
Understanding the −C−X1−X2−C− Motif in the Active Site of the
Thioredoxin Superfamily: E. coli DsbA and Its Mutants as a Model
System
Andrey Karshikoff,† Lennart Nilsson,*,‡ and Nicolas Foloppe*,§

†Institute of Molecular Biology, Bulgarian Academy of Sciences, Acad. G. Bonchev Str., bl. 21, Sofia 1113, Bulgaria
‡Department of Biosciences and Nutrition, Center for Biosciences, Karolinska Institutet, S-141 83 Huddinge, Sweden
§51 Natal Road, Cambridge CB1 3NY, U.K.

*S Supporting Information

ABSTRACT: E. coli DsbA is an intensively studied enzyme of the thioredoxin superfamily
of thiol-disulfide oxidoreductases. DsbA catalyzes the disulfide bond formation and folding
of proteins in the bacterial periplasm. DsbA and its mutants have highlighted the strong and
puzzling influence of the −C−X1−X2−C− active site variants, found across the thioredoxin
superfamily, on the ionization and redox properties of this site. However, the interpretation
of these observations remains wanting, largely due to a dearth of structural information.
Here, molecular dynamics simulations are used to provide extensive information on the
structure and dynamics of reduced −C30−X31−X32−C33− motifs in wild type DsbA and
13 of its mutants. These simulations are combined with calculations of the pK of H32 and of the very low pK of the catalytic
cysteine C30. In wild type DsbA, the titrations of C30 and H32 are shown to be coupled; the protonation states and dynamics of
H32 are examined. The thiolate of C30 is stabilized by hydrogen bonds with the protein. Modulation of these hydrogen bonds by
alteration of residue X32 has the greatest impact on the pK of C30, which rationalizes its higher pK in thioredoxin and
tryparedoxin. Because of structural constrains, residue X31 has only an indirect and weak influence on the pK of C30. The
dynamics of C30 is clearly related to its stabilizing interactions and pK value. Although relatively small differences between pKs
were not reproduced in the calculations, the major trends are explained, adding new insights to our understanding of enzymes in
this family.

The redox homeostasis of cells is highly regulated, and
understanding the biochemical factors and interactions

which control these redox properties is an area of intense
research.1,2 Equilibria between the thiol and disulfide forms of
cysteine residues are major and essential components of the
cellular redox environment. These equilibria are regulated by
thiol-disulfide oxidoreductases. Many of these redox enzymes
are structurally related to thioredoxin (Trx) and thus comprise
the thioredoxin superfamily.3,4 Most oxidoreductases of the
thioredoxin superfamily contain the -C-X1-X2-C- motif in their
active site, which is directly involved in the chemistry
controlling the redox state, dithiol or disulfide, of their
substrates. In addition to thioredoxin, enzymes in this
superfamily include tryparedoxins,5 glutaredoxins,6 protein
disulfide isomerase (PDI),7 and DsbA.8 These enzymes have
markedly different reactivity, substrate selectivity, and redox
potentials. Considerable efforts are directed at understanding
the molecular determinants of these properties and why they
vary across the thioredoxin superfamily.3,9−11

It is well recognized that the pK of the N-terminal cysteine of
the −C−X1−X2−C− motif is critical to the chemistry and
redox properties of the thiol-disulfide oxidoreductases.3,10−12

This pK is lower than the pK of a free cysteine, especially in
DsbA. Measured values of the pK of this N-terminal active site
cysteine range from ∼7.2 in tryparedoxin5 and ∼6.7 in Trx13 to

between 3.28 and 3.5 in E. coli DsbA.8,10,11,14 The thiol pK is a
key determinant of the chemistry of the sulfur atom, as a
lowered pK affects both nucleophilicity and leaving group
ability of the associated thiolate.13,15−17 Thus, the pK of the N-
terminal cysteine of the −C−X1−X2−C− motif is an
important factor contributing to modulate the redox properties
of the corresponding enzymes.9,14,18,19 The factors which
control this pK are debated.3,9,20−22 They could involve
electrostatic interactions with other charged side chains,23 the
influence of a helix macro dipole,20,24 or direct hydrogen bonds
which stabilize the thiolate sulfur.22 Recent studies with
glutaredoxins22,25,26 and model systems27 have highlighted the
importance of direct hydrogen bonds to the thiolate. This
suggests that residues X1 and X2 of −C−X1−X2−C− could
both strongly influence the cysteine pK via direct contacts. Yet,
the respective roles of X1 and X2 are poorly understood.
There is a wealth of experimental data pertaining to the pK

