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In this paper we report structural and energetic data for cysteine and selenocysteine in the gas phase and the
effect of Co2+ complexation on their properties. Different conformers are analyzed at the DFT/B3LYP level
of both bound and unbound species. Geometries, vibrational frequencies, and natural population analysis are
reported and used to understand the activity of these species. In particular, we have focused our attention on
the role of sulfur and selenium in the metal binding process and on the resulting deprotonation of the thiol
and seleniol functions. From the present calculations we are able to explain, both from electronic structure
and thermochemical point of views, a metal-induced thiol deprotonation as observed in gas-phase experiments.
A similar process is expected in the case of selenocysteine. In fact, cobalt was found to have a preferential
affinity with respect to thiolate and selenolate functions. This can be related to the observation that only S
and Se are ablesin thiolate and selenolate statessto make a partial charge transfer to the cobalt thus forming
very stable complexes. Globally, very similar results are found when substituing S with Se, and a very small
difference in cobalt binding affinity is found, thus justifying the use of this substitution in X-ray absorption
experiments done on biomolecules containing cysteine metal binding pockets.

1. Introduction

Understanding interactions between transition metals and
amino acids is a key feature in the comprehension of many
biochemical and biophysical problems, from natural occurring
metalloprotein chelation to human and environmental toxicol-
ogy.1 With such an importance, it has become the subject of
several theoretical and experimental studies in the past few
years.2-6 It is now well recognized that the binding of metal
ions to biomolecules is fundamental for their biochemical
activities. From a chemical point of view, metal binding can
have a structuring effect on the biomoleculesin other words it
can lead to a specific three-dimensional structure in the
biomolecule. Furthermore, metal binding can also induce
chemical reactions such as deprotonation of specific sites of
the biomolecule.7 Deprotonation of chemical functions in
biomolecules appears as a common effect of metal binding, and
in some cases it can even be directly related to the biological
activity of the molecule.8-11 Deprotonation of peptides and
proteins induced by metal cations can occur both in their main
chain and in their side chain.7,12 The most relevant amino acids
able to bind metal cations are the side chains of histidine,
cysteine, aspartic acid, and glutamic acid. Cysteine is the only
naturally occurring thiol-containing amino acid, giving its unique
and fundamental properties in structure and activity of biomol-
ecules. In particular, it is recognized that coordination of metal
cations can be achieved through sulfur sites in a variety of
proteins and metalloenzymes.13-16 X-ray structures available in
the Protein Data Bank (PDB) are consistent with deprotonated
cysteines, so that metal binding occurs via thiolate groups.17

At physiological pH, one should note that cysteine side chains
with typical pKa values between 8 and 9 would be protonated

in metal-free proteins.18-20 Binding to a metal cation causes
the cysteine’s pKa to drop,21 thus facilitating a thiol to thiolate
chemical reaction under physiological conditions. The change
in cysteine protonation state at neutral pH is therefore a typical
example of a metal-assisted process.

Selenium is a chalcogen element located just below sulfur
on the periodic table, and thus there are not only close
similarities but also striking differences between these two
elements in terms of their chemistry and biochemistry.22

Selenium can replace sulfur in cysteine and methionine, thus
forming selenocysteine and selenomethionine. Proteins contain-
ing selenium play a variety of important roles in cellular
activity.23,24For example, a biological function of selenoprotein
P (i.e. its important role in delivering hepatic selenium to specific
tissues) was recently confirmed.25,26 While the functions of
selenoprotein P are not certain, one role may concern chelation
of heavy metals.23 In some cases selenium seems to have an
important role in protection against metal toxicity.27,28 These
findings could suggest a specificity of Se in binding metals.
On the other hand, selenium substitution is a powerful ligand-
directed technique for determining metalloprotein coordination
structures using X-ray absorption spectroscopy (XAS).29,30This
implies, in apparent contrast with the biological specificity
reported, a strong similarity between S and Se concerning metal
interaction, as pointed out by Peariso et al. from XAS of zinc
binding to cysteine and selenocysteine in methionine synthase.29

Our present contribution is a first attempt to investigate from
a theoretical point of view the interaction of Co2+ with cysteine
and selenocysteine. This metal, needed at trace level in
organisms for the biosynthesis of vitamin B12, is also a typical
polluting agent issue from several industrial processes. It is also
an important radioactive contaminating species, especially the
60Co isotope. It can be complexed by biological systems
containing cysteine, as other transition metals. We are especially
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interested in understanding the physical basis of such a
complexation. At this end, our group has begun a systematic
study of different biomolecules containing cobalt in the
gas phase combining different theoretical and experimental
approaches.31-33 In the present contribution we use density
functional theory (DFT) to identify the structures of different
Co2+ complexes with cysteine and selenocysteine and the gas-
phase thermochemistry to study metal binding and metal induced
cysteine and selenocysteine deprotonation.

