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Introduction

The thiol/disulfide exchange reaction is a biological funda-
mental process. This reaction can be represented schemati-
cally by the following set of chemical equations [Eqs. (1)±
(4)]:

R�SHþH20 Ð R�S� þH3O
þ ð1Þ

R�S� þR0�SS�R0 Ð R�SS�R0 þR0�S� ð2Þ

R�SS�R0 þR�S� Ð R�SS�RþR0�S� ð3Þ

R0�S� þH3O
þ Ð R0�SHþH2O ð4Þ

with the overall reaction being written as Equation (5):

2R�SHþR0�SS�R0 Ð R�SS�Rþ 2R0�SH ð5Þ

The most abundant non-protein thiol in most cells is glu-
tathione, and the glutathione/oxidized glutathione pair (G�

SH/G�SS�G) forms the major intracellular redox buffer.[1,2]

This buffer is responsible for maintaining the redox state of
cells and for protecting the organism from oxidative stress.
Thiol/disulfide exchange plays also an important role in the
folding of proteins.[3,4] For proteins containing disulfide
bonds, the folding rate is usually limited by a thiol/disulfide
exchange reaction.[5] Many enzymes require a cysteine in
their active site for catalysis: the thiol proteases,[6] enolase,[7]

b-ketoacylthiolase,[8] and thioredoxin[9] are rendered inactive
by the oxidation of the reactive thiol to a disulfide. Thiol±di-
sulfide interchange has also been implicated as the trigger-
ing event in the cleavage of DNA by calichemicin and esper-
amicin.[10] Therefore, detailed knowledge about this reaction
is needed for the interpretation of many biological phenom-
ena.

In protein science it is fundamental to have a process of
controlling the redox state of the cysteine groups. In the last
five decades we have witnessed the development of reagents
that can reduce/oxidize the proteins× disulfide bonds quickly
and quantitatively.[11±18] Currently the most widely used re-
agent is dithiothreitol (DTT), which forms a very stable six-
membered ring in the oxidized state, being an excellent re-
ducing agent for proteins. However, this reagent is very ex-
pensive and effort has been made to find other reagents that
can fulfill its role. The development of new reagents would
be facilitated by the means to predict the structure of an
™ideal∫ reducing agent. To be able to predict the reactivity
of a thiol for disulfide exchange is a subject of intense re-
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Abstract: The mechanism for thiol/di-
sulfide exchange has been studied with
high-level theoretical calculations. Free
energies, transition structures, charge
densities, and solvent effects along the
reaction pathway have been deter-
mined for the first time. Mechanistic
results agree with experimental data,
and support the idea that the thiolate
is the reacting species and that the re-
action indeed proceeds through an un-
complicated SN2 transition state. The
transition structures have the charge
density evenly concentrated in the at-

tacking and leaving sulfur atoms. The
charge densities allow us to rationalize
the solvent effects. As transition struc-
tures have the charge density more
widely distributed than reactants, hy-
drophobic environments catalyze the
reaction. The effect can be so dramatic
that disulfide exchange inside the
active site of ribonucleotide reductase

is estimated to be catalyzed 103 times
faster than the reaction in water. It was
also found that attack by thiol is much
faster than previously assumed, if
mediated through water chains. Al-
though the present results, as well as
experimental data, still suggest that
thiolate is the main reaction species,
water-mediated thiol attack is almost
kinetically competitive, and can even-
tually become competitive under spe-
cific experimental conditions.
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search. Structure±activity relationships have been establish-
ed for both aliphatic and aromatic thiols,[19±24] and it has
been concluded that the reactivity of a thiol (and, hence, the
kinetics of disulfide reduction) is mostly (but not only) de-
termined by two opposite factors: the basicity and the nucle-
ophilicity of the thiol group.[13,24] Hence, a thiol with a high
pKa (e.g., 9.0) is expected to be a strong nucleophile, where-
as one with a low pKa (e.g., 4±5) is expected to be a weak
nucleophile. However, as the reacting species is believed to
be the thiolate anion, low pKa thiols would be favored at
physiological pH, as a larger fraction of anionic thiolate
would be available to react. From the balance between
these two factors it emerges that the most reactive thiols are
those with a pKa close to the pH of the solution.[13,24]

