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A B S T R A C T

Sulfur- and selenium-containing amino acids are of great biological importance, but their metal-binding prop-
erties with biologically-relevant metal ions are not well investigated. Stability constants of the methionine,
selenomethionine, methylcysteine, and methylselenocysteine with Cu(II) and Fe(II) were determined by po-
tentiometric titration. Stability constants of Cu(II) with these thio- and selenoether amino acids are in the range
of 8.0–8.2 ([CuL]+) and 14.5–14.7 (CuL2) (L= amino acid). Fe(II) interactions with the same thio- and sele-
noether amino acids are much weaker, with stability constants between 3.5 and 3.8 ([FeL]+) and −4.9 and
−5.7 (FeL(OH)). Stability of Fe(II) with penicillamine, a thiol-containing amino acid, is much higher
(FeL=7.48(7) and [FeL]2−=13.74(2)). For both copper and iron complexes, thio- and selenoether amino acid
coordination occurs through the carboxylate and the amine groups as confirmed by infrared spectroscopy, with
no stability afforded by thio- or selenoether coordination. The first single-crystal structure of Cu(II) with a
selenium-containing amino acid, Cu(SeMet)2, also confirms binding through only the amine and carboxylate
groups. The measured Cu(II)-amino-acid stability constants confirm that nearly 100% of the available Cu(II) can
be coordinated by these amino acids at pH 7, but very little Fe(II) is bound under these conditions. The relative
instability of Fe(II) complexes with thio- and selenoether amino acids is consistent with their inability to prevent
metal-mediated oxidative DNA damage. In contrast, the stability constants of these amino acids with Cu(II)
weakly correlate to their ability to inhibit DNA damage inhibition.

1. Introduction

Despite the ubiquity and importance of amino acids in biological
systems, very little is understood about coordination of labile (non-
protein-bound) metal ions by free amino acids. Determining aqueous
stability constants for metal ions with biologically relevant ligands,
including amino acids, is one way in which more complex systems such
as biological fluids or ocean water can be modeled. Fifty years ago,
Hallman and coworkers simulated plasma speciation of Cu(II) and Zn
(II) with seventeen amino acids [1], but subsequent reviews and ana-
lysis of this plasma speciation model revealed deficiencies in the un-
derlying stability constant data since the importance of minor species
and redox interactions were neglected [2,3]. More recently, amino acid
stability constant data and speciation modeling have been used to help
explain copper and zinc deficiencies that occur with total parenteral
nutrition [4], trace element speciation in phloem sap [5] and xylem
fluid [6], and copper speciation in the eye [7]. More accurate Cu(I)

speciation models with penicillamine, cysteine, and glutathione re-
sulted in a better understanding of metallic copper precipitation in the
lens and cornea in patients with Wilson's disease [7]. Development of
these complex models relies heavily on the accuracy of measured metal-
amino-acid stability constants, a particular issue with potentially redox-
active sulfur- and selenium-containing amino acids.

Amino acid interactions with copper and iron may also play a cru-
cial role in preventing oxidative damage and diseases that arise due to
oxidative stress. Loss of metal homeostasis, mitochondrial malfunction,
and the resulting oxidative stress is linked to neurodegenerative disease
development, but the mechanistic details that cause this oxidative da-
mage is poorly understood [8–10]. Labile copper and iron produce re-
active oxygen species (ROS) such as hydroxyl radical that can damage
nucleic acids, proteins, and lipids, and this oxidative damage is catalytic
in cells (Fig. 1) [11–13]. Antioxidants capable of disrupting catalytic
ROS generation through metal chelation may lessen the oxidative da-
mage leading to Alzheimer's, Parkinson's, Huntington's, and Wilson's
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diseases [14]. To ascertain whether amino acid binding to copper and
iron may affect their ability to generate ROS, several factors must be
determined: the amino acids and other small molecules most likely to
interact with labile metal ions, metal ion and amino acid concentrations
in the system, and stability constants for the metal-amino-acid com-
plexes.

Naturally occurring and biomimetic sulfur and selenium amino
acids with thioether/selenoether and thiol/selenol groups are of sig-
nificant interest due to their abundance in the active sites of me-
talloenzymes, their presence in biofluids, and their affinity for binding
softer metal ions, such as Cu(I), Cu(II), and Fe(II). A variety of sulfur
and selenium amino acids are present naturally (Fig. 2), including
methionine (Met), cysteine (Cys), methylcysteine (MeCys), homo-
cysteine (hCys), selenomethionine (SeMet), selenocysteine (SeCys), and
methylselenocysteine (MeSeCys). Cys is one of the most prevalent sulfur
amino acids [15], with reported concentrations of 256 ± 15 μM in
human plasma [16] and 180 ± 20 μM in muscle tissue [17]. Met has
somewhat lower concentrations of 69 ± 15 μM [16] and 110 ± 20 μM
[17] in plasma and muscle tissue, respectively. Normal levels of hCys in
plasma are in the 5–18 μM range [18], and elevated hCys levels are an
established risk factor for cardiovascular diseases, cognitive impair-
ment, and chronic renal failure [19–22]. MeCys is not typically used for
protein synthesis, but is occasionally incorporated into proteins [23].
MeCys concentrations are not quantified in plasma or cells, but are
found at concentrations of 0.2–5 μM in human urine [24]. Although not
a natural amino acid, penicillamine (Pen; Fig. 2) is structurally similar
to cysteine and is used to chelate and remove excess copper in Wilson's
disease [25,26] as well as in the treatment of copper and lead poisoning
[27]. When supplemented at 750mg/day, Pen levels can reach 100 μM
in human serum [28].

Biological concentrations of selenium-containing amino acids are
not determined, although total selenium concentration in human
plasma averages 1.5–1.6 μM with 90% incorporated into selenoproteins
as SeCys or SeMet [29]. In humans, total selenium concentration is
unlikely to exceed 10 μM due to selenium toxicity [30]. SeCys is the
most prevalent selenium amino acid in mammalian selenoproteins [31],
but it is difficult to study in solution because its low pKa (~5) results in
dimerization to form the oxidized diselenide species, selenocystine, at

physiological pH [32]. In contrast, MeSeCys is the most abundant se-
lenium metabolite in plants [33]. Although selenoamino acids are re-
quired for selenoprotein activity [34,35] and can prevent ROS damage
[36–38], their interaction with metal ions is not as widely studied as
their sulfur-containing analogs.

Many researchers have examined the antioxidant activity of sulfur-
and selenium-amino acids [39–44], and Brumaghim et al. [38,45]. es-
tablished metal binding as a primary antioxidant mechanism for sulfur-
and selenium-amino acid prevention of in vitro metal-mediated oxida-
tive DNA damage. Structural analyses and density functional theory
determinations established that the HOMO orbital energies of copper-
amino-acid complexes predict the observed antioxidant activity
[46,47]. However, it is not clear if the stabilities of these amino-acid-
metal complexes also correlate with DNA damage prevention ability.
Such an analysis is critically hampered by the lack of stability constants
for these amino acids with Cu(II) and Fe(II). To test this hypothesis, we
determined stability constants for Cu(II) and Fe(II) with sulfur- and
selenium-amino acids by potentiometric titration. In addition, metal
binding modes of these amino acids with Cu(II) were predicted based
on speciation trends, infrared (IR) spectroscopy, mass spectrometry,
and solid-state structural determination. We use these measured stabi-
lity constants and reported metal ion and amino acid concentrations, to
discuss the likelihood of metal-amino-acid complex formation in bio-
logical systems.

