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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 C@+ 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 abtein thiolate and selenolate stateto 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 in metal-free protein&®-2° Binding to a metal cation causes
the cysteine’s [, to drop?! 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.
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 2324 For example, a biological function of selenoprotein
¢ P (i.e. its important role in delivering hepatic selenium to specific

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! With such an importance, it has become the subject of
several theoretical and experimental studies in the past few
years?~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 biomolectila 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 | X ; .
P p tissues) was recently confirmée?® While the functions of

the biomolecul€. Deprotonation of chemical functions in ; : .
biomolecules appears as a common effect of metal binding, andselenoproteln P are not certain, one rolg may concern chelation
of heavy metalg® In some cases selenium seems to have an

in some cases it can even be directly related to the biological . . . > o og
activity of the moleculd-1 Deprotonation of peptides and important role in protection against metal toxicty28 These

proteins induced by metal cations can occur both in their main findings could suggest a specificity O.f S? in binding m_etals.
chain and in their side chatf2 The most relevant amino acids Qn the other hand, selenium .Sl.JbSt'tunon IS a p_owerful !lgand-
able to bind metal cations are the side chains of histidine directed technique for determining metalloprotein coordination
cysteine, aspartic acid, and glutamic acid. Cysteine is the only StTUctures using X-ray absorption spectroscopy (X&8)This

naturally occurring thiol-containing amino acid, giving its unique |mpl|esa in apparent Ff””ft with the t()jlologlcal sp§C|f|Clty |
and fundamental properties in structure and activity of biomol- '€POrted, a strong similarity between S and Se concerning meta

ecules. In particular, it is recognized that coordination of metal Interaction, as pomted out by Pear!so et al. fr.om. XAS of zinc
cations can be achieved through sulfur sites in a variety of binding to cysteine and selenocysteine in methionine synfiase.
proteins and meta"oenzym&_]ﬁ X_ray structures available in Our present contribution is a first attempt to inVestigate from
the Protein Data Bank (PDB) are consistent with deprotonated & theoretical point of view the interaction of €owith cysteine
cysteines, so that metal binding occurs via thiolate grdfips. and selenocysteine. This metal, needed at trace level in
At physiological pH, one should note that cysteine side chains organisms for the biosynthesis of vitamin B12, is also a typical
with typ|ca| Ka values between 8 and 9 would be protonated pOIlutlng agent issue from several industrial processes. It is also
an important radioactive contaminating species, especially the

* To whom correspondence should be addressed. ¥&3-1-69 47 76 ®%Co isotope. It can be complexed by biological systems
53. Fax: +33-1-69 47 76 55. E-mail: rspezia@univ-evry.fr. containing cysteine, as other transition metals. We are especially
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interested in understanding the physical basis of such atures inthe harmonic approximation using standard expressions
complexation. At this end, our group has begun a systematic for an ideal gas in the canonical ensenf§ié/e have considered
study of different biomolecules containing cobalt in the different reactions. First, we took into account protonation
gas phase combining different theoretical and experimental reactions of neutral amino acid (AH), i.e.
approached!=33 In the present contribution we use density
functional theory (DFT) to identify the structures of different AH 4+ H"=AH," (1)
Co*™ complexes with cysteine and selenocysteine and the gas-
phase thermochemistry to study metal binding and metal inducedfrom which protonation affinity (PA) and gas-phase basicity
cysteine and selenocysteine deprotonation. (GPB) are defined as the opposite of enthalpy and free energy

The outline of the remainder of the text is as follows. In change, respectively (i.e. PA —AHj,, and GPB= —AGJ,y).
section 2.1 we describe the methods employed to solve Gibbs energy change is calculateds = AH — TASwhere
electronic structure problems. In section 2.2 we describe the the entropy contribution is obtained BAS = T[SAH,") —
reactions considered for thermochemical analysis. Then we first SAH) — S(H™)] with T = 298.15 K.
show results obtained with the present computational setup on Further, the deprotonation reaction
free cysteine and selenocysteine (section 3), and then we present
results obtained when Co(ll) binds amino acids (section 4). In AH=A" +H" 2
section 5 we summarize and conclude.

