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Abstract

Metal ion interactions with weakly coordinating ligands, such as amino acids, are
dependent on several factors, including metal ion availability, metal ion propensity for
hydrolysis, ligand availability, and thermodynamic stability, as measured by stability constants.
Metal ions in biological systems are often controlled by highly specific chaperone, transport, and
storage proteins. Disruption in the homeostasis of redox active metal ions, such as Cu(I), Cu(Il),
Fe(Il), and Fe(IlI), has been linked to increased oxidative damage and disease. Weakly binding
ligands such as amino acids may play an active role in mitigating this metal-mediated damage,
but a comprehensive understanding of the availability and thermodynamic likelihood of
coordination must be understood to accurately predict complex formation in a competitive
environment. This review presents an overview of amino acid stability constants with Cu(l),
Cu(Il), Fe(Il), and Fe(IIl), the most common redox-active metal ions in biological systems.
Specific attention is given to sulfur- and selenium-containing amino acids, since their
interactions with Cu(I) and Fe(II) is of particular biological interest. This review also describes
methods available for stability constant determination, with particular attention to specific
difficulties encountered when working with weakly binding ligands and each of these four metal
ions. Finally, the potential biological implications of these results are discussed based on

reported stability constants as well as amino acid, copper, and iron bioavailability.
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1. Introduction

Metal uptake and transfer in biological systems is essential to enzyme function [1],
oxygen and electron transfer [1], infection control [2], and redox balance [3]. Biological
mechanisms for metal transfer and redox activity are often poorly understood due to the
complexities of biological environments and a limited understanding of the quantities and
localization of high-affinity and weakly binding ligands present in cells. For example, mis-
regulation of copper and iron homeostasis is implicated in initiation and/or progression of
Parkinson’s and Alzheimer’s diseases [4, 5], but the role of weakly chelating biomolecules in
these diseases has not been addressed. It is often assumed that non-protein-bound metal ions are
coordinated to low-molecular-weight oxygen- and nitrogen-containing ligands, but the nature of
these ligands and how these interactions affect cellular processes is unknown.

Determination of in vitro stability constants is used to predict equilibria that may occur in
more complex systems [6, 7] and to model speciation in biological fluids [8-11]. The goals of
this review are to 1) examine weakly coordinating amino acid interaction with copper and iron
under biological conditions, with an emphasis on sulfur and selenium amino acids, 2) examine
the methods and method limitations for determination of stability constants describing
complexation of redox-active metal ions with weakly binding ligands, and 3) emphasize specific
needs for methods development and further research on these systems.

A comprehensive discussion of stability constants for weakly binding ligands present in
significant quantities in the cell is lacking and is presented in this review. Specifically, this
review focuses on the stability constants of amino acids with the biologically relevant, redox-
active metals copper and iron. Copper and iron are of particular interest due to their availability
in the cell, potential for chelation by wide variety of ligands, and known contribution to reactive

oxygen species generation and oxidative damage. Ligand coordination to these metal ions can be



difficult to assess, due to their variable oxidation states and coordination geometries. Although
the Smith and Martell database (NIST v.46) [12] contains a large set of externally evaluated
stability constants, including some of the iron and copper complexes of interest to this review,
this database is no longer being critically analyzed and curated.

This review places special emphasis on sulfur and selenium amino acids, since
coordination of these ligands with copper and iron is of particular biological interest, and thiol
and thioether coordination can stabilize the reduced forms of copper and iron [13-15]. A range of
stability constant determination methods including potentiometric, spectrophotometric, and
voltammetric analyses have been used to quantify formation of iron and copper complexes with
amino acids under biologically relevant conditions. The review discusses and identifies the
limitations of each method as it pertains to each metal and oxidation state and will evaluate the
potential impact of amino acids on biologically relevant metal interactions by modeling of more

complex systems.

2. Cellular Redox-Active Metal Ions and Amino Acids

Copper, iron, zinc, manganese, and cobalt are essential metal ions in biological systems
that play crucial biochemical roles as cofactors in enzymes. Iron and copper are of particular
interest due to their stability in multiple oxidation states which are often essential to biological
processes [16, 17], but this activity makes assessing the validity of ligand coordination difficult
even under tightly controlled systems such as in vitro analyses. The association and distribution
of copper and iron, not only within the highly selective binding pockets of proteins, but also with
more weakly binding ligands such as free amino acids has implications for the uptake, transfer,

and redox states of these metal ions throughout the cell.



Complex formation is dependent on amino acid concentration, metal concentration, and
the thermodynamic driving forces controlling complex formation. In human plasma, free amino
acid concentrations can be divided into three categories: high abundance (200-500 uM), low
abundance (10-200 uM), and trace abundance (less than 10 uM) [18-20]. Alanine, glutamine,
glycine, leucine, lysine, proline, threonine, and valine fall into the high abundance category.
With the exception of threonine, these amino acids have non-polar or positively charged side
chains at pH 7, which limit their cation binding abilities to bidentate binding through the amine
nitrogen and carboxylate oxygen groups. Arginine, aspartic acid, asparagine, cysteine, glutamic
acid, histidine, isoleucine, serine, methionine, phenylalanine, tryptophan, and tyrosine fall into
the low abundance category, and most of these have polar or negatively charged side chains at
pH 7 that may allow tridentate coordination through the amine, carboxylate, and side chain
groups. Trace-level amino acids include methylcysteine and the selenoamino acids
selenomethionine, selenomethylcysteine, and selenocysteine. Methylcysteine concentrations in
urine are reported to be 0.2-5 uM [21]; plasma or cellular concentrations are not reported.
Selenoamino acid concentrations are also not reported, but total selenium concentration in
human plasma averages 1.5-1.6 uM, with an estimated 90% incorporated into selenoprotein as
selenocysteine or selenomethionine [22]. Although the abundance of selenoamino acids is
extremely low, soft selenoether or selenolate groups may strongly interact with softer metals
such Cu(I) and Fe(II) according to Pearson hard-soft acid-base theory.

Penicillamine is an amino acid not naturally found in cells, but it bears a close structural
resemblance to cysteine. It is a highly effective copper chelator used to treat Wilson’s disease
[23, 24]. With a typical dosage of 750 mg/day, serum penicillamine levels can reach 100 uM in

treated patients [25]. Although it binds copper, it may also influence iron homeostasis [26, 27].



In this work, stability constant determination is discussed separately with Cu(I) and
Cu(Il) and Fe(Il) and Fe(Ill) due to the unique cellular roles and significantly different
coordination characteristics of each ion. Each of these metal ions serves essential biological roles
in electron transfer, oxygen transport, and catalysis [28]. Iron and copper are two of the most
abundant transition metal ions in cells, and control of these potentially toxic ions is highly
regulated by metallochaperones and storage proteins such as ferritin [29-31]. Total copper
concentrations are in the range of 10-25 uM in human serum [32] and up to 100 pM in human
brain tissue [33]. Labile (non-protein-bound) copper pools are also identified in cells, primarily
as Cu(I) [34]. Cellular concentrations of labile copper are not quantified, but significant recent
strides have been made in the development of methods to detect labile copper pools [35-37], and
local labile copper concentrations may reach the very low micromolar range [38].

Total iron concentrations are 20 to 30 uM in human serum [39] but are approximately
300 times higher in human liver (6315 uM) [40]. Jhurry and coworkers quantified labile iron
concentrations in the cytosol of human cells at 30 uM and in mitochondria at 210 uM [41], and
typical labile Fe(II) pools are generally reported around 5-10 uM [42]. Mis-regulation of copper
and iron homeostasis can lead to increased oxidative damage and protein misfolding or
aggregation and is implicated in the development of neurodegenerative diseases such as
Parkinson’s and Alzheimer’s diseases [4, 43-46]. In addition, redox cycling between Cu(I) and
Cu(II) that is critical for the function of most copper enzymes is often controlled by amino acid
coordination and protonation state [47-49]. In conjunction with reliable and complete stability
constant determination and species identification, as well as the biological concentrations of the
amino acids and metal ions, the extent of biological amino-acid-metal complex formation under

equilibrium conditions can be predicted.



3. Amino Acids as Weakly Binding Ligands

Biological regulation of metal ions is dominated by strong chelation in highly specific
binding pockets of proteins, often contributing to protein structural support and/or enzyme
activation. It is more difficult to ascertain the role of metal-coordinating, small molecules,
particularly at high metal concentrations resulting from loss of homeostasis [34, 50-54]. Amino
acids have a wide range of stability constants (with log B values between ~4 and ~15 for Fe(II)
and Cu(Il), depending on stoichiometry and binding modes). In most cases, these metal-amino
acid stability constants are lower than the stability constants of metalloproteins such as azurin
[55], transferrin [56], and lactoferrin [57] that have stability constants in the range of 15-20.
Small, coordinating molecules may function in a number of roles including: 1) cellular signaling
agents, such as various hormones or cytokines, 2) molecules required for metabolism, such as
sugars, 3) molecules needed for anabolism, such as amino acids or lipids, and 4) exogenous
molecules, such as drugs, antioxidants, or toxins. Entire databases in bioinformatics and
cheminformatics are committed to sorting, analyzing, and predicting chemical properties and
biomolecular pathways for these types of metal-coordinating small molecules [58]. We focus on
the coordination and stability of amino-acid-metal complexes, since amino acids coordinate
strongly enough to Cu(I)/Cu(Il) and Fe(II)/Fe(IIl) to infer that these complexes may form within
a cell [6]. For the purposes of this review, binary systems of the metal ion and a single amino
acid will be discussed, although the likelihood of mixed ternary complexes is high [59].
Dipeptides, tripeptides such as glutathione, and other oligopeptides are also potential metal-

binding competitors [42, 60-67], but are also outside the scope of this review.



3.1 Potentially Bidentate Amino Acids

Because amino acids have varied potential metal-binding modes, discussion of amino
acid coordination will be grouped according to their predicted denticity. Most amino acids only
have the capability for bidentate coordination, through the a-carboxylate oxygen and a-amine
nitrogen atoms, forming a five-membered chelate ring with the metal ion (Fig. 1). Since glycine
is the simplest amino acid and primarily binds metals with bidentate coordination, this type of

bidentate metal-amino-acid coordination is often referred as glycine-like binding [68].
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Fig. 1 Amino acids with non-coordinating aliphatic or aromatic side chains that have the capability to coordinate
metal ions in a bidentate fashion. In box: complex showing bidentate binding to a metal ion (M) through the
carboxylate oxygen and amine nitrogen, using glycine as an example.

3.2 Potentially Tridentate Amino Acids

Amino acids with polar or charged side chains may have the capability to bind in a
tridentate fashion (Fig. 2), but often do not achieve full tridentate coordination. Alcohol, amine,
and carboxylate groups all can potentially coordinate metals, but the influence of thermodynamic
factors such as pKa, steric strain, and entropy cost can lessen or prevent metal interactions.
Predicting the likelihood of an amino acid binding in a tridentate fashion is not straightforward.
For example, the polar side chains of arginine and lysine are positively charged at pH 7 (Fig. 2),

with pKa values above 10, properties that inhibit metal binding.
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Fig. 2 Amino acids with polar or charged side chains that have the capability to bind metals in a tridentate fashion.
In box: complex showing potential tridentate binding to a metal ion (M) through the a-carboxylate oxygen and a-
amine nitrogen as well as a side chain atom, using binding to the oxygen atom of the deprotonated alcohol group in
serine as an example.