2. Experimental methods

2.1. Materials and instrumentation

Concentrations of stock solutions of copper(II) nitrate trihydrate
solutions and iron(II) sulfate heptahydrate were confirmed by in-
ductively coupled plasma-optical emission spectroscopy (ICP-OES).
Glycine (Sigma-Aldrich), L-methionine (Alfa Aesar), L-methylcysteine
(Sigma-Aldrich), L-selenomethionine (Acros), L-methylselenocysteine
(Acros), and D-penicillamine (Alfa Aesar) were purchased from com-
mercial sources. IR spectra were recorded using a Magna 550 IR spec-
trometer in the range 4000–450 cm−1 as Nujol mulls on KBr plates. IR
absorption abbreviations are vs, very strong; s, strong; m, medium; w,
weak; sh, shoulder.

Electrospray ionization mass spectrometry (ESI-MS) analysis was
carried out with a Thermo Scientific (San Jose, CA) TSQ Quantum
Access MAX triple quadrupole mass spectrometer. Sample solutions
were prepared in 50/50 mixture by volume of CH3OH/aqueous NaClO4

(10mM) solution at pH 5. Samples were prepared by mixing Cu(II) or
Fe(II) (2 mM) with of the amino acid (4mM) and introduced to the ESI
source by direct infusion. A scan containing 5 micro scans was taken
every 0.5 s across a 10 to 1000 Da range. For each sample, 100 scans
were collected and averaged to obtain a final spectrum. TSQ Tune
software (Thermo Scientific) was used for data acquisition. ESI-MS data
are shown in Figs. S4 and S5, and both mass/charge ratios and isotopic
distributions match simulated envelope intensities.

2.2. Potentiometric titrations

Titrations were performed using an 836 Titrando equipped with a
800 Dosino autotitrator. A Thermo Sure-flow Ag/AgCl electrode with
0.1M NaCl filling solution was used to monitor potential of the solution
during titration. Amino acid protonation constants were determined by
direct titration of 30mL of a 2.0 mM solution of each amino acid in
NaClO4 (0.1M) to maintain a constant ionic strength. After bubbling
with CO2-scrubbed Ar, the solutions were titrated with CO2-free, NIST
standardized 0.1002M NaOH using the 836 Titrando equipped with the
800 Dosino to autotitrate.

Cu(II) stability constants with the indicated amino acids were de-
termined using aqueous solutions of Cu(NO3)2·3H2O (1.0mM) and each
amino acid (2.0mM or 3.0mM) in 1:2 and 1:3 ratios of Cu:ligand and a

Fig. 1. Catalytic hydroxyl radical generation by iron and copper in cells.

Fig. 2. Structures of common sulfur- and selenium-containing amino acids.
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constant ionic strength of 0.1M NaClO4. The electrode was calibrated
for the system utilizing NIST-standardized 0.1001M HCl and 0.1002M
NaOH and the GLEE program [48] to determine standard reduction
potentials in 0.1M NaClO4. For all titrations, 0.1001M HCl was added
to the metal-amino acid solution to bring the solution pH down to 2–3.
Copper solutions were bubbled with argon for 15min and maintained
at a constant temperature of 25.0 °C with a jacketed cell under a con-
stant stream of argon to minimize CO2 contamination of the reaction
solutions. The solutions were then titrated as described above for the
pure amino acid system. Potentials were measured at 25 °C until pre-
cipitation was visible.

Fe(II) stability constants were determined by titrating aqueous so-
lutions of FeSO4·7H2O (1.0mM) in 1:2 and 1:3 metal to ligand ratios
with solutions of each amino acid (2.0 mM or 3.0mM) at a constant
ionic strength of 0.1M NaCl in a dry, nitrogen-atmosphere glovebox.
All solutions were prepared and titrations were performed in the glo-
vebox. Temperature was maintained at 25.0 °C with a jacketed cell and
water circulator. Iron solutions were then titrated with NIST-standar-
dized 0.0100M NaOH utilizing the 836 Titrando and 800 Dosino au-
totitrator. Precipitation was observed above pH 8 during iron titrations,
except with penicillamine. The iron titrations were back-titrated from
pH 10 to 3 to demonstrate reversibility and to improve stability of the
electrode over multiple analyses. For all amino acid, Cu(II), and Fe(II)
titrations, data were collected in triplicate with reported standard de-
viations. Potentiometric titration data were analyzed and model-mat-
ched using HYPERQUAD2013 [48].

2.3. Synthesis of Cu(SeMet)2

A solution of L-selenomethionine (117.7mg, 0.6mmol) in water
was added to a solution of Cu(NO3)2·3H2O (72.5 mg, 0.3mmol) in
water. NaOH (0.1M) was added dropwise until the solution reached
pH 6.0. The solution was evaporated in air over three weeks, resulting
in light-blue crystals as well as powder precipitate. Yield: 106mg, 78%.
IR (cm−1): 3299 w, 3232 w, 3110 s, 1618 vs, 1571 sh, 1462 w, 1340 w,
1304 w, 1138 s, 1083 w, 1246 w, 1160 s, 818 w, 722 w, 671 s, 638 w,
576 s. ESI-MS (m/z): 251 [Cu(C5H11NO2Se)]+, 274 [Cu(C5H11NO2Se)
(OH)]+, 456 [Cu(C5H11NO2Se)2H]+. Anal. Calc. for C10H20CuN2Se2O4:
C, 26.47; H, 4.44; N, 6.17. Found: C, 26.19; H, 4.27; N, 6.01.

2.4. X-ray crystallography

Single crystals for X-ray diffraction were obtained through slow
evaporation of a 1:2 metal to ligand solution in water at pH 6, yielding
blue, plate-like crystals. A single crystal was mounted on a low back-
ground loop and quenched to 100 K in a cold nitrogen stream. Data
were collected at this temperature using a Bruker D8 Venture dif-
fractometer with Mo Kα radiation (λ= 0.71073 Å) and a Photon 100
CMOS detector; crystallographic data are summarized in Table S1. A
total of 10,345 reflections were collected (3012 independent) using phi
and omega scans. Data collection, processing (SAINT), and scaling
(SADABS) were performed using the Apex 3 software package [49]. The
monoclinic space group P21 was determined from the systematic ab-
sences. The structure was solved using intrinsic phasing (SHELXT) and
refined using full matrix least squares techniques (SHELXL) using the
SHELXTL software suite [50]. All non‑hydrogen atoms were refined
anisotropically, and hydrogen atoms were then placed in geometrically
optimized positions using appropriate riding models. The presence of
two hydrogen atoms on the amine nitrogen atoms was confirmed on the
difference electron density map prior to hydrogen atom assignment at
these positions. The proper absolute structure was confirmed by a Flack
parameter of 0.06(2).

