II), Cd(Il)) is present in a dynamic
equilibrium of different metalloforms. Besides the prevalent metalloform M;MT-3
additional metalloforms with five to nine M(II) coexist [96]. On the other hand, the
same M;MT-3 metalloforms reconstituted using the standard procedure [28]
showed only a single mass peak of monomeric M;MT-3 [68,101].

The technique behind ESI-MS leads to the promotion of initially electrostatic
interactions in the gas phase, whereas hydrophobic interactions are weakened. In
this context it may be noted that compared to the overall —1 charge of recombinant
mammalian M;MT-1 that of M;MT-3 is -9. In vivo protein folding and metal
binding occur in the presence of 0.1 M intracellular salt concentrations to allow for
charge compensation. Accordingly, a substantial ionic strength is also provided
during the standard reconstitution method of MTs [28]. It is therefore likely that in
the case of the M;MT-3 structure generated under conditions of mass spectrometry,
i.e., the ionic strength of solely 5 mM ammonium acetate buffer, no thermodynamic
minimum was reached and hence a multitude of differently metalated species
was observed.

At present, the assumption that the species observed in the gas phase are related
to the speciation in solution is still the subject of hot debate. Although in some cases
non-covalent bonding can be maintained sufficiently for ESI-MS characterization
of the solution structure of non-covalent protein complexes, the new gaseous
environment can ultimately cause dramatic structural alterations. Based on a variety
of ESI-MS studies, in part in combination with molecular dynamics simulations,
the temporal evolution, i.e., from 1072 to 10? s, of native protein structures during
and after transfer into the gas phase can involve side-chain collapse, unfolding, and
refolding into new, non-native structures [102]. As discussed above, the formation
of a well-defined MT structure from the largely disordered structure of the
apoprotein is dictated by protein-metal interactions. This signifies that protein
electrostatics play an important role in the folding process. Consequently, careful
control of individual experimental factors appears to be critical in obtaining reliable
data on non-covalent metal-MT complexes in the gas phase.

3 Binding Affinity and Reactivity

3.1 Metal Binding Affinities

A variety of metal ions has been reported to bind to MT in vivo and in vitro.
The cadmium metalloform has not only been found naturally but its generation
in vitro has been proved indispensable in structural studies. In all Cd-MTs studied
so far Cd(II) is tetrahedrally coordinated by solely Cys or both Cys and His ligands.



11 Cadmium in Metallothioneins 359

At neutral pH closely similar average apparent stability constants in the order of
10" M have been determined for various Cd-MTs with sole cysteine thiolate
coordination by different methods.

Most widely used methods are based on (i) the competition of protons with the
bound metal ions for thiolate ligands, i.e., the pH stability of the metal-thiolate
clusters or (ii) the competition with a metal chelator. In the former case the pH
stability of the Cd-thiolate clusters is followed by absorption spectroscopy of the
CysS—Cd(II) LMCT band at 250 nm. From the apparent pK, values the apparent
stability constants of the clusters can be derived [103]. The apparent pK, values
are determined either by taking the pH values of half-maximum absorbance or
using a non-linear curve fit of the pH plot [104]. The other method is based on
the competition for a single metal ion between the chelator SF-BAPTA (1,2-bis-
(2-amino-5-fluorophenoxy)ethane-N,N,N’ ,N’-tetraacetic acid) and the protein
followed by '’F NMR spectroscopy [71]. Although this method was established
for the zinc metalloforms of MTs, its applicability to cadmium metalloforms has
also been demonstrated [105]. In this case, by analogy with zinc finger proteins a
lower affinity for mixed Cys/His coordination of Cd(II) in MTs compared to sole
Cys coordination has been shown.

3.2  Structure Dynamics and Metal Exchange Processes

The mobility of the protein backbone structure enfolding the metal core in
vertebrate MTs is well documented. Both the calculated RMSD values from
NMR data [37] and the crystallographic B-factors [106] of Cd-containing rat liver
Zn,CdsMT-2 indicate that a considerable degree of dynamic structural disorder
exists. More direct evidence for the non-rigid nature of the MT structure comes
from the "H NMR 'H->H amide exchange studies of Cd;MT-1/-2 [39,107]. In these
studies, the enhanced flexibility of the less structurally constrained B-domain
compared to the o-domain in both isoforms has been demonstrated. A similar
conclusion has also been drawn from the '°N relaxation measurements of mouse
Cd,;MT-3 and sea urchin Cd;MTA [35,36]. Molecular dynamics simulations of
the B-domain of rat liver Cd;MT-2 in aqueous solution also show that the polype-
ptide loops between cysteine ligands exhibit an extraordinary flexibility without
disrupting the geometry of the 3-metal cluster [108]. In the structural NMR studies
of the C-terminal Bg-domain of the wheat MT E_-1, encompassing a mononuclear
Cys,His, site and a M3HCys9 cluster, similar backbone dynamics of the Zn(Il) and
Cd(II) metalloforms were seen by 5N relaxation experiments [19].

