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Physiological and toxicological effects of metallic ions depend on their speciation and on the
structure of their associated bioligand complexes. In the field of chemical and/or nuclear
toxicological studies, we are investigating cobalt complexes with biorelevant ligands such as
amino acids or peptides. The aqueous reaction of cobalt dichloride with an excess of cysteine
(Cys, C3HsNSO,?7) in a basic medium under an anaerobic atmosphere and subsequent oxidation
by O,, afforded the mononuclear complexes Co(i1):3Cys and Co(11):3Cys, respectively. A
combination of X-ray absorption spectroscopy (XAS) measurements and Car-Parrinello
molecular dynamics (CPMD) simulations allowed us to assess structural features of the already
explored Co(1):3Cys complex. Inclusion of the temperature effects in the CPMD calculations
gives an implicit access to disorder effects in the extended X-ray absorption fine structure
(EXAFS) equation. The very good agreement between the measured and the simulated data
showed the accuracy of these models provided by CPMD. The present investigation is completed
by new UV-visible, X-ray absorption near edge structure (XANES) and electron paramagnetic
resonance (EPR) data of Co(i1):3Cys. These data are consistent with a Co(i) high-spin d’
complex in a distorted octahedral geometry. This work contributes to the knowledge of topics
such as metal-bioligand interaction which is of major interest in the field of bioinorganic

chemistry.

Introduction

The study of interactions between metallic ions and biological
macromolecules is one of the main interests in bioinorganic
chemistry since most of the important biochemical processes
involve the participation of metal-containing proteins.! In
order to unveil the nature of activity and/or function of
transition metals in biological systems, it is essential to gain
knowledge of the molecular geometries of the metallic centres
in the different metallobiomolecules.” Such information can be
obtained through structural and spectroscopic investigations
of model complexes containing relatively simple building
blocks like amino acids or peptides.’
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Among the various transition metals that are involved in
biological processes, the cobalt cation is of major interest. At
low concentrations, cobalt is a biologically essential trace
element for humans.* However, cobalt may be toxic at high
concentrations, leading to adverse health effects.’ Of particu-
lar radio- or toxicological concern is, for example, the case of
skin contamination with ®°Co of workers exposed to specific
occupational conditions in the nuclear industry.® Indeed *°Co,
the natural stable isotope of cobalt, is present in alloys in
nuclear power plants and its activation by thermal neutrons
produces ®°Co. This isotope is of particular importance be-
cause of its long half-life (5.3 years) and its high energy
emission of gamma photons. Attention has also been paid to
0Co due to its presence in radioactive waste discharges, which
can represent biogeochemical problems.” In the case of in-
dividual contamination, the nature of the chemical forms of
cobalt that are present in vivo, as well as the molecular bases of
its toxicity, transport, accumulation or detoxification, are far
from being understood.® In order to elucidate these pheno-
mena, as well as to understand the biological role and func-
tions of cobalt and its potential radiological impact, prelimin-
ary structural investigations of cobalt complexes containing
biorelevant ligands are of great interest.

Among the different spectroscopic techniques that can
directly probe the environment of the metallic cations, XAS
has long been widely and successfully applied to inorganic or
bioinorganic systems, such as metalloproteins,” because of its
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element specificity'® and its insensitivity to the physical state of
the sample. This technique is based on data fitting to a
proposed model structure, established with spectroscopic
and structural techniques and based on the same or related
systems. Hence, the availability of suitable starting models is a
crucial point for data analysis. Among the possible models
that can be used, molecular models based on theoretical
chemical calculations have gained increasing interest as they
can provide adequate in silico model compounds. Indeed,
theoretical calculations have proved to be a crucial tool to
suggest geometric and electronic structures of metallic com-
plexes.!! Adjustment of the EXAFS signal using computa-
tional methods is sometimes performed using -classical
molecular dynamics (MD),'? which can provide model clusters
including solvent effects and afford implicit access to De-
bye—Waller factors.'®> While classical MD can span long time
scales (from ns to us), allowing information on reactivity to be
obtained, this approach suffers the limitation of the a priori
knowledge of key interaction strength of the studied system
(here the metal-ligands interaction). This limitation can be
overcome by making use of Car-Parrinello molecular dy-
namics (CPMD).'* This approach—based on density func-
tional theory (DFT)—is able to give information on both the
chemistry and the dynamical properties of a given system
(temperature and environmental effects, i.e. structural disor-
der). These simulations can be applied to gas,' liquid'® and
solid'” phases. In the field of bioinorganic chemistry, recent
significant research efforts have been devoted to obtain a
better insight into processes occurring in proteins’ active sites
by studying elaborated model complexes by theoretical ap-
proaches.'® However, at the moment, CPMD simulations are
limited in the time length available (ps timescales are accessible
in condensed phase for such complex systems). This is an
original combination of CPMD calculations with EXAFS
data analysis that we present here.

