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Since peroxynitrite was identified as a pathophysiological agent it has been implicated in a great variety
of cellular processes. Particularly, peroxynitrite mediated oxidation of cellular thiol-containing com-
pounds such as Cys residues, is a key event which has been extensively studied. Although great advances
have been accomplished, the reaction is not completely understood at the atomic level. Aiming to shed
light on this subject, we present an integrated kinetic and theoretical study of the oxidation of free Cys by

"e%’ words: peroxynitrite. We determined pH-independent thermodynamic activation parameters, namely those cor-
Zl;;c:lesin e resppnding to the ref‘lctign between the reactive species: Cys thio?ate and peroxynitrous aFid. We found a
Peroxynitrite pH-independent activation energy of 8.2 + 0.6 kcal/mol. Simulations were performed using state of the
Oxidation art hybrid quantum-classical (QM-MM) molecular dynamics simulations. Our results are consistent with

SN2 a Sy2 mechanism, with Cys sulfenic acid and nitrite anion as products. The activation barrier is mostly

Redox homeostasis due to the alignment of sulfur’s thiolate atom with the oxygen atoms of the peroxide, along with the con-
comitant charge reorganization and important changes in the solvation profile. This work provides an
atomic detailed description of the reaction mechanism and a framework to understand the environment
effects on peroxynitrite reactivity with protein thiols.

© 2013 Elsevier Inc. All rights reserved.

Introduction

Oxidation of free Cys,' GSH or Cys residues in proteins, is a key
event implicated in a great variety of cellular processes such as anti-
oxidant responses, signal transduction, regulation of the activity of
enzymes, protein channels and/or transcription factors [1-6]. Perox-
ynitrite (as the sum of peroxynitrite anion (—1) and peroxinitrous
acid)? is formed in the cell by the fast reaction between superoxide
anion (0, ~) and nitric oxide ("NO) radicals, with a second order rate
constant of about 10°-10' M~! s~1[7,8]. ONOOH has a pKa between
6.5-6.8 [7-9], and decays producing hydroxyl (‘OH) and nitrogen
dioxide (‘NO2) radicals in ~30% yields (k=0.9s"!, pH 7.4, 37 °C)
[5,8,10]. Both ONOOH and ONOO™ are strong oxidants which react
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1 Abbreviations used: Cys, 1-cysteine; CysS’, cysteinate; CysSOH, cysteine sulfenic
acid; GSH, glutathione; DFT, density functional theory; QM, quantum mechanics;
MM, molecular mechanics; MD, molecular dynamics; dzvp, double zeta valence with
polarization; IRC, intrinsic reaction coordinate.

2 The IUPAC recommended names for peroxynitrite anion and peroxynitrous acid
are, oxoperoxonitrate (1-) and hydrogen oxoperoxonitrate, respectively.
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with different cell molecular components and since the first proposal
as a pathophysiological agent [11-14], these species have been
implicated in a numerous biologically relevant processes associated
with protein function modification and cellular signaling among oth-
ers (for comprehensive reviews see Ref. [15-16]). Particularly, the
two-electron oxidation of free Cys by peroxynitrite has been studied
from a kinetic approach [14,17,18]. The process is actually carried
out by the thiolate form of Cys (CysS~) and ONOOH [9,18], through
the reaction:

CysS™ + ONOOH — RSOH -+ NO, (1)

The second order rate constant has been reported as 5-6 x 10>
M~1s~! (37 °C), with an activation energy of about 9.7 kcal/mol
(pH 7.5) [14,17]. The reaction has been proved to be strongly pH-
dependent [14].

Although the reactivity of low molecular weight thiols and some
protein Cys residues like human serum albumin can be related with
thiol acidity constants, some proteins like peroxiredoxins or glycer-
aldehydes 3-phosphate dehydrogenase show a much higher reac-
tivity than the expected just from inspecting thiol’s pKa, [19-22]
indicating that besides this factor, the environment surrounding
thiol groups is critical to comprehend this phenomenon and it is
important to get a molecular viewpoint of this reaction.
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In order to contribute to this understanding, we present here an
integrated kinetic and theoretical approach of the oxidation of cys-
teine presented in Eq. (1). pH-independent thermodynamic activa-
tion parameters were determined from kinetics experiments. The
reaction mechanism and system properties were evaluated on the
basis of hybrid QM-MM MD simulations combined with an umbrella
sampling scheme, which allow us to achieve free energies and the
evolution of the electronic properties along the reaction coordinate,
within a realistic representation of the aqueous environment [23].
This work represents the first theoretical study of this important
reaction. Our results underline the pH dependency of the process
and the solvent significance, assisting in the orientation of ONOOH
and allowing the charge reorganization to take place. The data pre-
sented herein set the basis for further integrated studies on the
mechanism of thiol oxidation in different protein environments.