Perhaps the best measure of the ability of an amino acid side chain to bind copper and
iron is to consider the amino acid residues most often found in metalloprotein binding pockets. In
a 2007 survey of the Protein Database, the three amino acids most commonly found in copper
metalloprotein binding pockets were histidine, cysteine, and methionine, respectively [69].
Aspartic acid, glutamic acid, serine, threonine, glutamine, and asparagine also bind copper but
much less commonly. For iron metalloproteins, histidine, glutamic acid, cysteine, aspartic acid,
methionine, and tyrosine were the primary iron- binding amino acids, with serine and asparagine
as minor contributors [69]. Based on these reports, it is reasonable to assume that these free
amino acids also would potentially bind cellular copper and iron. Higher stability constants are
expected for metal-amino acid complexes with tridentate binding compared to those with only

bidentate coordination, since greater chelation confers higher thermodynamic stability.
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3.3 Sulfur- and Selenium-Containing Amino Acids

In this review, special emphasis is given to iron and copper interactions with sulfur- and
selenium-containing amino acids, including penicillamine, methylcysteine, cysteine, and
selenomethylcysteine (Fig. 3). These amino acids not only show preferential binding to soft and
borderline metal ions, such as Cu(I), Cu(Il), and Fe(II), but they also influence redox activity of
these metals [70]. Metal-sulfur and -selenium redox interactions can make it difficult to clearly
interpret stability constant data for these systems, especially for thiol/selenol-containing amino
acids with reduced metal ions [71-73]. Glutathione, a sulfur-containing peptide present in
millimolar concentrations in cells, will not be discussed in-depth in this review although it likely

has a significant impact on biological metal ion speciation [38, 74-77].
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Fig. 3 Amino acids with sulfur- or selenium-containing side chains; all have the capability to bind metals in a
tridentate fashion. In box: complex showing potential tridentate binding to a metal ion (M) through the a-
carboxylate oxygen and a-amine nitrogen atoms as well as a side chain atom, using deprotonated sulfur in cysteine
or penicillamine as an example.

Because of the S/Se atom in the side chain, these amino acids can potentially act as
tridentate chelators to metal ions. Although selenoamino acids are less prevalent in the cell than
their sulfur analogs, metal-selenocysteine binding is required for the activity of enzymes such as
NiFeSe hydrogenases [78]. Selenoether-containing amino acids are not known to have primary

metal-binding roles in metalloproteins, but selenomethionine can substitute indiscriminately for
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methionine when Se levels are high [79] and has been well-studied for its ability to prevent

metal-mediated oxidative damage [80].

4. Comparing Apples to Apples: Defining Parameters of Stability Constant Determination

The sheer volume of stability constant data for transition metal ions with amino acids is
overwhelming and has been the subject of databases and extensive reviews [12, 68, 71, 81-83].
Previous reviewers [71, 84] noted that the wide range and seemingly inconsistent reports of these
stability constants is attributable to the sensitivity of these systems to the specific conditions
under which determinations are performed. Even when using the same analytical method,
variables including the nature and concentration of supporting electrolyte, pH range,
temperature, and solvent significantly affect the resulting stability constants. Whenever possible
in this review, stability constants were chosen that represent the most consistent results, both
with each other and with biological conditions. Thus, typical experimental conditions are 25-37
°C with 0.1-3.0 M supporting electrolyte. When limited data are available, the best or only
reported metal-amino-acid stability constants are provided.

Clearly defining equilibrium constants is crucial to correctly interpreting stability
constant data and identifying species formed across various analyses, especially for amino acids
where charges can differ. In this review, amino acids are divided into three categories: 1) those
likely to bind as bidentate ligands, composed of aliphatic or aromatic amino acids with nonpolar
side chains (Fig. 1), 2) those that can potentially bind as tridentate ligands, composed of amino
acids with polar or charged side chains (Fig. 2), and 3) sulfur- and selenium-containing amino
acids (Fig. 3). Since the sulfur and selenium-containing amino acids have greater potential for

redox activity compared to other amino acids, especially upon iron or copper coordination, it is
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useful to treat these amino acids separately.
For all the amino acids, proton association constants can be expressed as stepwise

protonation constants shown in equilibrium expressions 1 and 2.

Ht* + L- == HL protonation of -NH2 group (1)

H* + HL == HzL+  protonation of -COO" group (2)
The equilibrium constant Knr relates to the first protonation (equation 1) according to equation 3
and the equilibrium constant Ku,L relates to the second protonation (equation 2) according to
equation 4.

_ [HL] __[HaL*]
Ko = 3) Ko, = —[HL][H"']

L1H] @

Equilibrium constants 3 and 4 apply for all amino acids that do not have side chains that
can protonate or deprotonate, such as those shown in Fig. 1 and the thioethers shown in Fig. 3.
The remaining amino acids have ionizable side chains that must be accounted for in additional
equilibrium expressions.

For amino acids that are positively charged at pH 7, such as lysine, arginine, and

histidine, the protonation equilibrium reactions 5, 6, and 7 apply.

H*+ L = HL protonation of -NH2 group (5)
H+ + HL =— HaL* protonation of side chain (6)
H*+ + HaL* HsL2+ protonation of —COQO" group (7)

Thus, for protonation reactions of amino acids with ionizable side chains, equilibrium constants

3 and 4 apply, along with the additional equilibrium constant Ku,L (8).

[H3L**]

Kt [HoL*1[H*]

(8)
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For amino acids that are negatively charged at pH 8, including glutamic acid, aspartic acid,

cysteine, homocysteine, and penicillamine, the representative equilibria are 9, 10, and 11.

H+ + L= =— HL- protonation of -NH2 group 9)
H* + HL- = H:L protonation of side chain (10)
H+* + H2L. = HsL+ protonation of -COO" group (11)

The related association constants are similar to those defined in equations 3, 4, and 8, although it
is important to note that the charge on each species is different.

Association constants for metal-amino-acid coordination are defined in a similar manner.
Because the charge of the metal ions (M) studied varies from +1 to +3 and the charges of the
amino acids (L) also vary, charges on the species are typically not indicated in these general
equilibrium expressions. When discussing specific species, charges will be shown whenever
possible. Equilibrium equations for mono- and bis-coordinated complexes as well as their
formation constant (/) expressions are represented by 12 and 13, respectively. The formation
constant f is related to the thermodynamic stability of a complex, the association constant K, for
each stepwise addition of a new ligand. At lower pH, the side chain of the amino acid may or
may not be protonated, as shown in equations 14 and 12, respectively. At higher pH, some metal-
amino acid systems coordinate a hydroxyl ligand, or deprotonate a coordinated water molecule,

resulting in the ternary metal-ligand-hydroxide species [ML(OH)] (15).

. _ [ML]
M+ L == [ML] T (12)
M + 2L == [ML] = ML, (13)
2 MLZ2 [L]Z[M]
M + HL == MLH — MLH] 14
P = [H][ML] (14

15



[ML]

[ML] + OH = [ML(OH)] Puror = W[ML]

(15)

The thermodynamic parameter for each stepwise formation constant, K can then be
related to the standard free energy change (AG®) at constant pressure (equation 16). The total
enthalpy change AH® can be determined from the temperature dependence of K according to the
van’t Hoff equation (17). Although potentiometry is commonly used to determine metal-ligand
formation constants, calorimetry is often used for enthalpy determinations, since potentiometric
measurements may not be stable across the full temperature range needed to calculate a free
energy change. Free energy and enthalpy thermodynamic parameters are not discussed in detail

1n this review.
AG® = -RTInK (16)

d(InK) AH®
dT  RT?

(17)

To determine stability constants for metal-amino-acid complexes, any method can be
used that can actively measure the formation and elimination of the species present, and books
dedicated to methods development and analysis have been published [85-87]. General problems
associated with determining metal-amino-acid stability constants for all metals are thoroughly
reviewed [68, 82, 88-91], although these reviews are data-heavy and do not include a discussion
of methods development. This review will focus specifically on the best methods for amino acid
stability constant determination with Cu(I), Cu(Il), Fe(Il) and Fe(Ill), and the particular
experimental limitations associated with these ions. Common methods are introduced here, and
less common methods are discussed in each metal-specific section as relevant.

The three most common methods for stability constant determination are potentiometric,

voltammetric, and spectrophotometric titrations. Potentiometric analyses are the most frequently

16



used method for amino acid-metal binding constant determinations. The precision and stability
of this method makes it the ideal choice when conditions allow, and permits detection of minor
species when coupled with the computational abilities of modeling software [68, 71, 73, 92].
While many of these species are inconsequential under biologically relevant titration conditions
for simple systems, incorporation of these species into studies of more complex systems is
imperative and can have significant effects, since their formation may influence formation of
competitive species [8].

Potentiometric analyses are not always an option, and independent analyses are helpful,
and in some cases necessary, in confirming complex speciation. Voltammetric or polarographic
techniques permit measurements at a constant pH for pH-sensitive systems [93]. Often the
resulting data are not as precise or as consistent as potentiometric methods, since typically only
changes to the metal ion are measured. Spectrophotometric analyses work well with metal ions,
ligands, and/or complexes that absorb in UV or visible wavelengths, but these methods may not
be able to distinguish the binding modes of multidentate interactions. Development of methods
such as electrophoresis, involving solvent-extraction of species, is a growing area. Table 1
provides an overview of the most common methods and their advantages and limitations.

For amino-acid-metal complex determinations, potentiometry is the most common
method utilized, because the uptake and release of protons can be measured precisely [68, 82,
89-91, 94-96]. Electrode stability limits the analysis range, and data can be questionable at pH
extremes (typically pH <2 and pH > 12) [68, 91]. Although robust and precise, potentiometric
analyses are limited to ligands or hydrolyzed metals with protons that associate and dissociate in
the pH range investigated and can be limited by ligand and/or complex solubility across this pH

range.
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Table 1

Advantages and limitations of stability constant determination methods

Method Advantages Limitations
Potentiometric titration High precision Ligands must protonate/deprotonate
High accuracy Species must be soluble across wide pH range

Spectrophotometric titration

Electrophoresis
(paper or solution)

Redox titration

Solubility

Electron paramagnetic
resonance (EPR)

Can be run at narrow pH

Direct probe of metal and metal-
ligand complex

Simple detection

Easy to identify species charges

Redox-active metals can be
controlled

Low solubility systems such as
Fe(1II)

Indicates coordination modes

Disproportionation issues with Cu(I)

Curve fitting technique with no direct measurement
of the metal or metal-ligand complex

Either metal or ligand (or both) must be UV-vis
active

Low precision
Temperature and oxygen control more difficult
Conditions differ from solution determination

Species identification must be confirmed using
independent methods

Lengthy experiments due to slow equilibria
between solid and solution

Often used in parallel with other methods for ease
of interpretation
Metal ion must be EPR active

Methods such as UV-visible, electron paramagnetic resonance (EPR), circular dichroism

(CD) and nuclear magnetic resonance (NMR) spectroscopies used in conjunction with
potentiometric methods may provide greater insight into minor species, ligand coordination
modes, and geometric orientation in solution, especially for less-predictable systems. Much of
the burgeoning research in this area has focused on small peptide-metal complexes and has
utilized a variety of spectroscopic methods in conjunction with potentiometry [60, 61]. The skill
in pursuing research in these areas is matching the metal ion, ligand, and methods to maintain
precision and accurately observe coordination events.

The Smith and Martell database (NIST v.46) contains a comprehensive list of all stability
constant and associated thermodynamic data available for metal-amino-acid stability constant
data reported up through 2001 [12]. Stability constants for most of the amino acids with a variety

of metals are available for a wide range of temperatures and supporting electrolyte
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concentrations. Many of the metal-amino-acid stability constants reported in the Smith and
Martell database (NIST v.46) [12] and previous books [97-99] are reliable and accepted,
therefore additional studies have not been performed. Various reviews present a more selective
list of stability constants of metals with amino acids until 1997 [68, 71, 81-83]. While the
database and reviews are comprehensive for the time periods indicated, they are cumbersome in
the quantity of analyses given for some metals such as Cu(Il) and reflect the lack of data for
other metals such as Cu(I). Our analysis draws on these data and also comprehensively covers

iron and copper data with amino acids up until early 2019.