The determination of the reaction mechanism has been
the subject of investigation for a long time. Presently, it is
believed that the thiolate anion is the reacting species. This
conclusion is based on two principal arguments: the empiri-
cal knowledge that a protonated thiol is a weak nucleophile
relative to a thiolate anion, and the experimental observa-
tion that the reaction is base-catalyzed when the thiol pKa
is greater than the pH of the solution. pH-Dependent rate
constants have been published before,[25±27] and an attempt
to obtain pH-independent rate constants [i.e., rate constants
for reactions in Eqs. (2) and (3), and not for the reaction in
Eq. (5)] has been made. However, experimental data are
somewhat dubious, because a good quantitative agreement
between the independent rate constants measured at several
pHs has not been obtained: independent rate constants can
vary by 30±500% in a pH range of 0.7±2.9.[25,26] The best
published results are those of Sheraga et al. ,[27] but these
were obtained with only three pH values in the range
7.5±8.7 (the rate constant decreases by only 5% in this inter-
val). However, it is not fully understood to what extent this
is a result of experimental uncertainty or whether it is a sign
that something more complicated than a simple shift in the
thiolate concentration is occurring. If we assume that the
thiolate is the reacting species, then indirect evidence from
experimental data suggest that the reactions should proba-
bly proceed through an uncomplicated SN2 transition
state.[19, 22,23, 28] Detailed and definitive knowledge of the
chemical mechanism is crucial for the development of kinet-
ically competent reducing agents, as well as to control the
influence of solvent and other effects in the exchange kinet-
ics. The geometry and charge distribution at the transition
state, and all along the reaction coordinate are also funda-
mental to allow the rational design of new and more effi-
cient reducing agents. Furthermore, this knowledge is also
essential to understand the catalytic properties of disulfide
formation/reduction or exchange of several enzymes, such as
protein disulfide isomerase or thioredoxin.

To obtain new insights into the reaction we have conduct-
ed a series of high-level quantum mechanical calculations on
the disulfide exchange mechanism. Several mechanistic al-
ternatives were tested, and the results allow us to under-
stand much better the amazing peculiarities of this reaction,
and to rationalize the factors that can influence its kinetics.

Computional Methods

Density functional theory was used in all calculations, with the Gaussi-
an 98 suite of programs,[29] at the unrestricted Becke3LYP level of
theory.[30±32] The 6±31G(d) basis set was used for geometry optimizations,
and to calculate the zero-point, thermal, and entropic contributions. It is
known that larger basis sets give very small additional corrections to the
above properties, and their use is hence considered unnecessary from a
computational view.[33±35] However, as we were dealing with a thiolate
anion, the inclusion of diffuse functions could eventually have a measura-
ble effect on geometries. Accordingly, we repeated some calculations
using the 6±31G+(d) basis set in geometry optimizations. Sulfur±sulfur
separations changed on average by only �0.003 ä. The only meaningful
alteration was in the distance between the attacking and central sulfur
atoms, which changed by �0.107 ä in the reactants. As this is only a
weak nonbonding interaction, the potential-energy surface was very flat
in that region, and changes in geometry tended to be large, although the
corresponding changes in energy were very small (the overall differences
were +0.3 kcalmol�1 in the activation free energy and +0.5 kcalmol�1 in
the reaction free energy). The inclusion of diffuse functions also had a
negligible effect on the sulfur atomic charges, which changed on average
by only �0.004 a.u. The much larger 6–311+G(3df,2p) basis set was
used to calculate the final electronic and solvation energies. This basis set
was very close to saturation in the present system. The calculations were
performed as follows: first, the transition states for each mechanistic step
were located and optimized. Internal reaction-coordinate calculations,
followed by further tighter optimizations, were performed to confirm
which minima were connected to each transition state. Frequency analy-
sis was performed at each stationary point on the potential-energy sur-
face. Stationary points were characterized by the number of imaginary
frequencies (none for minima and only one for transition states). A scal-
ing factor of 0.9804 was used for the frequencies. Thermal and entropic
effects were calculated at 298.15 K and added to the calculated energies.

As our system contained charged species, and the solvent (water) was
highly polar, it was important to evaluate the influence of the solvent on
the energetics. Moreover, SN2 reactions are known to be solvent sensitive.
Consequently, all energies were calculated under the influence of a die-
lectric continuum (e=78.4). For this purpose we used a polarized contin-
uum model, called C-PCM, as implemented in Gaussian 98.[36] This
method considers the solute as a set of interlocking spheres, centered on
each atom, with apparent surface charges that interact with the wave
function. The continuum is modeled as a conductor, instead of a dielec-
tric. This simplifies the electrostatic computation, and corrections are
made, a posteriori, for dielectric behavior. It is usually assumed that ge-
ometry optimizations can be carried out in vacuum and transferred to
the continuum to calculate final energies, without introducing significant
error.[37] This was indeed true for most reactions studied here, which have
only a small energetic contribution from the continuum (i.e. , differential
contribution between reactants and transition states, or between reactants
and products). However, the SN2 reactions studied here have shown a
large contribution from the continuum, and, hence, the geometries for
the corresponding stationary points were re-optimized in the presence of
the solvent.