Among the twenty natural occurring amino acids, cysteine
can be considered as one of the most biorelevant since its thiol
function confers to this ligand unique and important proper-
ties in protein structure, enzymatic activity and as a detoxify-
ing agent in the human body."” This is the reason that
prompted us to study mononuclear bis and tris Co(1i1)-cystei-
nato complexes ([Co(Cys)>(H,0),]*~ and [Co(Cys)s]*~, re-
spectively) mainly by X-ray absorption spectroscopy, as
documented in our previous paper.’’ The description of the
cobalt coordination sphere in [Co(im)(Cys)s]’~, obtained by
the combination of EXAFS and CPMD, is compared to those
proposed previously?® using a more classical approach of
EXAFS data fitting.

While Co(im)-cysteinato complexes have also been the sub-
ject of previous spectrophotometricc NMR and circular di-
chroism studies,”' little attention has been paid up to now to
Co(mr)-cysteinato complexes. The investigation of Co(i1) co-
ordination with N and S ligands as well as the study of the
reaction of the corresponding complexes with molecular oxy-
gen are of relevance regarding living media since different
oxidation states of the same metallic ion could be involved in
in vivo biochemical processes. Hence, as we report in this
paper, by using an original combination of CPMD calcula-
tions with EXAFS data, we have investigated the in situ

oxidation of the new Co(i) tris-cysteinato complex by O,.
To the best of our knowledge, no specific interaction potentials
(i.e. non-transferable or few-transferable) have been reported
for cobalt—cysteine systems. UV-visible, EPR and XANES
features complementary describe the electronic state of cobalt
upon the oxidation process from Co(i1) into Co(1i).

Experimental
Sample preparation

Ex situ Co(11):3Cys was obtained as described in our previous
paper.?® Co(11):3Cys was prepared in the same manner except
that the synthesis was carried out under an anaerobic atmo-
sphere, leading to a blue purple complex. Monitoring of in situ
oxidation of Co(11):3Cys was carried out independently.
Co(11):3Cys was prepared in a first step and then exposed to
air to oxidize Co(1) into Co(1), giving Co(111):3Cys.

UV-vis spectroscopy

The electronic spectra of the aqueous solutions of Co(11):3Cys
and Co(1):3Cys were recorded on a Shimadzu UV-PC spec-
trophotometer in a 200-1000 nm range, using 1 and 0.01 mm
quartz cells for the visible and UV regions, respectively.

Electron paramagnetic resonance

EPR spectra of Co(i):3Cys were recorded on a Briiker ER-
200D X-band ESR spectrometer at 4.5 K because of the fast
spin lattice relaxation time of Co(i). A 4 mm od quartz tube
containing 80 pL of the investigated solution was put in an
OXFORD helium flow cryostat and cooled down to 4.5 K. A
CoCl, - 6H,O solution was chosen as a reference. Computer-
simulated EPR spectra were obtained using the following
formula:**

n/2 w2 M;=7/2

Z Z Z (g f (Ve — vo(B), 6,)A(cos 0)Ad

0=0 =0 M1=——1/2

S(ve, B) =

where (g,?) is the powder-averaged transition probability, v is
the cavity resonance frequency and f the line shape function,
assumed Gaussian or Lorentzian. The energy differences
between energy levels vo(B) were evaluated using first-order
perturbation theory. In the simulation, we assumed that the
angular variation of the line width, g,, has common principal
axes with the g tensor. Dependence of the line width on
microwave frequency and M due to random strain in frozen
solutions was neglected, since a precise description of the ESR
line width is not needed in this study.