2.5. Plasmid DNA transfection, amplification, and purification

Plasmid DNA (pBSSK) was purified from DH1 E. coli competent cells

using a ZyppyTM Plasmid Miniprep Kit (400 preps, Fisher). Plasmid
was dialyzed against 130mM NaCl for 24 h at 4 °C to ensure all Tris-
EDTA buffer and metal contaminates were removed, and plasmid
concentration was determined by UV–vis spectroscopy at a wavelength
of 260 nm. Absorbance ratios of A250/A260≥ 0.95 and A260/A280≥ 1.8
were determined for DNA used in all experiments. Plasmid purity was
determined through digestion of plasmid (0.1 pmol) with Sac1 and
KpN1 in a 10× Fast Digest Buffer (Thermo Scientific) at 37 °C for
90min. Digested plasmids were compared to an undigested plasmid
sample and a 1 kb molecular weight marker using gel electrophoresis.

2.6. DNA damage gel electrophoresis experiments

For the DNA damage assays with copper, deionized water, MOPS
buffer (10mM, pH 7.0), NaCl (130mM), ethanol (100%), 10mM),
CuSO4·5H2O, ascorbic acid (7.5 μM, to reduce Cu(II) to Cu(I)), and Pen
were combined in an acid-washed (1M HCl for ~1 h) and dried mi-
crocentrifuge tube and allowed to stand for 5min at room temperature.
Plasmid (pBSSK, 0.1 pmol in 130mmol NaCl) was then added to the
reaction mixture and allowed to stand for 5min at room temperature.
H2O2 (50 μM) was added and allowed to react at room temperature for
30min. EDTA (50 μM) was added after 30min to quench the reaction.
For the Fe(II) DNA damage experiments, 2 μM FeSO4·7H2O and MES
buffer (10mM, pH 6.0) were used. All concentrations are final con-
centrations in a 10 μM volume. Samples were loaded into a 1% agarose
gel in a TAE running buffer; damaged and undamaged plasmid was
separated by electrophoresis (140 V for 60min). Gels were stained
using ethidium bromide and imaged using UV light.

Amounts of nicked (damaged) and circular (undamaged) were
analyzed using UViProMW software (Jencons Scientific, Inc.). Intensity
of circular plasmid was multiplied by 1.24, due to the lower binding
affinity of ethidium bromide to supercoiled plasmid [51,52]. Intensities
of the nicked and supercoiled DNA bands were normalized for each lane
so that % nicked+% supercoiled=100%. Plots of percent inhibition
of DNA damage versus log concentration of amino acid were fit to a
variable-slope, sigmoidal dose-response curve using SigmaPlot (v. 9.01,
Systat Software, Inc.). IC50 value errors represent standard deviations of
the values obtained from three separate experiments. Data and IC50
plots for all gel electrophoresis experiments are provided in Tables
S2–S3 and Figs. S6–S7.

3. Results and discussion

Stability constants measure the thermodynamic likelihood of metal
complex formation (Eqs. (1) and (2)) and are directly related to the
Gibbs free energy of a system (Eq. (3)). A positive log β indicates fa-
vorable thermodynamic stability for complex formation. In this study,
potentiometric titrations for multiple metal:ligand molar ratios at 25 °C
and pH 3–9 were used to determine stability constants of sulfur and
selenium amino acids (L) with Cu(II) and Fe(II) (M), where x is the
stoichiometric number of complexing ligands.

+M x L MLx (1)

=ML [ML ]
[M][L]

x
x (2)

= RTG 2.30 log ML (3)

3.1. Amino acid protonation constant determination

Protonation constants for glycine (Gly), Met, SeMet, MeCys, and
MeSeCys were determined prior to titrations with metal ions. Although
several of these amino acids have established protonation constants,
precise determinations of these values under the exact conditions of
temperature, ionic strength, and ionic salt used for the Cu(II) and Fe(II)
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titrations were required to ensure consistency and accuracy across all
measurements (Table 1). The data agree well with previously reported
values, with minor variations due to slightly different analysis condi-
tions, such as differences in the supporting electrolyte. The error is
somewhat higher for the pK2 (< 0.3 log units), which is determined
under quite extreme pH conditions. Similarities in the speciation dia-
grams the thio- and selenoether amino acids and glycine, as represented
by the speciation diagram for MeSeCys (Fig. 3), indicate that three
separate species (L−, LH, and LH2

+) form from pH 3 to 11, with the
zwitterionic LH species as the primary species at pH 7. In this zwitter-
ionic form, the amine is fully protonated as an ammonium group
(RNH3

+) and the carboxylic acid is deprotonated as the carboxylate
(RCOO−).

Glycine has the highest log K1 values compared to the thio- and
selenoether amino acids, indicating the amine proton is less likely to
dissociate. These data represent the first reported protonation constants
for methylselenocysteine. Structurally similar MeCys and MeSeCys have
the lowest log K1 values, indicating deprotonation of the ammonium
ion to form the amine at lower pH. MeCys and MeSeCys protonation
constants are also in close agreement, 8.79(2) and 2.02(5) for log K1
and 8.86(2) and 2.3(2) for log K2, respectively, indicating that selenium
substitution for sulfur has no significant effect on protonation of the
ammonium ion or carboxylic acid. The carboxylic acid dissociation
constant (log K2) is similar for all amino acids (2.02 to 2.3), and thus

exists as the carboxylate ion at biologically relevant pH values.

3.2. Cu(II)-amino acid stability constants

Cu(II) stability constants with the sulfur-containing amino acids
have been widely studied [1,3,4,54,56–67] due to their bioavailability
and their role in metal coordination in metalloproteins. Two species are
identified, [CuL]+ and CuL2, where L− represents the amino acid with
amine and carboxylate groups. For Met, SeMet, MeCys, and MeSeCys,
the S/Se atom in the side chain can potentially bind Cu(II) in addition
to the amine N and carboxylate O atoms, resulting in a tridentate
species. Such tridentate binding occurs for Cu(II)-amino-acid complexes
such as Cu(His)2 (His= L-histidine) [68], and [Cu(Asp)(phen)(H2O)]
(Asp= aspartic acid; phen=1,10-phenanthroline) [69]. Glycine is
well known to bind Cu(II) in a bidentate fashion [70] but cannot bind
through the side chain to become a tridentate chelator; therefore, it was
included in this study as a bidentate-binding control. If the thio- or
selenoether S/Se atom participates in tridentate binding to Cu(II),
higher stability constants are expected compared to those of the Cu(II)-
Gly system.

Cu(II) stability constants were determined for Gly, Met, SeMet,
MeCys, and MeSeCys at 25 °C with a constant ionic strength of 0.1M
NaClO4 to provide a self-consistent data set. Titrations were performed
in triplicate at metal-to-ligand ratios of 1:2 and 1:5, and stability con-
stants describing metal-ligand binding are provided in Table 2. For all
the Cu(II) titrations, precipitation occurred above pH 8, except for the
Cu(II)-SeMet system in which precipitation began at pH 5. A re-
presentative speciation graph for the Cu(II)-MeSeCys titrations at a 1:2
Cu:amino acid ratio is provided in Fig. 4.

Only two species are present at pH 7, [Cu(MeSeCys)]+ and Cu
(MeSeCys)2 (Fig. 4), and the Cu(MeSeCys)2 species reaches a maximum
concentration around pH 8, approximately the pH that precipitation
occurs. This speciation is consistent with all of the ligands studied with
Cu(II), although precipitation occurs at pH 5 with SeMet due to the
insolubility of the complex. When the full data set (pH 2–10) was in-
cluded in the modeling, incorporation of a third species, Cu(L)(OH),
resulted in a better fit. A direct comparison of the two models is pro-
vided in Figs. S1 and S2 for the Cu-Met system. Ultimately, the Cu(L)
(OH) species was excluded from the analysis because its log β value was
extremely low. Since this putative Cu(L)(OH) species forms at pH 8 and
above, it is more likely that deviation in the fit reflects the instability of
the system as Cu(II) and L− are depleted due to precipitation, rather
than the presence of a new species. The precipitate was confirmed as Cu
(MeSeCys)2 by IR analysis (see Proof of speciation for Cu(II) complexes
section). All the thio- and selenoether amino acids as well as glycine
form the same [CuL]+ and CuL2 species.