5. The Gold Standard: Proof of Speciation

Unambiguous identification of the thermodynamically stable species present in solution
is required to understand the solution equilibria of a metal-ligand complex [86, 87]. For
potentiometric determinations, glass electrodes are used to track the change in potential as
acid/base titrations are performed. Before the advent of modeling programs, best fit analyses
were determined for the most likely species formed in the given system using graphical methods
documented by Bjerrnum [100, 101] and Fronaeus [102]. More recently, programs such as
SCOGS [103], HYSS [104], HYPERQUAD [105], MINIQUAD [106], SUPERQUAD [107],
FITEQL [108], and other modeling systems [109-111] have made modeling and model-matching
much easier to perform and have allowed for more precise data analysis. As a result of
computational modeling methods and perhaps a more comprehensive understanding of solution
equilibria for metal-amino acid complexes, the number of identified species in recent reports has
expanded. While incorporation of additional species certainly improves model fit to the data, due

to their low concentration and limited influence on metal complex formation, the existence of
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such species are often difficult to confirm from titration data alone. For example, minor species
such as amino acid complexes with protonated, unbound side chains may not play an active role
in metal binding, but they may contribute to sample buffering [71, 112]. Thus, the gold standard
for species determination should incorporate secondary methods to unambiguously identify these
minor species. In this review, we describe the most consistent reported species, particularly
emphasizing investigations that have demonstrated a high level of control of experimental

conditions or used multiple methods of analysis to independently confirm the identified species.

6. Stability Constants of Non-Sulfur and -Selenium-Containing Amino Acids with Cu(II)
6.1 Cu(ll) Complexes of Potentially Bidentate Amino Acids

Whether or not labile Cu(Il) exists in the cell, Cu(Il) plays a major role in organisms
since activity and stability of Cu(Il) metalloproteins depend on copper-amino acid interactions
[1]. Compared to Cu(I), Fe(Il), and Fe(Ill), Cu(Il) is the most chemically well-behaved ion for
analytical measurements. Most Cu(II) salts are soluble in aqueous solution and are not sensitive
to air oxidation. It is not surprising, therefore, that hundreds of analyses to determine Cu(II)-
amino-acid stability constants are reported [68, 71, 82, 88-90] using a wide variety of methods:
polarography [113], spectrophotometry [114], circular dichroism [115], optical rotary dispersion
[116], and electrophoresis [117, 118]. Although solubility of Cu(Il)-amino acid complexes with
hydrophobic side chains is limited in the basic pH range, this issue is not always discussed in
published reports.

Table 2 shows a summary of the stability constants for Cu(Il) for amino acids with non-
coordinating side chains that are limited to bidentate coordination through the carboxylate

oxygen and amine nitrogen of the amino acid (Fig. 1). Due to the plethora of available data for
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Table 2
Stability constants for Cu(Il) and Cu(I) with potentially bidentate amino acids

Stability Constants for Cu(Il)

Ligand [ML] [ML:] Temp. Ionic Strength Method Ref.
(log Bvi)* (log Bmvir2) ((9) ™)
Alanine 8.17(3) 14.94(5) 30 0.1 KNO; Potentiometry [119]
Glycine 8.07(2) 14.86(3) 30 0.1 NaClO4 Potentiometry [120]
Isoleucine 8.50(6) 15.79(8) 25 0.1 NaNOs Potentiometry [121]
Leucine 8.276(1) 15.174(1) 25 0.1 KNO; Potentiometry [88]
Phenylalanine 7.93(1) 14.83(1) 25 0.1 KNO; Potentiometry [88]
Proline 8.60(3)° 15.09(7)° 25 0.1 NaNO; Potentiometry [122]
Tryptophan 8.02(1) 15.56(1) 25 0.1 KNO; Potentiometry [88]
Valine 8.05(2) 14.91(2) 30 0.1 NaClO4 Potentiometry [120]
Stability Constants for Cu(l)
Alanine 9.64 25 0.3 KxSO4 Redox [123]
Glycine 10.0¢ 25 0.3 K»S04 Redox [123]

2 Jog BmL = [ML]/[M][L] °log Bmr2 = [ML,)/[M][L]*> °©Authors also reported the minor species [Cu(Pro)(OH)]
(log B = 1.29(4)) and [Cu(Pro)(OH),] (log B =-8.58(3) ¢Error not reported

Cu(IT)-amino-acid stability constants [12], the selected stability constants in Table 2 are those
“recommended” in previous reviews due to their data quality and reproducibility [12, 68, 71-73,
81, 82], where possible. Beyond that, selected constants were 1) reported with errors, 2)
determined within 25-37 °C, and 3) were conducted in a constant ionic strength medium (range
0.1-3 M) [124].

Analysis of Cu(II)-amino-acid stability constants with bidentate-coordinating amino acids
(Fig. 1) is fairly straightforward and consistent. Coordination is typically through the o-
carboxylate oxygen and a-amine for both [ML] and [ML2] species and is supported by solid-state
structures. The structure of [Cu(Gly):], a representative bidentate-[ML:] species, is square planar
with bidentate glycine ligands creating two five-membered, equatorial chelate rings around
Cu(Il) (Fig. 4A) [125]. The axial positions are vacant, with occasional coordination of water
molecules or supporting electrolyte, such as in [Cu(Gly)2(H20)] (Fig. 4B) [125-128].

No trend in stability constants relating to side chain hydrophobicity is observed for the
aliphatic amino acids. Potential intermolecular interactions of aromatic side chains (e.g.,

phenylalanine) also do not impart added stability to the complexes, since all of the Cu(II)
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Fig. 4 A) Crystal structure diagram for [Cu(Gly):] showing carboxylate and amine coordination with square planar
geometry around the central Cu(Il) ion [129]. B) Crystal structure diagram of [Cu(Gly)2(H20)] also showing
carboxylate and amine coordination in the equatorial position, but with a water molecule coordinated in the axial
position of the square pyramidal geometry [126, 128]. The Cu(Il) ion is shown in orange, oxygen atoms are red,
carbon atoms are grey, and nitrogen atoms are blue. Hydrogen atoms are omitted for clarity.

stability constants with bidentate amino acids are within one log unit of each other (Table 1).
This stability constant uniformity indicates glycine-like [ML] and [MLz] complex formation for
all of these amino acids with Cu(II).

Minor species have also been identified for these relatively simple systems. Berthon and
coworkers [8] report [Cu(HVal)]** and [Cu(HVal)(Val)]" as well as [Cu(HGly)]*,
[Cu(HGly)(Gly)]", and [Cu(HGly)2]*" species in their Val and Gly analyses, respectively.
Because the side chains of Val and Gly cannot protonate, it can be assumed that these species
arise from a-amine protonation and monodentate binding of the metal through the carboxylate
oxygen. All of these species form below pH 3 and represent only a very small change in
buffering of the system. While these species are chemically reasonable in terms of competition
between a high proton concentration and Cu(Il) for amino acid binding, they are formed at the
accuracy limits of potentiometric measurements when formed at low pH and remain to be
independently confirmed.

On the other end of the pH range, species with hydroxyl coordination, such as [ML(OH)]
and [ML2(OH)], are reasonable and expected, especially since water is known to coordinate in

the axial position in the solid state (Fig. 4B) [125, 130]. However, Cu(Il)-amino acid complexes
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typically precipitate in the alkaline range (pH > 9). Arena and coworkers note that signal drift
can occur in potentiometric measurements at more basic pH when precipitation is seeding [131],
and this signal drift can be misinterpreted as new species formation [132]. Thus, distinguishing
between signal drift and minor hydroxyl species formation at basic pH is a core issue in
determining accurate speciation for metal-amino-acid complexes.

Analyses across methods also are consistent for Cu(Il) titrations with potentially
bidentate amino acids, a promising sign for methods development, particularly for the
determination of stability constants for ligands that may not have the ionizable protons needed
for potentiometric analysis. Paper electrophoresis is an excellent method for separating species,
although it is limited in precision and may not accurately represent “solution” equilibria. For
potentiometric and paper electrophoresis results for the Cu(Il)-alanine system, the paper
electrophoresis stability constants reported by Jokl [133] are slightly higher: 8.5 and 15.2 for the
[Cu(Ala)]" and [Cu(Ala)2] species (no errors are reported), respectively, compared to 8.17(3) and
14.94(5) using potentiometric methods [119]. Singh’s [Cu(Val)]" and [Cu(Val):] electrophoresis
determinations [117] are consistent with or slightly lower than potentiometrically determined
values (8.02 and 14.62, respectively, compared to 8.05(2) and 14.91(2), respectively) [120].
Separately, Tewari [134] reported paper electrophoresis stability constants for the Cu(Il)-
isoleucine system: 8.41(7) for [Cu(Ile)]" and 14.84(3) for [Cu(Ile)2], values consistent with or
slightly lower than the potentiometric results of 8.50(6) and 15.79(8), respectively [121]. While
this is not a comprehensive list of paper electrophoresis determinations for Cu(Il) amino acid
complexes, these representative data demonstrate method viability. Indications of the charge of
species due to electrophoretic movement is an advantage of electrophoresis. If the detection

limits are suitable, electrophoresis may be a method worth exploring for establishing the
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existence of minor species.

Spectrophotometric analyses also are an option for spectrophotometrically active metals
such as Cu(Il) or ligands with aromatic groups that absorb or fluoresce in the UV or visible
spectrum. However, concentrations required for species detection in the UV-visible range are
dependent on the absorptivity of the species involved, which can be a limiting factor for systems
with low absorptivity. Effects of metal-coordinating solvents or supporting electrolyte can also
contribute to error in spectrophotometric methods. For example, a spectrophotometric analysis of
the Cu(Il)-isoleucine system by Bretton [135] with no supporting electrolyte results in
considerably higher stability constants than those obtained by Ivicic [121] using potentiometric
analyses with a supporting electrolyte of 0.1 M NaNOs (Table 2).

Other optical methods such as circular dichroism and optical rotary dispersion have also
been used to determine stability constants with Cu(Il), with results similar to those from
potentiometric analyses, but it can be difficult to identify minor species using these methods
[115, 116]. Perhaps the most compelling use of spectrophotometric methods to determine
stability constants is in conjunction with potentiometric methods, since species identification can
be supported by two independent methods. This combination is demonstrated by Davis [136] in
determining stability constants for Cu(Il)-valine-pyridoxal complexes.

Stability constants of Cu(II) with aliphatic amino acids are one of the most widely studied
of all metal-amino-acid combinations. The relative stability of this metal ion with non-redox
active ligands makes the resulting data easy to interpret, as long as the method is reliable in
collecting quantifiable changes to the system, whether the release of protons or spectral changes.
As a result, these systems provide the best arena for development of methods to examine metal

coordination with weakly binding ligands.
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6.2 Cu(ll) Complexes of Potentially Tridentate Amino Acids

Amino acids with polar side chains, including serine, histidine, threonine, tyrosine,
aspartic acid, glutamic acid, asparagine, and glutamine, may coordinate not only through the
carboxylate oxygen and amine nitrogen atoms, but also through the polar side chain atoms.
Although polar, the side chains of lysine and arginine are typically positively charged in aqueous
solution with pKa values of 10.54 and 12.48 [81], respectively, and therefore are not expected to
coordinate positively charged Cu(Il). Methionine and cysteine also have electronegative side
chains with the potential for binding Cu(II), but these sulfur-containing amino acids have unique
redox properties that present potential complications for stability constant determination and are
discussed separately.

Due to the thermodynamic nature of stability constants, tridentate binding to Cu(II)
should be reflected in considerably higher stability constants compared to bidentate binding.
With Cu(Il), stability constants for asparagine [137], glutamine [131], serine [138], threonine
[88, 139-141], and tyrosine [142] (Table 3) are not significantly different from those for the
bidentate amino acids (Table 2), suggesting only a-carboxylate and a-amine binding. Not
surprisingly, the lowest stability constants for Cu(Il) binding are observed for Lys and Arg
(Table 3), likely indicating electrostatic repulsion between the positively charged amino acid and
Cu(Il). In contrast, Cu(Il) stability constants of histidine ([ML] = 9.75, [ML2] = 17.49) and
aspartic acid ([ML] = 8.83, [MLz] = 15.93) are considerably higher than the other potentially
tridentate amino acids (Table 3), indicating side chain coordination.

Tridentate coordination to Cu(Il) by aspartic acid [143] and histidine are supported by
solid-state structures (Fig. 5) [144-147] and spectroscopic methods for glutamate [148, 149].