The atomic charges are not an observable property, and, hence, the parti-
tioning of the electronic density among atoms was always somewhat arbi-
trary. Thus, three different methods were used to calculate atomic charg-
es, namely the Mulliken (Mull),[38] Merz±Kollman (MK)[39,40] and natural
population analysis (NPA)[41±43] methods. Results were qualitatively
equivalent, although some quantitative differences were observed.

Results and Discussion

The disulfide exchange reaction occurs in two steps, repre-
sented by reactions (2) and (3). Despite qualitative changes
in the electronic structure of the disulfides R’�SS�R’ and
R�SS�R’ (due to the differences between R and R’, if any),
reactions (2) and (3) are mechanistically equivalent. The
rate for reaction (3) can be increased by using an attacking
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dithiol instead of a simple thiol. However, the rate enhance-
ment is not due to mechanistic considerations (like differen-
ces in the transition-state structure), but rather to the higher
effective thiol concentration in the dithiol molecule. These
reasons made us focus our attention on the mechanism for
reaction (2), and take it as an general example for the disul-
fide exchange mechanism.

Small molecular models should be chosen if high-level
theoretical results are to be obtained. The use of large
models brings about the necessity of decreasing the theoreti-
cal level due to the enormous computing time needed to
perform high-level calculations in large systems. Conse-
quently, we have used methylthiol and ethylthiol as attack-
ing nucleophiles. These molecules are good models for the
widely used reducing agent 2-mercaptoethanol. They are
also good models of cysteines. To model the disulfide we
have used the most common protein reducing agent, dithio-
threitol (DTT). Therefore, the model reaction consists of
the nucleophilic attack of a methylthiol (in both protonated
and anionic forms) to the disulfide bond of an oxidized
DTT. Another reason for the use of the above mentioned
models is that they are almost free of steric strain. It is well
known that conformational strain plays an important role in
disulfide exchange. However, DTT is almost free of steric
strain due to the hexagonal ring formed in the oxidized
state. The same occurs with methylthiol, for which no
change in steric strain is expected when changing from the
free thiolate to the covalent product. Activation and reac-
tion energies obtained with these molecules will reflect,
therefore, the intrinsic chemistry of the reaction, as they
have no significant contribution from stereochemical strain.

Nucleophilic attack by methylthiolate along the S�C DTT
bond : In an earlier study, 72 crystalographic structures of or-
ganic, inorganic, and organometalic compounds containing
divalent sulfur (i.e. , sulfur bound to two ligands, neither one
being H) have shown that the preferred orientation for nu-
cleophilic attack is along one of the two sulfur bonds.[44]

Based on these results, we have studied the reaction with
the thiolate attacking along both the S�C and S�S bonds. It
should be noted that the LUMO orbital of DTT has main
contributions from the two sulfur atoms, and is directed
along the S�S bond. Therefore, it is expected that addition
along the direction of the S�S bond is favored. However,
and to begin with, results for the attack along the S�C bond
are discussed. The reaction is shown schematically in
Scheme 1 below.

The nucleophilic sulfur has been named Snuc, the central
sulfur Sc, and the leaving sulfur Slg. The transition state is
shown in Figure 1A.

The transition structure is characterized by S�S bonds
that have intermediate lengths between a disulfide bond and
a thiol±disulfide interaction (Snuc�Sc=2.58 ä and Sc�Slg=

2.88 ä). The difference in length between Snuc�Sc and Sc�Slg

can in part be attributed to the asymmetry of the molecular
system. In the reactants, the disulfide bond is 2.10 ä and the
Snuc�Sc separation was 3.18 ä. In the products, the new di-
sulfide bond has a length of 2.09 ä and the Sc�Slg length in-
creased to 4.78 ä. The charge has also been transferred
from Snuc to Slg along the reaction pathway (see Figure 1A).
At the transition state the charge density is delocalized be-
tween the two peripherical sulfur atoms, being more concen-
trated at Slg and almost zero at Sc. The gas-phase free-
energy barrier was calculated to be 26.7 kcalmol�1, and the
reaction free energy to be �12.6 kcalmol�1. As disulfide ex-
change is mostly important in aqueous media, we have re-
calculated the free-energy barrier and reaction free energy
from the thermodynamic cycle shown below by the relation-
ship given in Equation (6), whereby DDGsolv is given by
Equation (7).