Computational details

The [Co(n)(Cys)s]*~ (corresponding to the
Co(1m):3Cys experimentally studied system) was first obtained
in vacuum by geometry optimization using DFT/BLYP cal-
culations.?* The 6-31 + + g(d,p) basis set was used for C, O, H,
S and N atoms while for Co we used the (14s9p5d) primitive
set of Wachters®* supplemented with one s, two p and one d
diffusive functions®> and two f polarization functions,?® the
final contracted basis being [10s7p4d2f]. This basis set was
recently used by one of us for the purpose of understanding

structure
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Co®>" binding to cysteine and selenocysteine,”’ providing a
good agreement with results obtained with a larger basis.?®
Co(n) is a closed shell atom, while Co(11) is an open shell that
was treated as a high-spin (quartet) state.

The geometry of least energy obtained from gas phase
calculations was used as the starting point for DFT-based
Car-Parrinello molecular dynamics (CPMD)' in water. Thus,
the simulated system consists of one Co(ir), 3 cysteine ligands
entirely deprotonated due to the strong basic pH (each
cysteine has a formal charge of —2) and 112 molecules of
water. Water molecules were initially relaxed via classical
molecular dynamics of pure water (125 water molecules) in a
box having the same dimensions of the final simulation box
(the box containing also the Co(i):3Cys complex). A cubic
box of 15.52 A length was used such that the pure water
system used for the equilibration has a density of 1 g cm™>.
Then water molecules corresponding to the complex shape
were removed and replaced by the complex obtained from in
vacuum geometry optimisation. Thus CPMD simulation of
the whole system was performed as previously described by
one of us.'3”?® The electronic structure of Co(ii) is [Ar]3d%4s’.
Here we have used the same pseudo-potential as in our
previous studies on Co(r),'*” which only retains the 3d® and
45 electronic levels as valence states. Here we report molecular
dynamics simulations only of Co(ii) that is closed shell atom,
such that a restricted formalism was used.

CPMD simulations were done in the microcanonical NVE
ensemble. Periodic boundary conditions were applied in order
to mimic a bulk system with the Ewald summation technique
to calculate the electrostatic interactions. The system was
prepared at 300 K (initial velocities were chosen within a
Boltzmann distribution centred on the desired temperature)
and after an equilibration time of 1 ps the dynamics were
propagated for 4 ps, strictly microcanonically. We used a
fictitious electron mass of 400 au and a time step of 4 au
(0.097 fs). Only the 4 ps equilibrium molecular dynamics were
used for analysis. Car-Parrinello calculations were done with
the CPMD code,” and gas phase energy minimization with
the Gaussian03 package.®

X-Ray absorption spectroscopy

XAS data have been recorded at the BM29 beam line of the
ESREF facility (Grenoble, France) as described previously.?’
For XANES, energy calibration was performed before and
after the scan by recording a Co metallic foil. At 7700 eV the
nominal energy resolution of the beamline is 0.7 eV. XANES
normalization, EXAFS extraction and EXAFS fitting were
carried out with the Athena and Artemis codes®! as described
previously.?®

The EXAFS fitting procedure is based on scattering paths
calculated from model clusters obtained by molecular dy-
namics calculation, each snapshot being truncated to 6 A
around the Co cation. This way, each snapshot leads to one
model cluster in which the Co cation, its 3 cysteine ligands and
about one layer of solvent water molecules are positioned at
the centre of a sphere of 6 A. Phases, amplitudes and electron
mean free paths were calculated for each model cluster from
each snapshot with Feff82 code.>? In such a procedure, static

and dynamical disorder (i.e. the apparent Debye—Waller fac-
tor) are implicitly included by taking in account several snap-
shots (i.e. several corresponding Feff calculations). A total of
10 clusters from 10 snapshots was necessary in order to obtain
a satisfying fit. No Debye-Waller factor was therefore in-
cluded in the fit by setting the exponential value to 1. The
following paths from each Feff calculation were included in
the fit: 3 x 10 Co—N and 3 x 10 Co-S single scattering paths;
3 x 10 Co—C(alpha N) and 3 x 10 Co—C(alpha S) single
scattering paths; 3 x 10 Co—C-N and 3 x 10 Co—C-S triple
scattering paths (each being doubly degenerate). The triple
scattering paths were geometrically linked to the Co—S, N and
Co—C(alpha S, N) paths. Finally, the floating parameters in
the fit were: global amplitude parameters Sy, energy threshold
ep, Co—N distance Ry for the amino group, Co-S distance Rg
for the thiol group and Co-C distance R for both carbons
alpha to N and S in each cysteine ligand. All the 10 clusters
were fitted together with linked global parameters (Sy and eg)
and structural parameters Ry, Rs and Rc.