of the active site N-terminal cysteine (C30) of E. coli DsbA and
its mutants.8,10,11,14 DsbA catalyzes the formation of protein
disulfide bridges in the periplasm of gram-negative bacteria2,28

and is one of the most investigated model systems to
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understand the chemistry and function of thiol-disulfide
oxidoreductases. The active site of wild type (WT) E. coli
DsbA contains the redox-active −C30−P31−H32−C33−
sequence. DsbA is a very oxidizing enzyme,2,12,29 which is
partially attributed to the unusually low pK of its cysteine
C30.11,12,14,18 A value of 3.5 was initially measured for the pK of
C30,8 essentially consistent with subsequent measure-
ments.10,11,14

Crucially, the pK of C30 has also been determined for a good
number of E. coli DsbA mutants,11,14,30 providing a wealth of
experimental data for theoretical analysis. Most of these
mutants were obtained by changing residues −X31−X32− in
the −C30−X31−X32−C33− active site motif, to mimic the
active site of other enzymes of the Trx superfamily,11 or by
random mutagenesis.14 These −X31−X32− mutants all
increased the pK of Cys30 to various degrees, with some
mutants resulting in striking upward pK shifts. The electrostatic
contribution of E37 and E38 to the pK of C30 was also
investigated by experimental mutagenesis, but these mutants
shifted the pK of C30 by 0.5 pH units at most.30 The −X31−
X32− mutations are arguably the most interesting since they
modify the core of the active site, provide models for other
enzymes, and offer a systematic series to study the factors
influencing the pK of C30. Also, a correlation was found
between the redox potential and the pK of C30 for the −X31−
X32− mutants of DsbA,11,14 consistent with a comparison of
wild type DsbA to thioredoxin.18 Therefore, the −X31−X32−
DsbA mutants are of clear interest for the molecular biology of
redox thiol-disulfide regulation. Unfortunately, the dearth of
structural information on the −X31−X32− mutants of DsbA
has limited the interpretation of their properties. However,
several experimental structures of reduced wild type DsbA are
available, including X-ray20 and NMR31 structures. X-ray
structures of three H32 mutants in the oxidized form have
also been discussed.32

Several theoretical investigations addressed the ionization
behavior of the active site of wild type and mutated DsbA.
Pioneering electrostatic calculations exploited X-ray structures
to yield important insights about the influence of the protein
environment on the ionization of C30.18,33,34 Taking the pK
value of C30 of the wild type E. coli DsbA as the reference, the
shifts of the ionization constant of this residue were evaluated
for different mutants, after generation of multiple side chain
rotamers for the -X1-X2- residues in a rigid protein framework.9

Other calculations gave a pK of 3.7 for C30 in wild type E. coli
DsbA35 but did not analyze the physical factors determining the
ionization behavior of C30.
The physical factors determining the ionization equilibria in

proteins appear largely understood,36−39 although the pre-
diction of strongly shifted pK values, for instance for groups
buried in the protein interior, still faces serious difficulties.
Different computational approaches reproduce the experimen-
tal values with an average error of about 0.6 pH units.40 The
error in predicting pK values for buried sites is higher, about 1.0
pH units.41−43 This seemingly large error corresponds to
relatively small changes of the free energy of protonation/
deprotonation, i.e., a 0.5 unit change in pK corresponds to a 1
kcal/mol free energy change. Therefore, accurate predictions of
pK values in proteins remain challenging because they require
the evaluation of a delicate balance between various factors, the
result of which is small. Despite these limitations, current
computational methods and force fields for calculation of
charge−charge interactions and desolvation contributions (the

main contributors to pK shifts) yield reasonable results, when
based on sound structural information. Indeed, the computed
pK values are very sensitive to the three-dimensional structure
used to perform the calculations.22,44−48 The pK shifts caused
by side chain conformational transitions, and the corresponding
change in solvent accessibility of the titratable groups, can result
in pK shifts as large as 2 pH units.49 Thus, a major avenue
toward improving the accuracy of pK calculations is to address
the influence of conformational flexibility of proteins.
Molecular dynamics (MD) simulation is a powerful method