The outline of the remainder of the text is as follows. In
section 2.1 we describe the methods employed to solve
electronic structure problems. In section 2.2 we describe the
reactions considered for thermochemical analysis. Then we first
show results obtained with the present computational setup on
free cysteine and selenocysteine (section 3), and then we present
results obtained when Co(II) binds amino acids (section 4). In
section 5 we summarize and conclude.

2. Computational Methods

2.1. Structure Determination.Molecular geometries of the
considered structures were optimized using DFT with the hybrid
B3LYP functional.34 Previous theoretical calculations have
shown that the B3LYP is a reliable functional to study transition-
metal-ligand systems,35-37 and it was recently pointed out also
its reliability to describe the interaction between cobalt and
glycine38 or glycylglycine.39 Geometry optimizations and fre-
quency calculations on the optimized structures have been
performed using the following basis set: for Co the (14s9p5d)
primitive set of Wachters40 supplemented with one s, two p,
and one d diffuse functions41 and one f polarization function42

and 6-31++G(d,p) for C, N, O, S, Se, and Hshereafter noted
as basis set I. This basis set is a good compromise between
computational costs and results reliability, as recently pointed
out by Constantino et al. when studying cobalt binding gly-
cylglycine.39 To better understand the role of atomic basis sets,
taking the geometries obtained with basis set I, we have
performed single point energy calculations with a larger basis
set corresponding to the following: Co basis is based on the
(14s9p5d) primitive set of Wachters40 supplemented with one
s diffuse function, two p diffuse functions, and one d diffuse
function41 and two f polarization functions,42 such that the final
contracted basis set is [10s7p4d2f], while for N, C, O, S, Se,
and H we used the 6-311++G(2df,2p) basisshereafter noted
as basis II. This is the same basis set recently used to investigate
Co-glycine interactions by one of us.38 Hereafter in the paper
we will use the following notation: B3LYP/basisI for calcula-
tions with basis set I and B3LYP/basisII for calculations with
basis set II (where the latter are single point calculations
performed on B3LYP/basisI optimized geometries).

Net atomic charges have been obtained using the natural
population analysis of Weinhold and co-workers.43,44We have
considered in all the reported calculations Co(II) being in a
quartet spin state, corresponding to the most stable state of
hydrated cobalt in water45,46and also reported in the literature.38

Moreover, all calculations done on our systems in the doublet
spin state provide higher energy structures. Here, since the
purpose of this work is not devoted to point out a possible role
of different spin states, we will consider only the quartet spin
state. Open shell calculations have been performed using an
unrestricted formalism. All the above calculations have been
performed with the Gaussian98 package.47

2.2. Thermochemistry.Cysteine (Cys) and selenocysteine
(SeCys) gas-phase reactivity was investigated by standard
thermochemical analysis performed on minimum energy struc-

tures in the harmonic approximation using standard expressions
for an ideal gas in the canonical ensemble.48 We have considered
different reactions. First, we took into account protonation
reactions of neutral amino acid (AH), i.e.

from which protonation affinity (PA) and gas-phase basicity
(GPB) are defined as the opposite of enthalpy and free energy
change, respectively (i.e. PA) -∆H298

0 and GPB) -∆G298
0 ).

Gibbs energy change is calculated as∆G ) ∆H - T∆Swhere
the entropy contribution is obtained byT∆S ) T[S(AH2

+) -
S(AH) - S(H+)] with T ) 298.15 K.

Further, the deprotonation reaction

is considered, for which we calculated∆H298
0 and∆G298

0 in the
same way. We also took into account the deprotonation reaction
of the Co2+ complexed species, [CoCys]2+ and [CoSeCys]2+,
namely

Finally, the metal affinities (MAs) of Co2+ with Cys and
SeCys, both in neutral and deprotonated forms, are calculated,
analogously to PAs, i.e., MA) -∆H298

0 of the cationization
reaction

where L) AH, A- with l ) 2+ and 1+, respectively. Basis
set superposition error (BSSE) was estimated using the coun-
terpoise method of Boys and Bernardi.49 This effect was found
to be of about 2 kcal/mol, similarly to what was found by
Belcastro et al.50 and Hoyau et al.51 in similar systems.