Results and discussion
Investigation of Co(111):3Cys

[Co(1)(Cys)s]*~ in solution exhibits a negative circular dichro-
ism (CD) signal in the range of d—d transition (around
600 nm), characteristic of the A-R,R,R-fac diastereoisomer.>?
Therefore, the following structural investigation study will
concern the A-R,R,R-fac configuration of [Co(i)(Cys);]*~,
noted more simply as Co(11):3Cys in the text.

Ligand field spectrophotometric absorptions of Co(11):3Cys
occur at 442 and 570 nm in the visible region, corresponding to
characteristic octahedral diamagnetic low spin Co(11) transi-
tions, i.e. [IAIg - 'ng] and [lAl‘g - 'Tlg], respectively.*
These data are in agreement with the literature, where UV-
visible data are reported for the solid Co(i):3Cys com-
plex.2143% Co(m):3Cys exhibits an additional absorption band
in the UV region at 273 nm, attributed to the sulfur-to-cobalt
charge transfer (SCCT) band. In agreement with the litera-
ture,”® this value suggests that the cis(S) isomer was formed,
which was already assumed in our earlier work using EXAFS
experiments.”’ XANES K edge features of cobalt complexes
correspond to the formally 1s—4p transition in the dipolar
approximation. The Co K edge spectrum of Co(i):3Cys
exhibits the usual “double” white line (Fig. 1) as already
described phenomenologically in our previous paper.?’ Pre-
edge features of transition metals’ K edges are attributed to
transitions to the metal d orbitals (here 3d).?” In the case of
Co(mm):3Cys, it is characteristic of cobalt in an octahedral or
pseudo-octahedral symmetry because of its rather low inten-
sity (compared to a high intensity pre-edge feature for tetra-
hedral complexes).?”

In addition to our previous investigation of the local
structure of the Co(iir) cation, a combined molecular dynamics
and EXAFS approach has been undertaken. It provides
EXAFS data analysis with more reliable parameters for solu-
tion studies.® Structural models calculated by MD allow
solvent effects to be accounted for in the calculation of the
atomic potentials and avoid an arbitrary truncation of the
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Fig. 1 XANES in situ monitoring of the oxidation of Co(ir):3Cys

(Co(m) in the graph) into Co(111):3Cys (Co(1n) in the graph) at the Co K

edge. An intermediate mixture of Co(11) and Co(in) is represented by

the middle spectrum.

cluster (cf.- experimental). It also accounts for structural
stereochemical relaxation that can dramatically influence the
cation coordination sphere in solution in comparison with
solid state structures. Last, it allows dynamical effects to be
partially accounted for, such as residence time of the ligands in
the cation first coordination sphere or dynamical fluctuations
of the geometry of the cation coordination sphere (i.e. dyna-
mical disorder). In a classical fitting approach based on one
rigid model cluster, these effects are accounted for by the well
known Debye—Waller factor. Here, we have adopted another
strategy that allows us to directly obtain Debye—Waller factors
and reduce the number of fitted parameters. At this end,
EXAFS data have been fitted using the modelled Co(i11):3Cys
structures obtained from Car-Parrinello molecular dynamics
simulations.

MD simulations of the Co(i):3Cys complex have been
produced in explicit water. The starting structure consisted
of the optimised structure of Co(i1):3Cys in vacuum (Fig. 2)
and was subsequently surrounded by 112 water molecules,
taking care that any hydrogen pointed towards S atoms at a
distance less then 1.6 A in the initial configuration. Thus, no
solvent-to-solute proton transfer was spontaneously obtained
during the simulation and a protonation state of the complex
compatible with experimental pH conditions was kept during
the simulation. In this way a stable simulation was obtained.
Since no pH control was performed in our simulations, both
carboxylic acid and thiol functions in each cysteine have been
taken in the deprotonated state in order to be consistent with
the basic pH of our experiments (&~ 12) and the pK, value of
these acid functions (1.82 for carboxylic acid and 8.24 for
thiol).*® Note that here molecular dynamics is not aimed to
investigate possible reactions with solvent, but only to point
out structural and dynamical properties of the complex in its
most stable protonation and conformational state at the given
experimental conditions in the time length available from DFT
based simulation.