for investigating the structural flexibility and how it affects
ionization equilibria. Simulations in explicit solvent can yield
convincing dynamic structural models, including local adjust-
ements resulting from one or a few mutations. Coupling pK
calculations with MD gives in general a better agreement with
the experimental data,22,50−56 but there are also limitations.
Insufficient conformational sampling would bias the resulting
conformational ensemble toward the starting conformer. This,
however, is a lesser issue with modern simulations over several
tens of nanoseconds. Such simulation length tends to be
adequate to sample side chains conformations in the active site
of enzymes of the thioredoxin superfamily.25,48,52 Another
concern is the selection of fixed protein protonation state for
the simulations. Indeed, pK calculations involve pH titrations,
and the true conformational spaces corresponding to different
pH regions may differ. This issue has been approached by
constant pH MD simulations,57 by introducing partial
protonation58 or by allowing the protonation state to
fluctuate.41,59 Replica exchange MD has also been used to
better reflect the interrelationship between the protonation
state and the conformational space.60 Recently, we have
employed another approach based on multiple pH regime
MD simulation.61 It produces MD trajectories with different
fixed protonation states of the protein. This extends the
structural sampling by exploring conformers expected to be
populated at different pH. This approach was applied in the
present work, to the key H32 in the active site of wild type
DsbA (−C30−P31−H32−C33−) and its PDI-like mutant
(−C30−G31−H32−C33−).
Here, we present MD simulations in explicit solvent of

reduced wild type E. coli DsbA and 13 of its reduced active site
mutants. It provides additional insights in the structure and
electrostatics of the wild type active site, especially regarding
the conformational dynamics and interactions of H32. It also
offers novel structural information on the mutants which, to our
knowledge, is otherwise not available. This is valuable since
these mutants have played a key role in developing DsbA as a
major model system for the thioredoxin superfamily. The
structural models of the mutants are analyzed with a view to
understand their influence on the pK of C30. It emerges that
residue X31 does not significantly stabilize the thiolate, contrary
to residue X32 which can hydrogen bond the thiolate via its
backbone N32−H, and sometimes via its side chain. The ability
of various side chains at X32 to reach and hydrogen bond the
thiolate is discussed. The simulated structures are used as the
basis for pK calculations. The agreement between experimental
and calculated pKs is sufficient to allow a detailed explanation
of the low pK of Cys30 in wild type DsbA and an analysis of
how the titrations of C30 and H32 are coupled. The
calculations suggest an unexpected low pK for H32, possibly
explaining older experimental data. For comparison, calcu-
lations based on a NMR structure of reduced DsbA are also
presented. Specific insights are gained into the balance of
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factors shifting the pK of C30 in DsbA mutants. It is found that
the dynamics of C30 is essential to explain the larger pK
differences across the series of mutants, with direct implications
for thioredoxin and tryparedoxin.

■ COMPUTATIONAL METHODS
Preparation of Initial Structural Models. The initial

model for wild type (WT) DsbA was derived from the X-ray
structure of reduced WT E. coli DsbA (PDB entry 1A2L, chain
A). The missing atoms in the X-ray structure were built with
the program MODELER.62 This curated WT structure was
used as the basis to build all of the 13 mutants by comparative
(homology) modeling, again with the program MODELER.
The mutants differ only by a change of the two −X31−X32−
residues in the active site −C30−X31−X32−C33− sequence.
With such minor changes, comparative modeling is expected to
provide fairly reliable initial structural models for the mutants.
For each mutant, 10 homology models were generated with
MODELER, but little variation across models was observed.
The model with the best score according to the MODELER
objective function was selected. Visual inspection of the
selected models confirmed that they were reasonably built.
Then, the −C30−X31−X32−C33− sequence was energy-
minimized while keeping the rest of the protein fixed, with the
program CHARMM63 and its all-atom protein force-field.64,65