DGaq ¼ DGg þ DDGsolv ð6Þ

DDGsolv ¼ DG1 þ DG2 ¼ D Prod
solv�D React

solv ð7Þ

Accurate experimental kinetic and equilibrium constants
for several thiol/disulfide exchange reactions are available in
the literature.[18,20,21,23, 25±27,29,33, 34,45±47] Although data for the
compounds used here are not available, there are data for
many similar thiol/disulfide systems, from which we can
expect the reaction free energy to be close to zero and the
free-energy barrier to be approximately 14.4±15.8 kcalmol�1

(transition-state theory extrapolation from typical pH-inde-
pendent thiolate rate constants of 103±104 m�1min�1 for di-
sulfide exchange between aliphatic thiols similar to the ones
considered here). However, the solvent contribution in-
creased the free-energy barrier further to 43.4 kcalmol�1,
which is far beyond typical experimental values. This effect
is due to a preferential stabilization of the reactants over
the transition state. Indeed, in the reactants the charge den-
sity is concentrated in the methylthiolate, whereas in the
transition state it is much more delocalized through the pe-
ripheral sulfur atoms. As water is a highly polar solvent, it
will stabilize further the more polar solutes. Moreover, the
area exposed to the solvent is larger for the reactants than
at the transition state, resulting in a larger hydration
number for the thiolate in the reactants.

The free energy of reaction in solution corresponds to
�0.7 kcalmol�1, which is what would be expected from an
inherently thermoneutral reaction. The conclusion is that a
mechanism involving addition of a nucleophile along the

Scheme 1. Nucleophilic addition of methiolthiolate to DTT.
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S�C bond is inconsistent with experimental kinetics and
should thus be excluded.

Nucleophilic attack by ethylthiolate along the S�C DTT
bond : We decided to perform some additional tests to check
the computational accuracy of the results obtained. The first

deals with the models used. As methylthiol is truncated too
close to the sulfur atom, we repeated the calculations using
ethylthiol. The results were equivalent: the geometry of the
common part of both systems was the same within computa-
tional accuracy. Sulfur atomic charges were also almost
equivalent (average difference of 0.002 a.u.), except for Snuc,

Figure 1. Some of the most relevant stationary points discussed in the text. A) Transition state for thiolate attack along the S�C bond. B) Trisulfide anion
in the gas phase. C) Transition state for SN2 thiolate attack in water. D) Transition state for (protonated) thiol attack. E)±I) Transition states for thiol
attack, mediated by one (E), two (F), three (G and H) and four (I) water molecules. Important distances (ä), angles (degrees), and charges (a.u., NPA
method) are shown.
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whereby inductive effects caused by the ethyl group de-
creased the charge by an average of 0.12 a.u. This last differ-
ence is small, even though not negligible, but the final ener-
gies obtained with methylthiol and ethylthiol were still
almost equivalent (differences of +0.2 and �0.6 kcalmol�1

in the activation and reaction free energies, respectively).

Nucleophilic attack by methylthiolate along the S�C DTT
bond–geometry optimization in the continuum : Another
test deals with the influence of transferring gas-phase opti-
mized geometries to aqueous solution. This can usually be
done without introducing significant error. However, in this
reaction the contribution from the solvent to the free energy
is very large (DDGsolv=16.5 kcalmol�1 is the free-energy
barrier), and thus the solvent plays a key role in the reac-
tion. Therefore, we re-optimized the stationary points in the
presence of the continuum. This is a very difficult calcula-
tion, as geometry optimizations of ionic species in water are
always very difficult. The structures obtained were very sim-
ilar to the gas-phase ones. The only meaningful difference
was that in the reactants the distance between the thiolate
and the disulfide increased to 6.96 ä, to allow for a more
extensive solvation of the thiolate. Thiolate solvation de-
creased the energy of the reactants and increased the barrier
from 43.5 to 49.0 kcalmol�1, which is a small but significant
difference. The energies obtained are still too high com-
pared with experimental values; this suggests that this is not
the correct mechanism for thiol/disulfide exchange.

Nucleophilic attack by methylthiolate along the S�S DTT
bond in the gas phase : We proceeded by investigating a sim-
ilar SN2 mechanism, with the nucleophilic attack being per-
formed along the S�S bond. We started by performing a
scan along Snuc�Sc. Surprisingly, the only stationary point
found corresponds to the [R-Snuc-Sc-Slg-R2’]

� trisulfide anion
shown in Figure 1B, with both S�S bonds having intermedi-
ate lengths between a single bond and a nonbonding con-
tact. This stationary point was confirmed to be a minimum
by analytic calculation of the Hessian. This is not, however,
the absolute minimum for the complex. The latter has both
the hydroxyl groups of DTT forming hydrogen bonds to the
thiolate sulfur. The difference in energy between these
minima amounts to 13.9 kcalmol�1. This means that the sta-
tionary point corresponding to the trisulfide anion will not
be populated at room temperature.