Stability constants for glutamic acid ([ML] = 8.30, [ML2]= 15.03) are slightly elevated
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Table 3
Stability constants for Cu(Il) and Cu(I) with potentially tridentate amino acids

Stability Constants for Cu(Il)

Ligand [ML] [ML2] [ML(OH)] Other Temp  Ionic Method Ref.
(log Bmr)® (log Pwmi2)® (log Bvron ) Species (°C) Strength
M)
Arginine 7.555(4) 14.007(5) 25 0.1 KNOs Potentiometry [88]

Asparagine  7.788(3) 14.142(4) 4.17(2) MLH 10.08(3) 37 0.15NaClO4 Potentiometry  [137]
ML,H 17.44(3)

Aspartic acid 8.83(3)  15.93(2)  24.0(1) MLH12.52(2) 25 0.1KNO;  Potentiometry  [150]
ML,H 19.8(3)
M,L 10.34(6)
ML, 19.5(1)

Glutamine 7.71(1)  14.12(1) 25 0.1 KNOs Potentiometry  [131]

Glutamic acid 8.30(4)  15.03(3) MLH 12.52(2) 25 0.1KNO;  Potentiometry  [150]
ML,H 19.6(3)
ML 10.41(5)
ML, 18.6(2)

Histidine®  9.75(1)  17.49(1)  2.2(2) MLH 13.78(1) 37 0.15NaCl  Potentiometry  [137]

ML,H 23.05(1)
ML,H, 26.29(6)

ML,(OH) 6.3(1)
Lysine 7.62(2)  13.94(2) MLH 10.361(5) 25 0.1 KNO; Potentiometry [88]
ML,H 10.84(1)
Serine 7.748(2) 14.083(5) 4.285(13) MLH 10.030(16) 37 0.15NaClO4 Potentiometry  [137]
Threonine 7.98(4)  14.66(5) 4.81(3) ML,H,-6.0(1) 25 0.1 KNO; Potentiometry [88, 139]
Tyrosine 7.902) 15.17(3) 25 0.1 KNOs Potentiometry — [142]
Stability Constants for Cu(l)
Histidine 12.80¢ 25.20¢ 25 0.2 KNO; Redox [151]

aJog Bme = [MLJ/[M][L] °log Bmr2 = [ML,)/[M][L]*> °©log Bmron = [ML(OH))/[ML][OH] ¢ The protonation
state for His in the ML and ML, species assumes the histidine has one ionizable proton.

Fig. S Crystal structure diagram for the Cu(His), complex, showing both tri- and bidentate binding of histidine to the
Cu(II) center, as reported by Deschamps and coworkers [145]. The Cu(Il) ion is shown in orange, oxygen atoms are
red, carbon atoms are grey, and nitrogen atoms are blue. Hydrogen atoms are omitted for clarity.
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compared to the other potentially tridentate amino acids, suggesting weaker side-chain
coordination than for His or Asp. However, the only solid-state structure to support this
tridentate binding mode is the glutamate complex with cadmium, [Cd(Glu)(H20)]H20 [152]. In
general, most of the stability constants for the potentially tridentate ligands with Cu(II) do not
indicate tridentate binding, and it is reasonable to assume that Cu(Il) coordination by these
amino acids is very similar to the bidentate amino acids with the exception of histidine and
aspartate. Changes in side-chain protonation state, however, can complicate stability constant

determination and make identifying minor species more difficult.

6.3 Challenges in Determining Cu(Il)-Amino Acid Stability Constants

Determining the speciation of metal complexes with potentially tridentate amino acids is
especially troublesome for modeling stability constants. These difficulties are primarily caused
by reported potential minor species due to 1) inconsistency of identified species, 2) failure to
independently characterize these species, and 3) absence of meaningful discussion about the
relative importance or implications of the reported minor species. Thus, researchers may be
adding minor species solely to optimize their model fitting to titration data, a particular issue
given the unreliability of Cu(Il)-amino acid titration data at pH > 9 due to precipitation.
Collection of titration data is usually limited to the pH range over which all complexes remain in
solution, but these pH limits are not always explained, and precipitation is rarely mentioned.

As an example, most studies describing binding constants for Cu(II)-serine complexes
report only two species, [ML] and [ML:z] [153]. More recent work reports two additional species,
[ML2(OH)] and [MLH] [137]. The difficulties surrounding identification of additional, minor

species are demonstrated by comparing the simulated titration data based on reported constants
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for 1) a titration that incorporates just two primary species, [Cu(Ser)2] and [Cu(Ser)]" and 2) a
titration that incorporates the additional minor species [Cu(HSer)]*" and [Cu(Ser)(OH)], for a
total of four species (Fig. 6). Under typical titration conditions with a 1:2 Cu(II)-to-serine ratio,
[Cu(HSer)]** is present at less than 2% of total Cu and only below pH ~4, as modeled in Fig. 6B.
Including this minor species results in no difference between the modeled two-species and four-
species titration data at pH 4-8 for these concentrations (Fig. 6A). In contrast, adding the
[Cu(Ser)20H] species significantly affects titration buffering above pH 8. Including this
additional species may improve the model fit to experimental data; however, many Cu(Il)-

amino-acid complexes precipitate above neutral pH as the concentration of the [ML:2] species
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Fig. 6 A) Simulated titration with a strong base of Cu(Il) and Ser with a 1:2 metal to ligand ratio. The “two-species”
(red) line shows the modeled titration with only the [Cu(Ser)]" (log p = 7.92(1)) and [Cu(Ser),] (log B> = 14.57(1))
species [153]. The “four-species” (black) line shows the modeled titration with four species, [Cu(Ser)]* (log B =
7.57), [Cu(Ser),] (log B = 14.02), [Cu(Ser)2(OH)] (log B = 4.29), and [Cu(Ser)H]** (log B = 10.03) [137]. B) A
speciation diagram for the Cu(Il) and Ser titration over the pH range 3-10.5 fit with two (red line) and four (black
line) species.
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increases (although this is often unreported), resulting in significant electrode drift and data
inaccuracy. Under these conditions, the limited accuracy of experimental data may not support
including minor species to increase modeling accuracy, and without independent
characterization, these species may even be artefactual.

The Cu(Il)-to-amino-acid ratio used in stability constant determinations also has a
significant effect on complex speciation, as demonstrated with the four-species Cu(Il)-Ser model
titration (Fig. 6; at a 1:2 ratio) at metal-to-ligand ratios of 1:1 (Fig. 7A) and 1:10 (Fig. 7B).
Concentrations of the two minor, potentially disputed, [MLH] and [ML2(OH)] species are
amplified by at least two-fold in the 1:10 simulation. These [MLH] and [ML2(OH)] species are
only present under very acidic or basic conditions, respectively, minimizing their impact in

biological systems.
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Fig. 7 A) Modeled speciation diagrams for the Cu(Il)-Ser four-species system from Fig. 6 A) at a 1:1 Cu(II):Ser
ratio and B) at a 1:10 Cu(II):Ser ratio.
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To emphasize the inconsistency in identifying minor species, one can consider the
example of Cu(II)-threonine titrations. From the wide range of data available, the primary [ML]
and [MLz2] species are confirmed, and no [MLH] species is reported. Multiple studies identify the
minor dihydroxide species, [ML2(OH)2] [88, 140, 146] but the presence and contribution of this
hydroxide species is disputed given the conflicting data and lack of independent characterization.

Despite their uncertainties, the Cu(Il)-Ser and Cu(Il)-Thr systems are straightforward
compared to Cu(Il)-His titration modeling, where anywhere from four to thirteen species are
identified (Table 2) [137, 154-156]. Understanding histidine-copper binding is of primary
importance, since it is the most common amino acid in the binding pockets of copper
metalloproteins and is the predominant non-protein-bound copper complex in blood plasma [69,
157, 158]. Reports of so many species, including dinuclear complexes, is indicative of inherent
variability in His-Cu(Il) coordination. The major species at pH 6-8 are [Cu(His)2H]" and
[Cu(His)2]; however, minor species, such as [Cu(His)]", are present that could influence cellular
speciation [82]. Kamyabi and coworkers [159] provided independent confirmation of [Cu(His)]",
[Cu(His)H], [Cu(His)2], [Cu(His)2H]", and [Cu(His)(OH)] complexes using spectroscopic
methods. The complexity and difficulties of determining Cu(Il)-histidine speciation highlight
core issues for stability constant determination. Even when the metal-ligand interaction is well-
behaved and a variety of methods are available for analysis, confirmation of relevant species

must be achieved for the data to be useful in large-scale modeling projects.

7. Stability Constants of Non-Sulfur and -Selenium-Containing Amino Acids with Cu(I)

Cu(I) is the least studied and the most poorly understood of the common copper and iron

oxidation states in biological systems. In humans, cellular copper intake is tightly controlled
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through the membrane transport protein hCTR1 [160-162], which has methionine-, cysteine-,
and histidine-rich amino acid sequences in the Cu(I) binding site [13, 163]. Although hCTR1 and
other copper transport proteins preferentially bind Cu(I) over Cu(Il), Cu(l) stability constants are
vastly under-examined due to the difficulties of working with this ion.

Cu(I) is highly unstable in aqueous systems and disproportionates to Cu(Il) and Cu(0) in
the presence of dioxygen. Cu(l) is also spectrophotometrically inactive, limiting
spectrophotometric titrations to ligands that have absorbances in the UV or visible spectrum. In
addition, the most commonly used Cu(l) salt, CuCl, is only sparingly soluble in aqueous systems,
narrowly defining the parameters for which potentiometric methods can be utilized. Sharma and
coworkers [164] used potentiometric methods to determine that Cu(I) is stabilized in aqueous
systems with sufficient CI" support (1.0 M). Using potentiometric methods, they identified three
species: CuCl, [CuCl2], and [CuCl3]*, with step-wise stability constants of 2.68, 5.07, and 4.78,
respectively. Given these difficulties with Cu(]) instability and solubility, reliable data for Cu(I)
stability constants with amino acids lags far behind that of Cu(Il) despite its biological
importance.

Due to the significant limitations of potentiometric methods with Cu(l), stability
constants have been primarily determined using redox methods. Since Cu(I) is unstable in
aqueous solution, redox methods are preferred because metal oxidation state is controlled at the
electrode surface. This method is dependent on predicting the potential at which half of the
concentration is Cu(I) and half is Cu(II), and activity due to ionic strength is sometimes ignored
in the calculations. Stability constants for Cu(I) with only three non-sulfur or -selenium amino
acids are reported; Cu(I) stability constants with sulfur- and selenium-containing amino acids are

discussed separately in the Stability Constants of Sulfur- and Selenium-containing Amino Acids
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with Copper section.

Using redox analyses, stability constants of 9.6, 10.0, and 10.4 were found for [Cu'(Ala)],
[Cul(Gly)], and [Cu'(His)], respectively [165]. Since alanine and glycine have non-coordinating
side chains, and stability constants for all three complexes are very similar, these data suggest
that all three amino acids are binding in bidentate fashion to Cu(I). It is surprising that His
would show such weak Cu(l) binding, considering the role that histidine plays in stabilizing
copper in metalloproteins [166]. The only other Cu(I)-His determination identifies formation of
[Cu(HHis)] and [Cu(HHis)2] species with stability constants of 12.80 and 25.20, respectively
(Table 3) [151], where “HHis” indicates protonation of the amine or imidazole nitrogen atom,
implying only bidentate binding. These Cu(I)-His results seem contradictory, not only because
the identified species are not the same, but because the Cu(l) species with a potentially
tridentate-binding His ligand has a significantly lower stability constant than the Cu(I) species
with only a bidentate-binding His ligand. Considering the importance of Cu(l) in biological
systems, the fact that methods and stability constant data for Cu(I)-amino-acid complexes are not
reliable enough to compare with similar Cu(Il) data highlights the extreme difficulties inherent in
studying this ion. To add these difficulties, even if reliable titration methods are identified, the
propensity of Cu(I) to form multinuclear species [167-169] will provide an additional challenge

for these measurements.