is considered, for which we calculatédH3q; and AGgg in the

2. Computational Methods same way. We also took into account the deprotonation reaction

o _ of the C@+ complexed species, [CoCy¥$]and [CoSeCy4f,
2.1. Structure Determination. Molecular geometries of the  namely

considered structures were optimized using DFT with the hybrid

B3LYP functional®* Previous theoretical calculations have [COAH]*" = [CoA]" + H* (3)
shown that the B3LYP is a reliable functional to study transition-
metak-ligand system&>~37 and it was recently pointed out also Finally, the metal affinities (MAs) of C& with Cys and

its reliability to describe the interaction between cobalt and SeCys, both in neutral and deprotonated forms, are calculated,
glycine® or glycylglycine3® Geometry optimizations and fre-  analogously to PAs, i.e., MA= —AHY, of the cationization
quency calculations on the optimized structures have beenreaction

performed using the following basis set: for Co the (14s9p5d)

primitive set of Wachter§ supplemented with one s, two p, Co** + L = (Col) 4)

and one d diffuse functioAsand one f polarization functid?

and 6_3:H-—|—G(d,p) for C, N’ O' S' Se’ and-+Hhereafter noted where L= AH, A~ with | = 24+ and H, respeCtiVely. Basis

as basis set I. This basis set is a good compromise betweerP€t superposition error (BSSE) was estimated using the coun-
computational costs and results reliability, as recently pointed terpoise method of Boys and Bernaf8iiThis effect was found

out by Constantino et al. when studying cobalt binding gly- to be of about 2 kcal/mol, similarly to what was found by
cylglycine3? To better understand the role of atomic basis sets, Belcastro et at? and Hoyau et at* in similar systems.

taking the geometries obtained with basis set I, we have .

performed single point energy calculations with a larger basis 3- Frée Species

set corresponding to the following: Co basis is based on the 3.1, Structural Data. Optimized structures of neutral and
(14s9p5d) primitive set of WachtéPssupplemented with one  protonated cysteine (Cys) and selenocysteine (SeCys) are shown
s diffuse function, two p diffuse functions, and one d diffuse in Figures 1 and 2, respectively, where we provide also some
functiorf! and two f polarization function® such that the final  selected intramolecular distances. Relative energies of the
contracted basis set is [10s7p4d2f], while for N, C, O, S, Se, different conformers obtained are reported in Table 1. For both
and H we used the 6-3¥+-G(2df,2p) basis-hereafter noted  neutral and protonated cysteine, results, in terms of geometries
as basis II. This is the same basis set recently used to investigateind relative energies, are in quite perfect agreement with

Co-glycine interactions by one of &Hereafter in the paper |iterature DFT data performed with the same functional (B3LYP)
we will use the following notation: B3LYP/basisl for calcula- and a different basis set (D95-(d,p))52 Selenocysteine

tions with basis set | and B3LYP/basisll for calculations with structures, both neutral and protonated’ are similar to the

basis set Il (where the latter are single point calculations corresponding cysteine ones, while the energy order of neutral
performed on B3LYP/basis| optimized geometries). conformers presents some differences. Structure 1 is the most
Net atomic charges have been obtained using the naturalstable one for cysteine and selenocysteine. Apart from this
population analysis of Weinhold and co-workété*We have structure, the energy order is different between selenocysteine
considered in all the reported calculations Co(ll) being in a and cysteine. Differences between cysteine and selenocysteine
quartet spin state, corresponding to the most stable state ofrelative energies are relatively small, since they lie between 0.47
hydrated cobalt in watér#¢and also reported in the literatufe.  kcal/mol (structure 7) and 1.46 kcal/mol (structure 2). We may
Moreover, all calculations done on our systems in the doublet note that in some structures (2, 3, and 5) S to Se substitution
spin state provide higher energy structures. Here, since themodifies hydrogen bonds concerning thiol (seleniol) hydrogen
purpose of this work is not devoted to point out a possible role atoms thus destabilizing these structures in selenocysteine with
of different spin states, we will consider only the quartet spin respect to the respective ones in cysteine. For protonated
state. Open shell calculations have been performed using anstructures, results are almost identical between cysteine and
unrestricted formalism. All the above calculations have been selenocysteine. The energy order is exactly the same, and
performed with the Gaussian98 packége. relative energies with respect to the minimum energy structure
2.2. Thermochemistry. Cysteine (Cys) and selenocysteine are very similar, the largest difference being kcal/mol.
(SeCys) gas-phase reactivity was investigated by standard 3.2. Thermochemical AnalysisProton affinity and gas-phase
thermochemical analysis performed on minimum energy struc- basicity are calculated for cysteine and selenocysteine as
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Figure 1. Structures of free Cys and SeCys, in neutral form. Some selected distances (in A) are shown.