In Fig. 3, we show the distance distribution of the atoms in
the Co(mm) first shell with the corresponding integrated values

4

Co

<

Fig. 2 Co(i):3Cys three-dimensional structure obtained from 0 K
BLYP geometry optimization in the gas phase and used as starting
structure in CPMD simulations in bulk water. H atoms are the small
white atoms.

obtained from CPMD simulations. As expected, 3 N and 3 S
are found in the Co(in) first coordination shell. Well-behaved
“single peaked” distribution functions—where the width is a
measure of structural disorder—are obtained. The overall
arrangement of the cysteine ligands around the central cobalt
atom is described by Co—X (where X = N, S, C(alpha S) and
C(alpha N)) distances and Y-Co—Z angles (where Y, Z = N,
S). Peaks of the distance distributions and average values, with
relative fluctuations, obtained in water are presented in Table
1. The corresponding values obtained from gas phase geome-
try optimizations are also reported for comparison. Note that
the solvation effect is remarkable on the Co—S distance which
decreases from 2.38 A in gas phase to 2.26 A in solution and
on the related Co—C(alpha S) distance, while other structural
parameters are basically identical. This important modifica-
tion in metal-ligand distance can be regarded as a typical
solvation effect®® that can be quantified by molecular dy-
namics still preserving information on solvent molecules’
structural and dynamical behaviour. Water molecules are
not in the first hydration shell of Co(i) but they hydrate the

0.6 T = 3
g 4
g
5
"é 04 - -2 _
H
g 0.2
802 41
g
'5 J
~
0 h b, SO L
1.5 2 2.5 3

r(A)

Fig.3 Co-S and Co-N distance distribution functions obtained from
[Co(11):3Cys].q CPMD simulations.
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Table 1 Structural parameters of Co(i1):3Cys obtained from in vacuum 0 K energy minimization, [Co(111):3Cys]y,c, (in parentheses: geometry
optimization in vacuum obtained by using a plane-waves/pseudo-potential representation) and Car-Parrinello molecular dynamics, [Co(im):
3Cyslaq- Maximum of distance (in A) and angular (in °) distribution functions are reported for CPMD results, for which also averages with

corresponding standard deviations are indicated in parentheses

[Co(u1):3Cys]vac

[Co(i):3Cys],aq

Co-S 2.38 (2.30)
Co-N 2.01 (2.03)
Co-C(alpha N) 3.01 (3.01)
Co-C(alpha S) 3.22 (3.17)
S-Co-S 93.0 (91.7)
N-Co-N 94.1 (92.7)
S-Co-N 86.5/177.3 (85.7/177.0)

2.26 (2.286 % 0.097)

2.04 (2.057 £ 0.082)

3.02 (3.047 & 0.091)

3.12 (3.143 £ 0.095)

89.25 (90.8 + 4.9)

90.75 (90.3 & 4.2)

87.2/174.3 (88.7 + 4.9/172.8 £ 3.9)

overall complex, tuning structural and dynamical properties.
The tris-cysteinato complex has two different H-bonding sites:
the carboxylate and thiolate functions of the cysteine ligands.
Each oxygen atom of the carboxylic group is hydrated via
H-bonds that are dynamically formed and broken during the
simulation: one H-bond is always present, while a second one
is more labile. On the contrary, two static H-bonds are found
on S atoms. More details on these and other solvation effects
will be discussed elsewhere.”!

Best fit EXAFS parameters obtained with MD model
clusters for Co(i1):3Cys are listed in Table 2 and fitted data
(EXAFS and Fourier transform) are presented in Fig. 4.
Although no additional Debye—Waller has been included in
the fit, the two fits are of very good quality. In Table 2, best fit
parameters obtained with the same adjustment procedure, but
with the former EXAFS data of [Co(i1)Cyss]>~, as described
in our former paper,?® are given for comparison. It is clearly
observable that the structural parameters are in remarkably
good agreement (within the error bar) with our previous
results on the same complex,20 where we used a traditional
fitting procedure based on [ZnCys,]Na, model compound.
The second coordination shell is made of 3 carbon atoms
alpha to the amino group and 3 carbon atoms alpha to the
thiol group. During the fit, linking the carbon atom distances
to the N and S distances based on a static geometry of the
cysteine ligand did not lead to a satisfactory adjustment of the
second shell contribution. Therefore both carbon distances
were freed but linked together with the same parameter. The
Co—C(alpha S) and Co—C(alpha N) distances are also reported
in Table 2. They also compare well to the CPMD calculations
within 0.03-0.04 A agreement (Tables 1 and 2). From the
above fitting method, Debye-Waller factors of the classical
EXAFS formula (expressed as exp(fZszkz) where ajz is the
Debye—Waller factor of the j scattering path) are implicitly
included in the sum of the 10 snapshots. For single scattering