The existence of trisulfide anions has been studied before.
Pioneering gas-phase theoretical studies support the exis-
tence of stable R3S3

� ions considered to be possible inter-
mediates during disulfide exchange.[48] However, later ab
initio calculations at the HF/6±31G(d) level identified a sim-
ilar stationary point as a transition state (with a vibrational
frequency of 218i cm�1), located 14.37 kcalmol�1 above the
dithiol/thiolate complex.[49] This transition state was thus
proposed as the one for the gas-phase thiol/disulfide ex-
change reaction.

Our results support the first early study, and are in disa-
greement with the second. At the B3LYP6±31G(d) level the
structure in Figure 1B is indeed a minimum, and not a tran-
sition state. Thus, it seems that to neglect electron correla-

tion led to such a distortion on the potential-energy surface
that it even changed the nature of the stationary point (from
a minimum to a transition state).

We conclude that the trisulfide anion is a minimum in the
gas-phase potential-energy surface, but its high energy rela-
tive to the global minimum rules out its existence as a stable
species. However, it is known that in solution the picture
can be quite different as anionic species are highly stabilized
by polar solvents. Moreover, SN2 reactions are known to be
solvent sensitive. Consequently, we have conducted a study
for the same reaction, but now, for the first time, in water.

Nucleophilic attack by methylthiolate along the S�S DTT
bond in water : We started by performing a scan along the
Snuc�Sc coordinate in the presence of a dielectric continuum.
The results confirm our expectations: the solvent does not
just influence the reaction, it fully determines which reac-
tants and products will exist. We have depicted in Figure 2
the electronic energy in the gas phase and in water along
the reaction coordinate.

The scale for the electronic energy has been shifted
65 kcalmol�1 below, in order to represent all three lines on
the same graph. This confirms the existence of the single
minimum depicted in Figure 1B. However, inclusion of the
solvent completely changes the shape of the potential-
energy surface. Both reactants and products can be identi-
fied in water. The geometries for the transition state, reac-
tants, and products were taken from the scan and were fur-
ther optimized in the continuum without constraints. The
transition structure obtained for the SN2 reaction in water
has an Snuc�Sc distance of 2.61 ä and Sc�Slg distance of
2.47 ä, and is depicted in Figure 1C. Including thermal and
entropic effects and recalculating the stationary points with

Figure 2. Scan along the Snuc�Sc bond in the gas phase (dotted line), in
water (dashed line), and in the active site of RNR (solid line). Distances
(ä) and energies (kcalmol�1) are given. The dots correspond to the
points calculated during the scan.
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the 6–311+G(3df,2p) basis set, we obtain a final free-
energy barrier of 14.8 kcalmol�1 and a final reaction free
energy of 1.8 kcalmol�1.

These results are in excellent agreement with the thermo-
dynamic and kinetic experimental data. The reaction is
almost thermoneutral, as should be expected, and the free-
energy barrier (14.8 kcalmol�1) lies well within the typical
experimental values of 14.4±15.8 kcalmol�1.

These results strongly support and confirm the hypothesis
that thiol/disulfide exchange proceeds through an uncompli-
cated SN2 transition state. Moreover, this seems to be the
first unambiguous and definitive assignment of a mechanism
for disulfide exchange in water, since earlier experimental
suggestions were always based on indirect evidence.[19,22,23,28]

Figure 3 shows the atomic charges for the three sulfur
atoms along the Snuc�Sc coordinate, calculated by the NPA
method. All three MK, NPA, and Mull methods give identi-
cal qualitative results. MK charges tend to be slightly larger.

The results allow us to prove earlier proposals derived from
experimental Br˘nsted relations between the reaction rate
and the pKa of the conjugated thiol. From these and other
data it was concluded that the peripheral sulfur atoms
should have significant negative charge at the transition
state, with a zero or a small negative charge at the central
sulfur atom.[19,22,50±52] Earlier theoretical studies have also as-
signed most charge to the peripheral sulfur atoms in the
H3S3

� ion, and a small positive charge to the central one
(�0.62 and +0.02 a.u., respectively).[48] Moreover, the results
obtained here show that this picture holds along all of the
reaction coordinate, and not only at the transition state
(except for the central sulfur atom, where the charge is
always very small, but can be eventually positive). There-
fore, we can conclude that along the reaction pathway the
charge is transferred directly from Snuc to Slg without accu-
mulating at Sc.

This picture allows us to rationalize the effect of the sol-
vent: the solvent stabilization will be at a maximum at the
end points of the reaction coordinate, where charge is
mostly concentrated on Snuc or Slg, and will decrease to its
minimum at the transition state region, where the charge is
more evenly distributed. The greater the polarity of the sol-
vent, the larger the stabilization of the reactants will be in
relation to the transition state. This behavior has extensive
chemical precedents, as SN2 reactions between neutral and
charged species are usually slowed down in polar solvents.
Thus, polar environments increase the activation energy,
slowing down the reaction, and nonpolar hydrophobic envi-
ronments decrease the barrier, catalyzing the reaction. This
is an important result for protein science, as it points out a
way in which proteins can catalyze disulfide exchange: by
providing a hydrophobic environment.