8. Stability Constants of Sulfur- and Selenium-Containing Amino Acids with Copper
Similar to histidine, sulfur-containing amino acids have been credited for the stability and
redox activity of a wide variety of copper metalloproteins. Both methionine and cysteine are

recognized for the structural and electronic stability that they contribute to blue copper proteins
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[170, 171]. Thiols have such a high stability with copper that the drug penicillamine is
administered as a copper chelator for treatment of Wilson’s disease [23, 24]. Selenium
compounds, such as selenocysteine, are crucial to the function of selenoproteins [172-174].
Selenocysteine coordinates nickel in NiFeSe hydrogenases [78], and selenomethionine is non-
specifically incorporated into proteins in place of methionine [175, 176]. In addition, many sulfur
and selenium species have been identified and extensively studied as antioxidants in in vitro,
cellular, in vivo, and epidemiological studies [171, 177-181], in part due to their copper-binding
properties. Selenium-containing supplements have been the subject of human studies for their
potential as antioxidants, although results are limited and conflicting [80, 182-185].

All of the sulfur- and selenium-containing amino acids have the potential for tridentate
binding through the carboxylate oxygen, the amine nitrogen, and the S/Se atom
in the side chain. Table 4 summarizes the available data for stability constants of Cu(Il) and
Cu(I) with these amino acids; unsurprisingly, data for Cu(Il) are much more complete than for
Cu(I).

Table 4
Stability constants of Cu(Il) and Cu(I) with sulfur- and selenium-containing amino acids

Cu(II) Stability Constants

Ligand [ML] [ML2] Other Species Temp Ionic Strength Method Ref.
(log Bwin)* (log Pwi2)” 0 (M)
Homocysteine 11.92(1) 13.54(2) 7.57(1) ML(OH)) 25 0.1 KNO; Potentiometry [186]
Methionine 7.85(2) 14.52(1) 25 0.1 KNO; Potentiometry  [88, 187,
188]
Methylcysteine 7.65¢ 14.13¢ 25 0.2 KCl Potentiometry [189]
Methylselenocysteine 8.2(1) 14.5(2) 25 0.1 NaClO4 Potentiometry [190]
Penicillamine 16.5¢ 21.7¢ 25 0.15 KNOs  Potentiometry [191]
Selenomethionine 7.77° 14.50°¢ 25 0.1 NaNOs;  Potentiometry [192]
Cu(I) Stability Constants
Cysteine 10.164(6) 18.36(1) 20.34(2) (MLs) 25 1.0 NaCl Potentiometry [11]
Methionine 9.1¢ 20 0.1 NaClO4 Potentiometry [163, 193]
Penicillamine 12.41(5) 18.72(1) MLH) 25 1.0 NaCl Potentiometry [11]
22.29(2) (Mz:LH)
34.44(1) M,L,H)

2log Bvr = [ML]/[M][L] °log Pmr2 = [ML2}/[M][L]?> ¢ Error not reported
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8.1 Cu(1l) Complexes of Sulfur- and Selenium-Containing Amino Acids

Thiol-containing cysteine, homocysteine, and penicillamine are redox-active in the
presence of Cu(Il), forming the respective disulfides and reducing Cu(Il) to Cu(l) [194, 195].
This redox activity impacts the validity of stability constant determinations with these amino
acids. Although Cu(Il)-Cys stability constants have been errantly reported [12], previous
reviewers [71] have explained the misidentification of species present in these analyses, and
Pinto [186] suggested that these complexes are stable at ligand:metal ratios below one. The
potential for redox reactions casts a shadow over the reliability of Cu(II)-thiol stability constant
data and emphasizes the need for proof of speciation in these systems.

Penicillamine has the highest Cu(Il) stability constants of the amino acids in Table 4,
forming [Cu(Pen)] (log B = 16.5) and [Cu(Pen)2]* (log B2 = 21.7) species [191]. The high
affinity of penicillamine for Cu(Il) is not surprising, since a primary use of penicillamine is as a
copper chelator. Of the other sulfur and selenium amino acids examined, the thiol-containing
homocysteine has a higher [ML] species stability constant (11.92(1)) [186] than the others (~7.8;
Table 4), but the [ML2] species is slightly less stable at 13.54(2) than the [ML2] species of
methionine, methylcysteine, and selenomethionine. Pinto [186] suggested that the amine and the
soft thiolate of homocysteine binds borderline Cu(Il) in the [ML] species, either in addition to
the hard carboxylate oxygen or in place of it. This is reasonable, since EPR analysis of
[Cu(hCys)2]* indicates tetrahedral geometry around Cu(Il), with the thiolate sulfur replacing
carboxylate oxygen binding. The [Cu(HhCys)] species has a significantly higher stability
constant than the thio- or selenoethers, potentially indicating stability afforded by tridentate
binding. When sterically hindered by a second ligand coordinating in the [MLz] species, the

carboxylate oxygen coordination may be lost, and the two ligands likely coordinate in a bidentate
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fashion through the amine nitrogen and thiolate sulfur atoms.

The presence of a thioether or selenoether group does not contribute to thermodynamic
stability of Cu(Il) complexes, since stability constants for Cu(Il) with methionine,
methylcysteine, and selenomethionine are similar to those of the bidentate-coordinating Cu(II)-
amino-acid systems (Table 2). Solid-state structures also show no thioether or selenoether
coordination for [ML2] complexes of Cu(Il), including [Cu(Met)2] [196, 197], [Cu(SeMet):]
[190], and [Cu(MeCys)2] [198], although tridentate binding to Co(IIl) [199, 200] and softer

metal ions such as rhenium [201] and ruthenium [202, 203] is observed.

8.2 Cu(l) Complexes of Sulfur- and Selenium-Containing Amino Acids

Stability constants for Cu(I) with sulfur and selenium amino acids are limited to two
thiolates (Cys and Pen), only one thioether (Met), and no selenium-containing species (Table 4).
This paucity of data makes evaluation difficult, as does the fact that the Cu(I)-Met results [193]
have not been replicated in sixty years, and no other Cu(I) stability constants have been reported
under these conditions. If these results are valid, only the [Cu'(Met)] species has a higher
stability constant (log B = 9.1) than the analogous Cu(Il) species, [Cu'(Met)]* (log B = 7.85(1))
[88]. The higher stability of the Cu(I) complex may suggest tridentate binding, or at least a
different binding mode than the glycine-like coordination of the [Cu"(Met)]* species. No X-ray
diffraction structures are reported for Cu'(Met), but X-ray absorption spectroscopy studies
supported by NMR results in aqueous solution indicate Cu(I) coordination through the thioether
sulfur and the amine nitrogen atoms in a bidentate fashion [204].

Cu(I)-Cys is one of the most thoroughly investigated Cu(I) systems, with stability

constant determination attempted using at least four different methods with vastly different
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results. Using polarographic methods, only the [ML] species was identified with a stability
constant of 19.19 [205]. By spectrophotometry, the stability constant for the same [ML] species
was reported as 11.38 [206]. In a review, Berthon [71] highlighted the inconsistencies between
these two reports, attributing the difference to interference by NHs or redox issues in the
polarographic determinations. Walsh and Abner utilized fluorescent probes to determine stability
constants of 23.0 for the [ML and 38.4 for the [ML:] species, significantly different values
compared to previously reported data [207]. More recently, Konigsberger [11] attempted to
determine Cu(I)-Cys stability constants in a ternary system using potentiometric analyses with
penicillamine. Although penicillamine addition may expand the solubility range of the system
beyond pH 5.2, it adds multiple species into an already complicated model. Four different
species were reported to form throughout the full pH range, including species with multiple
cysteine protonation states and three dinuclear species. Polynuclear copper-thiolate complexes
are well known, but suggesting the formation of multiple dinuclear species based on model fit
alone is insufficient for this system. Adding to this complexity, kinetics analyses suggest a
dinuclear, mixed-valent Cu(II/I)-Cys complex also may form as an intermediate between the
[ML] and [MLz2] species [208].

Similar to Cys coordination, the Cu(l)-penicillamine system has also been extensively
studied [11, 208-210] with no agreement on either the stability constants or species present
(Table 5). Again, the tendency of Cu(l) to form dinuclear and polynuclear complexes
significantly complicates species determination. Most notably, Persson and coworkers [209]
determined stability constants of 39.18 and 101.5 for the [Cu(HPen):]" and [CusPen4]* species,
respectively, high values that indicate penicillamine strongly stabilizes Cu(I).

To explore differences in speciation between Cu(I) and Cu(II) with penicillamine, a
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Table 5
Speciation and stability constants for Cu(I) with penicillamine (Pen)

Species log B Ionic Strength Temp("C) Method Ref.
[Cu(Pen)] 10.470(6) 1 M NaCl 25 Potentiometry [11]
[Cu(HPen)] 18.46(1)

[Cux(HPen)] 20.48(1)

[Cu(Pen)] 12.25(2) 1 M NaCl 25 Potentiometry [210]
[Cu(HPen)] 18.34(1)

[Cu(Pen);] 15.44(3)

[Cus(Pen)s] 49.15(7)

[Cu(HPen):] 39.18 0.5 M NaClO4 25 Potentiometry [209]
[Cus(Pen)s] 101.5

model of the speciation of copper (100 uM) with penicillamine (1000 mM) at 100 mV was
calculated with Geochemist’s Workbench [211] using the stability constants and species
reported by Persson [209], including the protonation constants of penicillamine. The database
parameters for this model that were added to Visual MINTEQ are listed in Table S1. Below pH
5, Cu(I) hydrolysis species predominate (Fig. 8A). As the pH increases and the thiolate of
penicillamine deprotonates, formation of Cu(Il)- and Cu(I)-Pen species increases, but the Cu(II)
species are the more prevalent species, by a factor of 100. As the electrochemical potential
decreases, Cu(I)-Pen species are stabilized (Fig. 8B).

Copper binding to selenium-containing amino acids is vastly understudied compared to
their sulfur analogs. Data for the Cu(Il)-SeMet system are reported, with stability constants of
7.77 and 14.50 for the ML and ML: species, respectively (Table 4). Cu(I)-MeSeCys stability
constants have been recently determined [190] and are consistent with the other thio- and
selenoether amino acids with stability constants of 8.2(1) and 14.5(2) for the [ML] and [ML:]
species, respectively. Because these stability constants are similar to those of Cu(Il)-Met systems
and for the bidentate-binding amino acids (Table 2), Cu(Il) likely binds selenomethionine and

methylselenocysteine in a glycine-like manner. No stability constant data could be found for
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Fig. 8 A) Speciation comparison between Cu(ll) and Cu(I) complexes of penicillamine at a 10:1 ligand-to-metal
ratio and 100 mV, showing the favorable stability of Cu(Il) over Cu(l) complexes. B) As the electrochemical
potential decreases, Cu(I) complexes increase in stability.

other selenoamino acids such as selenocysteine. Selenocysteine is highly redox sensitive [212],
greatly complicating these measurements, but determining its stability constants with copper
would significantly contribute to the greater body of knowledge regarding biological selenium-

metal interactions.

8.3 Challenges in Determining Copper Stability Constants with Sulfur- and Selenium-Containing
Amino Acids

For the vast majority of Cu(Il)-amino acid complexes, potentiometric analyses indicate
formation of [ML] and [ML2] species with stability constants of approximately 8 and 14,

respectively (Tables 2, 3, and 4). Only histidine, glutamate, aspartate, and penicillamine stability
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constants are high enough to suggest tridentate or partially tridentate Cu(II) coordination in the
[ML] species. In general, stability of glycine-like amino acid binding to Cu(Il) is greater than to
Cu(I), although increased stability constants suggest that thiols, thioethers, and selenoethers
coordinate Cu(I) through the sulfur or selenium, either in addition to or in place of the
carboxylate oxygen. The difficulties in controlling the redox chemistry of Cu(I) with thiols and
selenols has discouraged researchers from pursuing the determination of these stability constants
with Cu(I). For both Cu(I) and Cu(Il), formation of a variety of multinuclear species with sulfur

and selenium amino acids also significantly hinders stability constant analysis and interpretation.