paths, there is a clear relation between the std® (std =
standard deviation) of the distance distribution function of
neighbour j and q/«z. In this scheme, the std?(Co-N) value of
the Co—N distribution (0.0074 Az) is to be compared with the
/(Co-N) value of the classical EXAFS fitting (0.0049 A?) of
our previous paper.’’ Also for the Co—S contribution:
std*(Co-S) = 0.0070 A? and ¢(Co-S) = 0.0052 A% For
both contributions, the std? value is overestimated by the same
order (25%) compared to the Debye—Waller value. Taking
into account the whole CPMD simulations, the variance of
Co-S distance increases (std> = 0.0094 Az) while that of
Co-N distance decreases a few (std> = 0.0067 Az). Note that
std? obtained from CPMD simulations are obtained with the
use of the BLYP functional. They represent a measure of
molecular vibrations, and it is well known that CPMD/BLYP
simulations provide overall vibrational spectra that are red-
shifted generally about 100 cm ™" with respect to experimental
ones mainly due to density functional softening.** Further-
more, in a recent study coupling EXAFS and CPMD simula-
tions, we found that simulated disorder can be larger than
fitted Debye—Waller factors by up to about 40% in the case of
weak metal-solvent interactions.*

Investigation of Co(11):3Cys

The reaction of Co(i)Cl,-6H,O with an excess of cysteine
under anaerobic conditions in basic medium leads to the
formation of a blue purple complex in solution, Co(11):3Cys.
To date, structural evidence for this complex is lacking
although several efforts to acquire spectrophotometric data
have been performed.** Hence, starting from the results of the
different spectroscopic techniques that we have used, we are
able to infer, as described below, what is the possible nature of
the Co(11):3Cys complex.

UV-visible data of Co(11):3Cys are consistent with an octa-
hedral high-spin d” Co(ir) complex.** The transition observed

Table 2 Best fit parameters from the adjustments of the raw EXAFS spectra of Co(11):3Cys and Co(11):3Cys. The goodness of the fit is given by
the R factor. Numbers of neighbours have been fixed. See the experimental for the fitting procedure

3 Co-N 3 Co-S Chi? (red)
Contribution std? std? 3 Co—C(alpha N) 3 Co—C(alpha S) So, €
Co():3Cys 2.11() A 2.37(1) A 2.992) A 3.12(2) A 2

0.0078 A2 0.0074 A2 0.0052 A2 0.0061 A2 0.6,9.13
Co(1):3Cys 2.02(1) A 2.26(1) A 2.98(2) A 3.092) A 13

0.0074 A 0.0070 A 0.0039 A’ 0.0047 A® 0.7, 9.25
[Co(n)(Cys)s]*~ from ref. 20 2.01 A 224 A 2.96(2) A 3.102) A 24

0.0049 A2 0.0052 A2 0.0046 A2 0.0063 A2 0.7,9.25
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Fig. 4 Cobalt K edge raw EXAFS spectra (Fig. 4a) of complexes Co(11):3Cys and Co(111):3Cys and corresponding Fourier transforms (Fig. 4b).
Fits are in dotted lines. For clarity, the EXAFS spectra and FT have been shifted in ordinates.