3. Free Species

3.1. Structural Data. Optimized structures of neutral and
protonated cysteine (Cys) and selenocysteine (SeCys) are shown
in Figures 1 and 2, respectively, where we provide also some
selected intramolecular distances. Relative energies of the
different conformers obtained are reported in Table 1. For both
neutral and protonated cysteine, results, in terms of geometries
and relative energies, are in quite perfect agreement with
literature DFT data performed with the same functional (B3LYP)
and a different basis set (D95++(d,p)).52 Selenocysteine
structures, both neutral and protonated, are similar to the
corresponding cysteine ones, while the energy order of neutral
conformers presents some differences. Structure 1 is the most
stable one for cysteine and selenocysteine. Apart from this
structure, the energy order is different between selenocysteine
and cysteine. Differences between cysteine and selenocysteine
relative energies are relatively small, since they lie between 0.47
kcal/mol (structure 7) and 1.46 kcal/mol (structure 2). We may
note that in some structures (2, 3, and 5) S to Se substitution
modifies hydrogen bonds concerning thiol (seleniol) hydrogen
atoms thus destabilizing these structures in selenocysteine with
respect to the respective ones in cysteine. For protonated
structures, results are almost identical between cysteine and
selenocysteine. The energy order is exactly the same, and
relative energies with respect to the minimum energy structure
are very similar, the largest difference being∼1 kcal/mol.

3.2. Thermochemical Analysis.Proton affinity and gas-phase
basicity are calculated for cysteine and selenocysteine as

AH + H+ h AH2
+ (1)

AH h A- + H+ (2)

[CoAH]2+ h [CoA]+ + H+ (3)

Co2+ + L h (CoL)l (4)
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described in section 2.2 and reported in Table 2. Here we report
also data for serine (Ser) taken from the literature (experimen-
tal53,54 and theoretical52) and calculated in this study using the
same procedure adopted for Cys and SeCys. For serine and
cysteine our DFT calculations provide values almost identical
to previous reported calculations52 and very close to experi-
ments.53 Serine differs from cysteine only by the side-chain
terminal group, the former bearing a hydroxyl group, the latter
a thiol function. This substitution corresponds to an inter-
changing between two atoms belonging to the same group,
VIa, in the periodic table. PA and GPB, both calculated and
experimental, become smaller by changing from O to S. When
substituting the thiol function with a seleniol function (SeH),
this corresponds to a further step down the group VIa, but, quite
surprisingly, both PA and GPB go up, as shown in Table 2.
This nonmonotonic behavior was also found in thermo-

chemical analysis of the deprotonation reaction as shown
in Table 3. The deprotonation thermodynamics investigated
(∆H298

0 and ∆G298
0 ) corresponds to the deprotonation of the

hydroxyl function in serine and SH (SeH) function in cysteine
(selenocysteine). SH and SeH functions were found, from our
calculations in the gas phase, as the most acid groups in cysteine
and selenocysteine, respectively.

4. Co(II) Complexes

4.1. Structural Data. First, we have determined the structures
of complexes between Co(II) and deprotonated cysteine, i.e.,
[Co(Cys-H)]+, and selenocysteine, i.e., [Co(SeCys-H)]+. The
[Co(Cys-H)]+ species seems to be one of the most abundant in
electrospray ionization mass spectrometry (ESI-MS) experiments
done in our laboratory by Buchmann and co-workers.31 All

Figure 1. Structures of free Cys and SeCys, in neutral form. Some selected distances (in Å) are shown.

Co2+ Binding Cysteine and Selenocysteine J. Phys. Chem. A, Vol. 110, No. 31, 20069729



geometries of the considered [Co(Cys-H)]+ ([Co(SeCys-H)]+)
structures are shown in Figure 3, and corresponding relative
energies are collected in Table 4. As described in section 2.1,
geometries are optimized at the B3LYP/basisI level of theory,
and then, on these optimized structures, single point energy
calculations are subsequently performed with the larger basis
set (B3LYP/basisII) to investigate possible basis set effects. ZPE
corrections are considered only at the B3LYP/basisI level and
are also reported in Table 4.

[Co(Cys-H)]+ and [Co(SeCys-H)]+ potential energy surfaces
become complicated by the presence of three possible depro-
tonation sites, SH (SeH), NH2, and OH, and different cysteine
(selenocysteine) spatial arrangements around Co2+. Note that
here and hereafter we use the following notation for ligands:
S- and SH for sulfur in thiolate and thiol function, respectively
(Se- and SeH for SeCys), O for carbonyl oxygen (CdO), O-

for carboxylate oxygen, OH for hydroxyl function, NH2 for
amine function, and NH- for a deprotonated NH2 group. We
found seven stable structures where the SH (SeH) function is
deprotonated (labeled 1S to 7S), three structures where the NH2

function is deprotonated (labeled 1N, 2N, and 3N), and two
structures where the OH site is deprotonated (1O and 2O). These
structures are local minima both for Cys and SeCys. Moreover,
the 1S structure was found to be the most stable one both for
Cys and SeCys, and the energy order of the first four more stable
structures is identical in all calculations. All these structures of

Figure 2. Structures of free Cys and SeCys, in protonated form. Some selected distances (in Å) are shown.