3.3. Proof of speciation for Cu(II) complexes

Speciation in the Cu(II)-thio- and selenoether amino acid systems
was confirmed using a variety of solution and solid-state analyses. For
the soluble Cu(II)-Met species, electrospray ionization mass spectro-
metry (ESI-MS) confirmed the presence of [Cu(Met)]+ (212m/z; Fig.
S4). The Cu(Met)(OH) (230m/z) species was also identified; however,
the samples were prepared at pH 5, well below the pH where modeling
indicates possible formation of this species. Thus, this species most
likely arises from water coordination of the [Cu(Met)]+ species. Since
Gly, Met, SeMet, MeCys, and MeSeCys all have Cu(II) stability constants
within 0.5 log units, the resulting species are assumed to bind Cu(II)
similarly.

Above pH 8, the Cu(II)-amino-acid complexes precipitated, and IR
spectroscopy was used to confirm CuL2 formation of the species and to
compare with reported spectra (Table 3) [55,79–81]. For Cu(Met)2 and
Cu(SeMet)2, broad NeH stretching absorption bands at 3077 and
3080 cm−1 for Met and SeMet, respectively, split into three distinct
stretching vibrations for the corresponding Cu(II) complexes: 3300,

Table 1
Amino acid protonation constants; amine protonation is represented by K1 and
carboxylate protonation by K2.

Amino acid log K1
a log K2

b Temp (°C) Ionic strength Reference

Gly 9.67(2) 2.28(5) 25 0.1M NaClO4 This work
Gly 9.62 2.43 25 0.2M NaClO4 [53]
Met 9.196(5) 2.09(1) 25 0.1M NaClO4 This work
Met 9.12 2.22 25 0.2M KCl [54]
SeMet 9.29(2) 2.05(1) 25 0.1M NaClO4 This work
SeMet 9.15 2.37 25 0.1M NaNO3 [55]
MeCys 8.79(2) 2.02(5) 25 0.1M NaClO4 This work
MeCys 8.72 2.2 25 0.2M KCl [54]
MeSeCys 8.86(2) 2.3(2) 25 0.1M NaClO4 This work

a log K1= [HL]/[H+][L-].
b log K2= [H2L+] /[HL][H+].

Fig. 3. Representative data and speciation diagrams for the potentiometric ti-
tration of the fully protonated amino acids (LH2, with MeSeCys shown in this
example; 0.1M NaOH, I=0.1M NaClO4, 25 °C). The solid blue line represents
the modeled titration data with points indicating measured data (pH on the
right y-axis); formation of [MeSeCys]−, MeSeCysH, and [MeSeCysH]+ species
are indicated as shown in the legend.
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3241, and 3120 cm−1 for the Met complex and 3281, 3233, and
3132 cm−1 for the SeMet analog. This NeH splitting confirms partici-
pation of the amine nitrogen in Cu(II) binding, since the environment of
the amine protons change slightly to compensate for the loss of freedom
due to the proximity of the copper ion [55]. Amine binding is further
supported by a NeH deformation band that appears at 1569 cm−1 for
Met and 1570 cm−1 for SeMet. Carboxylate oxygen binding is also in-
dicated by the shift of the asymmetric CeO stretch from approximately
1610 cm−1 to 1622 and 1616 cm−1 for the Met and SeMet complexes,
respectively [55,80]. MeN and/or MeO bond formation is also in-
dicated by the presence of one or two absorbances in the 440–600 cm−1

region [79].
IR results for MeCys and MeSeCys are consistent with the trends

observed with the aforementioned Met and SeMet, although the C]O
stretch observed at approximately 1620 cm−1 for the other complexes
was shifted to 1640 cm−1 for the MeSeCys and no discernible NH2

deformation was observed. Trends observed in the IR spectrum of Cu
(MeSeCys)2 can help confirm that the same structural confirmations are
being formed in the binding of the [MeSeCys]− ligand to the Cu(II) as
has been shown with the other thio- and selenoether amino acids. The
stability constants indicate similar coordination for all of the thio- and
seleno-ether amino acids.

Table 2
Stability constants for Cu(II)-amino acid complexes determined by potentiometric titration.

Amino acid ML (log β)a ML2 (log β2)b ML(OH) (log β−1)c Temp (°C) Ionic strength (M) Reference

Cu(II) stability constants
Gly 8.11 14.96 25 0.1 [71]

8.26(1) 15.10(5) 25 0.1 NaClO4 This work
Met 7.85(2) 14.52(1) 25 0.1 KNO3 [60,62,72]

7.96(5) 14.65(7) 25 0.1 NaClO4 This work
MeCys 7.65d 14.13d 25 0.2 KCl [73]

8.05(5) 14.47(5) 25 0.1 NaClO4 This work
SeMet 7.77d 14.50d 25 0.1 NaNO3 [55]

8.02(2) 14.63(2) 25 0.1 NaClO4 This work
MeSeCys 8.2(1) 14.5(2) 25 0.1 NaClO4 This work
hCys 11.92(1) 13.54(2)e 7.57(1) 25 0.1 KNO3 [74]
Pen 16.5d 21.7d 25 0.15 KNO3 [75]

Fe(II) stability constants
Gly 4.13d 7.65d 25 0.1 KNO3 [76]

4.04(5) −4.24(2) 25 0.1 NaClO4 This work
Met 3.24d 20 1.0 KCl [77]

3.51(3) −4.9(1) 25 0.1 NaClO4 This work
MeCys 3.49(4) −5.7(1) 25 0.1 NaClO4 This work
SeMet 3.51(7) −5.3(3) 25 0.1 NaClO4 This work
MeSeCys 3.84(1) −5.08(2) 25 0.1 NaClO4 This work
Cys 6.69(2) 11.90(3) 20 0.1 NaClO4 [78]
Pen 7.58(1) 13.74(2) 20 0.1 NaClO4 [78]

7.48(7) 13.91(7) 25 0.1 NaClO4 This work

a log β= [M][L]/[ML].
b log β2= [M][L-]2/[ML-2].
c log β−1= [ML][OH]/[ML(OH)].
d No error reported.
e Reported as the [MHL] species, not the [ML2] species.

Fig. 4. Representative titration and speciation diagram for the potentiometric
titration of Cu(II) and methylselenocysteine (MeSeCys) in a 1:2 ratio (0.1M
NaOH, I=0.1M NaClO4, 25 °C). The solid blue line represents the modeled
titration and points represent the measured data. Formation of [Cu
(MeSeCys)]+ and Cu(MeSeCys)2 species are indicated as shown in the legend.

Table 3
IR data for metal-amino-acid complex precipitates in potentiometric titrations (pH > 8; NR=not reported).

