J Biol Inorg Chem (2015) 20:555-562
DOI 10.1007/s00775-015-1240-z

ORIGINAL PAPER

Theoretical insights into the mechanism of redox switch

in heat shock protein Hsp33

Mironel Enescu - Rima Kassim - Christophe Ramseyer -
Bruno Cardey

Received: 29 October 2014 / Accepted: 10 January 2015 / Published online: 31 January 2015

© SBIC 2015

Abstract Heat shock protein 33 (Hsp33) is activated in
the presence of H,O, by a very interesting redox switch
based on a tetra-coordinated zinc—cysteine complex pre-
sent in the fully reduced and inactive protein form. The
oxidation of this zinc center by H,0, induces forma-
tion of two S-S bridges and the zinc release followed by
the protein unfolding. We report here a theoretical study
of the step-by-step sequence of the overall process start-
ing with the oxidation of the first cysteine residue and
ending with the zinc release. Each reaction step is char-
acterized by its Gibbs free energy barrier (AGY). It is
predicted that the first reaction step consists in the oxida-
tion of Cys263 by H,O, which is by far the most reactive
cysteine (AG* = 15.4 kcal mol™"). The next two reaction
steps are the formation of the first S—S bridge between
Cys263 and Cys266 (AG* = 13.6 kcal mol™!) and the oxi-
dation of Cys231 by H,0, (AG* = 20.4 kcal mol™"). It is
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then shown that the formation of the second S-S bridge
(Cys231-Cys233) before the zinc release is most unlikely
(AG* = 34.8 kcal mol™"). Instead, the release of zinc just
after the oxidation of the third cysteine (Cys231) is shown
to be thermodynamically (dissociation Gibbs free energy
AGy = 6.0 kcal mol~!) and kinetically (reaction rate con-
stant k; A 10 s~y favored. This result is in good agree-
ment with the experimental data on the oxidation mecha-
nism of Hsp33 zinc center available to date.

Keywords Hsp33 - Redox switch - Hydrogen peroxide -
Ab initio - Energy barrier

Introduction

Redox switches are molecular tools involved in the regu-
lation of many proteins such as transcriptional regulators,
chaperones or metabolic enzymes [1-3]. They belong to
the cell defense system against the oxidative stress related
to the high cellular levels of reactive oxygen species (ROS).
Very often, the redox switches are based on the oxidation of
thiol groups carried by the cysteine residues. This oxidation
induces significant changes in the protein conformation and
thus in its activity. The participation of thiols as main func-
tional elements in many redox switches can be explained
by two specific properties of these groups: (a) their reactiv-
ity is strongly dependent on their protonation state [4] that
is efficiently controlled by the protein environment [5] and
(b) the oxidized thiols can form S-S covalent bonds (S-S
bridges) that are generally associated with important pro-
tein conformational changes [6].

The oxidative activation of the heat shock protein 33
(Hsp33) is a spectacular illustration of the redox switch
principle. Hsp33 is a cytosolic chaperone present in a large
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number of bacteria and that protects proteins against the
oxidative aggregation induced by reactive chlorine species
or by a combination of hydrogen peroxide (H,0,) and ele-
vated temperatures [7, 8]. The reduced form of the protein
is monomeric and presents a highly compact C-terminal
domain that conceals the substrate-binding site thus ren-
dering the protein chaperone inactive [9]. The structure of
the reduced Hsp33 is stabilized by a zinc center contain-
ing four cysteine residues in their highly reactive state
where the thiol group is unprotonated (thiolate form) [10].
The main stages in the Hsp33 activation mechanism have
already been identified [9, 11-13]: the oxidation of thiolate
groups by H,0, or other oxidizing agents leads to the for-
mation of two S—S bridges accompanied by the release of
zinc. In the absence of the stabilizing zinc center, the pro-
tein unfolds and exposes its binding sites. The monomeric
oxidized form has only partial chaperone activity. The pro-
tein activation is complete in its dimer form (formed before
the binding to the substrate) that is the stable form of the
oxidized Hsp33. However, several interesting questions
about the details of this mechanism still remain in regard
[1]. Are all the zinc coordinated cysteines equally redox
sensitive? If the S-S bridges formation and the zinc release
occur simultaneously [10], how do we explain the fact that
the S-S bridges always connect the next neighbor cysteines
(Cys231-Cys233 and Cys263—Cys266, residues notation
as in Ref. [10])? The latter question is logical since in this
case the S—S bonds will be formed inside the zinc cluster
when the distances between the different cysteine residues
are equivalent. Finally, what is the exact sequence of oxida-
tion reactions here involved?

