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Oxidation and disulfide coupling of cysteine, processes central
to oxidative stress and biochemical signaling, are modeled
using DFT and solvent-assisted proton exchange, a method
of microsolvation. Calculated barriers are consistent with ex-
perimental kinetics and observed product ratios and suggest
a dependence on the polarity of the surrounding medium.

Oxidative modification of cellular thiols by reactive oxygen and ni-
trogen species (ROS/RNS) is central to the prevention of oxidative
stress and the promotion of biochemical signal transduction.1–7

The glutathione (GSH) thiol/disulfide redox couple which buffers
the cell against oxidative stress is a key example.1 As a result,
the GSH : GSSG ratio is an important biomarker for the redox
state of the cell. Oxidation of redox-sensitive protein cysteine
is an additional telltale for oxidative stress: chemical tagging of
the sulfenic acid has been developed to map the cellular thiol
proteome (or “sulfenome”).8 Oxidative modification of protein
Cys is also important for biochemical signal transduction.2–6

Small ROS/RNS, in particular H2O2 and NO, act as messen-
ger molecules to activate or inactivate transcription, molecular
chaperones and other vital cellular processes.9

A subset of the redox transformations available to Cys and
related thiols is shown in Scheme 1. The sulfhydryl CysSH is
oxidized by H2O2 or other available ROS to the sulfenic acid
(–SOH), sulfinic acid (–SO2H) and sulfonic acid (–SO3H) in
sequence. Reaction of the sulfenic acid with an equivalent of
endogenous thiol, such as glutathione or protein-bound Cys
(either intra- or intermolecularly), generates the disulfide linkage
to deactivate the protein by blocking the active site and/or
inducing a change in protein conformation. In the absence of
an available thiol, CysSOH may condense with a nearby amide to
form a cyclic sulfenamide (not shown). Conversion to the sulfenic
acid, sulfenamide or disulfide is reversible by thiol reduction and
protects against over-oxidation to the sulfinic and sulfonic acids.
These higher oxidation states are generally resistant to reduction
with the peroxiredoxins as a notable exception.10 These thiol redox
processes are under continued investigation for their role in signal
transduction and the prevention of oxidative stress.
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Scheme 1 Mechanism of sequential oxidation and disulfide coupling of
cysteine oxidation.

In this communication, we use density-functional theory (DFT)
and solvent-assisted proton exchange (SAPE) to explore the oxida-
tion and disulfide coupling of Cys. The SAPE method uses explicit
solvation to facilitate proton transfer pathways to approximate
the action of bulk solvent in a gas-phase computational model.
Similar microsolvation methods have been used by various groups
to model aqueous phase reactivity.11,12 For the Cys redox pathways
in Scheme 1, transition states were determined using the SAPE
networks shown in Scheme 2. In these models, two or more water
molecules were added to an initial complex of reactants such
that progress of the heavy atoms along the reaction coordinate
was coupled to transfer of H+ through the water network. (See
the ESI for additional discussion and details of model design).†
Our previous work on the related redox chemistry of selenium
using SAPE models produced activation barriers consistent with
experimental observations and significantly lower than those
computed from models using direct, non-solvent-mediated proton
transfer.11

Oxidation of 1 by MeOOH was modeled using a two-water
SAPE network as the heterolytic cleavage of the O–O bond
with OH+ transfer to the sulfur center (Scheme 2a). Within this
model, proton transfer through the SAPE network is driven by the
negative charge that accumulates on the MeO-. As shown in Fig.
1a, the transition state shows significant motion of the protons
through the SAPE network concurrent with O–O bond cleavage
(Dd(O–O) = +0.3 Å) and –OH group transfer to sulfur (d(S–O) =
2.31 Å). The long S–H bond (1.72 Å) indicates that the thiol is
largely deprotonated at the transition state consistent with the
pH dependence observed experimentally.13 The SAPE activation
enthalpy (DH‡ = 17.0 kcal mol-1) for this model is similar to the
experimental value determined by temperature-dependent kinetics
studies (16.4 ± 0.3 kcal mol-1) for oxidation of 1 by H2O2 conducted
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Scheme 2 SAPE models for cysteine oxidation: (a) thiol oxidation, (b)
oxygen atom transfer to sulfi(o)nic acid (n = 0, 1), (c) disulfide bond
formation.

at pH 6 where the sulfhydryl is in the neutral form.13 In the product
complex (Fig. 1a), the sulfenic acid forms a hydrogen bond to
the carboxylic acid group. This conformation is maintained for
subsequent oxidation steps.