Vibration Cu(Met)2a

(cm−1)
Cu(Met)2
(cm−1)

Cu(MeCys)2b (cm−1) Cu(MeCys)2 (cm−1) Cu(SeMet)2 (cm−1) Cu(MeSeCys)2 (cm−1) Fe(Met)2 (cm−1)

NH2 stretching 3390 3300 3300 3299 3281 3322 3410
3230 3241 3230 3232 3233 3221 3360
3130 3120 2990 3110 3132 3130 3289

C]O stretch 1620 1622 1620 1618 1616 1640 1598
NH2 deformation 1580 1569 1570 1571 1570 1571 1562
CeN vibration NR 1337 NR 1340 1399 1335 1330
MeN and/or MeO stretch NR 578 NR 576 497 521 568

a From reference [79].
b From reference [80].
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Amine nitrogen and carboxylate oxygen coordination to Cu(II) is
strongly supported by the solid-state structure of Cu(SeMet)2 (Fig. 5 and
Table 4), the first structure for a Cu(II)-seleno amino acid complex. In
Cu(SeMet)2, each SeMet ligand coordinates copper through bidentate
binding of nitrogen and oxygen atoms in the equatorial position, re-
sulting in an overall distorted square planar geometry (τ4= 0.043)
around Cu(II) (CueN=1.980(6) and 1.992(6) Å; CueO=1.950(5)
and 1.954(5) Å). This is similar to the thioether complexes Cu(Met)2
(CueN=1.97(1) and 2.01(1) Å; CueO=1.944(8) and 1.970(8) Å)
[79,82] and Cu(MeCys)2 (CueN=1.994 and 2.000 Å;
CueO=1.936(1) and 1.951(1) Å) [80]. All other bond lengths and
angles are comparable to those in the Cu(Met)2 structure reported by
Ou and coworkers [79], with the exception of a slight lengthening in
the carbon-chalcogen bonds, averaging 1.950(9) for the CeSe bonds in
the present study compared to 1.80(2) Å for the CeS bonds in Cu(Met)2.
This lengthening may result in the slightly longer c-axis of the sele-
noether complex (16.082(1) Å) compared to the thioether complex
(15.563(8) Å).

Carboxylate oxygen atoms from neighboring molecules form axial
bonds to the Cu centers with extended copper-oxygen bond lengths of
2.640(4) and 2.687(4) Å, significantly longer than the equatorial
carbon-oxygen bonds of 1.950(5) and 1.954(5) Å. These apical inter-
actions result in the formation of sheets in the ab-plane (Fig. S3).
Hydrophobic intermolecular interactions of the Se-CH3 side chains
isolate neighboring sheets from one another along the c-axis. The
structures of Cu(Met)2 and Cu(MeCys)2 also crystallize in space group
P21 and feature similar long range motifs directed by the axial inter-
actions of Cu(II) with carboxylate groups, although in the case of Cu
(MeCys)2, the sheets occur in the bc-plane, and the β angle is expanded
somewhat to 97.55(2)° [79,80,82].

Similar elongated Cu-carboxylate axial interactions are observed in
Cu(II)-glycine-based structures [83,84]; however, some Cu(II)-glycine

structures instead incorporate one [85–88] or two [70] water molecules
in the axial positions. This water coordination in the solid state suggests
that Cu(II) would likely be hydrated in solution, especially for [Cu
(Met)]+ and similar amino acid species with open coordination sites
around the central metal ion. Water coordination at pH < 7 also sug-
gests formation of species with hydroxide ligands at pH > 7, although
these species may not be readily identifiable in titrations due to com-
plex precipitation.

3.4. Structure-stability analysis for Cu(II)

Cu(II)-MeSeCys stability constants are reported for the first time as
8.2(1) and 14.5(2) for the [Cu(MeSeCys)]+ and Cu(MeSeCys)2 species,
respectively (Table 2). The higher error for these MeSeCys titrations
relative to other thio- and selenoether amino acid values is likely due to
interactions of the soft selenoether species with the electrode. To mi-
tigate this issue, MeSeCys titrations were back-titrated to demonstrate
reversibility. Without the back-titration, the electrode response de-
graded with subsequent trials. Cu(II)-MeSeCys stability constants are
within 0.5 log units of those for the other thioether and selenoether
amino acids, suggesting similar binding modes.

Stability constants of Cu(II) with Met, SeMet, and MeCys are within
0.2 log units for the [ML]+ species (7.96(5) to 8.05(5) and ML2 species
(14.47(5) to 14.65(7)), although they are slightly higher than reported
results (Table 2). The lack of variation in these values indicates that
there is little difference in Gly, Met, MeCys, and SeMet thermodynamic
stability upon Cu(II) binding. Small variations in these values are likely
due to differences in supporting electrolyte or in time allowed for the
titrations to reach equilibrium.

For analogous sulfur and selenium amino acids, such as Met/SeMet
and MeCys/MeSeCys, our data suggest that Cu(II) coordination to the
selenoether moiety may be slightly more stable than coordination to the
thioether moiety, but the differences in stability constants for the
[CuL]+ species (0.06 between SeMet and Met and 0.1 between MeCys
and MeSeCys) are almost within the measured uncertainty. A small
increase in stability may also be observed for [CuL]+ species of amino
acids with shorter side chains (MeCys vs. Met and MeSeCys vs. SeMet),
although these differences are also quite small (0.09 between MeCys
and Met and 0.2 between MeSeCys and SeMet).

A comparison of the data for the CuL2 species indicates no differ-
ences in stability due to substitution of selenium for sulfur, but the
longer side chains of Met (14.65(5)) and SeMet (14.63(2)) formed
slightly more stable complexes as opposed to MeCys (14.47(5)) and
MeSeCys (14.5(1)). The greater relative stability of Cu(II) binding to
Gly compared to thioether and selenoether amino acids corroborates
our solid-state results that show no Cu(II)-S/Se binding, and in fact that
thio- and selenoether side chains slightly destabilize these complexes in
solution.

Under certain conditions, Cu(II) complexes of thiol-containing
amino acids are more stable than their thio- and selenoether counter-
parts (Table 2), however, the redox interaction of Cu(II) with thiols
makes speciation determination extremely difficult. In contrast to the
thio- and selenoether functional groups, thiols have ionizable protons
and thiol-containing amino acids have four possible protonation states:
[H3L]+, [H2L], [HL]−, and L2−. The tendency of cysteine and peni-
cillamine to reduce Cu(II) and Cu(I) has been previously examined
[89,90], and the products formed are highly dependent on metal:ligand
ratio and the supporting electrolyte. Gergely and coworkers report
three different scenarios for Cu(II)-Pen titrations: (1) when the li-
gand:metal ratio is> 2, a Cu(I)-Pen with polymeric structure is ob-
tained, (2) when the ligand:metal ratio is between 1 and 2 and a halide
(Cl, Br, or I) is present, a mixed-valence cluster is obtained, and (3)
when the ligand:metal ratio is between 1 and 2 and a different ion is
available (nitrate, fluoride, thiocyanate, sulfate), a blue solution that is
similar in UV absorbtivity to Cu(II)-thioether complexes is obtained. In
potentiometric titrations with Cu(II), both hCys and Pen form CuL

Fig. 5. Structure of Cu(SeMet)2 shown with 70% probability ellipsoids for Cu
(SeMet)2. Hydrogen atoms are omitted for clarity.

Table 4
Selected bond lengths (Å) and angles (°) for Cu(SeMet)2.