TABLE 1: Relative Energies (in kcal/mol) of Cysteine and
Selenocysteine Configurations Studied in Neutral and
Protonated Forma

B3LYP/D95++(d,p)b

cysteine neutral/
protonated

B3LYP/6-31++G**
cysteine neutral/

protonated

B3LYP/6-31++G**
Se-cysteine neutral/

protonated

1 0.00/0.00 0.00/0.00 0.00/0.00
2 1.44/0.09 1.26/0.20 2.72/0.52
3 2.52/1.19 2.36/1.33 3.61/1.25
4 2.59/4.90 2.47/4.97 2.97/3.57
5 2.81/5.02 2.62/5.07 3.93/4.86
6 3.00/9.97 2.90/9.72 2.16/10.66
7 3.31/- 3.36/- 3.83/-

a The same numeration of structures in Figures 1 and 2 is employed.
b DFT results from ref 52.

TABLE 2: Proton Affinity and Gas-Phase Basicity (in
kcal/mol) of Free Amino Acids Calculated at the B3LYP/
6-31++G(d,p) Level

PA GPB

B3LYP lit.a exptlb B3LYP lit.a exptlb

serine 218.3 218.3 218.6 210.5 210.6 210.5
cysteine 215.9 216.1 215.9 208.3 208.5 207.8
Se-cysteine 217.1 209.6

a B3LYP/D95++(d,p) data from ref 52.b Experimental data from
ref 53.

TABLE 3: Thermochemical Data (∆H298
0 and ∆G298

0 in
kcal/mol) for the Gas-Phase Deprotonation Reaction of
Neutral Serine, Cysteine, and Selenocysteine Obtained at the
B3LYP/6-31++G(d,p) Levela

∆H298
0 ∆G298

0

B3LYP exptlb B3LYP exptlb
∆S298

0 c

B3LYP

serine 330.1 332.7( 3.1 322.9 325.8( 3.0 24.0
cysteine 331.0 332.9( 3.1 323.9 326.0( 3.0 23.8
Se-cysteine 326.8 319.4 24.8
Co-Cys 107.8 100.4 24.9
Co-SeCys 108.9 101.4 25.3

a For Cys and SeCys the same quantities for the Co(II) complexed
species are reported. For these calculations we used the most stable
structures for each protonation state, i.e., structure 1S (with Cys and
SeCys) of Figure 3 and structure I (with Cys and SeCys) of Figure 4.
b Experimental data from ref 54.c Calculated∆S298

0 in cal/(mol‚K) are
also shown.
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least energy (below∼17 kcal/mol) correspond to deprotonation
of SH (SeH) and binding of Co2+ with S- (Se-).

The two most stable structures are tridentate complexes, while
structures 3S and 4Ssthe third and fourth most stable ones,
respectivelysare bidentate, being Co2+ coordinated to S- (Se-)
and carbonyl O or amine N, respectively. As we will describe
further in details, calculations with the larger basis set (basisII
in our notation) provide the same results, this strengthening the
view of a tight and preferential binding of Co2+ to S- (Se-)
function. Deprotonation of OH function provides a stable
structure (1O) lying∼20 kcal/mol higher than 1S. In the
selenocysteine case, this 1O-SeCys structure is slightly higher
in energy than 1O-Cys, but we should note that the difference
is very small (∼1 kcal/mol). The other structure (2O) lies higher

in energy of about 40 kcal/mol. This value decreases of about
3 kcal/mol by the inclusion of ZPE. This relative stabilization
due to the ZPE correction is quite expected, since 2O is a
particular tridentate structure where the NH2 group is not bound
to Co and thus this structure is intrinsically more flexible than
other tridentate ones (like 1S). Deprotonation of NH2 function
provides three stable structures. The most stable one (1N) is
also a tridentate structure being lower in energy for Cys (+21.07
kcal/mol relative to 1S) than for SeCys (+22.60 kcal/mol
relative to 1S-SeCys), with a difference between Cys and
SeCys of an amount similar to 1O case. We should note that
tridentate conformations obtained with deprotonation of OH and
NH2 functions are energetically less stable than some bidentate
conformations obtained with deprotonated SH (SeH) functions.