described in section 2.2 and reported in Table 2. Here we reportchemical analysis of the deprotonation reaction as shown
also data for serine (Ser) taken from the literature (experimen-in Table 3. The deprotonation thermodynamics investigated
tal®>54and theoreticaf) and calculated in this study using the  (AH3, and AGy,) corresponds to the deprotonation of the
same procedure adopted for Cys and SeCys. For serine andydroxyl function in serine and SH (SeH) function in cysteine
cysteine our DFT calculations provide values almost identical (selenocysteine). SH and SeH functions were found, from our
to previous reported calculatiditsand very close to experi-  calculations in the gas phase, as the most acid groups in cysteine
ments>® Serine differs from cysteine only by the side-chain and selenocysteine, respectively.

terminal group, the former bearing a hydroxyl group, the latter

a thiol_ function. This substitution cor_responds to an inter- 4 Co(ll) Complexes

changing between two atoms belonging to the same group,

Vla, in the periodic table. PA and GPB, both calculated and  4.1. Structural Data. First, we have determined the structures
experimental, become smaller by changing from O to S. When of complexes between Co(ll) and deprotonated cysteine, i.e.,
substituting the thiol function with a seleniol function (SeH), [Co(Cys-H)I", and selenocysteine, i.e., [Co(SeCysH)The

this corresponds to a further step down the group Vla, but, quite [Co(Cys-H)[" species seems to be one of the most abundant in
surprisingly, both PA and GPB go up, as shown in Table 2. electrospray ionization mass spectrometry (ESI-MS) experiments
This nonmonotonic behavior was also found in thermo- done in our laboratory by Buchmann and co-work@rall
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Figure 2. Structures of free Cys and SeCys, in protonated form. Some selected distances (in A) are shown.

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

B3LYP/D95++(d,pp B3LYP/6-31H-+G** B3LYP/6-3LH-+G**
cysteine neutral/ cysteine neutral/  Se-cysteine neutral/

protonated protonated 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 2.4714.97 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

@ 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 lit2 exptP B3LYP lit2 exptP
serine 218.3 2183 2186 2105 2106 2105
cysteine 2159 216.1 2159 208.3 2085 207.8
Se-cysteine  217.1 209.6

aB3LYP/D95++(d,p) data from ref 52° Experimental data from
ref 53.

geometries of the considered [Co(Cys-HJ[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/basisl level of theory,

TABLE 3: Thermochemical Data (AHg93 and AGg98 in
kcal/mol) for the Gas-Phase Deprotonation Reaction of
Neutral Serine, Cysteine, and Selenocysteine Obtained at the
B3LYP/6-31++G(d,p) Level

0 0
AHYos AGgq AL
B3LYP exptP B3LYP exptP B3LYP
serine 330.1 33231 3229 325830 240
cysteine 331.0 332431 3239 326.&3.0 238
Se-cysteine  326.8 3194 24.8
Co-Cys 107.8 100.4 24.9
Co-SeCys 108.9 101.4 25.3

aFor Cys and SeCys the same quantities for the Co(ll) 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 | (with Cys and SeCys) of Figure 4.
b Experimental data from ref 54 CalculatedAS)gin cal/(mokK) are
also shown.

[Co(Cys-H)I" and [Co(SeCys-H)] potential energy surfaces
become complicated by the presence of three possible depro-
tonation sites, SH (SeH), NiHand OH, and different cysteine
(selenocysteine) spatial arrangements arount Q¥ote 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 oxyger=0), O~
for carboxylate oxygen, OH for hydroxyl function, NHor
amine function, and NH for a deprotonated Nigroup. We
found seven stable structures where the SH (SeH) function is
deprotonated (labeled 1S to 7S), three structures where the NH
function is deprotonated (labeled 1N, 2N, and 3N), and two

and then, on these optimized structures, single point energystructures where the OH site is deprotonated (10 and 20). These
calculations are subsequently performed with the larger basisstructures are local minima both for Cys and SeCys. Moreover,
set (B3LYP/basisll) to investigate possible basis set effects. ZPEthe 1S structure was found to be the most stable one both for

corrections are considered only at the B3LYP/basisl level and
are also reported in Table 4.