Bond lengths (Å) Angles (°)

Cu1-N1 1.992(6) O2-Cu1-O1 178.3(2)
Cu1-N2 1.980(6) O2-Cu1-N2 84.4(2)
Cu1-O1 1.954(5) O1-Cu1-N2 94.8(2)
Cu1-O2 1.950(5) O2-Cu1-N1 96.2(2)
Cu1-O4a 2.640(4) O1-Cu1-N1 84.4(2)
Cu1-O3a 2.687(4) N2-Cu1-N1 175.5(2)
C4-Se1 1.952(7) C4-Se1-C5 98.4(3)
C5-Se1 1.953(9) C10-Se2-C9 98.5(4)
C9-Se2 1.958(7)
C10-Se2 1.939(9)

a Cu1-O3 and Cu1-O4 represent the carboxylate-bridged, apical bond dis-
tances in the packing diagram (Fig. S3).
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species (Table 2) [74,75], and Rosen and Kuchinkas [75] also identified
a [Cu(Pen)2]2− species. To date, no selenol-copper stability constants
have been reported, likely due to the low pKa of selenols (~5) and the
resulting tendency to form diselenide species [32].

Other reported Cu(II) complexes of thiol-containing amino acids are
not consistent: Pinto and coworkers [74] identified [Cu(HhCys)]+ and
[Cu(hCys)(OH)] species in a potentiometric titration of a 1:1 Cu(II) to
hCys (to prevent Cu(II) oxidation of hCys) and identified Cu(hCys)2 as a
precipitate at higher ligand-to-metal ratios. Based on our model simu-
lations using the stability constant values reported by Pinto et al. [74],
the Cu(hCys)(OH) species is the dominant species above pH 4, with no
evidence for formation of the [Cu(HhCys)]+ species under the given
experimental conditions. Solid-state analysis of Cu(hCys)2 by IR and
EPR spectroscopy indicated bidentate Cu(II) coordination of the amine
and thiolate groups, with no binding through the carboxylate group.

In contrast, tridentate Cu(II) coordination in the solid state is re-
ported for Pen, and in a unique polymeric structure supported by a
gold-bis(diphenylphosphino)alkane linker, Cu(II) coordinates two Pen
ligands, one in a tridentate fashion through the amine, carboxylate, and
thiolate groups, and one in a bidentate fashion through only the amine
and thiolate [91]. Higher stability constants for the thiol-containing
amino acids with Cu(II) indicate increased stability compared to
thioether and selenoether amino acids and Gly, either due to increased
stability of an amine and side-chain thiolate coordination or tridentate
chelation of the copper by the carboxylate, amine, and thiolate groups,
when copper redox reactions can be controlled.

3.5. Fe(II)-amino acid stability constants

Even though iron is the most abundant transition metal ion in bio-
logical systems, stability constant data for Fe(II) with sulfur and sele-
nium amino acids is much more limited than for Cu(II). Since Fe(II) is
more difficult to work with due to its tendency to oxidize in air, titra-
tions must be performed under nitrogen or argon to exclude oxygen
during analysis. In addition to oxygen sensitivity, Fe(II)-amino acid
complexes precipitate above pH ~8, limiting the analysis window for
potentiometric titrations. Likely because of these limitations, Met is the
only thio- or selenoether amino acid with reported Fe(II) stability
constants [56,92], and data from these 1950s papers are inconsistent.
Perrin [92] reports a stability constant of 3.42 for a [Fe(Met)]+ species;
however, Albert [56] reports formation of a Fe(Met)2 species with a
stability constant of 6.7. In neither study were the identified species
investigated using alternative methods.

To address the paucity of Fe(II) stability constant data with sulfur
and selenium amino acids, potentiometric titrations of Fe(II) with Met,
MeCys, SeMet, MeSeCys, and Pen at a 1:2 and 1:3 metal to ligand ratio
were performed in a nitrogen-atmosphere glovebox. Similar to the Cu
(II) studies, glycine titrations with Fe(II) were performed for compar-
ison. Because precipitation is observed above pH 8, with the exception
of the Fe(II)-Pen system that shows no precipitation up to pH 10, ti-
trations were restricted to a maximum of pH 8. These titrations indicate
formation of [FeL]+ and FeL(OH) complexes with Gly, Met, SeMet,
MeCys, and MeSeCys (Fig. 6A and Table 2). In contrast, Fe(II) titrations
with thiol-containing Pen indicate formation of Fe(Pen) and [Fe
(Pen)2]2− species (Fig. 6B) in excellent agreement with previous ana-
lyses [78].

Stability constants for the 1:1 [Fe(Gly)]+ and [Fe(Met)]+ agree
with previously reported data (Table 2) [76,77,92–94]. For Gly titra-
tions, Gergely [76] also identifies a Fe(Gly)2 species with a log β of
7.65, whereas Micskei [94] identifies two additional species, Fe(Gly)2
with a log β of 6.65(1) and [Fe(Gly)3]− with a log β of 8.87(1). Under
our titration conditions, these Fe(Gly)2and [Fe(Gly)3]− species are not
present; instead, a Fe(Gly)(OH) species is observed with a stability
constant of −4.24(2). In Met titrations, a similar Fe(Met)(OH) species is
also identified, but the Fe(Met)2 species reported by Albert [56] is not.
Due to a lack of reported detail, it is unclear how these titrations differ

from the analysis by Albert, although the authors of these studies in-
cluded data above the pH at which precipitation begins to occur, per-
haps skewing the fit of their models.

Stability constants for the 1:1 species of Fe(II) with MeCys, SeMet,
and MeSeCys were determined to be 3.49(4), 3.51(7), and 3.84(1),
respectively (Table 2), representing the first stability constant de-
terminations for Fe(II) with these amino acids. These [FeL]+ stability
constants are similar to those for [Fe(Gly)]+ (3.73(1)) and [Fe(Met)]+

(4.13) [76,77]. As noted for the Cu(II) titrations, the [Fe(Gly)]+ sta-
bility constant is slightly higher than those for any of the thio- or se-
lenoether amino acids, likely indicating no Fe(II)-S/Se binding. In
contrast to previous reports, presence of the FeL(OH) species (L=Met,
SeMet, MeCys, MeSeCys) is identified in the best fit model for these
systems, with this species growing in above pH 4 as hydroxide becomes
more readily available.

For Fe(II) titrations with the thiol-containing Pen, our data are
consistent with formation of [Fe(Pen)] and [Fe(Pen)2]2− species, with
stability constants of 7.48(7) and 13.91(7), respectively. These results
closely match those reported by Doornbos [78] in 1964 (Table 2), al-
though formation of polymeric species cannot be ruled out. The lack of
precipitation in this system up to pH 10 is likely due to strong Fe(II)-
thiolate interactions as well as the greater charge of [Fe(Pen)2]2− that
makes it more soluble in aqueous solution than the [FeL]+ species
formed by the thio- and selenoether amino acids. These speciation

Fig. 6. Representative titrations (0.01M NaOH, I=0.1M NaCl, 25 °C) and
speciation diagrams for the titration of A) Fe(II) and methylselenocysteine in a
1:2 ratio and B) Fe(II) and penicillamine in a 1:2 ratio. The solid blue line
represents the modeled titration, and points represent the measured data.
Formation of Fe(II)-amino-acid species are indicated as shown in the legend.
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differences in the Fe(II)-Pen and Fe(II)-MeSeCys systems are obvious
when comparing their respective titration data (Fig. 6). In fact, Fe(II)-
Pen complexes are slightly more stable than Fe(II)-Cys complexes based
on comparisons with reported data (Table 2).