Materials and methods
Chemicals

L-Cysteine, diethylenetriaminepentaacetic acid (dtpa), 5,5'-
dithiobis(2-nitrobenzoate) (DTNB), and sodium phosphate salts
were purchased from Sigma-Aldrich. Peroxynitrite was synthe-
sized from H,0, and nitrous acid as described previously [11,14].
Stock solutions of peroxynitrite were treated with granular manga-
nese dioxide to eliminate remaining H,0,. Nitrite contamination
was typically < 30% of peroxynitrite concentration [24].

Kinetics experiments

All experiments were performed in 100 mM sodium phosphate
buffer containing 0.1 mM dtpa. Differential mixing of mono- and
di-basic phosphate buffers were performed in order to achieve dif-
ferent pHs. Ionic strength was kept constant (0.15 mM) with the
addition of NaCl.

Peroxynitrite concentration was determined at alkaline pH at
302 nm (302 =1670 M~'cm™') and was equal to 0.1 mM in the
mix. Thiol content of Cys solutions was measured by Ellman’s as-
say (412 =14150 M~ 'ecm™') [25] and was varied between 6.0 and
13.0 mM in the final mix.

Kinetics of peroxynitrite decomposition was followed by absor-
bance spectroscopy (4A=302 nm) in an Applied Photophysics SX-
20 stopped-flow spectrofluorimeter (mixing time of < 1.2 ms).
Outlets pH measurements were always done at bath temperature
(namely 10, 25, 37 and 50 °C). Each observed rate constant, which
correspond to pH-dependent first order rate constants (kiqpp) of
peroxynitrite decay, was determined by fitting at least 5 data sets
to single exponential functions. Firstly, ONOOH auto-decay pH-
independent rate constants were determined for each tempera-
ture, fitting ky4pp constants versus pH:

107"
o =\ T Plnemn 1 107 ?

Then, pH-dependent second order rate constants (kyqp,) for the
reaction between cysteine and peroxynitrite were determined, fol-
lowing peroxynitrite decay in the presence of excess Cys under dif-
ferent conditions of pHs and temperatures. Experimental data
were fitted to single exponentials, from which kops values were
obtained.

Since in this case kops = k1gpp + kaapp X [CYS], k2app Were deter-
mined by subtracting the corresponding auto-decay rate at exactly
the same pH and dividing by Cys concentration (two different Cys
concentrations were usually used at each pH and temperature,
with identical results). This method was preferred over rate con-
stant determinations at multiple Cys concentrations at a single

pH for each pH and temperature, to rigorously control pH values
when using acidic stock solutions of Cys and to avoid Cys stock oxi-
dation during the experiment that could occur if Cys stock solu-
tions were neutralized. For selected pHs and temperatures, both
methodologies were used yielding the same results.

As a result, pH-independent second order rate constants were
calculated from the fitting of the plot of kyqy,versus pH:

107PK%s 10
kZapp = k2 <‘10pKa('ys + ]O*PH 1O*PK”0N00H + 10*PH (3)

Classical Arrhenius and Eyring’s analysis were then performed
over the data obtained as explained above.

Computer simulations

Initial survey of the system

In order to obtain information about the energy surface and the
mechanism of the reaction under investigation, and to carry out a
methodology evaluation, we performed several electronic struc-
ture calculations using Gaussian 03 [26]. The structures of reactants
(CysS™ and ONOOH) and reactant complex (RC) (CysS~/ONOOH),
products complex (PC) (CysSOH/NO,) and transition state (TS)
were optimized both in vacuo and in the presence up to 4 water
molecules at different levels of theory: HF, PBE, B3LYP, MP2,
employing a double-zeta plus polarization (dzvp) Gaussian basis
set [27]. Frequency calculations were performed in all cases. Aim-
ing to investigate if one or more water molecules could be involved
in the reaction mechanism, we also performed IRC calculations at
the PBE/dzvp level of theory including one and four water mole-
cules in the QM system.