For the wild type (−C30−P31−H32−C33−) and the PDI-like
mutant (−C30−G31−H32−C33−), H32 was prepared in both
neutral (proton on Nδ of imidazole) and positively charged
states. Altogether, this led to 16 initial structural models, which
were then subjected to conformational sampling with molecular
dynamics.
Molecular Dynamics Simulations. The same MD

protocol was applied to the 16 systems, prepared as explained
above. All MD simulations were performed with the program
CHARMM and its all-atom protein force-field, a dielectric
constant of 1.0, and atom-based nonbonded interactions
truncated beyond 14 Å with force-shift.66 Nonbonded lists
were maintained to 16 Å and updated heuristically. There is
ample evidence that the force-shift spherical cutoff used in the
present work performs well, as well as the alternative PME
schemes also in use. This is documented by detailed studies,
which compared force-shift spherical cut-offs to PME and
concluded that both schemes work equally well.67−69 In
addition, a recent study of a DNA oligomer in solution
obtained very similar results with either CHARMM and the
force-shift cutoff or AMBER and PME.70 Also, the force-shift
spherical cutoff was used across a series of studies on proteins
in the Trx superfamily. These studies characterized the
structure, dynamics, and pKa’s of the ionized active-site
cysteines, alongside detailed comparisons to experimental
observables.22,25,52,71,72 In every case, excellent agreement was
found between simulations and experiment, even in predictive
mode. This is a very strong validation of the force-shift
spherical cutoff. Therefore, we continue to use this cutoff in the
present work for reasons of consistency and to allow for
comparisons across different proteins of the Trx superfamily.
C30 was treated as a thiolate in all systems, using the

appropriate CHARMM nonbonded parameters.22 All other
titratable groups were assigned their conventional protonation
state at pH 7, except His32 which was either neutral or
positively charged. The initial orientation of the H32 side chain
was such that the imidazole Nδ

32−H pointed toward the sulfur
of C30.

All simulations were performed in explicit water using the
TIP3P model73 with sodium counterions added to neutralize
every system. Periodic boundary conditions were applied with a
rhombohedric dodecahedron primary cell. The distance normal
to two opposing faces of the dodecahedron was 80 Å, allowing
for ample solvation of the protein. Covalent bonds involving
hydrogen were constrained with SHAKE.74

First, the solvent was energy minimized keeping the protein
fixed. In a second round of energy minimization, both the
solvent and the protein were allowed to relax. Each system was
then subjected to MD simulations, using the leapfrog integrator
and a 0.002 ps time step. Heating to 300 K was performed in 30
ps, with the protein atoms harmonically constrained to their
initial position with a force constant of 2.0 kcal/mol/Å2. Each
simulation was pursued at 300 K in the NVE ensemble for 20
ps, with the constraints on the protein kept. This was followed
by unrestrained MD in the NVE ensemble during at least 120
ns for every system (Table 1).

Structural Analyses. We follow the standard recommen-
dation for structural descriptions.75 For torsion angles, the
gauche minus (g−) and gauche plus (g+) ranges are defined as
−60° ± 30° and 60° ± 30°, respectively.
Hydrogen bonds to the sulfur were identified using a

distance cutoff of 4.0 Å between sulfur and heavy atom
hydrogen bond donor D, combined with angular conditions S···
H−D ≥ 120.0° and C−S···H ≥ 70.0°, consistent with previous
studies.25,48,52

Ionization Equilibria. The ionization equilibria of the
individual titratable groups were calculated using the multiple
hydrogen location approach.76 This approach distinguishes
alternative positions of the polar hydrogen atoms, such as
binding to one or the other oxygen atoms of carboxyl groups,
histidine tautomers, hydroxyl group rotamers. All these are
treated as microscopic states of the individual functional
groups. The output of the computations is the pH dependence
of the probability for a given microscopic state to be occupied,
piα (pH), where the index i enumerates the ionizable groups in
the protein, whereas α indicates its microscopic state (for
instance protonated or deprotonated). That is, the approach
gives the titration curves of the individual functional groups,
rather than their pK values. The method applied in the current
work is as described in refs 47, 61, 76, and 77. The calculations
for DsbA were performed in an initial grid box (99 × 99 × 99)
with a grid size of 1.69 Å. The charge−charge interactions were
calculated after focusing to a box with a grid size of 0.65 Å,
whereas the calculations of the self-energies were performed
after a third focusing on the geometrical centers of the
individual ionizable groups to boxes with a grid size of 0.25 Å.
The partial charges used in the pK calculations, including those
of the titratable functional groups, were taken from the
CHARMM22 all-atom force field.64 The van der Waals radii
were taken from Rashin et al.78 The solvent probe radius and
the thickness of the ion exclusion layer were 1.4 Å and 2.0 Å,
respectively. Relative dielectric constants of 78 for the solvent
and 4 for the protein were used, together with an ionic strength
of 0.12 M and a temperature of 298 K. The explicit treatment
of the protein dynamics with the MD simulations prior to the
pK calculations could in principle call for a lower value of the
protein dielectric constant, although the present value of 4 is
already toward the lower end of the possible range. A value of 4
was retained since (i) it is empirically consistent with the other
parameters involved in the pK calculations, (ii) it yielded good
agreement of the calculations with the well-established
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measured pK of wild type DsbA, and (iii) the interest in the
present work resides more with the relative than with the
absolute values of the pK of C30 across the various active sites.
The model pK values were taken from ref 79. For cysteines, a
model pK of 8.22 was used.80 For histidines, 3 model pK values
were used (7.1, 7.7, and 10.8) to take into account the different
proton affinities, alternative protonation sites, and second
deprotonation (which makes histidine negative), as previously
described.76