Waiting for further challenging experimental studies, we
propose here a theoretical approach that is expected to pro-
vide a preliminary clarification of the problem. Obviously,
performing quantum chemistry calculations of such a com-
plex system with chemical precision is also a challenge. We
have recently shown [14] that the energy barriers for the
oxidation of zinc—thiolate complexes can be calculated with
high precision based on the density functional theory (DFT)
method and using the mPWI1PWO1 functional [15]. The
effects of the protein environment can be further included
by means of hybrid calculations combining the DFT and a
molecular mechanics [16, 17] or a semi-empirical method
[18-20]. Such a hybrid calculation mixing the DFT method
(based on the mPW1PWO91 functional) and the semi-empir-
ical method PM6 [21] was successfully used for modeling
the oxidation of the zinc—cysteine cluster in the f-domain
of metallothionein [22]. Here, we use the same method to
calculate the energy barriers for the oxidation by H,O, of
the four cysteines in the zinc complex of Hsp33. The prob-
lem of S-S bridges formation inside this complex is also
considered and a sequence of probable reaction steps lead-
ing to the zinc release is finally proposed.
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Computational method

The X-ray diffraction structure of Hsp33 used as refer-
ence in the present work is that reported by Jaroszewski
et al. [10]. It contains 290 amino acid residues. The simpli-
fied system chosen in our calculations for representing the
redox sensitive center includes the zinc atom and all pro-
tein residues within a sphere of 17 A around the metal. The
residues belonging to this selection form two strands: one
containing 7 residues, Lys228-Tyr229-Lys230-Cys231-
Asp232-Cys233-Asn234-Arg235 and another one which
contains 11 residues, Val261-Val262-Cys263-Lys264-
Trp265-Cys266-Asn267-Thr268-Arg269-Tyr270-Val271.
The terminal residues in the two strands were capped
with —CHj; groups. Obviously, in the absence of its natural
environment, this protein fragment can adopt a denatured
conformation. Hence, during the geometry optimization of
this system it is necessary to add constraints to preserve
a realistic conformation, while preserving a satisfactory
flexibility. In the case of cysteine oxidation by H,0,, the
interaction between the two reactants is expected to induce
only minor displacements, if any, of the protein back-
bone. Consequently, the N atoms belonging to the protein
backbone were frozen during the geometry optimizations
related to this reaction. On the other hand, the formation
of S-S bridges requires much more protein flexibility. In
this case, the geometry optimizations were performed by
frizzing only the four terminal atoms (C or N) of the two
strands.

All calculations were performed with the Gaussian 09
program [23] using the hybrid method integrated molecu-
lar orbital and molecular orbital (IMOMO) [24], version
ONIOM [25]. In our case, the reaction core (the model sys-
tem) is treated at the mPW1PW91/6-311 4 G(d, p) level of
theory while the real system (the whole protein fragment)
is treated at the semi-empirical level of theory PM6. The
reaction core of the protein initially contains the thiolate
groups —CH,S™ carried by the four cysteine residues and
the zinc cation Zn** (Fig. 1). The starting configuration of
the whole system was extracted from the reference struc-
ture. All optimizations were performed in vacuo, then the
energy in aqueous solution was obtained by single point
energy calculations using the polarisable continuum model
(PCM) of Cossi et al. [26]. The Gibbs free energy in aque-
ous solution of the stationary state M was calculated as
follows:

GoqM) = E,(M) + AG*"(M) 1)

where E (M) is the potential energy calculated at the PCM-
ONIOM(mPW1PW91/6-311 + G(d, p)//PM6) level of
theory on the (in vacuo) optimized structure and AG*"(M)
represents the thermal and entropic corrections to Gibbs
free energy at 7 = 298 K and p = 1 atm obtained by in
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Fig. 1 Optimized protein fragment representing the zinc center of
Hsp in its native state (NAT). The atoms treated at the high level of
theory are represented by spheres and the protein environment by
lines. The interatomic distances are given in A

vacuo frequency calculations. The reaction energy barriers
were calculated as the difference between the Gibbs free
energy of the transition state and that of the free reactants
(FR).