Figure 3. Structures of [Co(Cys-H)]+ and [Co(SeCys-H)]+ complexes obtained from B3LYP/basisI geometry optimization. Some selected distances
(in Å) are shown. Thick dashed lines correspond to bond critical points as suggested by AIM analysis.

Co2+ Binding Cysteine and Selenocysteine J. Phys. Chem. A, Vol. 110, No. 31, 20069731



These important results show the affinity of Co(II) toward S-

and Se- that will be investigated in more detail in the following.
We pause here to point out the effect of the basis set on these

results. As previously mentioned, the basic picture is retained
by using B3LYP/basisII calculations. Differences in relative
energies are small for almost all structures. In some cases a
difference of ∼2 kcal/mol is observed, while the largest
discrepancy (∼6.5 kcal/mol) is found for the high-energy 2O
structure. Energy order is almost identical, with some exceptions.
In particular, the order between 1O and 5S (for Cys) or 6S (for
SeCys) is inverted passing from B3LYP/basisI to B3LYP/basisII
representation, due to the stabilization of 5S and 6S structures,
respectively, with increasing the basis set. This can be due to a
better Co-S(Se) interaction description when more diffuse
functions are considered in the Co basis set and/or when a triple
instead of a double-ú basis set is used for S and Se, in
conjunction with more diffuse functions. Other order inversions
concern higher energy structures where, generally, few differ-
ences in relative energy are found. Note that B3LYP/basisII
calculations are performed on B3LYP/basisI optimized struc-
tures (i.e. they are not necessarily minimum energy structures
within the method) such that results should be used only to
provide a global agreement between the two basis sets used.

In a further step, three prototypical structures of [Co(Cys-
H)]+ and [Co(SeCys-H)]+ (1S, 1O, and 1N) among the 12
obtained were selected for a deeper investigation. These three
conformations are the most stable ones for each deprotonation
site, and hence they can help in clarifying the description of
Co(II) interactions with the different possible ligands: S- (Se-),
SH (SeH), O, O-, NH2, and NH-. At this end, natural population
analysis (NPA) of the complexes are performed. To understand
the effect of Co2+ on the deprotonated Cys (SeCys) charge
distribution, we have performed NPA calculations also on these
three structures (1S, 1O, and 1N) without Co(II) cation, thus
obtaining three (Cys-H)- (and three (SeCys-H)-) structures
(labeled 1S-Co, 1O-Co, and 1N-Co). Results are summarized
in Table 5 where only charge distributions on Co, S (Se), N,
and O atoms are shown. This choice is driven by the fact that
we are interested in charge distributions of atoms that can act
as electron donors toward the central metal atom (Co). We first
should note that charge distributions are basically identical in
case of Cys and SeCys, with few exceptions. The metal cation,
formally charged+2 in the given oxidation state II, acts as an
electrophilic species, since its charge decreases to [+1.15,+1.32]
([+1.10,+1.29] in the case of SeCys). Almost one unity of

charge is transferred from Cys (SeCys) to the metal. In the 1S
structure, where also the lower charge,+1.15 (+1.10), was
found on cobalt, the S (Se) atom is mainly responsible for this
charge transfer. In fact, in the free species the S (Se) atom
possesses a negative charge fraction of-0.66 (-0.65). When
a cobalt atom is bound, the charge on S (Se) drops to-0.19
(-0.10). This corresponds to a partial charge transfer, of about
half a negative charge, from S (Se) to Co. This can explain the
relatively large difference in stability (∼20 kcal/mol) between
S (Se) deprotonated structures and the others. Furthermore, in
the structures where S (Se) is protonated (structures 1N and
1O) the charge on S (Se) is quite identical between free and
bound species. Interestingly, the same phenomenon (i.e. no large
differences in charge distribution between free and bound
species) was found for the other atoms close to Co. In other
words, in the case of structures 1N and 1O we cannot find a
specific atom that acts as a nucleophilic species toward Co, albeit
deprotonated N and O are present in those structures. A more
detailed analysis of bonding properties was also carried out both
using natural bond order43,44(NBO) and atom in molecule (AIM)
methods.55,56Here we just summarize these bonding properties
on the same prototypical structures (1S, 1O, and 1N) considered
previously. Note that in Figures 3 and 4 thick dashed lines
correspond to bond critical points found by AIM analysis
performed on all the reported structures. In the 1S structure,
NBO analysis reports a bond only between Co and S(Se), with
a partial covalent character (70% on p orbitals of S(Se) and
30% on d orbitals of Co), while in the 1O structure the same
analysis provides Co-O- and Co-SH interactions with a
mainly ionic character (85-90% on S(Se)/O atoms and 10-
15% on Co). Similarly, in the 1N structure NBO analysis has
pointed out mainly ionic interactions between Co and O and
NH (85-95% on S(Se)/O/N and 5-15% on Co). In addition
to that, in 1N also a weak covalent interaction between N p
orbitals and Co d orbitals was found in NBO analysis. AIM
analysis has also found these bonds being critical points, in
agreement with NBO results. In particular, AIM analysis
identifies the Co-S bond in the 1S structure as the partial
covalent bond of Co with the largest density, that corresponds
to the strongest covalent bond between Co and a ligand atom.
On the other hand, in both 1O and 1N structures, Co-O and
Co-N were reported to be the main ionic bonds with the largest
density.