Coupling pK Calculations with MD Simulation. Protein
conformers (snapshots) were collected each 100 ps during the
20 to 70 ns period of each MD simulation (501 snapshots per
system). The populations of the microscopic states of the
individual groups are obtained by averaging over the number of
snapshots,

< > = ∑α
=

αM p
M

p: (pH)
1

(pH)
k

M

ki
1

i ,

As discussed earlier,61 one takes into account possible pH
induced conformational changes by generating snapshots from
MD runs with different initial protonation states of the protein
that correspond to different pH values. Since this investigation
is concerned with electrostatic interactions in the active site of
DsbA, particular care was paid to the protonation state of H32
because it is in close vicinity of the catalytic C30 and is known
to markedly stabilize the reduced form of E. coli DsbA.32

Therefore, two sets of snapshots were used to calculate the
titration curve of C30 in WT DsbA: set SP from the simulation
with H32 protonated and set SN with H32 neutral. The final piα
is obtained by weighting <piα,k (pH)> calculated from the two
sets according to the deprotonation curve of H32:

= < >

+ − < >
α α

α

p W p

W p

(pH) (pH) (pH)

(1 (pH)) (pH)i

i i SP

SN (1)

If we consider the ionization of C30 only, the above general
expression becomes

= < >

+ − < >
α α

α

p W p

W p

(pH) (pH) (pH)

(1 (pH)) (pH)

(C30) (C30) SP

(C30) SN (2)

where α denotes the deprotonated microscopic state of the
thiol group and p(C30),α is the population of this microscopic
state. The midpoint of p(C30),α(pH) is then considered as the
pK value of this group. In the above equation, the population
<p(C30)α (pH)>SP from set SP dominates at low pH, while
<p(C30)α (pH)>SN dominates at high pH.
Since the two sets SP and SN give different ionization curves

(see Figure 5 and the associated discussion) the weight,
W(pH), used in the equation above is taken as the average of
the corresponding deprotonation curves of H32:

= < > + < >α αW p p(pH) ( (pH) (pH) )/2(H32) SP (H32) SN

(3)

The microscopic state α in the above equation corresponds to
the protonated imidazole of H32.

■ RESULTS AND DISCUSSION
Table 1 presents the investigated DsbA systems. In this work,
the experimentally measured pK are denoted as pKexp, while
pK1/2 refers to the calculated ionization equilibria. Several of the

14 investigated sequences were meant to model the active sites
of other redox enzymes,11 namely, PDI, glutaredoxins,
thioredoxins, and some thioredoxin reductases. The −C30−
P31−P32−C33− sequence produced by random mutagenesis14

turned out to be biologically relevant since it is also present in
tryparedoxins.5 The pKexp of the N-terminal cysteine C40 in
tryparedoxin is 7.2, close to its counterpart in the DsbA mutant
(pKexp = 6.73). The −C30−T31−R32−C33− sequence, also
initially generated by random mutagenesis, is present in human
thioredoxin reductase 1.81

We first present an MD-based structural analysis of the
reduced −C30−X31−X32−C33− motifs which, to our knowl-
edge, offers the first opportunity to visualize the structure and
dynamics of these DsbA mutants. It also provides qualitative
insights into the factors stabilizing the thiolate. This is followed
by a detailed quantitative analysis of the ionization properties of
C30 and H32 in wild type DsbA, with electrostatic calculations
based on the MD snapshots. For comparison, an equivalent
analysis is performed using an NMR structure of reduced DsbA.
Then, the quantitative analysis of the ionization properties of
C30 is extended to the mutants of the −C30−X31−X32−
C33− motif. This provides a context to discuss the factors
controlling the pK of C30, with implications for some key
functional properties of DsbA and other enzymes represented
by the mutants. It is also an opportunity to reflect on specific
methodological aspects underpinning pK calculations.