9. Stability Constants of Non-Sulfur and -Selenium-Containing Amino Acids with Fe(II)

Labile Fe(II) pools contribute to reactive oxygen species formation and cellular oxidative
stress [213], and iron interactions with low-molecular-weight species such as amino acids may
alter this behavior. Although not as robust as Cu(Il) due to its tendency to form Fe(Ill) in the
presence of oxygen, Fe(Il) is fairly well-behaved in closed reaction vessels or under an inert
atmosphere of nitrogen or argon. Hydrolysis constants of Fe(Il) ([Fe(OH)]" log B = -9.5 and
[Fe(OH)2] log B = -20.5 [214]) are low enough to be a factor only at high pH and/or high metal-
to-ligand ratios. Since Fe(Il) is spectrophotometrically inactive, similar to Cu(I), most stability
constant measurements with this ion are performed using potentiometric methods.

Stability constants have been determined for most amino acids with Fe(Il); however, a
majority of these data are individual analyses, making accuracy evaluation difficult. For some
amino acids, only one stability constant for either the [ML] or [ML2] species is reported, with
little analysis or attempts to identify minor species. Since all the Fe(II)-amino-acid stability

constants are determined using potentiometry, comparisons with other methods are not possible.
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9.1 Fe(1l) Complexes of Potentially Bidentate Amino Acids

Similar to Cu(Il), Fe(Il) stability constants with bidentate-coordinating amino acids all
fall within one log unit of each other (3.39 to 4.13 for the [ML] species, and 7.1 to 8.3 for the
[MLz2] species; Table 6). Glycine, with the relatively low log 8 values of 4.13 and 7.65 for the
[ML] and [MLz2] species, respectively, forms the most stable Fe(Il)-amino acid species [92].
Proof of speciation and details about coordination environment are scarce for these potentially
bidentate Fe(Il)-amino-acid complexes, since [Fe(Pro)2(phenanthroline)] (Fig. 9) is the only
reported Fe(Il) structure with any single amino acid ligand [215]. In this complex, Fe(Il) is
coordinated in distorted octahedral geometry, with both bidentate Pro ligands coordinating
through the amine nitrogen and carboxylate oxygen atoms. Given the similarity of [ML2]

stability constants for Fe(Il) binding to all the potentially bidentate amino acids, it is reasonable

to assume similar amine and carboxylate coordination for all the amino acids in Table 6.

Table 6

Stability constants of Fe(IT) and Fe(II) with potentially bidentate amino acids

Stability Constants of Fe(II)

Ligand [ML] [ML2] [ML3] Temp  Ionic Strength Method Ref.
(log B)* (ogB2)® (ogPs)®  (°C) (7))
Alanine 3.544 20 1.0 KCI Potentiometry [217]
Glycine 4.13¢ 7.654 25 0.1 KNOs Potentiometry [92]
Leucine 3.42¢ 20 1.0 KClI Potentiometry [217]
Phenylalanine 3.74(1)  7.19(3) 10.7(2) 25 3.0 NaClO4 Potentiometry [216]
Proline 8.3¢ 20 0.01° Potentiometry [218]
Tryptophan 3.92¢ 7.39¢ ~9.54 25 3.0 NaClO4 Potentiometry [216]
Valine 3.394 20 1.0 KCI Potentiometry [217]
Stability Constants of Fe(I1I)
Alanine 10.98¢ 30 1.0 KClI Polarography [219]
Glycine 104 25 1.0 NaClO4 Redox [193]
Leucine 9.94 20 1.0 NaClO4 Redox [193]
Phenylalanine 10.39(4) 19.1(1)  26.0(7) 25 3.0 NaClO4 Potentiometry® [216]
Proline 10.0(3) 20 1.0 NaClO4 Potentiometry
Tryptophan 9.04 20 1.0 NaClO4 Redox [193]
Valine 9.64 20 1.0 NaClO4 Redox [193]

alog B = [ML)/[M][L] *log B2=[ML2J/IM][L]> °©log ;= [MLs}/IM][L]® ¢No error reported by author. °The
identity of the electrolyte was not reported; titrations were run at approximately 0.01 M ligand.

supported by calorimetry.
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Fig. 9 Solid-state structure of [Fe(Pro),(phenanthroline)] [215], showing bidentate proline coordination through the
carboxylate oxygen and the amine nitrogen atoms. The Fe(II) ion is shown in orange, oxygen atoms are red, carbon
atoms are grey, and nitrogen atoms are blue. Hydrogen atoms are omitted for clarity.

A single study identifies the [FeLs] species for phenylalanine and tryptophan with log 3
values of 10.7(2) and ~9.5, respectively [216]. Fe(Il) binding to a third amino acid must out-
compete formation of the [Fe(OH)]" and [Fe(OH):] species, the latter of which has limited
solubility. If all three ligands of the [MLs] species bind in a bidentate fashion, they are almost
certainly arranged in octahedral geometry around the Fe(Il) center. Both Phe and Trp have
aromatic side chains that would result in considerable steric encumbrance to the complex. The
predictable stepwise formation constants (log K1 = 3.74, log K> = 3.45, and log K3 = 3.5) suggests
there is no enthalpic penalty due to increasing coordination, and the reported potentiometric
results are supported by calorimetry measurements. In all cases, the stability constants for the
[FeL]" and [FeL:] species are weak and indicate that high ligand-to-metal concentrations are

required for complex formation.

9.2 Fe(1l) Complexes of Potentially Tridentate Amino Acids

Similar to the bidentate amino acids, stability constant data for potentially tridentate
amino acid binding to Fe(II) are incomplete. Most of the stability constants for [ML] and [ML2]
complexes of these amino acids (Table 7) are similar to stability constants for Fe(Il) with the

bidentate amino acids (Table 6), consistent with glycine-like binding to Fe(Il) without significant
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Table 7
Stability constants of Fe(IT) and Fe(III) with potentially tridentate amino acids

Stability Constants of Fe(Il)

Ligand [ML] [ML2] [MLs3] Temp  Ionic Strength Method Ref.
(log pu)*  (log pwiz)”  (log purs)*  (°C) V)
Arginine 3.20¢ 20 0.01° Potentiometry ~ [132]
Asparagine 4.37(3) 7.57(3) 10.26(5) 25 3.0 NaClOg4 Potentiometry [220]
Aspartic acid 5.344 8.57¢ 25 0.1° Potentiometry [221]
Glutamic acid 3.504 20 1.0 KC1 Potentiometry  [193]
Histidine 5.884 10.434 25 3.0 NaClOq4 Potentiometry ~ [222]
Lysine 454 20 0.01¢ Potentiometry [132]
Serine 4.299¢ 7.377¢ 10.299¢ 20 3.0 NaClO;4 Potentiometry ~ [223]
Threonine 3.694 6.50¢ 40 0.2 KNOs Potentiometry ~ [224]
Tyrosine 7.14 20 0.01°¢ Potentiometry [218]
Stability Constants of Fe(I1I)
Arginine 8.7(3) 20 1.0 NaClO4 Potentiometry ~ [193]
Asparagine 8.6(1) 20 1.0 NaClO4 Potentiometry ~ [193]
Aspartic acid 11.4(3) 20 1.0 NaClO4 Potentiometry ~ [193]
Glutamic acid 13.39¢ 20 1.0 NaClO4 Potentiometry ~ [225]
Histidine 4.7(4) 20 1.0 NaClO4 Potentiometry [193]
Serine 9.2(4) 20 1.0 NaClO4 Potentiometry [193]
Threonine 8.6(3) 20 1.0 NaClO4  Potentiometry  [193]

2log B=[MLJV[M][L] ®log B2=[ML:2)/[M][L]> °©logps=[ML3])/[M][L]> 9¢No error reported by author. ©No supporting
electrolyte was reported; titrations were run at approximately 0.01 M ligand.

stability contributed by the polar side chain. Many of the reported constants have not been
replicated or independently confirmed by other methods.

Histidine and aspartic acid have somewhat higher stability constants (5.88 and 5.34 for
the [ML] species and 10.43 and 8.57 for the [ML2] species, respectively; Table 7) than the
majority of the
other potentially tridentate amino acids, suggesting possible tridentate binding or Fe(II)
stabilization through bridging ligands. [MLs3] stability constants are determined for asparagine
[220] and serine [223], further supporting bidentate coordination of these amino acids, at a
maximum. It is surprising that minor species have not been identified in the low pH range in
these Fe(Il)-amino acid systems, but the stability of iron hydrolysis species above pH 7
outcompetes weakly binding amino acid ligands. Fe(II) stability constants with the majority of
the potentially bidentate and tridentate amino acids are fairly consistent: [ML] stability constants

are approximately 3-4; [MLz2] stability constants are approximately 7; and the few [ML3] stability
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constants reported are approximately 10. Extrapolating from scarce structural and supporting
speciation data, it is likely that most amino acids coordinate Fe(II) in a bidentate fashion through
the carboxylate oxygen and amine nitrogen atoms. Aspartic acid and histidine have somewhat
higher stability constants for the [ML] (5.88 and 5.32, respectively) and [ML2] (10.43 and 8.57,
respectively) species (Tables 6 and 7), suggesting that the His and Asp side chains participate

significantly in coordination.

9.3 Challenges in Determining Fe(Il)-Amino Acid Stability Constants

Although stability constants of divalent metals with amino acids have been the focus of a
few comprehensive studies [132, 217, 218, 224], most Fe(Il) amino acid stability constants are
limited to these few studies with little speciation analysis. The majority of the published data
were obtained using potentiometric titrations. Although Fe(Il) salts are water soluble, Fe(II)
oxidizes to Fe(IIl) in air, so oxygen-free conditions must be employed. This air sensitivity limits
analysis techniques to methods that can be performed in a glove box or in closed cells. Fe(II) also
forms hydrolysis compounds above pH 7. Although these complexes are not as stable as Fe(III)
hydrolysis products, they do compete with amino acids for metal binding in the upper pH range.
Fe(Il) is also spectrochemically inactive, like Cu(I), and therefore not an option for
spectrophotometric techniques with non-UV-active amino acids. As a whole, these issues have

limited the data availability for Fe(Il) with amino acids.

9.4 Comparison of Cu(1l) and Fe(Il) Stability Constants of Non-Sulfur and-Selenium-Containing
Amino Acids
Cu(Il) and Fe(II) have the same valency and are both considered borderline Lewis acids;

both also have the potential to coordinate ligands in octahedral geometry. However, stability
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constants of Cu(Il) and Fe(Il) with amino acids are significantly different, with Cu(Il)-amino
acid complexes significantly more stable than analogous Fe(II)-complexes. With ML constants
of approximately 9 for [CuL]" species (Table 3) and between 3 and 4 for most of the [FeL]"
complexes (Table 7), all of the non-sulfur- and non-selenium-containing amino acids show a
higher affinity for the Cu(Il) ion. A similar comparison can be made for [CuL:] and [FeL:]
species with stability constants of ~14 and 7-8, respectively. With Cu(II), only His ([ML] log B =
9.75(1), [ML2] log B = 17.49(1)) Asp ([ML] log B = 8.83, [ML2] log B =15.93(2)), and Glu
([IML] log B = 8.30(4), [MLz] log B = 15.03(3)) have large enough stability constants to suggest
the potential for tridentate coordination. With Fe(Il), stability constants with His ([ML] log B =
5.88, [ML2] log B = 10.43) and Asp ([ML] log B = 5.34, [ML2] log B = 8.57) are somewhat
elevated compared to bidentate-binding amino acids but are still considerably lower than stability
constants with Cu(II).

Although solid-state structural data support tridentate His coordination in [Cu(His):] (Fig.
5), no comparable Fe(II) structures exist to show tridentate amino acid coordination. His and Asp
may be tridentate ligands binding Fe(Il) through the amine, carboxylate, and side-chain N or O
atoms or, alternatively, adopt bidentate coordination through the N or O atom of the side chain
and either the amine nitrogen or carboxylate oxygen atom. Regardless of coordination mode, the
stability of Fe(II) with non-sulfur- or selenium amino acids is significantly weaker than Cu(II)

and therefore less biologically significant.