The characterization of these prototypical structures is
completed by frequency analysis. In Table 6 we report frequen-
cies and relative IR intensities of four selected modes over the
36 modes obtained by Hessian diagonalization done on these
three structures (1S, 1O, and 1N with Cys and SeCys) after
subtracting the first six translational and rotational modes of
the complexes. These modes correspond to the Co-S(Se)
stretching (νCo-S(Se)) and to the three most intense modes:
hydrogen bending (δH) where H atoms on N, O, and C
contribute, CdO stretching (νC)O), and OH stretching (νOH).
The complete IR spectrum, with frequencies and relative
intensities, is reported in the Supporting Information. We should
note that IR experiments in the gas phase of such species are
not present in the literature, to our knowledge. Hence the present
study can be useful in order to give a preliminary guideline.
The band assignment was done from the visualization of the
obtained normal modes. Of course, we assign a mode to a
particular chemical bond even if we are working with global
normal modes. However, as typically happens for stretching
modes, the stretching modes considered (νCo-S(Se), νC)O, νOH)
are well localized on the given chemical bond. Qualitatively,

TABLE 4: Relative Energies (in kcal/mol) of [Co(Cys-H)]+
and [Co(SeCys-H)]+ Obtained at the B3LYP/basisI Level
from SCF Energy (∆ESCF) and Adding ZPE Correction
(∆E+ZPE) on Structures Reported in Figure 3a

[Co(Cys-H)]+ [Co(SeCys-H)]+

∆ESCF ∆E+ZPE ∆ESCF ∆E+ZPE

1S 0.00(0.00) 0.00 0.00(0.00) 0.00
2S +10.54(+10.79) +10.08 +10.30(+10.60) +9.85
3S +14.84(+12.20) +13.91 +12.41(+11.92) +11.51
4S +17.04(+17.06) +16.62 +16.60(+16.56) +16.18
5S +21.71(+18.95) +20.55 +21.41(+18.71) +20.17
6S +22.85(+21.81) +22.25 +22.53(+21.34) +21.90
7S +35.88(+36.26) +33.74 +36.45(+34.35) +34.66
1N +24.29(+23.14) +21.07 +26.37(+26.35) +22.60
2N +33.98(+33.05) +30.26 +36.14(+36.36) +31.86
3N +38.65(+37.69) +35.02 +43.23(+42.14) +39.12
1O +20.55(+19.49) +18.37 +21.89(+22.17) +19.35
2O +40.78(+39.01) +37.57 +40.71(+47.27) +37.16

a In parentheses we show data from B3LYP/basisII single point
calculations done on the same geometries.
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we can remark that Co-S(Se) stretching modes are blue shifted
in 1S structures with respect to those in 1O and 1N structures.
Unfortunately, the intensities of these modes are very small,
and the frequencies belong to a dense region of the IR spectrum,
such that the different structures could not be experimentally
determined by examining this region of the spectrum.δH is
present in all structures. In 1S and 1N structures theδH peak is
found at∼1200 cm-1, while in the 1O structure it is placed at
1099 cm-1. In this last structure (1O) there is no H on oxygen,
thus causing the difference in theδH peak location.νC)O has
the most intense peak. This peak in the 1O structure is at 1828
cm-1, while in 1S and 1N it is red shifted by about 100 cm-1,
being respectively at 1714 and 1698 cm-1. Finally, the O-H
stretching peak is evidently absent in the 1O structure, and it is
at the same position for 1S and 1N structures (3700 cm-1). In
this region another peak (at 3590 cm-1) in the 1N structure is
relatively intense, while the corresponding peak in the 1S
structure is at 3556 cm-1 with an intensity more than two times
smaller (see the Supporting Information). Hence, an IR experi-
ment in the gas phase could easily detect, eventually, the
presence of a 1O structure (by the absence ofνOH peak), while
it is much more difficult to discriminate between 1S and 1N
structures. Frequencies reported in this work are those directly
obtained from DFT calculations without any rescaling. Note
that it is well-known that the use of B3LYP functional needs a
scale factor (usually ranging from 0.96 to 0.98 depending on
the basis set and the frequency region57,58) to correctly reproduce
experimental IR frequencies. These rescaling factors must be
considered to directly compare our calculations with experiments
when they will be available.