Structure and Dynamics of the Reduced −C30−X31−
X32−C33− Motifs in Wild Type DsbA and Its Mutants.
Figure 1 illustrates the structure and dynamics of the wild type
−C30−P31−H32−C33− motif, with H32 protonated (lower
pH) or neutral (higher pH). Exploring these two protonation
states of H32 is relevant to the pK calculations, in particular
regarding the conformational dynamics of H32, as further
elaborated in the next section. Figure 1 shows that the side
chains of the cysteines of −C30−P31−H32−C33− adopt well
defined conformations, with χ1 of C30 (χ1

30) and χ1 of C33
(χ1

33) populating almost exclusively the trans and g−

orientations, respectively (Table S1 in Supporting Informa-
tion). Figure 1 also shows that these cysteine conformations are
key to the formation of hydrogen bonds stabilizing the thiolate
of C30 (Table 2). The χ1

30 = trans conformation brings the
sulfur of C30 (S30

γ) to a position to accept hydrogen bonds
from the backbone amide N−H groups of H32 and C33. In
addition, χ1

33 = g− for C33 allows the thiol of C33 to donate a
hydrogen bond to the thiolate of C30. In the wild type
sequence, the thiolate receives a fourth hydrogen bond from
the imidazole side chain of H32. As would be expected, this
fourth hydrogen bond is formed more frequently when H32 is
protonated than when it is neutral (Figure 1 and Table 2).
Several groups of the imidazole of H32 could a priori hydrogen
bond the thiolate, namely, Nδ

32−H, Nε
32−H (protonated

imidazole only), Cδ
32−H, and Cε

32−H. The Cδ
32−H and Cε

32−
H groups were considered potential hydrogen bond donors
since it is well documented that polarized C−H groups have
some hydrogen bond donor character;82,83 that includes
aromatic C−H groups,84,85 especially if they are polarized by
electronegative heteroatoms like the nitrogen atoms of an
imidazole moiety. Indeed, analysis of the simulations indicates
that both Nδ

32−H and Cδ
32−H (but not Nε

32−H nor Cε
32−H)

hydrogen bond the thiolate. From an X-ray crystallography
point of view, both orientations of the imidazole (Nδ

32−H or
Cδ

32−H hydrogen bond to the thiolate) are isomorphous with
respect to the imidazole orientation (Figure S1, Supporting
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Information); therefore, it is likely that a Cδ
32−H···Sγ30

hydrogen bond would not be incompatible with the X-ray
data used to build the structure of reduced E. coli DsbA (PDB
entry 1A2L). When the Cδ

32−H hydrogen bonds the thiolate,
the Nδ

32−H is exposed to the bulk solvent and interacts with
the explicit waters around the protein. The approximate
frequency of interconversion between Nδ

32−H or Cδ
32−H as

hydrogen bond donors to Sγ30 can be inferred from plots of the
distances Nδ

32···S
γ
30 and Cδ

32···S
γ
30 (Figure S3, Supporting

Information). A distance of ∼3.5 Å between Sγ30 and Nδ
32 or

Cδ
32 corresponds to a hydrogen bond formed with Nδ

32−H or
Cδ

32−H, respectively. As can be seen from Figure S3
(Supporting Information), there were frequent exchanges
between Nδ

32−H and Cδ
32−H as the hydrogen bond donors

to Sγ30. This indicates that the observation of a Cδ
32−H···Sγ30

hydrogen bond does not result from the simulations being
accidentally trapped in this state, supporting further the notion
of a Cδ

32−H···Sγ30 hydrogen bond. Intriguingly, the simulations
suggest that the hydrogen bond with Cδ

32−H is formed more
frequently than with Nδ

32−H when the imidazole is protonated
(Table 2). Thus, it would be interesting if the existence of the
Cδ