The starting configuration in the optimization of a transi-
tion state for cysteine oxidation was constructed according
to the TS geometry already reported for the oxidation of the
free zinc—thiolate tetrahedral complexes [14]. In the case of
the S—S bridges formation, the related starting configura-
tion for the TS optimization was obtained by exploring the
potential energy surface with respect to the S-S distance.
Practically, this was done by performing constrained opti-
mizations as a function of this distance. The starting con-
figuration for the TS optimization is the point of maximum
energy identified along this curve. The nature of all tran-
sition states was checked by performing frequency cal-
culations: in all cases, only one imaginary frequency was
present.

Results and discussion

Oxidative reactivity of the four cysteine residues of the
Hsp33 zinc center

The cysteine oxidation by H,0O, is described by the equa-
tion [4]:

CysS™ + H,0, + H" — CysSOH + H,O 2)

where CysS™ is the deprotonated cysteine. The reaction
mechanism consists in the addition of an oxygen atom of
H,0, to the sulfur followed by a hydrogen atom transfer to
the second oxygen atom of the oxidizing agent [27]. The
reaction products are the sulfonate CysSO™ (that, at neutral
pH, is quickly protonated) and a molecule of water.

Fig. 2 Oxidation of cysteine residue Cys263: a the transition state
(TSc) and b the reaction product OX1. The interatomic distances are
given in A

Obviously, the starting point for the oxidation of the
zinc center of Hsp33 is dependent on the relative reactivi-
ties of the four cysteine residues present. The protein frag-
ment representing the zinc center in its native state (NAT)
was first optimized by freezing the N atoms belonging to
the protein backbone, as indicated in the previous section.
Here after, S1, S2, S3 and S4 denote the sulfur atoms car-
ried by Cys231, Cys233, Cys263 and Cys266, respectively.
It is interesting to note that the four Zn—-S distances in the
optimized structure (Fig. 1) are not identical; they are sig-
nificantly longer for S3 and S4. This distortion with respect
to the free zinc—thiolate complex is attributable to the pro-
tein environment and is expected to have consequences on
the reactivity of the four ligands.

The optimized transition states for the oxidation of
Cys231, Cys233, Cys263 and Cys266 were denoted TSa,
TSb, TSc and TSd, respectively. Their typical structure is
illustrated in Fig. 2a for the case of TSc and a comparison
of their geometries is given in Table 1. Here, the active S
atom is indicated by a star and O1 is the oxygen atom of
H,0, involved in the addition to the sulfur (the other oxy-
gen atom of H,0, is O2). According to the data in Table 1,
the most significant differences are observed for the S*~O1
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Table 1 Main geometrical parameters (in A) of the transition states involved in the oxidation by H,0, of the four cysteine residues in the zinc

center of Hsp33

TS O1-S** 01-02 S231-Zn S233-Zn S263-Zn S266-Zn H-bonds
TSa 2.11 1.91 2.41% 2.30 2.36 2.35 -

TSb 2.20 1.83 2.30 2.41%* 2.38 2.36 02-ASN234
TSc 2.41 1.67 2.33 2.31 2.49% 2.35 02-LYS264
TSd 2.17 1.83 2.31 2.30 2.37 2.44% 02-THR268

2 The star indicates the active S atom

Table 2 Gibbs free energy barriers (AG) for the oxidation by H,0,
of the four cysteine residues in the zinc center of Hsp33

Transition state Oxidized cysteine AG* (keal mol™h)

TSa Cys231 28.0
TSb Cys233 24.2
TSc Cys263 154
TSd Cys266 20.3

and O1-02 distances. One can naturally suppose that a
longer S*—O1 distance (that is the distance between reac-
tants) in the transition state is associated with a higher reac-
tivity. From this point of view, the cysteine residue Cys263
seems to be the most reactive and Cys231 the less reac-
tive one. All transition states excepting that for the oxida-
tion of Cys233 are stabilized by a hydrogen bond formed
between O2 and a neighboring protein residue (Table 1, last
column).