Finally, Co2+ complexes with neutral Cys and SeCys were
also obtained at the B3LYP/basisI level. We investigated the
two most stable structures, shown in Figure 4, taken from the
two most stable [Zn(II)Cys]2+ and [Cd(II)Cys]2+ structures
obtained by Belcastro et al.50 In agreement with these calcula-
tions we found structure I more stable than structure II by 2.64

and 2.83 kcal/mol for Cys and SeCys, respectively. This result
is in agreement with Zn2+ and Cd2+ results where the same
order was found. Note that from ESI-MS experiments done in
our laboratory by Buchmann and co-workers,31 the [CoCys]2+

species was not detected, and only the [Co(Cys-H)]+ ion was
obtained as the Co2+ monocysteine complex. Thus, we took
into account only [CoCys]2+ (and [CoSeCys]2+) structures being
the least in energy to determine the thermochemical analysis
reported in what follows.

4.2. Thermochemical Analysis.Co2+ affinities for neutral
and deprotonated Cys (SeCys) are shown in Table 7. In the
same table we report also results obtained by Belcastro et al.50

for Zn2+ and Cd2+ binding neutral cysteine. Cysteine metal
affinity (MA) for Co2+ was found∼23 kcal/mol greater than
that for Zn2+ and∼60 kcal/mol greater than that for Cd2+. Co2+

MA with SeCys was found slightly higher than that with Cys
(∼5 kcal/mol).

The MAs with deprotonated Cys and SeCys are∼220 kcal/
mol larger than those with neutral cysteine and selenocysteine.
This effect is due to the tight binding between Co2+ and thiolate
(and selenolate) functions that presents a high degree of covalent
bonding, as pointed out in section 4.1. This higher affinity for
deprotonated cysteine is in agreement with ESI-MS experiments
results, finding the [Co(Cys-H)]+ species in the spectra but not
[CoCys]2+. Hence, these experiments can be explained by the
fact that Co2+ binds a deprotonated Cys, and an almost covalent
bond is formed between the metal and the thiolate function.
Our DFT study suggests that a similar behavior is expected for
Se. On the other hand, if Co2+ binds a neutral Cys (SeCys)
with a protonated thiol (seleniol) function the interaction

TABLE 5: Charge Distributions on Cobalt and Polar Atoms Obtained from B3LYP/basisI NPA Calculations in the Minimized
Geometry of the [Co(Cys-H)]+/[Co(SeCys-H)]+ Complexes, Values on the Left and Right of Columns, Respectivelya

1S 1S-Co 1O 1O-Co 1N 1N-Co

Co +1.15/+1.10 +1.32/+1.29 +1.19/+1.19
S/Se -0.19/-0.10 -0.66/-0.65 +0.02/-0.16 -0.04/+0.05 +0.01/+0.14 -0.06/+0.02
N -0.95/-0.96 -0.87/-0.88 -0.97/-0.97 -0.89/-0.89 -0.94/-0.96 -1.09/-1.09
Ov

b -0.69/-0.69 -0.61/-0.61 -0.80/-0.80 -0.82/-0.82 -0.70/-0.70 -0.64/-0.64
Od

b -0.65/-0.65 -0.73/-0.73 -0.52/-0.52 -0.75/-0.75 -0.66/-0.66 -0.74/-0.74

a 1S, 1O, and 1N correspond to structures of Figure 3, while 1S-Co, 1O-Co, and 1N-Co are the same structures without Co.b Ov is the
oxygen atom close to Co, and Od is the other one.

Figure 4. Structures of [CoCys]2+ and [CoSeCys]2+ complexes
obtained from B3LYP/basisI geometry optimization. Some selected
distances (in Å) are shown. Thick dashed lines correspond to bond
critical points as suggested by AIM analysis.