in the UV region (345 nm) is attributed to a SCCT band. The
major d—d absorption band at 537 nm and a band with a
weaker intensity at 695 nm are assigned to [*T; o(F) — T, «(P)]
and [4T1g(F) - 4A2g] transitions, respectively. The EPR
spectrum of a Co(i1):3Cys solution under a nitrogen atmo-
sphere at 4.5 K is shown in Fig. 5. This spectrum reveals an
eight-line hyperfine structure, reflecting the coupling between a
spin and a single *Co nucleus (/ = 7/2, 100% abundant). The
simulation of the experimental spectrum (spectrum b) was
obtained by adding the individual contributions of two com-
plexes: a narrow (A) (spectrum c) and very broad (B) (spec-
trum d). The large values of the line width for complex B
suggest that some Co’>" ijons experience a strong dipolar
interaction, attributed to clusters that can be formed during
the cooling and the freezing of the solution. Spin Hamiltonian
parameters, deduced from the calculated spectrum (Table 3),
and observed large g anisotropy are characteristic of high-spin
Co(u) octahedral compounds (S = 3/2).** The sum of the
three orthogonal g values of complexes A and B deviate from
the trace of the cubic isotropic value.?® This deviation is
attributable to a strong distortion in the octahedral sites.??
The existence of a distortion from a regular octahedral struc-
ture, which may be interpreted in terms of the Jahn-Teller

x5) e)
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Fig. 5 EPR spectra of Co(m):3Cys recorded at 4.5 K. (a) Fresh
solution, (b) simulation, (c) complex A, (d) complex B, (e) complex C.

effect, is usually encountered in high-spin Co(11) octahedral
complexes.*> On the contrary, low-spin Co(i) octahedral
complexes are uncommon, since ligands tending to give a
strong enough field to cause spin pairing involve the loss of
ligands to form five- or four- rather than six-coordinate
species.* Fig. 1 presents the Co K edge spectrum of
Co(11):3Cys under an inert atmosphere. Qualitatively, it ex-
hibits the usual feature of Co(i1) compounds: an intense white
line. The rather low intensity of the pre-edge peak also
suggests that the cation lies in an octahedral or pseudo-
octahedral geometry, confirming the results obtained from
UV-visible and EPR spectroscopies. Due to the more atomic
character of the final state of the pre-edge than of the edge, the
oxidation state of Co is best characterized from the position of
the pre-edge rather than from the edge.®® A shift in the pre-
edge to higher energy of 0.6 eV is observed here from
Co(11):3Cys compared to Co(1):3Cys and corresponds to the
0.7 eV already reported.?® Although this value is close from
the energy resolution of the experiment, the resulting attribu-
tion of oxidation state confirms the EPR data, observable for
Co(i1) complexes due to their paramagnetic character.
Co(11):3Cys and Co(i):3Cys adopt an octahedral geometry,
justifying the use of the same model clusters for Co(i1):3Cys to
that used for Co(111):3Cys obtained from CPMD simulations.
In this way, EXAFS data reveal that Co(i1):3Cys is a mono-
nuclear complex, in which the cobalt is coordinated to three S
and three N atoms coming from the three cysteine ligands
(Fig. 4). Averaged Co(11)-S and Co(11)-N distances were found
to be 2.37(1) and 2.11(1) A, respectively (Table 2), showing the
expected lengthening in the donor atom—metallic centre bond
when the oxidation state of the metallic cation decreases. Note
that in Co(11) and Co(111) complexes the differences between the
Co-N and Co-S distances are comparable (0.23 and 0.26 A).
First DFT calculations in the gas phase agree with the experi-
mental picture providing a distorted cluster, with larger
metal-donor bond lengths—the lengthening is ~0.4 and
~0.2 A for Co-S and Co-N distances, respectively.

Studies on Co(ir)-thiolate complexes of known structures
are limited*® and those relative to thiolate ligands containing
additional N or O donor atoms are even more.*’ In the field of
biochemistry, the coordination of Co(i1)-thiolate complexes is
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Table 3 Spin Hamiltonian parameters of Co(ir) complexes in solution

8x g g: A-/MHz O oy o
Co(n) (A) 4.6 +0.1 4.0 £ 0.1 2.00 + 0.01 146 £ 10 600 + 50 300 + 50 64+ 5
Co(1n) (B) 49 +0.5 33+0.5 2.0 +0.1 — 3500 + 500 2000 + 500 800 + 100
Co(un) (C) 47 +0.1 45+0.1 2.0 +0.1 — 450 =+ 50 440 + 50 600 + 50