A direct quantification of the reactivity of the four
cysteines is obtained by calculating the (Gibbs free) energy
barriers involved in their oxidation. The values given in
Table 2 vary between 15 and 28 kcal mol~'. Interestingly,
the most reactive cysteines (Cys263 and Cys266) are those
bound to zinc by longer S—Zn bonds (Fig. 1), while the
less reactive (Cys231) is that for which there is no stabi-
lizing H-bond in the transition state (Table 1). The data in
Tables 1 and 2 partially confirm the correlation between the
S*-01 distance and the reaction energy barrier (the excep-
tion is observed when comparing Cys233 and Cys266,
which have very similar S*-O1 distances but different
reaction energy barriers).

The lowest energy barrier in Table 2 is only
1.0 kcal mol~! lower than that calculated for a free zinc—
thiolate complex using an equivalent computational method
[14]. The other values in Table 2 suggest that more often
the protein environment has a rising effect on the energy
barrier of this reaction. This tendency is also confirmed by
the energy barriers calculated for the zinc—cysteine cluster
in the B-domain of metallothionein [22].

The most interesting prediction of the present analysis
is that among the four cysteine residues in the zinc center
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of Hsp33 there is one (Cys263) that is significantly more
reactive than the others. This implies that the first step in
the global oxidation process is usually the oxidation of
Cys263.

Since the pK, and the H,O, reactivity of a Zn-complexed
cysteine are both dependent on the cysteine nucleophilicity,
it is interesting to test if there is any correlation between
the two parameters in the case of the Hsp33 active center.
The calculated pK, values of the Zn-complexed Cys231,
Cys233, Cys263 and Cys266 were 2.3, 7.1, 0.0 and 1.8,
respectively. The absolute pK, values reported here should
be considered with caution since our computation method
was neither optimized nor tested for accurate pK, calcula-
tions. However, in the present analysis only the relative pK,
values (that are more reliable) are relevant. If the cysteine
nucleophilicity were the only important factor governing
the two kinds of process, one would expect the higher pKa
values to be associated with the higher H,0, reactivities;
actually, it is not the case. This result strongly suggests
that the environment interactions (such as hydrogen bond-
ing) play an important role at least in one of the two kinds
of process. For instance, the high pKa value of Cys233
could be attributed to a hydrogen bond formed between the
protonated cysteine and the side chain of Tyr270 residue.
However, giving the system complexity, these preliminary
results about the correlation between the pKa value and
cysteine reactivity need further investigation.

Formation of the S—S bridges and the zinc release

Oxidation of the first cysteine residue induces some struc-
tural distortions of the zinc complex, as indicated by
the oxidation product (OX1) in Fig. 2b: S3 is displaced
at 2.93 A with respect to Zn and the three other S atoms
form a quasi-trigonal (hence plan) complex centered on
the metal. The oxidized sulfur (S3) could in principle react
with another S atom to form a first S—S bridge according to
the reaction:

CysSOH + CysS™ +H" — CysS —SCys + H,0  (3)