Apart from the conformational flexibility of the polypeptide chain, dynamic
processes within the metal-thiolate clusters have also been recognized. The best
evidence for metal fluxionality in Cd;MT was provided by ''*Cd NMR saturation
transfer experiments, which established the presence of inter- and/or intramolecular
metal exchange within the 3-metal cluster of the B-domain with a half-life of the
order of 0.5 s ([109], and refs cited therein). The confirmation of similar processes
taking place within the 4-metal cluster, but with a half-life of about 16 minutes,
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was afforded by metal exchange studies using the radioactive '°°Cd isotope.
In this context it should be noted that the intersite cadmium exchange measured
in the 3-metal cluster of Cd;MT-1 was found to be much faster than that in
Cd;MT-2. This finding was in line with the enhanced backbone flexibility
recognized in the NMR studies of the former isoform [39]. Thus, despite the high
thermodynamic stability of the metal-thiolate MT complexes, the metal sites in
non-rigid MT structures are kinetically very labile, i.e., the thiolate ligands undergo
both metalation and demetalation rapidly. Although the mechanism underlying this
process is not yet understood, a rapid metalation and demetalation of the thiolate
ligands must be accompanied by substantial changes in the tertiary structure of the
protein. For inorganic complexes the correlation between the ligand properties and
complex lability revealed that decreasing ligand rigidity, or ligand preorganization,
results in an increasing complex lability [110]. Accordingly, MTs with their large
number of cysteine thiolates can be regarded as multidentate ligands resembling
chelating inorganic ligands with long bridges, for which a low level of ligand
preorganization and hence a high kinetic lability has been shown.

Mammalian Zn;MT-3 represents the only isoform for which biological activity has
been found [13]. In contrast to the Cd;MT-1/MT-2 isoforms, evidence for unprece-
dented dynamic processes within the metal-thiolate clusters of the Cd-reconstituted
human l]3Cd7MT—3 was obtained from ''>Cd NMR studies [38]. From significant
broadening of all '"*Cd signals and the very low and temperature-independent
intensity of the 3-metal cluster resonances the presence of two dynamic events acting
on two different ''*Cd NMR time-scales has been suggested: (i) Fast-exchange
processes among conformational cluster substates and (ii) very slow exchange
processes between configurational cluster substates in the B-domain encompassing
the 3-metal cluster [111]. The changes in conformational substates may be visualized
as minor dynamic fluctuations of the metal coordination environment and those
of the configurational substates as major structural alterations brought about by
temporarily breaking and reforming of the metal-thiolate bonds. The existence of
interchanging configurational cluster substates of comparable stability have already
been demonstrated for inorganic adamantane-like metal-thiolate clusters with the
general formula [M4(SC6H5)10]2_ (M is Cd(II), Zn(II), Co(II), and Fe(II)) [112].

A comparison of the primary structure of the different mammalian MTs (Table 1)
reveals that only the biologically active MT-3 contains the C¢PCPy motif in the
B-domain, a feature essential for the neuroinhibitory activity of this isoform [13].
To account for slow dynamic events centered at the 3-metal cluster of MT-3, a
partial unfolding of the B-domain, whose kinetics could be determined by the cis/
trans interconversion of Cys-Pro amide bonds in the C¢PCPy motif, has been
suggested [71]. Support for the proposed cis/trans interconversion of Cys-Pro
amide bonds came from the simulation of the partial unfolding of the f-domain
of Cd;MT-3 [113] and from the absence of slow 3-metal cluster dynamics in
"3Cd NMR studies of ''*Cd;MT-3, in which the unique C¢PCPy motif was mutated
to the C4SCAy sequence found in human MT-2 (Table 1) [71]. As revealed by
independent neuronal cell culture studies, the MT-3 mutation abolished its
biological activity. It has been concluded, therefore, that both the specific structural



11 Cadmium in Metallothioneins 361

features and the structure dynamics are necessary prerequisites for the extracellular
biological activity of Zn;MT-3.

3.3 Cluster Reactivity

Studies on ligand substitution reactivity conducted on vertebrate Cd;MT and lobster
CdeMT have revealed biphasic kinetics and differential reactivity of the two metal
clusters. With ethylenediamine-N,N,N’ N’ -tetraacetate (EDTA) the ligand interacts
preferentially and cooperatively with Cd(II) ions in the B-domain cluster of mam-
malian Cd;MT-2, B > a [114], and, in opposite order o > [ with nitrilotriacetate
(NTA) [115]. Since observed rate constants for the reaction with EDTA were
sensitive to protein concentration, it has been suggested that the monomer-dimer
equilibrium of the protein controls its kinetic reactivity with EDTA. In addition,
since bi- and tetradentate ligands such as ethylenediamine and triethylenetetramine
were found to be ineffective even at thermodynamically competent concentrations,
it has been suggested that a tripod configuration of ligands is required in ligand
substitution and that only specific regions of the protein domains may provide
easy access to the metal clusters [116].