3.6. Proof of speciation for Fe(II) complexes

Proof of speciation using mass spectrometry was more difficult for
the representative Fe(II)-Met system than for the analogous Cu(II)-Met
system, likely due to the weaker stability constants determined for the
Fe(II) species. By ESI-MS only the Fe(III) species, [Fe(Met)2]+ (m/
z=353; Fig. S5), is observed due to Fe(II) oxidation during injection
and ionization. Precipitate formed during Fe(II)-Met titrations was
analyzed using IR spectroscopy to determine amino acid binding modes
as a representative sample of the Fe(II)-thioether and -selenoether in-
teractions. As discussed in detail for the Cu(II)-amino acid complexes,
shifts in both the NeH and C]O stretches for Fe(Met)2 (Table 3)
compared to unbound Met indicate Fe(II) coordination through both
the amine nitrogen and the carboxylate oxygen atoms, similar to the IR
spectrum of the fully characterized Cu(Met)2. In addition, the absence
of a broad absorption in the 3500–3700 cm−1 range indicates that no
hydroxide or water is coordinated. The Fe(II)-Pen species were not
confirmed by IR, because they do not precipitate in aqueous solution.
As discussed by Doornbos and Faber [78], formation of the Fe(II)
complex as the thiol deprotonates is consistent with coordination
through the amine and thiolate groups.

The only single crystal structure for Fe(II) with any amino acid is Fe
(Pro)2(phen) (Pro= L-proline; phen= 1,10-phenanthroline [95]),
which binds Fe(II) through the amine N and carboxylate O atoms. The
only stability constant reported for the Fe(II)-Pro system is for the ML2
complex (log β=8.3), determined by Albert [56] in 1950. This low
stability constant indicates extremely weak Fe(II) coordination, similar
to those observed for the thio- and selenoethers, but does indicate that
bidentate binding of thio- and selenoether amino acids is likely. Since
all of the FeL2 stability constants with the thio- and selenoether amino
acids were similarly low and approximately the same as the Fe(Pro)2
stability constant, it is reasonable to assume that the coordination en-
vironments are similar. The lack of reported solid-state structures for Fe
(II)-amino-acid complexes is indicative of this weak coordination and
difficulty in working with oxygen-sensitive Fe(II) complexes.

3.7. Structure-stability analysis for Fe(II)

Fe(II)-amino acid stability constants for the [FeL]+ species with the
thio- and selenoether amino acids are within 0.5 pH units of each other
(3.49(4) to 3.84(1); Table 2), and stability constants for the FeL(OH)
complexes are in the range −4.9(1) to −5.7(1), slightly less accurate
due to precipitation at pH 8. The [Fe(Gly)]+ stability constant is
slightly higher (4.04(5)) than those of the thio- and selenoether amino
acids, indicating that the sulfur and selenium atoms of these amino
acids do not contribute to complex stability.

In contrast, the thiol-containing Pen exhibits stronger binding to Fe
(II), with Fe(Pen) and [Fe(Pen)2]2− stability constants of 7.48(7) and
13.91(7), respectively, similar to Cu(II) stability constants with the
thio- and selenoether amino acids, but much higher than the stability
constant for [Fe(Gly)]+ (Table 2). Similarities in the stability constants
for the Fe(II)-Pen and Cu(II)-Met systems suggest bidentate coordina-
tion, although Pen likely binds through the thiolate sulfur, replacing
either the amine nitrogen or the carboxylate oxygen. Stability constants
for Cu(II) with penicillamine have been reported as 16.5 and 21.7 for
the Cu(Pen) and [Cu(Pen)2]2− species, respectively (Table 2). This
significant increase in stability compared to Fe(II)-Pen complexes
strongly suggests tridentate Cu(II) coordination of the thiolate, amine,
and carboxylate groups, a trait critical for its use as a biological Cu(II)
chelator to treat Wilson's disease.

Greater binding stability for Cu(II) over Fe(II) coordination was

determined for all the sulfur and selenium amino acids in Table 2.
Stability constants of approximately 8 for the [CuL]+ species and ap-
proximately 4 for the [FeL]+ species, indicate a much lower affinity of
the amino acid for Fe(II) in comparison to Cu(II). This may be due to
differences in electronic environment and/or preferred coordination
geometries around these two divalent metal ions. The extremely low
[FeL]+ stability constants indicate unlikely complex formation in a
competitive environment of other biomolecules with much higher sta-
bility constants.

3.8. Cu(II)/Fe(II) competition for sulfur- and selenium-containing amino
acid binding at biological concentrations

Iron is the most abundant transition metal ion in biological systems,
with labile pools as high as 10 μM in human lymphocytes [96]. Copper
is the third-most abundant transition metal, and although labile copper
concentrations have not been determined [97,98], total copper levels
are as high as 100 μM in brain tissue [99]. Stability constants of Cu(II)
with thio- and selenoether amino acids are in the range of 8.0–8.2 for
[CuL]+ species; however Fe(II) interactions with the same thio- and
selenoether amino acids are much weaker, with stability constants be-
tween 3.5 and 3.8 for analogous [FeL]+ species. Similarly, the ML
stability constant for Cu(II) with Pen is significantly higher than that
reported for Fe(II) (16.5 and 7.6, respectively; Table 2). Despite much
weaker Fe(II) coordination compared to Cu(II), higher labile Fe(II)
concentrations may allow it to compete with Cu(II) for binding to
available amino acids.

To investigate this possible competition, we modeled a system in-
corporating Cu(II) (1 μM), Fe(II) (10 μM), and the strongest-binding
amino acid, Pen (1–100 μM), at pH 7. These concentrations were chosen
based on approximate labile concentrations for iron [96] and reported
concentrations for Pen in patients being treated for Wilson's disease
[28]. Although exact labile concentrations for Cu(II) are not reported
[97,98], a 1 μM concentration was chosen to examine the effect of a
ten-fold difference between copper and iron levels.

Under these conditions, formation of the Cu(Pen) species is un-
affected by the availability of excess Fe(II) (Fig. S8). At the lowest
concentrations, Pen is initially equimolar to Cu(II) and ten times less
concentrated than Fe(II). At these ratios, 99.8% of the Cu(II) (0.998 μM)
is coordinated to penicillamine. As the Pen concentration rises, only
limited Fe(II) coordination is observed, even when Pen is ten times
more concentrated than Fe(II). A maximum of 3.9% of the Fe(II)
(0.393 μM) is coordinated by Pen in this simulation. The [Cu(Pen)2]2−

and [Fe(Pen)2]2− species are only observed in trace amounts
(< 0.1 μM) and are not contributing species in this model. Since limited
coordination of labile Fe(II) is observed even at a 10-fold excess of Pen,
a 10-fold excess of available Fe(II) does not outcompete Cu(II)-Pen
complexation.

3.9. Correlation of stability constants with amino acid antioxidant ability
and biological speciation

Iron- and copper-mediated DNA damage can lead to oxidative stress
and cell death, and sulfur and selenium compounds have been widely
examined for their ability to inhibit DNA damage by Fe(II) or Cu(II)-
mediated hydroxyl radical generation (Fig. 1). In vitro gel electro-
phoresis studies quantified the concentration of thio- and selenoether
amino acids required to inhibit 50% of the DNA damage (IC50 values)
caused by Fe(II) or Cu(I) and hydrogen peroxide (Table 5). Brumaghim
and coworkers [38,45,100] established that this antioxidant behavior
was due to metal-amino-acid coordination, although they did not at-
tempt to correlate DNA damage prevention with stability constants.