Cys and SeCys, and the energy order of the first four more stable
structures is identical in all calculations. All these structures of
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Figure 3. Structures of [Co(Cys-H}]and [Co(SeCys-H)]complexes obtained from B3LYP/basis| geometry optimization. Some selected distances
(in A) are shown. Thick dashed lines correspond to bond critical points as suggested by AIM analysis.

least energy (below17 kcal/mol) correspond to deprotonation in energy of about 40 kcal/mol. This value decreases of about
of SH (SeH) and binding of Co with S~ (Se"). 3 kcal/mol by the inclusion of ZPE. This relative stabilization
The two most stable structures are tridentate complexes, whiledue to the ZPE correction is quite expected, since 20 is a
structures 3S and 4S3he third and fourth most stable ones, particular tridentate structure where the Nitoup is not bound
respectively-are bidentate, being €ocoordinated to S(Se") to Co and thus this structure is intrinsically more flexible than
and carbonyl O or amine N, respectively. As we will describe other tridentate ones (like 1S). Deprotonation of Nthction
further in details, calculations with the larger basis set (basisll provides three stable structures. The most stable one (1N) is
in our notation) provide the same results, this strengthening the also a tridentate structure being lower in energy for Gy81.07
view of a tight and preferential binding of €oto S~ (Se") kcal/mol relative to 1S) than for SeCyst22.60 kcal/mol
function. Deprotonation of OH function provides a stable relative to 1S-SeCys), with a difference between Cys and
structure (10) lying~20 kcal/mol higher than 1S. In the SeCys of an amount similar to 10 case. We should note that
selenocysteine case, this 10-SeCys structure is slightly highertridentate conformations obtained with deprotonation of OH and
in energy than 10-Cys, but we should note that the difference NH; functions are energetically less stable than some bidentate
is very small ¢~1 kcal/mol). The other structure (20) lies higher conformations obtained with deprotonated SH (SeH) functions.
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TABLE 4: Relative Energies (in kcal/mol) of [Co(Cys-H)I* charge is transferred from Cys (SeCys) to the metal. In the 1S
J ) 9 y y
?nd [(530C(F5%Cy5'H)&%g}%'nedda;ég_e BS’ZLS(E/ct:)amsltl__evel structure, where also the lower charge]l.15 (+1.10), was
rom nergy an ing orrection : : : :
(AE+ZP) on Structures Reported in Figure 3 found on cobalt, the S (St_a) atom is malnly_ responsible for this
charge transfer. In fact, in the free species the S (Se) atom

[Co(Cys-H)I [Co(SeCys-H)t possesses a negative charge fractior-6f66 (—0.65). When

AESCF AE'ZPE AESCF AE'ZPE a cobalt atom is bound, the charge on S (Se) dropsGd.9
1S 0.00(0.00) 0.00 0.00(0.00) 0.00 (—0.10). This corresponds to a partial charge transfer, of about
2S  +10.54¢-10.79) +10.08 +10.30¢-10.60)  +9.85 half a negative charge, from S (Se) to Co. This can explain the
3S  +14.84(r12.20) +13.91 +12.41(-11.92) +11.51 relatively large difference in stability~20 kcal/mol) between
4S  +17.04(-17.06) +16.62  +16.60(16.56) +16.18 S (Se) deprotonated structures and the others. Furthermore, in
5S  4+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 the structures where S (Sg) is pro'_[onat_ed (structures 1N and
7S +35.88(+36.26) +33.74 +36.45(-34.35) +34.66 10) the charge on S (Se) is quite identical between free and
IN  +24.29¢+-23.14) +21.07 +26.37(+26.35) +22.60 bound species. Interestingly, the same phenomenon (i.e. no large
2N +33.98(-33.05) +30.26 +36.14(+36.36) +31.86 differences in charge distribution between free and bound
SN +38.65(r37.69) +35.02 +43.23(+42.14) +39.12 species) was found for the other atoms close to Co. In other
10  +20.55(+19.49) +18.37 +21.89(+22.17) +19.35 K )
20  +40.78(+39.01) +37.57 +40.714-47.27) +37.16 words, in the case of structures 1N and 10 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 ord&**(NBO) and atom in molecule (AIM)
These important results show the affinity of Co(ll) toward S methods556 Here we just summarize these bonding properties

and Se that will be investigated in more detail in the following. . -
) ) on the same prototypical structures (1S, 10, and 1N) considered
We pause here to point out the effect of the basis set on these prototyp ( )