32−H···Sγ30 hydrogen bond could be probed by NMR,
especially because the rate of occurrence of a Cδ

32−H···Sγ30

hydrogen bond in the simulations might be force-field
dependent. Yet, the stabilization of the thiolate by a C−H···S
hydrogen bond would be reminiscent of the situation in
glutaredoxins, where such an interaction has been proposed to
involve the tyrosine or phenylalanine at X2 in −C−P−Y/F−
C−,25 typical of glutaredoxins. The aromatic Cδ−H group of Y/
F at X2 may donate a weak nonconventional hydrogen bond to
the thiolate (Figure S2B, Supporting Information). Indeed, the
measured pK of C30 in the DsbA mutant with a glutaredoxin-
like sequence was 3.75, only marginally higher than the pKexp of
∼3.5 measured in WT DsbA (Table 1).
Overall, the structural analysis of wild type −C30−P31−

H32−C33− supports the notion that its cysteines populate one
overwhelmingly dominant conformation (χ1

30 = trans, χ1
33 =

g−) such that the thiolate is chelated by four frequently formed
hydrogen bonds, essentially consistent with previous observa-
tions by X-ray crystallography.20 This stabilization of the
thiolate by local hydrogen bonds provides a strong qualitative
explanation for the low pK of C30. In addition, the total count
of hydrogen bonds to the thiolate in the wild type is larger than
that with the mutants (Table 2 and Figure 2), consistent with
C30 in the mutants having a pK always higher than that in the
wild type.
The structural theme observed with the wild type is partly

transferable to the mutants, although with some informative
variations (Figure 2 and Figure S2, Supporting Information).
Thus, C33 maintains its overwhelming preference for χ1

33 = g−

across all mutants (Table S1, Supporting Information). C30
also remains essentially in χ1

30 = trans, but this trend is
weakened for the −C30−G31−P32−C33− (Trx-like) and
−C30−P31−P32−C33− (tryparedoxin-like) mutants (Figure
3). The presence of P32 in these mutants removes the
possibility of a N32−H···Sγ30 hydrogen bond, thereby
weakening the preference for χ1

30 = trans. This is consistent
with χ1

30 populating the g− and “other” ranges more frequently
in −C30−G31−P32−C33− and −C30−P31−P32−C33− than
in the other sequences. Removal of the N32−H···Sγ30 hydrogen
bond explains qualitatively why the pK of C30 is clearly higher
in −C30−G31−P32−C33− and −C30−P31−P32−C33− than
those in other sequences (Table 1). Interestingly, the pK of
C30 is 0.52 units higher in −C30−P31−P32−C33− than in
−C30−G31−P32−C33− (Table 1); however, it cannot be
rationalized by the removal of a further hydrogen bond
between the thiolate and N31−H. Indeed, a hydrogen bond
between N31−H and Sγ30 is virtually never formed (Table 2 and
Figure 2), even when X31 is not a proline. Nevertheless, in the
simulations C30 populates χ1

30 = trans significantly less in
−C30−P31−P32−C33− (73% of the time) than in −C30−
G31−P32−C33− (96%), which in turn decreases the
frequency of the N33−H···S30γ and Sγ33−H···Sγ30 hydrogen
bonds (Figure 2 and Table 2). This subtle dynamical effect and
its influence on thiolate stabilization could not be inferred from
a straightforward examination of the sequences or from the
initial homology models. It was only revealed when simulating
the dynamics of the active sites and would presumably be
difficult to detect experimentally. In sum, the structural models
generated by the MD simulations (Figure 2) and the associated
hydrogen bond frequencies to the thiolate (Table 2) offer a
convincing qualitative explanation for the markedly higher pK
of C30 in −C30−G31−P32−C33− and −C30−P31−P32−
C33− than those in other sequences. Similar arguments are
likely to be transferable to thioredoxins and probably rationalize

Figure 1. Structure and dynamics of the active site −C30−P31−H32−
C33− motif in reduced wild type E. coli DsbA from MD simulations.
The MD snapshots taken every nanosecond for −C30−P31−H32−
C33− are shown with a protonated H32 (panel A) or a neutral H32
(panel B). Panel C illustrates a hydrogen bond between the thiolate of
C30 and the Cδ−H group of the H32 imidazole side chain. For clarity,
only selected hydrogen atoms are shown (light gray). The hydrogen
bonds are depicted as black dotted lines. Carbon atoms are green,
nitrogen atoms blue, oxygen atoms red, and sulfur atoms yellow.
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the relatively high pK of 7.2 of the catalytic C40 in
tryparedoxin.5