Reaction 3 is a nucleophilic substitution and is practi-
cally diffusion limited in the case of free reactants in
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Fig. 3 Formation of the first S-S bridge (Cys263—Cys266): a the
transition state (TS2) and b the reaction product OX1_SS. The intera-
tomic distances are given in A

aqueous solution [14]. One notes also that, besides the S—S
bridge, the other primary product of this nucleophilic sub-
stitution is the HO™ which at neutral pH is quickly proto-
nated to give H,0O. At a first sight, since the distances of S3
to the three other sulfur atoms are very similar, any one of
these atoms could participate with almost equal probabili-
ties in reaction 3. However, the mechanism of the nucleo-
philic substitution requires the participant atoms (the two
S atoms and the O atom) to be quasi-collinear. An analy-
sis of the OX1 structure gives the following values for the
corresponding S—S—O angles: S4-S3-0O1 = 168°, S1-S3—
O1 = 108° and S2-S3—0O1 = 105°. Hence, the conforma-
tion the most favorable for the S-S bridge formation is
that relaying S4, S3 and Ol. For S1 and S2, the reaction
is possible only after additional conformation changes.
The transition state for the formation of the bridge S3-S4
(TS2) is presented in Fig. 3a. It is associated to a calculated
Gibbs free energy barrier of 13.6 kcal mol~!. This moder-
ate energy barrier together with the close proximity of the
two reactants indicates that the formation of the first S-S
bridge occurs very quickly after the oxidation of the first
cysteine. Moreover, the high rate of the reaction between
the oxidized Cys263 and the reduced Cys266 can explain

Fig. 4 The third reaction step, oxidation of Cys231 by H,0,: a the
transition state (TS3) and b the reaction product OX2_SS. O3 is the
oxygen atom of the carbonyl group of Cys231. The interatomic dis-
tances are given in A

why an S-S bridge formed between Cys263 and Cys231 or
Cys233 has never been experimentally observed.

The formation of this first S—S bridge strongly affects
the structure of the zinc center, as shown by the reaction
product (OX1_SS) in Fig. 3b. The S3—Zn and S4-Zn dis-
tances increase to 3.38 and 3.35 A, respectively, while S1
and S2 are now located at 2.21 and 2.22 A, respectively,
from the metal atom. The last two values are close to those
characteristic of a dicoordinated zinc—thiolate complex. A
new ligand, the carbonyl group of Cys231, comes now in
close contact with the zinc atom, as indicated by the dis-
tance O3—Zn that is only 2.03 A.

The advance of the global oxidation reaction implies the
oxidation of a new cysteine residue. The data in Table 2
would suggest that the next oxidation target is Cys233,
which appears as more reactive than Cys231. However, this
reactivity order could have been modified by the important
distortion of the zinc center induced by the first two reac-
tion steps. Consequently, we recalculated the Gibbs free
energy barriers for the oxidation of Cys231 and Cys233 cor-
responding to the new structure (OX1_SS) of the zinc com-
plex. The new values are 20.4 kcal mol~' for the oxidation
of Cys231 and 22.5 kcal mol ™! for the oxidation of Cys233.

@ Springer



560

J Biol Inorg Chem (2015) 20:555-562

They are significantly lower than those calculated for the
native structure. This means that the first two reaction steps,
the first cysteine oxidation and the first S-S bridge forma-
tion, respectively, open the way for the oxidation of the two
less reactive cysteines. In the new molecular conformation,
Cys231 becomes more reactive than Cys233 and, in our cal-
culations, it was considered as the next target of H,O,. The
corresponding transition state (TS3) and oxidation product
(OX2_SS) are given in Fig. 4a, b, respectively.

The fourth step in the overall oxidation process starts
from the oxidation product OX2_SS. It could consist in the
formation of the bridge S1-S2. However, the actual confor-
mation of the zinc center is not very favorable to this reac-
tion. Indeed, the oxygen atom of the sulfenic acid formed in
the preceding reaction step participates in the zinc complex
as a ligand (Fig. 4b). A significant reorganization of the com-
plex is thus necessary to bring S1, S2 and Ol in a position
allowing the formation of the second S-S bridge. We forced
this reorganization by performing constrained optimizations
as a function of the S1-S2 distance. The potential energy
profile thus obtained led, after a subsequent unconstrained
optimization, to the transition state TS4 (Fig. 5a) and to the
product OX2_2SS (Fig. 5b). As expected, the correspond-
ing Gibbs free energy barrier for the formation of this sec-
ond S-S bridge is high, 34.8 kcal mol~!. We have already
mentioned that the formation of S-S bridges from free reac-
tants is near diffusion limited. Hence, the main contribution
to this high energy barrier can be attributed to the structural
constrains imposed by the protein environment. Finally, the
formation of a second S-S bridge in the present molecular
conformation can be considered as very unlikely.