10. Stability Constants of Non-Sulfur and —Selenium-Containing Amino Acids with Fe(III)
Most Fe(Il) in the cell is sequestered in ferritin storage as ferrihydrite [226], although

Fe(III) also exists in the mitochondria [226]. Fe(Ill) does not generate hydroxyl radical as does
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Fe(Il), and it is poorly soluble and therefore not readily available in the aqueous environment of
a cell. Poor Fe(Ill) solubility, due to the stability of the hydrolysis species, also contributes to a
deficit of Fe(Ill) stability constants with amino acids, since it restricts the use of potentiometric
titrations to a very narrow pH range. Accordingly, the Fe(Ill) stability constants reported in

Table 7 were measured below pH 5 [193].

10.1 Fe(1ll) Complexes of Potentially Bidentate and Tridentate Amino Acids

For most amino acids, regardless of potential denticity, Fe(IIl) stability constants for only
the [ML] species have been quantified (Table 7) with the exception of a single study by Williams
[223]. Many of these constants were determined using redox measurements in one 1958 report
by Perrin [193], and the lack of precision inherent to the redox method is reflected in the reported
values.

Stability constants for the [ML] species of Fe(Ill) and a majority of the amino acids are
consistently in the 8-10 range (Tables 6 and 7). Notable exceptions to this trend are glutamic
acid, with a higher [ML] stability constant of 13.39, and histidine, with a lower [ML] stability
constant of 4.7(4), respectively. The considerably higher Fe(III)-Glu stability constant was
determined under different experimental conditions [225] compared to most of the other amino
acids, but these experimental differences would not explain such a significant disparity. The
considerably lower stability constant for the [Fe(His)]* seems to indicate that His coordination
does not greatly stabilize Fe(III). In contrast, the only solid-state structure of Fe(III) bound to an
amino acid incorporates histidine in a tridentate coordination mode: the oxo-bridged, dinuclear
complex, [Fe2(His)2(bipy)2(un-O)] (bipy = 2,2’-bipyridyl; Fig. 10) [227]. Although this complex

was not crystallized out of aqueous solution, it indicates that histidine is certainly capable of
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Fig. 10 Solid-state structure of [Fex(His)(bipy)2(n-O)], showing tridentate coordination of histidine through a
nitrogen atom of the imidazole side chain as well as the carboxylate oxygen and amine nitrogen atoms [227]. The
Fe(Il) ion is shown in orange, oxygen atoms are red, carbon atoms are grey, and nitrogen atoms are blue.
Hydrogens are omitted for clarity.

tridentate coordination to Fe(III).

10.2 Determining Fe(IIl) Stability Constants Using the Solubility Method

One method that has not been discussed thus far but has been used in environmental
chemistry for determining stability constants of ions with sparingly soluble hydrolysis products
is the solubility method. Complexes of neptunium(V) and plutonium(IV) are of environmental
concern, and the solubility method has proven to be a technique to allow control of redox state
yet span a wide range of pH and/or temperature [228-230]. With this technique, insoluble metal
ions are slowly dissolved by complex formation with an aqueous-phase ligand. Concentration of
the soluble complex can then be determined through methods such as inductively-coupled-
plasma mass spectrometry or scintillation techniques with radioisotopes. By varying the ratio of
ligand to metal, a continuous plot can be derived to track mass transfer from solid state to
aqueous solution. Due to the extreme insolubility and stability of Fe(III) hydrolysis products,
the solubility method is an optimal tool for stability constant determination in this system. In this
method, competition for Fe(Ill) is measured through addition of increasing concentration of

ligand to a suspension of [Fe(OH)s]. The amount of complex is then determined by measurement
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of pH and Fe(IlI) in solution. Limitations of this method include the difficulty in characterizing
both the liquid and solid species formed as the pH changes [231, 232]. The solubility method is
by no means the easiest or the fastest method for determining stability constants, but it may
overcome the difficulties inherent in using most other methods for measuring Fe(Ill) stability
constants due to the highly insoluble Fe(III) hydrolysis species.

A model Fe(Ill) solubility experiment was calculated using Geochemist’s Workbench
using low, moderate, and high amino acid stability constant values with Fe(III) as exemplified by
Met, Glu, and Phe [193, 216, 225] (database parameters that were added to Visual MINTEQ can
be seen in Table S1). In this model, amino acid concentrations are increased until the Fe(IIl)-
amino-acid species out-compete the insoluble iron-hydrolysis species. In Fig. 11A, a complex
P

forming with a stability constant of 9.1, the same as for [Fe(Met)]”" and comparable to most of

the other [ML] species reported by Perrin [193, 217] has very little ability to dissolve the solid
ferric hydrolysis species to form [Fe(Met)]*" in aqueous solution. Increasing the stability
constant by four log units to 13.39, as reported for [Fe(Glu)]" [225] significantly increases the
amount of Fe(III) dissolved in solution (Fig. 11B).

Utilizing the only multi-species data reported for Fe(Ill) complexes with non-sulfur or
selenoamino acids, [Fe(Phe)]*", [Fe(Phe):]", and [Fe(Phe)s] species with stability constants of
10.39(4), 19.1(1), and 26.0(7), respectively [216], results in a significantly higher amount of
dissolved Fe(IIl) (Fig. 11C) compared to that in the Fe(Ill)-Met and Fe(III)-Glu systems (Fig.
11A and 11B). It is entirely possible that multiple species form in all of the Fe(Ill)-amino acid
systems, but identification of these species may be hindered by high-pH precipitation of iron

hydrolysis species in the potentiometric and redox titrations. Solubility titrations could provide

insight into formation of additional species in these systems, although this method is limited by
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Fig. 11 Modeled solubility method data for Fe(Ill) complexes with A) methionine ([ML] log B = 9.1) [217], B)
glutamate ([ML] log B = 13.39) [233], and C) phenylalanine ((ML] log B = 10.39, [ML,] log p = 19.11, and [ML5]
log B =26) [216]. Comparing graphs A and B shows the effect a change in log by 4 log units has on ferrihydrite
solubility. Comparing graphs B and C shows the significant effects of higher stability constants and multiple species
on aqueous Fe(III) solubility.

the aqueous solubility of the resulting Fe(Ill)-amino acid complexes. It is reasonable to expect,
however, that even low-solubility complexes would remain in solution at the extremely low total
iron concentrations found in these modeled systems (pM to nM range). Thus, solubility titrations

represent a viable but almost unexplored method for Fe(III) stability constant determination.

11. Stability Constants of Sulfur- and Selenium-Containing Amino Acids with Iron
Sulfur-containing metalloproteins such as rubredoxins, ferredoxins, and hemerythrin
play a crucial role in electron transfer through iron-sulfur interactions [166]. Despite their

biological importance, Fe(Il) and Fe(Ill) stability constant determinations with sulfur- and
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selenium-containing amino acids are so limited that it is difficult to assess the accuracy of the

experimental results or to identify trends.

11.1 Fe(ll) Complexes of Sulfur- and Selenium-Containing Amino Acids

In contrast to Cu(Il), stability constants of thioether- and selenoether-containing amino
acids with Fe(Il) are low: 3.2 to 3.9 for the [FeL]" species (Table 8). These constants are
consistent with those of Fe(Il)-amino-acid species with potentially bidentate amino acids (Table
6), suggesting at most bidentate coordination or perhaps only amine or carboxylate binding.
Thus, it is unlikely that the thio- or selenoether S or Se atom plays a significant role in Fe(II)
coordination. Based on limited data, the selenoether-containing amino acids have slightly higher
stability constants with Fe(II) than analogous thioether amino acids, although two data points
(Met/SeMet and MeCys/MeSeCys) do not necessarily indicate a trend.

In contrast, Fe(Il) stability constants with the thiol-containing amino acids cysteine and

penicillamine are significantly higher (Table 8). Interestingly, Fe(II) cysteine and penicillamine

Table 8
Stability constants of Fe(II) and Fe(IIl) with sulfur- and selenium-containing amino acids

Fe(II) Stability Constants

Ligand [ML] [ML:2] Temp Ionic Strength Method Ref.
(logB)*  (log B)° (W9 M)
Cysteine 6.69(2) 11.90(3) 20 0.1 NaClO4 Potentiometry [234]
Methionine 3.24¢ 20 1.0 KCl1 Potentiometry [193]
Methylcysteine 3.49(4) 25 0.1 NaCl Potentiometry [190]
Methylselenocysteine 3.84(1) 25 0.1 NaCl Potentiometry [190]
Penicillamine 7.58(1) 13.74(2) 20 0.1 NaClO4 Potentiometry [234]
Selenomethionine 3.51(7) 25 0.1 NaCl Potentiometry [190]
Fe(III) Stability Constants
Cysteine 10.85°¢ 14.49¢ 20 0.15 KNOs Potentiometry [235]
Methionine 9.1° 20 1.0 NaClO4 Redox [193]
Methylcysteine 8.37(5) 13.92(1) 25 0.1 M KNO3; Electrophoresis [236]
Penicillamine 11.27° 16.25° 20 0.15 KNOs Potentiometry [235]

alog B =[MLJ/[M][L] °log B> =[ML?)/[M][L?] °No error reported.
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stability constants are similar to those of bidentate Cu(Il)-amino-acid complexes (Table 2),
potentially indicating coordination through the thiolate and amine groups rather than tridentate
binding. Studies to confirm coordination modes for these amino acids have not been performed,
and there are no reported Fe(Il) stability constants for selenol-containing amino acids. The lack
of independent characterization of the species identified in these Fe(Il) stability constant studies

provides only a very indirect understanding of these coordination complexes

Fig. 12 Solid-state structure for Th[Fe(Pen),]. The Fe(Il) ion is shown in orange, oxygen atoms are red, carbon
atoms are grey, nitrogen atoms are blue, and the sulfur atoms are yellow. The counterion and hydrogen atoms are
omitted for clarity.

11.2 Fe(Ill) Complexes of Sulfur- and Selenium-Containing Amino Acids

Only a handful of stability constant determinations with Fe(Ill) and sulfur amino acids
have been reported, and none are reported for selenoamino acids (Table 8) . A variety of methods
have been used for the few reported analyses, including potentiometric titrations [218, 234],
paper electrophoresis [236], and redox methods [217]. Where comparisons can be made, the data
conflict. For the Fe(Ill)-Met system, Tewari [118] used paper electrophoresis to identify two
different species [Fe(Met)]*" and [Fe(Met)2]* with stability constants of 7.95(7) and 12.65(6),
respectively (Table 8). In contrast, a 1958 study by Perrin and coworkers [193] reported a
stability constant of 9.1 for the [Fe(Met)]*" species using potentiometric methods. Due to the
limited competition of methionine binding with formation of Fe(IIl) hydrolysis products (Fig.
11), it is not surprising that a [MLz2] stability constant was not determined using this method.

While paper electrophoresis is limited to low pH (1-4) to maintain solubility, this method

50



promotes separation of species through electrophoresis, directly establishing the number of
species formed.

The thiol-containing amino acids cysteine and penicillamine have Fe(Ill) stability
constants in the 10.8-11.3 range for the [ML]" species, significantly higher than those with
thioether-containing amino acids. Thus, it is reasonable to assume that in aqueous solution, Cys
and Pen ligands interact with Fe(III) through tridentate coordination of the thiolate sulfur, amine
nitrogen, and carboxylate oxygen atoms. This binding mode is supported by the solid-state
structure of Th[Fe(Pen)2], a [Fe'''(Pen):2]” complex with a Th* counterion (Fig. 12) [237]. In this
complex, both Pen ligands bind in tridentate fashion to Fe(IIl), with bond angles closer to

trigonal bipyramidal than octahedral geometry.

11.3 Challenges in Determining Iron Stability Constants with Sulfur- and Selenium-Containing
Amino Acids

Determination of iron stability constants with sulfur- and selenium-containing amino
acids is plagued by issues common to Fe(II) and Fe(III) titrations with any amino acid. With
Fe(II), experiments must be conducted in oxygen-controlled environments, UV-visible analyses
are limited to spectrochemically active ligands, and potentiometric analyses are limited above pH
7. Fe(Ill) stability constant determinations with weakly binding ligands are even more limited
due to the high stability of Fe(IIl) hydroxide species.