dominated by the tendency to form tetrahedral units.*®
Co(m)-S distances encountered in these examples range be-
tween 2.23-2.33 A* which are shorter than what we found for
Co(m):3Cys, i.e. 2.37 A. This difference may be attributed to
the different environment of the metallic centres. To the best of
our knowledge, apart from a few octahedral Co(i1) complexes
containing thioether ligands,*® in which Co(1)-S bond lengths
are obviously higher than 2.37 A, only two examples related
with a Co(i)-thiolate centre lying in an octahedral geometry
are reported in the literature. They are in di- and tri-nuclear
structures containing bridging and mixed bridging and term-
inal sulfurs, respectively.?>' The difference in the nuclearity in
these complexes and the different role of the sulfur atom
render difficult the comparison between the Co(11)-S distances.
In the same way, octahedral complexes where Co(11) is bonded
to nitrogen atoms coming from simple amino ligands are
scarce, while N-donor atoms coming from pyridine,> Schiff
bases> or urea derivatives®® are reported in the literature. The
Co()—N distances are different than that found in Co(i1):3Cys
due to the different nature of the N donor atom.

Monitoring of the oxidation of Co(11):3Cys into Co(111):3Cys

From the above combined spectroscopic and dynamical stu-
dies, the addition of four equivalents of cysteine on
Co(1)Cl, - 6H,O under an inert atmosphere yields a d’ high-
spin Co(11) complex in a distorted octahedral geometry. This
complex, containing a chelating ligand incorporating a thio-
late donor, is reported for the first time.

The synthesis of Co(i1):3Cys can be carried out starting
from a Co(i) precursor or from a Co(1) precursor. In this
latter case, the interest is to monitor the oxidation of the
metallic center by O, (eqn (1)).

4[Co(n):3Cys]*~ + O, + 2H,0 — 4[Co(in):3Cys]*~
+ 40H~ (1)

Upon exposure to air, the purple Co(11):3Cys becomes dark
green, corresponding to the oxidation of Co(1r) into Co(i).
The monitoring of the oxidation using UV-vis spectroscopy
shows shifts in absorbance bands toward the UV region. These
changes are consistent with the formation of the Co(i):3Cys
complex. XANES spectroscopy has been used to monitor
changes in the oxidation state of cobalt (Fig. 1). Opening the
sample holder to atmosphere leads to the progressive oxida-
tion of Co(11) (middle spectrum) followed by its total oxidation
to Co(1nn) as revealed by the differences in the edge features. A
pronounced decrease in the intensity of the EPR signal is
observed with the oxidation of Co(ir) into Co(1), in agreement
with the diamagnetic character of Co(i). The concomitant
disappearance of the broad signal of complex B and the loss of
hyperfine interaction have been also observed, while only the
narrower signal remains (Fig. 5). The EPR parameters (Table
3) corresponding to the partially oxidized solution (C) show a

small shift in the g, value and the hyperfine interaction is no
more resolved. These variations can be explained in terms of
the slight differences in the distances and angles around the
Co(r) centres in the coordination polyhedron upon the oxida-
tion.

Conclusion

Although Co(mn)-cysteinato complexes have been investigated
using different spectroscopies for a long time, combination of
CPMD simulations and XAS spectroscopy to assess structural
details of Co(1r):3Cys is reported for the first time. The very
good agreement between the theoretical and experimental
results show clearly the accuracy of the model provided by
MD calculations. The same model cluster has been used to fit
EXAFS data of Co(m1):3Cys. The latter has been also char-
acterized by XANES, EPR and UV-visible spectroscopies. To
the best of our knowledge, Co(11):3Cys is the first octahedral
Co(mn)-thiolate complex containing additional N and O donor
atoms thoroughly characterized in detail. In a last step, the
monitoring of Co(1):3Cys oxidation by O, into Co(i11):3Cys
has been described using XANES, UV-vis and EPR spectro-
scopies.

The coupling of theoretical and experimental approaches is
a promising tool for the study of transition metal complexes in
solution, which is able to give insight to our understanding of
the interaction of metallic ions with proteins at the molecular
level. Moreover, stabilization of Co(ir) species by bioligands
such as amino acids and the monitoring of their oxidation by
O,, which are of major importance in living media, are likely
to contribute to the evaluation of speciation and toxicity of
cobalt compounds in biological systems. In this field, XANES
experiments are more and more used as a tool to probe
oxidation states of metallic ions in cells, providing information
on their speciation.’> Our results can be directly used as
models, since cobalt complex references, particularly contain-
ing sulfur ligands, are needed to provide more useful compar-
isons with experimental spectra obtained from contaminated
cells.
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