An alternative reaction step may consist in a direct oxXi-
dation of Cys233 by H,0,. The starting structure to be
considered for this reaction is the intermediate product
0X2_SS. The Gibbs free energy barrier thus calculated is
21.4 kcal mol~'. This value predicts that the direct oxida-
tion of Cys233 in the present molecular conformation is a
possible process, although it appears to be slower than the
three preceding reaction steps.

It is very interesting to compare these predictions to
the experimental results of the in vitro oxidation of Hsp33
zinc center by H,O, reported by Ilbert et al. [§]. When the
reaction was conducted at 30 °C, the authors detected an
intermediate product for which only one of the cysteine
residues Cys231 and Cys233 was in the oxidized form,
while the zinc was already released from the protein struc-
ture. Instead, for a reaction temperature of 43 °C, all the
cysteine residues were in their oxidized form. To account
for these results, the authors proposed a mechanism in
which, after the formation of the first S—S bridge and the
direct oxidation of the third cysteine, the zinc is com-
pletely released. The formation of the second S-S bridge
becomes kinetically allowed only after a partial protein

@ Springer

Fig. 5 Formation of the second S-S bridge prior the release of zinc:
a the transition state (TS4) and b the reaction product OX2_2SS. O3
belongs to Cys231, O4 to Asp232 and OS5 to Lys270. The interatomic
distances are given in A

Fig. 6 Optimized protein fragment representing the zinc center of
Hsp33 after the release of zinc (APO1)

unfolding following the zinc release. This partial unfolding
is much more probable at 43 °C than at 30 °C thus explain-
ing the persistence of the partially oxidized intermediate
at this later temperature. To test this hypothesis, we inves-
tigated the probability of a zinc release starting from the
OX2_SS state. The structure of the model protein fragment
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optimized after removing the zinc cation (APOI1) is given
in Fig. 6.

It is very likely that this structure describes only an
intermediate state related to the local minimum on the
potential energy surface that is nearest with respect to
the starting conformation OX2_SS. In reason of the very
important structural role of the zinc cation, it is expected
that its release induces further conformational changes that
will stabilize the apoprotein. Obviously, the present com-
putational method is not appropriate for modeling this sub-
sequent protein unfolding. It is, however, possible to cal-
culate the change in the Gibbs free energy (AG,) upon the
transition between the OX2_SS and APO1 states:

AGy = G(APO1) + G(Zn}]) — G(OX2_SS) (4)

In evaluating the Gibbs free energy of Zn>* in aqueous
solution, we used the experimental value for the solvation
energy of this cation which is 479.1 kcal mol~'. This value
was obtained by correcting the solvation energy given in
Ref. [28] that was originally compiled using a proton solva-
tion energy of —252.6 kcal mol~!. A more reliable value
for this reference solvation energy is —264.0 kcal mol ™
[29]. The zinc dissociation Gibbs free energy calculated
according to Eq. 4 was 6.0 kcal mol~!. Based on this value,
one can evaluate the relative abundance of the OX2_SS and
APOI1 species in cytosol. The corresponding equilibrium
constant K is expressed as:

1 [APO1],, [Zn**]
¢y [0X2_SS],,

= = exp(—AGy/RT) (5)

where ¢, is the standard molar concentration in aqueous
solution (1 mol L"), R the universal constant of gasand T
the absolute temperature. Given the fact that the cytosolic
concentration of free Zn>" is smaller than 10~ mol L~!
[30], one finds that at equilibrium, the ratio between the
concentrations of the APO1 and OX2_SS forms is greater
than 10*7. When the subsequent protein unfolding is taken
into account, the concentration of the OX2_SS form will
be still smaller. The formation of APO1 is also kinetically
favored. Indeed, the complexation rate constant k. and the
dissociation rate constant k; are relied by the following
relation:
kq
E = oK = ¢y exp(—AG,/RT) (6)
Normally, the complexation reaction has no energy bar-
rier since it does not involve any bond breaking. Hence, one
can assume that the zinc—protein complexation is diffusion
limited (that is k, &~ 10'° s™! mol~! L). Under this hypoth-
esis, Eq. 6 gives a value of the order of 10° s™! for k,. This
means that OX2_SS is rather a short-lived state. Thus, the
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-40 4