. - S . : reviously. N hat in Figur nd 4 thick hed lin
results. As previously mentioned, the basic picture is retained previously. Note that gures 3 and 4 thick dashed lines

- f . . . . correspond to bond critical points found by AIM analysis
by using B3LYP/basisll calculations. Differences in relative performed on all the reported structures. In the 1S structure,
energies are small for almost all structures. In some cases

difference of ~2 kcal/mol is observed, while the largest aNBO analysis reports a bond only between Co and S(Se), with

. . . a partial covalent character (70% on p orbitals of S(Se) and
discrepancy {6.5 kca"m"') IS fo_und _for th? high-energy 2.0 30% on d orbitals of Co), while in the 10 structure the same
structure. Energy order is almost identical, with some exceptions. analvsis provides CeO- and Co-SH interactions with a
In particular, the order between 10 and 5S (for Cys) or 6S (for main): iorl?ic character (8590% on S(Se)/O atoms and 20
SeCys) is inverted passing from B3LYP/basisl to B3LYP/basisl| y )

0 o . .
representation, due to the stabilization of 5S and 6S structures,ls./o on Co). Sl_mlla_rly,_m_the lN. structure NBO analysis has
pointed out mainly ionic interactions between Co and O and

respectively, with increasing the basis set. This can be due to a . 0 »
better Ce-S(Se) interaction description when more diffuse 'It\“-lth(8t5 .951{3] OT S(Se)/O/kN andflf./o ton th’)- IE ?dd't'onN
functions are considered in the Co basis set and/or when a triple 0 that, in also a weak covalent Interaction between N p

instead of a doublé- basis set is used for S and Se, in orbitals and Co d orbitals was found in NBO analysis. AIM
conjunction with more diffuse functions. Other order inversions analysis htas ilhsoNfgl(J)nd thelf,e tI)onds tt?elrllg Cig:‘ﬁl poulwts., n
concern higher energy structures where, generally, few differ- agreement wi results. In particuar, analysis

ences in relative energy are found. Note that B3LYP/basislI identifies the Ce-S bo_nd in the 15 struc_ture as the partial
calculations are performed on B3LYP/basis! optimized struc- covalent bond of Co with the largest density, that corresponds

tures (i.e. they are not necessarily minimum energy structures!© the strongest covalent bond between Co and a ligand atom.
within the method) such that results should be used only to ON the other hand, in both 10 and 1N structures;-Coand
provide a global agreement between the two basis sets used0 N were reported to be the main ionic bonds with the largest
In a further step, three prototypical structures of [Co(Cys- density.
H)]* and [Co(SeCys-H)] (1S, 10, and 1N) among the 12 The characterization of these prototypical structures is
obtained were selected for a deeper investigation. These threecompleted by frequency analysis. In Table 6 we report frequen-
conformations are the most stable ones for each deprotonatiorfies and relative IR intensities of four selected modes over the
site, and hence they can help in clarifying the description of 36 modes obtained by Hessian diagonalization done on these
Co(ll) interactions with the different possible ligands: Ge’), three structures (1S, 10, and 1N with Cys and SeCys) after
SH (SeH), O, O, NH,, and NH-. At this end, natural population ~ subtracting the first six translational and rotational modes of
analysis (NPA) of the complexes are performed. To understandthe complexes. These modes correspond to the-S{8e)
the effect of C8" on the deprotonated Cys (SeCys) charge stretching tco-sise) and to the three most intense modes:
distribution, we have performed NPA calculations also on these hydrogen bending &) where H atoms on N, O, and C
three structures (1S, 10, and 1N) without Co(ll) cation, thus contribute, G=O stretching {c=o), and OH stretching1on).
obtaining three (Cys-H) (and three (SeCys-H) structures The complete IR spectrum, with frequencies and relative
(labeled 1S-Co, 10-Co, and 1N-Co). Results are summarizedintensities, is reported in the Supporting Information. We should
in Table 5 where only charge distributions on Co, S (Se), N, note that IR experiments in the gas phase of such species are
and O atoms are shown. This choice is driven by the fact that not present in the literature, to our knowledge. Hence the present
we are interested in charge distributions of atoms that can actstudy can be useful in order to give a preliminary guideline.
as electron donors toward the central metal atom (Co). We first The band assignment was done from the visualization of the
should note that charge distributions are basically identical in obtained normal modes. Of course, we assign a mode to a
case of Cys and SeCys, with few exceptions. The metal cation, particular chemical bond even if we are working with global
formally charged+2 in the given oxidation state II, acts as an normal modes. However, as typically happens for stretching
electrophilic species, since its charge decreasestdlp;+1.32] modes, the stretching modes considenegh(sise) Vc=0, VoH)
([+1.10;+1.29] in the case of SeCys). Almost one unity of are well localized on the given chemical bond. Qualitatively,