In addition to these problems, the thiol-containing cysteine and penicillamine are also
redox-active with Fe(III) [238, 239]. Although Fe(III) stability constants are reported for these
amino acids, conditions must be tightly controlled, and data misinterpretation is not uncommon.

Sisley’s kinetic analysis of the interaction of redox-active metals, including iron, with these
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thiol-containing amino acids is detailed and specific about the limitations of these measurements
[239]. Due to these significant limitations, few analyses are reported, and stability constant
values can vary depending on experimental methods and conditions for these redox-active

systems.

11.4 Comparison of Copper and Iron Stability Constant Determinations with Sulfur- and
Selenium-Containing Amino Acids

The most complete stability constant data with Cu(Il), Cu(I), Fe(Il), and Fe(III) exists for
the thiol-containing amino acids cysteine and penicillamine. Cu(II)-penicillamine complexes are
extremely stable with log B values of 16.5 and 21.7 for the [ML] and [ML:] species, respectively
[191] (Table 4). The stepwise log K values for these constants, 16.5 for [ML] and 5.2 for [MLz2],
suggest that penicillamine may coordinate Cu(Il) as a tridentate ligand in the [ML] species. The
significantly lower stability increase upon adding a second penicillamine ligand suggests that the
second ligand may have only mono- or bidentate binding. Mixed tridentate and bidentate amino
acid-Cu(Il) complexes are structurally characterized [144-146], and rhenium-bound
penicillamine adopts a structure where the two Pen ligands coordinate in tridentate and bidentate
fashion simultaneously [240]. Fe(II)-Pen stability constants are significantly lower than the
analogous Cu(Il) species (7.58(1) and 13.74(2) for the [ML] and [MLz2] species, respectively
[234]; Table 8) but significantly higher than stability constants of other Fe(Il)-amino acid
complexes (except Cys). These lower stability constants are most consistent with bidentate
coordination.

A comparison of stability constants for Cu(l), Fe(Il), and Fe(IIl) with cysteine is

somewhat surprising (Tables 4 and 8). Cu(I) and Fe(III) have similar [ML] stability constants of
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10.164(6) and 10.85, respectively, but similar Fe(Il) values are lower at 6.69(2) [11, 234, 235].
This trend is slightly surprising since Cu(l) is significantly softer than Fe(Ill), with Fe(II) and
Cu(Il) falling in between. Comparing the [MLz] stability constants, the Cu(I)-Cys species has a
considerably higher stability of 18.36(1), as compared to 14.49 with Fe(IIl) and 11.90(3) with
Fe(I). Perhaps this unexpected trend can be attributed to cysteine binding all of the metal ions in
a tridentate fashion, but the relative Lewis acidity of the coordinating ligand atoms is also mixed,
with hard carboxylate and amine groups and a softer thiolate group. It should be noted that Pen
stability constants exhibit the same trends, with the Cu(Il) species having the greatest stability
compared to the other ions.

The thioether-containing methionine is the only other sulfur- or selenium-containing
amino acid with analyses reported for Cu(Il), Cu(l), Fe(Il), and Fe(Ill). Cu(Il)-Met stability
constants of 7.82(2) and 14.52(1) for the [ML] and [ML:] species, respectively, are well-
supported by a variety of authors [88, 187, 188] and are consistent with results obtained for other
amino acids with aliphatic side chains (Table 1). Methionine stability constants with Cu(l),
Fe(Il), and Fe(Ill) were reported in a single 1958 study by Perrin [193], making comparisons
questionable. Methionine binding does not provide added stability compared to amino acids with
non-coordinating side chains, suggesting that the thioether sulfur atom does not coordinate in the
[ML] or [ML:] species, a result supported by solid-state structures [196, 197]. Assuming Perrin’s
results are accurate, the same trend is observed for Met as for Cys and Pen. Methionine binding
to Cu(I) and Fe(IIT) has higher stability for the [ML] species (log B = 9.1 for both) than for the
Fe(II) species (log B = 3.24).

Although methionine and selenomethioneine are also bidentate Cu(l) chelators, the soft

sulfur or selenium atom coordinates Cu(I) in addition to the amine nitrogen, with no bonding of
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the carboxylate group. The best characterization has been obtained for the Cu(Il)-Met
and -SeMet complexes, where IR and X-ray diffraction data support the bidentate coordination
of the amine and carboxylate groups. Differing amino acid coordination modes likely affect the

measured stability constants, so evaluating trends across metals is not meaningful.

12. Iron and Copper Coordination to Weakly Binding Ligands: Biological Relevance,
Methods Development, and Outlook

With their similar structures and diversity of side-chain functional groups, amino acids
are an ideal system for developing more accurate methods to determine metal stability constants
with weakly binding ligands. The four metal ions treated in this review, Cu(Il), Cu(l), Fe(Il),
and Fe(III) also span the range between easy to examine (Cu(Il)) and extremely difficult to study
due to redox activity and insoluble hydrolysis products (Cu(I) and Fe(IlI)). Developing methods
specifically designed to work around these issues, such as solubility titrations for Fe(IIl) stability
constant measurements, would provide a substantial advance in this field and provide a
foundation for stability constant determination for metal complexes with any weakly binding
ligands. While most stability constants previously reported by Smith and Martell are still reliable
today, spectroscopic methods such as circular dichroism and electron paramagnetic resonance
used in conjunction with potentiometry have the potential to give insight into the speciation
issues that remain [241]. In addition, accurate determination of metal-amino-acid stability
constants can then be used to model complex biological systems and predict competition
concentrations that may be relevant for understanding metal homeostasis and mis-regulation [8,
9,11, 112, 242].

Taking into account the biological concentrations of metals and amino acids, we can use
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established stability constants to predict the likelihood of complex formation in binary systems.
A model was built using HYPERQUAD [105] with a constant pH of 7, corresponding to cellular
pH. For this model, only [ML] species were considered, with static protonation constants of 9.2
and 11.2 for the ligand, corresponding to the approximate stability constants for the amine and
carboxylate groups of amino acids with non-protonating side chains. Fig. 13A shows the
percentage of complex formation as the amino acid ligand concentration varies from 1 uM to
500 uM, the typical range of blood amino acid concentrations, assuming 10 uM of available
metal ion (as discussed in the Cellular Redox-Active Metal lons and Amino Acids section). Fig.
13B shows complex formation for the amino acid range from 1-10 uM, where the metal (10 uM)

is in excess of the ligand. Percent complex formation for these binary systems is predicted,
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Fig. 13 Percent complex formation of the [ML] species for aqueous solutions containing 10 uM metal ion and 0-100
uM amino acid showing A) the full ligand-to-metal ratio range and B) the ligand-to-metal ratio range of 0 to 1.
Formation constants for the amino acid (AA) of 9.2 for HAA and 11.2 for H,AA were included to model a
representative amino acid with amine and carboxylate protons and pH was held constant at 7.
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depending on stability constants for the metal-amino-acid complexes.

Most of the Cu(Il)-amino-acid complexes have [ML] stability constants of at least 7,
indicating bidentate binding and resulting in approximately 40% to 70% of metal bound within a
1:1 to 1:10 ligand-to-metal ratio. For thiol-containing amino acids and histidine that have Cu(II)
[ML] stability constants upward of 10, it is expected that 90-100% of the metal ion would be
coordinated to the amino acid at a 1:1 or greater metal-to-amino-acid ratio. Ten-fold higher
metal ion concentrations (100 uM) with the same amino acid concentration range result in
decreased complex formation compared to 10 uM metal over the same stability constant range
(Fig. S1 in Supplementary Material). All of the limited number of Cu(I)-amino-acid stability
constants are higher than the Cu(Il) stability constants with the same amino acid, even for amino
acids such as alanine and glycine that are only bidentate chelators. Thus, in the reducing cellular
environment, it is reasonable to expect that labile Cu(I) also would be bound by free amino acids,
if potential ligands with higher stability constants were not available.

On the other end of the spectrum, the Fe(Il)-amino-acid stability constants for the [ML]
species are very low, approximately 3-4. With these low stability constants, even at a 10:1
ligand-to-metal ratio, less than 10% of Fe(Il) would be bound (Fig. 13). With Fe(Il), only
cysteine and penicillamine with stability constants of 6.69 and 7.58, respectively, would form an
appreciable amount of complex. Although Fe(Ill)-amino-acid complexes have high enough
stability constants (in the 8-13 range) to expect amino acid coordination at the modeled
concentrations, amino acids would not outcompete formation of Fe(IIl) hydrolysis products at
reasonable biological pH ranges.

From these simple models, it is evident that amino acids with higher stability constants

will dominate complexation with labile metal ions. For Cu(I) and Cu(Il), histidine, aspartic acid,
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cysteine, and penicillamine would out-compete other amino acid binding, as long as amino acid
concentrations were relatively similar. For Fe(Il) and Fe(Ill), cysteine and penicillamine
coordination would dominate in the absence of Fe(Ill) hydrolysis, although penicillamine would
not be present unless administered as a drug.

From this overview, it is evident that there is a need for more complete analyses of the
redox active metals with sulfur- and selenium-containing amino acids. Although Cu(II) has been
extensively studied, the other metal ions, Cu(I), Fe(Il), and Fe(Ill) are just as biologically
relevant, but data are poor. Before beginning an amino acid stability constant study, it is
important to understand the advantages and disadvantages of not just the methods used, but of
the metal and ligands to be studied. Cu(Il) is a robust ion with high solubility in aqueous
systems, and its stability constants with a wide variety of amino acids and other ligands have
already been thoroughly examined. Thus, the Cu(Il) system is ideal for new methods
development, since the breadth of data available would provide dependable comparisons.
Because Cu(Il) is a redox-active metal, the redox activity of the ligand must be considered when
selecting experimental parameters.

Cu(I) binds a variety of amino acids in metalloenzymes and also contributes to oxidative
damage within the cell, if not controlled through cellular mechanisms and complexation.
Determining Cu(I) complex stabilities with available small molecules is a wide-open field with
significant biological implications. Cu(I) is extremely difficult to work with due to redox
activity, oxygen sensitivity, limited solubility, tendency for disproportionation, and lack of
spectrochemical activity. There is much need for methods development for stability constant
determination with this ion. Measuring stability in high ionic strength media may provide the

best path forward for potentiometric analysis. Other methods, such as zero-current potentiometry
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and electrophoresis under atmosphere-controlled conditions, are worth developing and
validating.

Fe(II)- and Fe(Ill)-amino-acid stability constant data is also lacking. Since potentiometric
analysis is not ideal due to low solubility of iron hydrolysis products, other methods need to be
explored. The solubility method has the potential to open up the Fe(Ill) determinations,
especially with mass spectrometry techniques capable of detecting and quantifying individual
species. Other methods such as EPR and NMR spectroscopies, as well as mass spectrometry
have been utilized for the analysis of more stable and uniform complexes such as
metalloproteins, but methods development for smaller ligands such as amino acids has been
limited due to the variety of species that may simultaneously form in solution.

Determining stability constants for copper and iron binding to sulfur and selenium amino
acids is also critical for understanding biological systems. Sulfur amino acids are required for
maintaining cellular redox balance, and simple modeling studies indicate that these amino acids
may bind biological iron and copper. Selenoamino acids and related species are implicated in
cancer prevention and as antioxidants to prevent metal-mediated oxidative damage, yet selenium
interaction with biometals is thoroughly underexplored and requires more dedicated study.

“The difficulty lies not so much in developing new ideas as in escaping from old ones”
(John Maynard Keynes). One of the primary difficulties with this field is that the easiest systems
have been thoroughly studied, but the more problematic ones only have single analyses or no
data at all. Revisiting some of the analyses that were performed more than 50 years ago as well
as using and/or developing new methods to confirm these results and continue the study of
weakly binding ligands is worth exploring. Understanding and predicting the interactions

between metal ions and small molecules can have far reaching effects into the efficacy of drug
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development and oxidative-damage prevention in biological systems.
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