Some examples can be given: protein disulfide isomerase
(PDI, E.C. 5.3.4.1) is the in vivo catalyst for disulfide iso-
merization, and consequently for protein folding of disul-
fide-containing proteins.[53±63] PDI is a 55 kDa protein with
two active sites, each with a pair of cysteines in the sequence
WCGHCK.[63] In each active site one of the cysteine thiols
has an abnormally low pKa (Cnuc, pKa=6.7[54]) and is ex-
posed to the solvent, and the second cysteine thiol is pro-
tected from the solvent and has a normal pKa (Crescue, pKa
ca. 9.0).[54] The cysteines form a disulfide bond when PDI is
in the oxidized form. The working mechanism for disulfide
isomerization of misfolded disulfide-containing proteins
begins with addition of Cnuc to a non-native disulfide, result-
ing in a PDI±substrate covalent complex. The reduced sub-
strate thiol then scans the substrate for other unstable disul-
fides, reacting with it. This intramolecular rearrangement
ends with addition of a substrate thiol to the crossed PDI±
substrate disulfide, thus releasing PDI for a new catalytic
cycle (Scheme 2, pathway I). If the reduced substrate thio-
late takes too long to find reactive disulfides the enzyme be-
comes trapped in the covalent complex, and consequently
will be unavailable to catalyze further disulfide isomeriza-
tions. However, both the second cysteine (Crescue) and the
redox buffer can act as rescue systems (molecular clocks),
by adding to Cnuc with consequent release of PDI from the
covalent complex (Scheme 2, pathways II and III, respec-
tively), and leaving one more reduced thiolate ready for
scanning for reactive non-native disulfides.[58,59,62]

Experimental data on the isomerization of scrambled
RNase assisted by PDI show that the dominant mechanism
for PDI release corresponds to addition of Crescue to Cnuc

(pathway II) rather than addition of a buffer or protein thio-
late (pathways III and I).[59] Escape assisted by the redox
buffer is only meaningful in PDI mutants lacking Crescue.
Moreover, enzymes with Crescue mutated to a serine accumu-
late in covalent complexes with the substrate, especially in
the absence of a redox buffer, and have reduced isomeriza-
tion activity.

The reason why the dominant pathway for disulfide rear-
rangement towards the native structure is pathway II can be
understood by considering the results obtained here. As the
PDI±substrate disulfide is exposed to the solvent, and Crescue

is instead located in a hydrophobic pocket, we can predict

Figure 3. Atomic charges (a.u.) for Snuc (solid line), Sc (dotted line) and
Slg (dashed line) calculated by NPA method.
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that addition of the buried Crescue to the disulfide will be the
kinetically faster pathway to release PDI from the covalent
complex for a new turnover. Both the higher effective disul-
fide concentration in PDI (compared to the redox buffer)
and the lowering of the free-energy barrier due to the hy-
drophobic environment mentioned above contribute to this.

Our results allow us to propose an additional role for the
large hydrophobic PDI region beyond the active site. This
large nonreactive region has been demonstrated to be im-
portant for catalytic activity. It was proposed that its func-
tion is both to catalyze conformational changes in the fold-
ing substrate and to bind the substrate (the protein binds
preferentially unfolded substrates).[54,60,61, 64,65] We propose
here that another function for this region should be to pro-
vide a hydrophobic environment to the superficial region of
the folding substrate upon binding. This will lower the free-
energy barrier for thiol/disulfide exchange between surface
thiolates and disulfides, and will consequently catalyze the
intramolecular rearrangement of the non-native disulfide
bonds.

To estimate the influence of the environment on the rate
constant, we have recalculated the scan along the Snuc�Sc co-
ordinate using a dielectric constant of 4 (Figure 2). This
value is adequate for the active site of the enzyme ribonu-
cleotide reductase, in which a disulfide exchange reaction
takes place.[66] As expected, the free-energy barrier is low-
ered by 4 kcalmol�1, corresponding to a 103 increase in the
rate constant (see Figure 1).