Rates of thiol oxidation are highly pH-dependent and roughly
correlate to the sulfhydryl pKa.14 Deprotonation of the thiol
increases the nucleophilicity of the sulfur center and many redox-
sensitive Cys residues are located in polar active sites and stabilized
by acidic residues.15 An alternate model for oxidation of the
thiolate 1- was constructed to include an extended SAPE network
to accommodate explicit solvation of the anion (Fig. 1b). For this
cubic SAPE network, the proton is transferred from the –COOH
group to the evolving methoxide through the water molecule on
the lower half of the cube (product = H2NCH(COO-)CH2SOH
2-). The carboxylic acid was maintained in the acid form in spite
of its lower pKa to avoid a high negative charge in the DFT model.
The DG‡ for this model is ~6 kcal mol-1 lower than for CysSH
oxidation and earlier along the reaction coordinate (d(O–O) =
1.70 Å; d(S–O) = 2.49 Å). This difference in activation barriers is
roughly consistent with the 100-fold increase in rate at high pH.13

Over-oxidation of 2 to 3 and 4 was modeled using a two-water
network in which oxygen atom transfer to sulfur is concurrent with
an intramolecular proton transfer (Scheme 2b). The transition
states for these processes (Fig. 1c–d) occur at similar O–O
distances (~1.96 Å), but at a shorter S–O distance for 3 oxidation
(1.84 Å vs. 1.94 Å). This ‘later’ transition state is in agreement
with the higher activation barrier for the sulfinic acid (Table 1).
For these oxidation steps, COSMO solvation corrections were
calculated in water, chlorobenzene and cyclohexane to represent a
highly polar, moderately polar and nonpolar protein environment,
respectively. Whereas initial oxidation of the sulfhydryl or thiolate
is largely independent of the solvent environment (DGsolv < 2 kcal
mol-1), oxidation to 3 and, to a lesser extent, 4, are sensitive
to the polarity of the solvent environment. These results agree
with experimental conclusions about conditions favorable for
modification of protein-bound Cys.15 Highly polar environments
stabilize the accumulation of charge at the transition state to
reduce the barrier for 2 oxidation by ~5.5 kcal mol-1 favoring
over-oxidation of Cys in surface sites exposed to the solvent or
adjacent to polar residues. Computational studies of the reduction
in thioredoxin disulfides also show a dependence on the protein
environment.16

Disulfide coupling was modeled as the attack of 1 upon 2
to form the S–S bond concurrent with loss of water using a
square four-water SAPE network (Scheme 2c). Following the S–S
bond formation coordinate from the reactant complex in Fig.
1e, the transition state was found when the S–S distance was
reduced to 2.35 Å and the thiol was completely deprotonated
(d(S–H = 2.29 Å). The activation barrier in water (12.5 kcal mol-1)
is slightly higher than that calculated for reduction of selenenic
acid by a thiol (6.6 kcal mol-1) and is reduced in non-polar
solvent environments (Table 1). As this barrier is relative to the
donor–acceptor complex of 1 with the sulfenic acid (d(S ◊ ◊ ◊ S) =
3.35 Å), additional barriers, such as peptide rearrangement, must
also be overcome for disulfide bond formation. Note that the
SAPE model, as well as microsolvation studies of reactions at
disulfides,17a predicts nucleophilic substitution to proceed by an
SN2-type mechanism in contrast to purely gas-phase models
which prefer a stepwise addition–elimination.17b The rate of
disulfide formation would be rapid in cases where the thiol is
in close proximity to 2, the concentration of thiol is high or
polar groups activate the thiol and/or sulfenic acid. Relative
DFT-SAPE activation barriers for 1 oxidation and disulfide
formation are consistent with kinetics studies by Luo et al. in
which 5 is the major product at [H2O2] : [Cys] ratios below 10 : 1,
but over-oxidation predominates at higher peroxide concentra-
tions.13

Table 1 DFT(B3PW91)-SAPE Gibbs free energies (kcal mol-1) for cysteine redox processes

Reaction DH‡ DG‡ DG‡+ DGsolv DGrxn

1 + MeOOH → 2 + MeOH 17.0, 16.4a 21.9 19.1,b 20.1,c 21.0d -51.3
1- + MeOOH → 2- + MeOH 12.5 14.0 13.9,b 14.6,c 14.3d -44.5
2 + MeOOH → 3 + MeOH 21.9 21.1 15.6,b 17.3,c 19.2d -50.8
3 + MeOOH → 4 + MeOH 28.3 28.0 24.7,b 25.6,c 26.8d -57.8
1 + 2 → 5 + H2O 3.7 8.3 12.5,b 11.1,c 9.7d -27.5

a Exp; oxidant = H2O2 (ref. 13); COSMO correction for bulk solvation in: b water, c PhCl, d C6H12.
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Fig. 1 Selected bond distances (Å) for the reactants (R), transition states (TS) and products (P) of the SAPE models of MeOOH oxidation of (a) 1 to 2,
(b) 1- to 2-, (c) 2 to 3 (TS only), and (d) 3 to 4 (TS only); and (e) 5 formation from 1 and 2. Imaginary frequencies are given for each TS.

Conclusions

Gas-phase SAPE models incorporating a representation of the
role of solvent in proton exchange show that oxidation of Cys to
the sulfenic acid and disulfide formation are relatively low barrier
processes. Interactions with residues surrounding a protein-bound
Cys and not present in the models above may stabilize either
the reactant or transition state to modify the activation barrier.
Further oxidation to the sulfinic or sulfonic acids, likely occur
under higher conditions of oxidative stress, are dependent upon the
surrounding environment. Over-oxidation is predicted to be more
favorable in polar environments such that Cys may be protected
from irreversible oxidation if located in a hydrophobic pocket.
The agreement between the DFT-SAPE models and experimental
conclusions about the stabilization of sulfenic acids by certain
protein environments15 and observed activation barriers and
product distributions13 is an important step toward understanding
the role of sulfur redox chemistry in biological processes.
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