ONOOH B3LYP calculation was used to get classical parameters
of this moiety [28], necessaries to perform the classical MD simu-
lations which are required to equilibrate the systems, as described
below.

QM-MM molecular dynamics simulations

The actual QM-MM simulations were carried out using the code
and parameters described in Ref. [23] (for details on the QM-MM
scheme see Refs. [29-30]). The system consisted in the quantum
solute (CysS™ + ONOOH) embedded in a box containing 3247 clas-
sical TIP4P water molecules. For the QM region, computations were
performed at the generalized gradient approximation (GGA) level,
using the PBE combination of exchange and correlation functionals,
with a dzvp basis set for the expansion of the one-electron orbitals
[27]. All the QM-MM MD simulations were run for at least 5 ps and
employed the Verlet algorithm to integrate Newton's equations
with a time step of 0.2 fs. Initial configurations were generated
from preliminary 100 ps classical equilibration runs in which the
solute was treated classically as a rigid moiety, followed by a
QM-MM MD where the solute was treated at the AM1 semi-empir-
ical level, as implemented in Amber [31].

To explore reaction’s free energy and mechanism, we employed
an umbrella sampling scheme, choosing as reaction coordinate the
difference between the O;—0, and the S—0; distances (see Fig. 2),
which was sampled from —1.8 to 1.0 A, divided in 29 simulations
windows.

All dynamics visualizations and molecular drawings, were per-
formed with VMD 1.8.6. [32].

Results and discussion
pH-independent reaction parameters

The kinetics of the oxidation mediated by peroxynitrite of low
molecular weight thiols like Cys and GSH [14,17] or Cys residues
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Fig. 1. Kinetics of the oxidation of Cys by peroxynitrite. (a) “Bell-shaped” plots of the dependence of kaqp, (M~ s7') as a function of pH, at T= 10, 25, 37 and 50 °C. kaqp, refers
to apparent, pH-dependent second order rate constants. (b) Consequent Arrhenius plot. Values of thermodynamic pH-independent activation parameters derived from this

plot and subsequent Eyring’s analysis are also shown. AG* is calculated at 37 °C.

in proteins like human serum albumin [33] and a variety of perox-
iredoxins [22-34] has been studied since peroxynitrite was pro-
posed as a pathophysiological agent [11-14]. As described before
[9,18], the two-electron oxidation process occurs between the
thiolate anion and ONOOH, therefore the fraction of the reactive
species depend strongly on the medium pH. Fig. 1 shows the
Arrhenius plot of the reaction between CysS~ and ONOOH. Note
that the analysis is performed considering pH-independent rate
constants, determined at 10, 25, 37 and 50 °C (see Materials and
Methods).

Arrhenius analysis determines a pH-independent activation
energy of 8.2 +0.6 kcal/mol, to some extent lower than the one
reported by Koppenol et al., at pH 7.5, which was 9.7 kcal/mol
[17]. This difference could be due to the fact that in the range
of explored temperatures and pHs, pKacys varies significantly
more than pKaonoon (see Table S1 of supplementary information),
decreasing as temperature increases and so allowing a higher ra-
tio thiolate/thiol [35]. From the data shown in Table S1 and using
Van't Hoff equation, an standard enthalpy of Cys thiol ionization
of 7.8 kcal/mol was estimated, very similar to values previously
reported [35]. On the contrary, ionization of ONOOH fraction
was less affected by temperature, in agreement with a lower
standard enthalpy of ionization of ONOOH, which has been re-
ported as 4.1 + 1.6 kcal/mol [36]. Additionally, it should be noted
that we systematically repeated the determination of k, at 37 °C
and pH 7.4, obtaining a value of 6,635+335M's! (see Fig. S1
of supplementary information), somehow higher than the re-
ported before, probably owing to slightly different experimental
conditions [14].