G/keal mol™
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-80 4
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Fig. 7 Gibbs free energy diagram of transition states and interme-
diary products involved in the mechanism of oxidation by H,0, of
Hsp33 zinc center. Here, NAT denotes the free reactants, TSc the
transition state for oxidation of Cys263 by H,0,, OX1 the product
of this reaction, TS2 the transition state for the formation of the first
S-S bridge (Cys263—Cys266), OX1_SS the product of this reaction,
TS3 the transition state for the subsequent oxidation of Cys231 by
H,0,, OX2_SS the product of this reaction, TS4 the transition state
for the formation of the second S—S bridge, OX2_2SS the product of
this reaction, APO1 the product of the Zn release (before formation of
the second S-S bridge)

reaction steps alternative to the zinc release (that is the
direct oxidation of Cys233 or the formation of the second
S-S bridge) are unlikely given their high energy barriers. In
conclusion, the present theoretical results are clearly com-
patible with the reaction mechanism proposed in Ref. [8].

A synthetic description of the complete step-by-step
reaction sequence predicted by our analysis is depicted in
Fig. 7. The Gibbs free energy levels in this diagram give
information about the stability of the reaction intermediates
as well as about the reaction rates involved in the differ-
ent transitions. The slower step in this sequence appears
to be the oxidation of the second cysteine residue by H,0,
(TS3). In the transition state theory, the reaction rate con-
stant (k) and the reaction Gibbs free energy barrier (AG¥)
are related by [27]:

k = (KgT/h)exp(—AG*/RT) (7

where Kp is the Boltzmann constant and /s the Planck
constant. Using the Gibbs free energy barriers calculated
for TS1 and TS3 one obtains for the first and the sec-
ond cysteine-H,0, reaction a rate constant of 0.4 x 10?
and 1.0 x 1072 s7! mol L™}, respectively (calculated for
T = 298 K). Detailed kinetics data about the oxidation of
the zinc center of Hsp33 have not been reported yet. In
the in vitro experiments of Ilbert et al. [8] performed at
t = 30 °C for a H,0, concentration of 4 x 107 mol L™,
the oxidation process was completed after about 180 min.
The theoretical rate constants derived here give for the same
H,0, concentration a reaction halftime of 4 s for the first
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cysteine—H,0O, reaction and of 288 min for the second.
Given the fact that the second oxidation is the limiting step
of the global reaction, one concludes that our theoretical
reaction energy barriers are in satisfactory agreement with
the experimental data reported so far. When making this
comparison one should keep in mind the fact that a variation
in the energy barrier of only 2 kcal mol™! is equivalent to
the change of the reaction halftime by a factor of about 25.

Concluding remarks

In this work, we use the methods of quantum chemistry
to give a detailed picture of the global oxidation of Hsp33
zinc center. According to these predictions, the oxida-
tion always starts at the same point: the cysteine residue
Cys263. It is likely that this constancy participates to the
control exerted by the protein environment on the reaction
pathway. Another efficient control point of the reaction
pathway is the formation of S-S bridges. Indeed, since this
reaction has no energy barrier when occurring between free
reactants, its rate can be efficiently regulated by the confor-
mation of the zinc center. The reproducibility of the reac-
tion intermediates and of their conformations appears to
be the main reason of the absence of wrong S-S bridges
formed between cysteine residues that are distant in the pri-
mary protein structure.

The reliability of the theoretical results here reported is
reinforced by their agreement with the experimental data
on the oxidation of Hsp33 available to date. However, addi-
tional theoretical and experimental work is still necessary
to clarify the next step in the Hsp33 activation that is the
protein unfolding following the zinc release.
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