To investigate potential correlations between metal-amino-acid
binding and DNA damage prevention, we examined the relationship
between the IC50 data (Table 5) and stability constants for the [CuL]+

and CuL2 species with Gly, Met, SeMet, MeCys, and MeSeCys. Data for
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the Cu(II)-Pen system were excluded from this analysis due to the dif-
ferences in metal binding modes. Although stability of the ML species
and inhibition of metal-mediated DNA damage are not correlated
(R2=0.045; Fig. 7A), a weak correlation exists between stability con-
stants for the ML2 species and DNA damage prevention (R2=0.4742;
Fig. 7B). This limited correlation indicates that the stronger the Cu(II)-
amino-acid binding, the less effective the amino acid is at preventing
metal-mediated DNA damage.

These DNA damage inhibition assays use Cu(I)/H2O2 to generate

damaging hydroxyl radical, and Cu(I) complexes are not expected to
have the same stability constants as Cu(II). A comparison of Cu(I) sta-
bility constants with IC50 values would be ideal, but only Cu(I) stability
constants with Cys [7], Pen [7], and Met [77] are reported, due to the
difficulty of working with Cu(I) in aqueous systems. CuI(Met) has a
higher log β than [CuII(Met)]+ species (9.1 vs. 7.65, respectively [77])
so Met is more stable binding Cu(I) than Cu(II), but data are too limited
to establish trends.

Perhaps the most relevant general trend of complex stability with
DNA damage prevention can be elucidated from the poor stability of the
Fe(II)-thioether and -selenoether complexes. Thio-and selenoether
amino acids do not inhibit DNA damage by Fe(II) (Table 5), but the
more strongly binding Pen does. Although quantifiable trends cannot be
determined due to lack of IC50 values with Fe(II), it is possible that thio-
and selenoether ligands do not coordinate Fe(II) strongly enough to
prevent iron-mediated DNA damage.

Based on the stability constants of Cu(II) with Met, SeMet, MeCys,
MeSeCys, and Gly, the models indicate approximately 100% co-
ordination by at least one ligand at biological pH (Fig. 3). For the Fe(II)
stability determinations with the same amino acids, only the Fe(II)-Pen
system shows appreciable coordination at biological pH (Fig. 6). These
low stability constants reflect the fact that very little Fe(II) is co-
ordinated up to pH 7, although a small change in pH to 8 results
in> 80% coordination of Fe(II) as [ML]+ or ML(OH) species. The Fe-
Pen system indicates a much higher stability with>90% coordination
at pH 7, indicating probable coordination of the thiolate group to Fe(II).
Thus, sulfur and selenium amino acid binding may affect the biological
chemistry of Cu(II) significantly more than Fe(II).

4. Conclusions

Stability constants were determined for Cu(II) with the thio- and
selenoamino acids Met, MeCys, SeMet, and MeSeCys, and stability
constants for the [Cu(MeSeCys)]+ and Cu(MeSeCys)2 species were re-
ported for the first time. Identity of these Cu(II)-amino-acid species
were independently confirmed by IR spectroscopy, ESI-MS, and/or
solid-state structural analysis, including the first Cu(II) structure with a
selenium-containing amino acid, Cu(SeMet)2. Cu(II) binds these amino
acids through the amine nitrogen and carboxylate oxygen atoms, and
the thioether or selenoether moiety does not coordinate or increase
complex stability. Based on the Cu(II) stability constants with these
amino acids (log β=8.0 to 8.2 for the [ML]+ species), all of the
available Cu(II) is coordinated at pH 7 as the [ML]+ and [ML2] species,
suggesting that these complexes may potentially form in biological
systems.

Stability constants of Fe(II) with MeCys, MeSeCys, and SeMet also
were determined for the first time. Fe(II) stability constants are con-
sistently lower than the Cu(II) constants for all sulfur and selenium
amino acids tested, including Pen. The [FeL]+ species was identified for
all of the thio- and seleno-ether amino acids, consistent with previous
reports for the Fe(II)-Met system; however, including a secondary [FeL
(OH)] species provided a better match of the model to the titration data.
The low stability constants for the [FeL]+ species of the thioether and
selenoether amino acids (log β=3–4) indicate much weaker binding
than with Cu(II). As with Cu(II), the similarity of the stability constants
for Fe(II) with Gly and all of the thio- and selenoamino acids indicates
that the sulfur and selenium atoms do not interact with the metal ion.

In general, the higher stability constants of Cu(II) with the thio- and
selenoether amino acids indicates that amino acid binding to Cu(II) at
pH 7 may inhibit copper generation of hydroxyl radical, resulting in the
weak correlation identified between Cu(II) stability constant and DNA
damage prevention abilities of these amino acids. With thio- and sele-
noether amino acids, the weakly coordinated Fe(II) may be more
available than the stronger-binding Cu(II) for redox cycling to generate
hydroxyl radical. Although sulfur- and selenium-containing amino acids
are considered relatively weakly binding ligands, they may have large-

Table 5
Inhibitory concentrations for metal-mediated DNA damage prevention by
amino acids.

Amino acid Cu(I) IC50 (μM) Fe(II) IC50 (μM) Reference

Gly 22.4 ± 0.1 None [101]
Met 11.8 ± 1.3 None [45]
SeMet 25.1 ± 0.1 None [38]
MeCys 9.6 ± 1.0 None [45]
MeSeCys 8.64 ± 0.02 None [38]
Pen 26.9 ± 0.1 591 ± 1 This worka

a Data and IC50 plots for DNA damage prevention experiments with Pen are
provided in Tables S2–S3 and Figs. S6–S7.

Fig. 7. Graphs of A) stability constants of the CuL species and B) stability
constants of the CuL2 species vs. 50% inhibitory concentrations for oxidative
DNA damage (IC50 values) for the amino acid antioxidants (L) in Table 5. Solid
lines show the best-fit trend line for the data with the equations given.
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scale implications for the biological availability and reactivity of redox-
active metals such as Cu(II) and Fe(II).

Abbreviations

Asp L-aspartic acid
Met L-methionine
Cys L-cysteine
DNA deoxyribonucleic acid
EDTA ethylenediaminetetraacetic acid
EPR electron paramagnetic resonance
ESI-MS electrospray ionization mass spectrometry
Gly glycine
His L-histidine
hCys L-homocysteine
HOMO highest-occupied molecular orbital
IC50 50% inhibitory concentration
ICP-OES inductively coupled plasma-optical emission spectroscopy
IR infrared
MeCys L-methylcysteine
MES 2-(N-morpholino)ethanesulfonic acid
MeSeCys L-methylselenocysteine
MOPS 3-(N-morpholino)propanesulfonic acid
NIST National Institute of Standards and Technology
Pen L-penicillamine
Phen 1,10-phenanthroline
Pro L-proline
ROS reactive oxygen species
SeMet L-selenomethionine
SeCys L-selenocysteine
TAE Tris base, acetic acid, and EDTA
Tris tris(amino)methane
UV ultraviolet
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