Subsequent Eyring’s analysis gives a AH* =7.4+0.7 kcal/mol
and AS* = —8.3 + 0.5 cal/K.mol, therefore the pH-independent acti-
vation Gibbs free energy results in 9.9 + 0.7 kcal/mol (calculated at
37 °C). As will be shown in the next section, the negative value of
AS* is consistent with a TS much more rigid structure than the
reactants in the ground state, in which degrees of freedom of trans-
lation and rotation are “frozen”. Moreover, at this temperature the
—TAS* factor constitutes a quarter of the total AG¥, so it is essen-
tial to account to this contribution in the comparison of this aque-
ous reaction with enzymes environments, and their catalytic
capabilities to stabilize the TS and therefore decrease AG* [37].

Although ONOO™~ and ONOOH alone, have been the subject of
several theoretical studies (for some examples see Refs. [38-41]),
this is the first attempt to tackle this important reaction by means
of a quantum mechanical approximation. Using the QM-MM
scheme as described above, we performed umbrella sampling cal-

culations in order to obtain the free energy profile of the oxidation
of CysS~ by ONOOH, which is depicted in Fig. 2,a.

The analysis exhibits a clearly exergonic process with a AGxy, -
~ —46 kcal/mol, in agreement with purely quantum mechanics
calculations (see Table S2 of supplementary information). The pro-
file also shows an early TS associated with a free energy activation
barrier of about 5 kcal/mol, somewhat smaller than the experi-
mentally determined. The study of the electronic structure of per-
oxynitrite and its derivates, it is rather subtle; even correlated
methods as MP2 fails to describe accurately certain properties of
these systems [42]. Particularlly, DFT methods at the GGA level
provides underestimated barriers related to the stability of the
weakly bound O—O peroxy-bond of these kind of systems, and
much better results can be found calculating the barriers using
postHF or hybrid DFT approximations over DFT structures [30,39].
In order to test that the sampled reaction pathway in our QM-
MM simulations is not dissimilar from what is suggested using dif-
ferent methodologies, we analyze the geometries of the RC, TS and
PC obtained for several methods and density functionals, corrobo-
rating a great equivalence between them (see Table S3 supplemen-
tary information). Therefore, we calculate AG* and AGun as
AGoumm — AGig® + AGipss1yp, in order to improve the PBE func-
tional energy prediction (Fig. 2b). The MP2 corrected result
(AG* = 8.4 kcal/mol) is in very good agreement with the experi-
mental measurement.

Microscopic basis of the reaction mechanism

Our QM-MM scheme allows us to get a microscopic insight into
the reaction mechanism, as well as the evolution of the different
system properties (see the 3D animation available in Supporting
Information for illustration).

Fig. 3 shows the relevant distances evolution along the reaction
coordinate. At the reactants, the interaction between CysS~ and
ONOOH is due to the hydrogen bond between S and O1, and the
system samples a lot of different conformations in which this inter-
action is conserved. In the early TS, the arrangement looses degrees
of freedom and it can be observed an alignment of S, O1 and 02
atoms, along with a concomitant shortening of the O2—N bond.
Previous studies on the oxidation of thiols by hydrogen peroxide,
have demonstrated the occurrence of a proton transfer after yield-
ing the TS, from the derived sulfenic acid to the OH™ to give a water
molecule as a product [23,43]. It should be noted that we do not
observe the mentioned transference in the reaction with peroxyni-
trite studied herein, which is then perfectly consistent with a sub-
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Fig. 3. Bond length evolution during the reaction. The S—01 (black), 01-02(red),
01—H (blue), 01—N (green) and 02—N (light blue) distances (A) as a function of the
reaction coordinate (A) are depicted. The TS region (as determined in Fig. 1) is
indicated by a dark violet box. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

stitution like mechanism. Furthermore, the O1—H distance re-
mains close to 1 A during the whole path, concluding in the pro-
tonated CysSOH and NO, as the products of the process.

Charges distribution and rearrangement is observed in Fig. 4.
The initial attack of the S atom to O1 atom take place between
two negatively charged centers, however it is a nucleophilic attack,
since O1 atom acts as an electrophile, turning into a more negative
charged atom along the reaction. Even though the final dissociation
of the peroxide 01-02 bond is homolytic, the reorganization of
oxygen charges is not entirely symmetric. During the first stages
of the reaction, the charge that it is lost by the S atom is gained
mostly by O1. Only after the TS, the system negative charge gets dis-
tributed on the NO, moiety. As expected, O1 atom in the CysSOH
product has a strong negative charge, and the —1 charge on the ni-
trite anion is equally distributed between 02 and 03. These data
perfectly agree with the experimentally determined Brgnsted cor-
relation between the pH-independent second order rate constants
of peroxynitrite reduction by thiolates, which shows a nucleophilic-
ity constant of ~0.4 [19], indicating a partial electron pair donation
from the nucleophililic thiolate at the transition state.