aIn parentheses we show data from B3LYP/basisll single point
calculations done on the same geometries.
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TABLE 5: Charge Distributions on Cobalt and Polar Atoms Obtained from B3LYP/basis| NPA Calculations in the Minimized
Geometry of the [Co(Cys-H)['/[Co(SeCys-H)I" Complexes, Values on the Left and Right of Columns, Respectivély

1S 1S-Co 10 1G-Co IN IN-Co
Co +1.15A-1.10 +1.32H1.29 +1.19A41.19
S/Se —0.19/-0.10 —0.660.65 +0.02-0.16 —0.04AH-0.05 +0.01A-0.14 —0.06A-0.02
N —0.950.96 —0.87/0.88 —0.97+0.97 —0.89+-0.89 —0.94/-0.96 —1.09+1.09
oV —0.69/-0.69 —0.61+0.61 —0.80/-0.80 —0.82/-0.82 —0.70~0.70 —0.64/-0.64
Of —0.65/-0.65 —0.73/0.73 —0.52/-0.52 —0.75/-0.75 —0.66/-0.66 —0.74/-0.74

218, 10, and 1N correspond to structures of Figure 3, while@& 10-Co, and 1N-Co are the same structures without €@, is the
oxygen atom close to Co, and; @ the other one.

TABLE 6: Frequencies (in cm™1) with Infrared Intensities
in Parentheses (in km/mol) for Three [Co(Cys-H)} and
[Co(SeCys-H)I" Structures, Corresponding to the Following
Modes: vco-s(se)Is the Co—S and Co—Se Stretching Mode,
oy Is the Hydrogen Bending,vc—o Is the Carbonyl
Stretching, and vou Is the Stretching of OH Functions

11.985)

[Co(Cys-H)I"  vco-s(se) OH Ve=0o Vou
1S 417(5.7) 1207 (123.2) 1714 (308.2) 3704 (201.9)
10 246 (0.1) 1099 (166.4) 1828 (357.9) ;
N 193(2.7) 1180 (112.1) 1698 (275.0) 3703 (163.0)
1201 (105.5)
[Co(SeCys-H)I  vco-s(se) OH vc=0 VOH
; ] 1S 286 (7.7) 1205 (151.9) 1716 (303.0) 3705 (202.3)
(Sy{Sel  C N 0 H 10 198 (5.4) 1100 (162.5) 1825 (362.4) -
N 170 (4.4) 1200(126.5) 1700 (270.0) 3703 (162.2)

Figure 4. Structures of [CoCy8] and [CoSeCy$] complexes

obtained from B3LYP/basisl geometry optimization. Some selected TABLE 7: Gas-Phase Metal Affinities (in kcal/mol) of Cys,

distances (in A) are shown. Thick dashed lines correspond to bond N ; )
critical points as suggested by AIM analysis. [Cys-H] (Deprotonated Cysteine), SeCys, and [SeCys-H]

Co?* Zn?* CcP*

we can remark that CeS(Se) stretching modes are blue shifted Cys 237.66 2145 1775
in 1S structures with respect to those in 10 and 1N structures.  Cys-H 461.16
Unfortunately, the intensities of these modes are very small, ~ SeCys 242.55
SeCys-H 460.54

and the frequencies belong to a dense region of the IR spectrum,
such that the different structures could not be experimentally  aValues taken from ref 50.