Thiol attack along the S�S bond in water : To identify the
reaction above beyond doubt as an SN2 mechanism for disul-
fide exchange, we decided to check whether nucleophilic
attack by a protonated thiol is indeed as unfavorable as it is
usually considered. Although it is evident that a protonated
thiol is a weak nucleophile relative to thiolate, we must
keep in mind that the hydration of a thiolate anion is far
more favorable than the hydration of a neutral thiol. There-

fore, the solvent will stabilize the reagents much more than
the corresponding transition state, increasing the barrier to
thiolate attack. We should thus determine to what extent
this reactant stabilization is compensated by the increased
nucleophilicity of the thiolate anion. The transition state for
thiol attack is depicted in Figure 1D. The thiol proton is
transferred to Slg with concerted addition of Snuc to Sc. How-
ever, this kind of concerted step forces the attacking thiol to
deviate markedly from the direction of the attack (from an
S-S-S angle of about 1808 to an angle of 778), which makes
the reaction rather unfavorable, with an activation energy of
61.0 kcalmol�1. Thus, this reaction can be ruled out.

Thiol attack along the S�S bond in water catalyzed by
water chains : To facilitate the attack of the protonated thiol
we subsequently performed the reaction mediated by water
molecules, which forms a water chain with the tails connect-
ed to both the Snuc and the Slg atoms. The proton is transfer-
red through the water chain simultaneously with the attack
of the nascent thiolate to Sc. Such a reaction can be viewed
as a concerted deprotonation of the attacking thiol, attack
of the in situ-generated thiolate to the disulfide bond, and
protonation of the leaving thiolate. In summary, it corre-
sponds to a coupling of reactions (1), (2), and (4), through a
single transition state. The advantage of this mechanism
would be that the thiolate is generated during the reaction,
and thus the thiolate stabilization by the solvent becomes
less important. Moreover, it will allow linear S-S-S addition
if enough water molecules are incorporated in the chain,
and will use the most abundant (protonated) thiol species at
physiological pH to carry out the reaction. The transition
states for such reactions with one, two, three, and four water
molecules are depicted in Figure 1E, F, G, H, and I. It
should be stressed that no significant entropic cost is expect-
ed in order to obtain the transition-state structures in aque-
ous environment, as the thiol and the disulfide are fully sur-
rounded by water molecules.[67] Therefore, the water chains

Scheme 2. Mechanism for disulfide isomerization. The release of PDI from the covalent enzyme±substrate complex can be accomplished by addition of
I) a substrate thiolate; II) Crescue ; III) a thiol from the redox buffer.
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are indeed already, and always, present. Moreover, the pic-
tures show only some of the possible pathways for proton
transfer through the solvent and others can eventually exist
with lower activation energies. The transition states share a
common pattern: all of them have a charge separation, with
a positive charge located at the water chain and a negative
charge delocalized between the two peripheral sulfur atoms
(again zero at the central sulfur). The larger the number of
water molecules the closer the S-S-S angle to linearity. The
inclusion of a single water molecule does not lead to a sig-
nificant lowering of the free-energy barrier; only water
chains with at least two water molecules are efficient. For
these, the resulting activation energies (27±34 kcalmol�1, see
Table 1) are much lower than that for direct thiol attack, but

they are still higher than for the thiolate attack. However,
some corrections should be made; it is known that a dielec-
tric continuum gives poor results when water molecules are
explicitly included in the model.[67] Controversially, the con-
sideration of explicit hydrogen bonding to the water chain
should be important in this case, although that approach is
impracticable even with very generous computer resources.
Probably the best way to account for all such corrections is
to take advantage of the reliable experimental data on the
kinetics for proton exchange between cysteine thiols and
water. Siegbahn and co-workers have calculated such transi-
tion states at a similar theoretical level.[67] The reaction is
quite similar to the one proposed here, with the difference
that both tails of the water chain are hydrogen bonded to
the same instead of different sulfur atoms The structures for
both transition states are otherwise very similar. These cor-
rections already account for the limitations of the continu-
um, as well as from the theoretical method itself, as they are

intended to reproduce experimental results. Upon adding up
such corrections for the most favorable transition state
(�5.5 kcalmol�1, for three water molecules) the activation
free energy is reduced to 22.0 kcalmol�1.

Moreover, we must keep in mind that the thiol/thiolate
ratio is about 102 at physiological pH, which should compen-
sate for approximately 2.8 kcalmol�1 of the difference in the
free-energy barrier for thiol attack, when compared to the
one for the thiolate attack. The overall difference between
the experimental barrier for the SN2 thiolate mechanism
(14.4±15.8 kcalmol�1) and the values calculated here for the
thiol attack mechanism mediated by water chains reduces to
3.4±4.8 kcalmol�1, which is by far lower than anyone could
have expected. Such water-chain-mediated disulfide ex-

change should in principle ex-
hibit a similar structure±reactiv-
ity relationship to the thiolate
attack, as its kinetics will still
depend on the nucleophilicity
of the thiolate anion generated
(in situ) and on the pKa of the
thiol (that will be deprotonated
anyway). The conclusion is that
although the thiolate addition is
still the dominant mechanism
here, the concept of a concerted
deprotonation/substitution/pro-
tonation reaction mediated by
water chains should not be de-
finitively excluded solely based
on a single chemical reaction
performed in a single chemical
environment. This kind of
mechanism can in principle be
applied to any SN2 reaction in
which the leaving and attacking
groups are weak bases.