There have been preceding efforts into understanding the influ-
ence of the solvent in these type of molecular systems [40,42-45].
The QM-MM methodology implemented in this work, allows to ac-
count to the environment impact in an accurate way [29]. As can
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Fig. 4. Charge evolution during the reaction. Mulliken charges (e) of S atom (yellow
line), O1 atom (red line), 02 atom (black line), N atom (blue line) and O3 atom
(green line) are plotted versus the reaction coordinate (A). The TS region (as
determined in Fig. 1) is indicated by a dark violet box. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

be seen in Fig. 5, the changes in the solvation profiles are inti-
mately associated with the electronic distribution. While the S
atom looses its hydrophilicity during the course of the reaction,
01 atom is much better solvated already at the TS, and both 02
and O3 improve considerably their solvation structures in the
products. A global analysis enables to observe how the products
improve the interaction with the aqueous environment compared
with reactants.

In summary, the reaction occurs via the nucleophilic attack of
the thiolate’s S atom on the O1 atom of the peroxide, with a nitrite
anion (NO;) as the leaving group, in a classical Sy2 nucleophilic
substitution. The free energy barrier is mostly due to the apprecia-
ble electronic reorganization together with the changes in the sol-
vation structure, associated with the alignment of S, 01 and 02
atoms, the shortening of S—01 and 02—N bonds and the elongation
of 01-02 union.

Beyond free Cys or GSH capacity to reduce peroxynitrite, a great
variety of Cys protein residues have been tested in this sense. Dif-
ferent effects can be observed: thiols in some proteins like that of
the single free Cys in human serum albumin [33] and Trypanosoma
brucei tryparedoxin [46] exhibits comparable second order rate
constants than those of low molecular weight thiols, others like
glyceraldehyde 3-phosphate dehydrogenase or creatine quinase
show a ~100-fold acceleration on the rates [21,47]|. Taking into
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account enzyme physiological concentrations and kinetics, perox-
iredoxins becomes the most efficient peroxynitrite scavengers, dis-
playing pH-independent rate constants between 10?-10* times
faster than free Cys or other low molecular weight thiols [22]. Re-
cently, structural analyses of peroxiredoxins active site, proposed a
series of microenviromental factors that could lead to TS stabiliza-
tion [48]. The results presented here highlights the significance for
the protein environment that surrounds these reactive Cys resi-
dues, to assist in the correct orientation of the peroxide, the align-
ment of the S atom with the peroxide oxygen atoms in the TS [48-
50], allowing the charge reorganization to take place.

Conclusions

We present here an integrated experimental and theoretical
study of the oxidation of Cys by peroxynitrite, which allow us to
get kinetic, thermodynamic and microscopic dynamical informa-
tion of this reaction in aqueous environment. Rate constants and
activation energies obtained are in good agreement with previous
reported experimental data [14,17,22]| and small differences are
discussed. To the best of our knowledge, this is the first theoretical
approximation to this particular process.

We found the pH-independent activation energy to be slightly
smaller than the reported one at pH 7.5 [17]. Additionally, the reac-
tion shows a noteworthy negative AS*, which significantly contrib-
utes to AG¥ (—TAS* ~25%), highlighting this parameter
importance in comparing the same process embedded in different
microenvironments. Although the calculations presented herein
suggests that no water molecules participates covalently in the
oxidation, simulations confirms the solvent significance and great
changes in the solvation structure can be observed already in the
TS, underlining the key role of the environment in modulating thiol
reactivity.

In this context, it is essential to achieve atomistic detailed infor-
mation about the mechanism of thiol containing compounds oxi-
dation with peroxides. This study creates the foundation to
experimental and theoretical studies that are underway in our lab-
oratories, in order to contribute on the mechanisms of fast reacting
thiols oxidation and its reactivity modulation in proteins.
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