The reactivity of the thiol groups in MT has also been investigated. In metal-
thiolate clusters these groups retain a substantial degree of the nucleophilicity seen
with the metal-free protein. This property is reflected by the extremely high
reactivity of the coordinated Cys side chains with alkylating and oxidizing agents
such as iodoacetamide or 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB), respectively
[117,118]. Another interesting aspect of MT reactivity is its ability to react with
radical species. Thus, it has been shown that mammalian M;MT (M = Zn(II) and/or
Cd(I)) are efficient scavengers of free radicals such as hydroxyl (OH"), superoxide
(05) [119,120] or nitric oxide (NO) [121,122]. In all cases, the free radicals attack
occurs at the metal-bound thiolates, leading to protein oxidation and/or
modification and subsequent metal release. While OH" radicals show no selectivity,
NO reacts preferentially with thiolate ligands of the B-domain of Cd;MT-1.
Interestingly, in many instances these effects could be reversed under reductive
conditions and the presence of the appropriate metal ion.

4 Three-Dimensional Structures

Owing to their small size, mammalian MTs were among the first proteins
structurally characterized by NMR spectroscopy and actually the first metallo-
proteins studied with this method. A major challenge in the determination of MT
structures is the assignment of the correct metal-thiolate connectivities. Here, the
use of the NMR-active '''Cd or '"*Cd nuclei bound to the protein instead of the
spectroscopically silent Zn(II) ions proved to be an invaluable tool (for details
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regarding the application of '"'Cd or ''*Cd NMR to the structural studies of
metalloproteins see Chapter 6 in this volume).

The first MT analyzed was rabbit liver MT-2. Natively bound Zn(II) ions were
replaced in vitro with ''*Cd(II) [123]. Proton decoupled one-dimensional ''*Cd
NMR spectra showed signals with chemical shifts >600 ppm, which are characte-
ristic for Cd(II) ions in tetrahedral tetrathiolate environments. The signals were
split into multiplets due to ''>Cd-'"*Cd spin coupling and hence already provided
indications for the presence of metal clustering. Homonuclear decoupling
experiments were used to identify sets of spin-coupled ''*Cd(II) ions and helped
to reveal the presence of two separate polynuclear clusters in mammalian MTs,
one containing three (cluster B or B-cluster) and the other one four metal ions
(cluster A or a-cluster). With the help of proteolytic digestion the a-cluster was
located in the C-terminal half of the protein [124]. In addition, one-dimensional
"3Cd NMR spectra of the C-terminal fragment showed four signals. The chemical
shifts of these signals coincide with four ''*Cd signals in the full-length protein and
hence suggest that the a-cluster structures formed in the C-terminal fragment and in
the full-length protein are identical [125]. Subsequent to assignment of the signals
in the '"H NMR spectrum [126], the polypeptide-metal cluster connectivities
in rabbit liver MT-2 could be deciphered with at that time novel heteronuclear
two-dimensional NMR experiments [127].

The advent of this method marked a major breakthrough in the determination of
MT structures. In [''*Cd,"H] correlation spectra the couplings between the Cys—Hﬁ
protons and the bound ''*Cd ions were directly monitored and in this way allowed
to identify the terminal and the bridging thiolate ligands, i.e., coupling of one
P proton with one or two ''*>Cd nuclei, respectively. In the same publication,
application of [''*Cd,'"*Cd] COSY spectra clearly show the presence of a Cds next
to a Cd, cluster in the structure as proposed in the earlier work. Determination of
the complete three-dimensional structure of the protein finally brought the common
endeavor to an end roughly eight years after its start [32]. The comparison of the
three-dimensional structure of rabbit liver MT-2 with the structure of rat liver MT-2
revealed closely similar folds of the polypeptide chains including identical metal-
thiolate connectivities and hence suggested a common structure for all mammalian
MTs [128]. Inconsistent with this finding, the sequence-specific metal-cysteine
connectivities were distinctively different from those reported in the solid state
structure of rat liver Zn,CdsMT-2 also determined at that time [129]. However
later, reevaluation of the solid state structure finally led to the same result as
obtained with NMR spectroscopy in solution, finalizing a long debate [130].

In a similar way, ''*Cd NMR spectroscopy helped to determine the cluster
structures present in crustaceans, i.e., two M3Sg clusters of the B-type [40,41,131],
and echinodermata MTs [36,132]. In the latter MT family a M3So as well as a M4S;
cluster are observed in analogy to the vertebrate MTs, however, their occurrence
within the amino acid sequence is reversed, i.e., the trinuclear B-cluster is hosted
by the C-terminal part of the protein while the tetranuclear a-cluster resides in
the N-terminal part.
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Albeit these success stories, the use of ''*Cd NMR to probe the geometry and
metal-thiolate connectivities of the clusters found in MTs is not always
straightforward. Generally, the B-domains of vertebrate MTs are less well defined
and more flexible than the o-domains, but this ef