determined by examining this region of the spectrdém.is

present in all structures. In 1S and 1N structuressihpeak is and 2.83 kcal/mol for Cys and SeCys, respectively. This result
found at~1200 cnt?, while in the 10 structure it is placed at is in agreement with &t and Cd" results where the same
1099 cntl. In this last structure (10) there is no H on oxygen, order was found. Note that from ESI-MS experiments done in
thus causing the difference in tlig, peak locationyc—o has our laboratory by Buchmann and co-workétshe [CoCys}*

the most intense peak. This peak in the 10 structure is at 1828species was not detected, and only the [Co(Cys-lith was
cm~1, while in 1S and 1N it is red shifted by about 100 ¢in obtained as the G6 monocysteine complex. Thus, we took

being respectively at 1714 and 1698 ¢mFinally, the O-H into account only [CoCy3T (and [CoSeCys}) structures being
stretching peak is evidently absent in the 10 structure, and it is the least in energy to determine the thermochemical analysis
at the same position for 1S and 1N structures (3700%nin reported in what follows.

this region another peak (at 3590 chiin the 1N structure is 4.2. Thermochemical Analysis.Co?" affinities for neutral

relatively intense, while the corresponding peak in the 1S and deprotonated Cys (SeCys) are shown in Table 7. In the
structure is at 3556 cnt with an intensity more than two times ~ same table we report also results obtained by Belcastro®@t al.
smaller (see the Supporting Information). Hence, an IR experi- for Zn?* and Cd*" binding neutral cysteine. Cysteine metal
ment in the gas phase could easily detect, eventually, theaffinity (MA) for Co2" was found~23 kcal/mol greater than
presence of a 10 structure (by the absencengfpeak), while that for Zrf™ and~60 kcal/mol greater than that for €d Co?™
it is much more difficult to discriminate between 1S and 1IN MA with SeCys was found slightly higher than that with Cys
structures. Frequencies reported in this work are those directly (~5 kcal/mol).
obtained from DFT calculations without any rescaling. Note ~ The MAs with deprotonated Cys and SeCys &220 kcal/
that it is well-known that the use of B3LYP functional needs a mol larger than those with neutral cysteine and selenocysteine.
scale factor (usually ranging from 0.96 to 0.98 depending on This effect is due to the tight binding between?Cand thiolate
the basis set and the frequency re§ié to correctly reproduce  (and selenolate) functions that presents a high degree of covalent
experimental IR frequencies. These rescaling factors must bebonding, as pointed out in section 4.1. This higher affinity for
considered to directly compare our calculations with experiments deprotonated cysteine is in agreement with ESI-MS experiments
when they will be available. results, finding the [Co(Cys-H}]species in the spectra but not
Finally, C&" complexes with neutral Cys and SeCys were [CoCysF'. Hence, these experiments can be explained by the
also obtained at the B3LYP/basis| level. We investigated the fact that Cé" binds a deprotonated Cys, and an almost covalent
two most stable structures, shown in Figure 4, taken from the bond is formed between the metal and the thiolate function.
two most stable [Zn(Il)Cyg] and [Cd(ll)Cysf"™ structures Our DFT study suggests that a similar behavior is expected for
obtained by Belcastro et &l.In agreement with these calcula- Se. On the other hand, if o binds a neutral Cys (SeCys)
tions we found structure | more stable than structure Il by 2.64 with a protonated thiol (seleniol) function the interaction
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between cobalt and sulfur (selenium) is mainly electrostatic, recently pointed out theoretically by Bachrach etfakcan be

without any relevant charge transfer between the metal and Sat the origin of selenium biospecificity. Our current investiga-

(Se). tion, both theoretically and experimentally, is actually going in
Finally, a large effect of C& complexation on Cys (SeCys) this direction.

reactivity was pointed out for the deprotonation reaction of such .

a complex. In Table 3 we also shatiHy, and AG)gg of the Acknowledgment. This work was supported by the French

Cys (SeCys) deprotonation reaction when &‘Coation is Nuclear and Environmental Tox_|cology program. The authors

binding. Comparing these values with the same obtained for thank W. Buchmann, M.-P. Gaigeot, and P. Vitorge for very

free Cys (SeCys), we can immediately note that the energy fruitful discussions.

needed for deprotonating a CoHgysteine (selenocysteine) . ) . . .

complex in the gas phase is about three times smaller than those SUPPOrting Information Available: Frequencies and in-

needed for free Cys (SeCys). In both cases the deprotonatedrared intensities for three [Co(Cys-H)hnd [Co(SeCys-HJ]

function is the thiol (seleniol) group. This means that the acidity structures. This material is available free of charge via the
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