Conclusions

This work was devoted to the study of the mechanism for di-
sulfide exchange in water. Several mechanistic alternatives
have been explored, and the results compared with the
available experimental data. In Table 1 we have summarized
the energetic results.

The earlier hypothesis that disulfide exchange should pro-
ceed through an uncomplicated SN2 transition state has been
demonstrated here. This is the most favorable mechanism
from a kinetic point of view, and is the only one in which
theoretical results give excellent agreement with the ob-
served kinetics. The results in Table 1 also show that the dif-
ference in activation energy between the experimental value
and all other alternative mechanisms is well beyond the ac-
curacy of the theoretical method (~3 kcalmol�1), reinforcing
the conclusions.

A correct transition structure has been determined for the
first time, as well as the atomic charges for the three sulfur
atoms along the reaction coordinate. The earlier proposals

Table 1. Activation and reaction free energies (DGact and DGr, respectively) for all the mechanisms discussed.
Electronic energies and contributions from the continuum were calculated at the B3LYP6–311++G(3df,2p)//
B3LYP6±31G(d) level of theory. Remaining terms were calculated at the B3LYP6±31G(d)//B3LYP6±31G(d)
level of theory. The energy is separated into contributions from the electronic energy (Eel), zero-point energy
(ZPE), Thermal energy (Ethermal), entropic contribution (�TDDS) and contribution from the solvent (DDGsolv).
The last column shows the reaction free energy.

Mechanism[a] DGact Eel ZPE Ethermal �TDDS DDGsolv DGr

CH3S
� (SSC) 43.4 24.4 �0.2 �0.6 2.9 16.8 �0.7

CH3S
� (SSC) (diff. fn.)[b] 43.6 26.5 �0.2 �0.6 2.9 15.0 �0.2

CH3CH2S
� (SSC)

43.5 25.8 �0.2 �0.5 1.9 16.5 �1.3

CH3S
� (SSC) + solvent[c]

49.0 21.9 �0.4 0.0 1.6 26.0 5.4

CH3S
�(SSS) + solvent

14.8 �15.7 �0.6 0.1 1.1 29.9 1.8

CH3SH
61.0 64.1 �2.0 �0.7 3.9 �4.2 3.8

CH3SH + 1H2O
[d]

52.0 50.1 �1.2 �1.6 6.8 �2.1 5.7

CH3SH + 2H2O
[d] 33.2 30.1 �1.2 �1.9 6.9 �0.74.6

CH3SH + 3H2O
[d] 27.5 23.4 0.9 �1.4 5.9 �1.4 4.5

CH3SH + 4H2O
[d] 34.2 29.5 �0.6 �2.2 6.8 0.7 5.3

Exptl. (Kv=103±104m�1min�1) 14.4±15.8 ± ± ± ± ± ±

[a] SSS and SSC indicate the direction for thiolate attack. [b] Geometry optimization with the 6–31+G(d)
basis set. [c] Geometry optimization in the presence of the solvent. [d] Before correction.
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for the charge distribution at the transition state charge
have been confirmed. Moreover, it has been shown that
charge is transferred all along the reaction pathway, from
the attacking to the leaving sulfur atoms without ever accu-
mulating at the central sulfur. The effect of the solvent has
been rationalized, and it was concluded that hydrophobic
environments catalyze the reaction. Implications for protein
folding and for enzymatic disulfide exchange have been dis-
cussed: as an example it was found that disulfide exchange
is accelerated by 103 at the active site of RNR. The catalytic
pathway for disulfide exchange, catalyzed by PDI has also
been examined, and justification is given for why the major
pathway for disulfide exchange should involve the release of
PDI from the enzyme±substrate covalent complex by the
active site protected cysteine (Crescue). An additional role for
the large hydrophobic PDI region has also been proposed,
that is, to provide a hydrophobic environment to the folding
substrate, thus catalyzing superficial disulfide rearrangement
of non-native disulfide bonds. A mechanistic scheme for SN2
reactions involving a concerted deprotonation/addition/pro-
tonation step mediated by the solvent has also been ex-
plored. In the system studied here, the mechanism results in
a slightly slower reaction than the uncomplicated SN2 reac-
tion. The difference is, however, surprisingly and unexpect-
edly small. Thus such a scheme should not be excluded pres-
ently, as it is still unclear if it can be important in other SN2
reactions involving weak bases, or under other experimental
conditions.
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