TABLE 6: Frequencies (in cm-1) with Infrared Intensities
in Parentheses (in km/mol) for Three [Co(Cys-H)]+ and
[Co(SeCys-H)]+ Structures, Corresponding to the Following
Modes: νCo-S(Se) Is the Co-S and Co-Se Stretching Mode,
δH Is the Hydrogen Bending,νC)O Is the Carbonyl
Stretching, and νOH Is the Stretching of OH Functions

[Co(Cys-H)]+ νCo-S(Se) δH νC)O νOH

1S 417(5.7) 1207 (123.2) 1714 (308.2) 3704 (201.9)
1O 246 (0.1) 1099 (166.4) 1828 (357.9) -
1N 193 (2.7) 1180 (112.1) 1698 (275.0) 3703 (163.0)

1201 (105.5)

[Co(SeCys-H)]+ νCo-S(Se) δH νC)O νOH

1S 286 (7.7) 1205 (151.9) 1716 (303.0) 3705 (202.3)
1O 198 (5.4) 1100 (162.5) 1825 (362.4) -
1N 170 (4.4) 1200 (126.5) 1700 (270.0) 3703 (162.2)

TABLE 7: Gas-Phase Metal Affinities (in kcal/mol) of Cys,
[Cys-H] (Deprotonated Cysteine), SeCys, and [SeCys-H]

Co2+ Zn2+ Cd2+

Cys 237.66 214.5a 177.5a

Cys-H 461.16
SeCys 242.55
SeCys-H 460.54

a Values taken from ref 50.
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between cobalt and sulfur (selenium) is mainly electrostatic,
without any relevant charge transfer between the metal and S
(Se).

Finally, a large effect of Co2+ complexation on Cys (SeCys)
reactivity was pointed out for the deprotonation reaction of such
a complex. In Table 3 we also show∆H298

0 and∆G298
0 of the

Cys (SeCys) deprotonation reaction when a Co2+ cation is
binding. Comparing these values with the same obtained for
free Cys (SeCys), we can immediately note that the energy
needed for deprotonating a Co(II)-cysteine (selenocysteine)
complex in the gas phase is about three times smaller than those
needed for free Cys (SeCys). In both cases the deprotonated
function is the thiol (seleniol) group. This means that the acidity
of the thiol (seleniol) group is enhanced significantly by Co(II)
binding. This can indirectly explain the formation of the S-Co
binding motif in solution or in biological systems where a SH
group at neutral or physiological pH is even expected to be
protonated from its free-cysteine known pKa of 8.

5. Conclusions

In this paper we have studied theoretically Co2+ binding to
cysteine and selenocysteine using the DFT approach within the
B3LYP functional. Here, we detailed energies, geometries,
charge distributions, and vibrational analysis of different
conformers that could be detected during gas-phase experiments,
providing useful results for a better rationalization of these
experiments. Analyzing the conformers of the amino acids in
both neutral and deprotonated forms without and in the presence
of the binding Co(II) metal, we are able to illustrate some aspects
of the reactivity of these systems. In particular, the deprotonation
reaction of SH and SeH acid functions in the bound cysteine
and selenocysteine complexes is enhanced in the gas phase with
respect to the cobalt free amino acids in the same gas phase.
Different results of our investigation agree with this picture:
(i) the SH (SeH) function is the most favorable deprotonation
site among the possible ones; (ii) natural population analysis
partially explains this phenomenon through a partial (and
unique) charge transfer between S (Se) and cobalt (similar
conclusions are also obtained by a more detailed investigation
of chemical bond properties using NBO and AIM analysis);
and (iii) thermochemical analysis provides a clear preferential
affinity of Co(II) with deprotonated cysteine rather than with
neutral one. This is confirmed by a drop in enthalpy and free
energy differences for gas-phase deprotonation reactions in
[CoCys]2+ (and [CoSeCys]2+) with respect to Cys (and SeCys)
of a factor of three.

These results suggest a metal-assisted deprotonation reaction,
as observed in cysteine complexes with other transition-metal
cations17,59,60 explaining the fragments produced during ESI-
MS experiments done on cysteine-Co(II) complexes by our
group.31 (More details on the interactions in cysteine-Co(II)
complexes characterized by ESI-MS/MS experiments will be
given elsewhere.33)

The substitution of S by Se does not change drastically the
intrinsic reactivity of the amino acid with Co2+. On one hand,
this result provides further justification of selenium substitution
in X-ray absorption spectroscopy on metalloproteins. On the
other hand, it cannot explain the different biological behaviors
of selenoproteins in metal detoxification. An evident possibility
is that the biological specificity of Se is due to a different
reactivity with respect to other reactions involved in the overall
metal chelation process. Notably, a S-S bridge is present in a
crucial step of metal binding in metallothioneines.22 Thus the
different reactivity of S-S, S-Se, and Se-Se bridges, as

recently pointed out theoretically by Bachrach et al.,61 can be
at the origin of selenium biospecificity. Our current investiga-
tion, both theoretically and experimentally, is actually going in
this direction.
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