Thus, the count of hydrogen bonds to Sγ30 separates rather
well the active site sequences in three pK groups (Figure 4),
that is, (i) the lowest pK values (wild type and PDI-like), (ii)
the intermediate pK values (from 3.71 to 4.86, most mutants),
and (iii) the highest pK values (pK > 6.2, mutants −C30−
G31−P32−C33− and −C30−P31−P32−C33−). However, a
simple count of hydrogen bonds does not immediately
rationalize the small pK differences between mutants in the
intermediate range of pK values (Figure 4). Yet, one notes that
the total frequency of hydrogen bonds formed by the thiolate is
lower with −C30−G31−H32−C33− (model for PDI) than
with the wild type −C30−P31−H32−C33−, despite both
sequences having H32. PDI is an important enzyme involved in
the formation and breakage of disulfide bonds in the
endoplasmic reticulum of eukaryotic cells.1 That the PDI
sequence has the pK of C30 closest to that of DsbA is
consistent with both enzymes having the same four hydrogen
bond donors to Sγ30, including H32. This high similarity implies
that the small pK difference between the two enzymes must
result from very subtle factors. There is no difference between

the overall conformations of the cysteine side chains between
DsbA and PDI (Table S1, Supporting Information). Never-
theless, hydrogen bonds to the thiolate are formed slightly less
frequently in PDI than in DsbA (Table 2). It reflects small
differences in the dynamics of the two active sites, i.e., the PDI
site fluctuates more, with more frequent short-lived disruptions
of hydrogen bonds to Sγ30. This is in tune with P31 in DsbA
being replaced by G31 in PDI since a glycine backbone is less
constrained than that of a proline. No conformational transition
was observed for the backbone torsions of G31; however,
greater motions in the backbone of G31would suffice to make
the PDI site looser than that in DsbA. This suggests another
example of the fine-tuning of a pK by the protein dynamics.
Another aspect which was expected to influence the pK of

C30 in the mutants is potentially the various degrees of
hydrogen bonding of the thiolate by the −X31−X32− side
chains. However, analysis of these putative hydrogen bonds
shows that they are very rarely formed (Table 2, Figure 2, and
Figure S2, Supporting Information), in contrast with H32 in
the wild type and PDI sequences. Polar side chains at position
X31 never hydrogen bond Sγ30, simply as a geometrical
consequence of the orientation of these side chains. This is

Table 2. Hydrogen Bondsa between the Active Site Thiolate Sulfur and the −C30−X31−X32−C33− Motif in MD Simulations
of DsbA

backbone N−H hydrogen bond
donors side chain hydrogen bond donors

sequenceb N31−H N32−H N33−H side chain of X31d side chain of X32d thiol Sγ33−H of C33 totalf

−C30−PH−C33− H32 protonated NAc 97.2 88.6 NAc 44.5 (Cδ
32−H) 40.3 278.6

8.0 (Nδ
32−H)

0.0 (Nε
32−H)

0.0 (Cε
32−H)

−C30−PH−C33− H32 neutral NAc 94.3 83.9 NAc 16.9 (Cδ
32−H) 44.9 258.8

16.8 (Nδ
32−H)

0.0 (Cε
32−H)

−C30−GH−C33− H32 protonated 0.0 96.4 86.2 NAc 39.9 (Cδ
32−H) 39.0 268.5

7.0 (Nδ
32−H)

0.0 (Nε
32−H)

0.0 (Cε
32−H)

−C30−GH−C33− H32 neutral 0.1 95.2 83.6 NAc 15.8 (H−Cδ
32) 40.1 204.9

10.2 (H−Nδ
32)

0.0 (H−Cε
32)

−C30−PY−C33− NAc 92.5 86.9 NAc NAc 47.2 226.6
−C30−SV−C33− 0.0 90.5 83.1 0.0 (Oγ

31−H) NAc 43.8 217.4
−C30−AT−C33− 0.0 84.4 88.9 NAc 3.0 (Oγ

32−H) 48.5 224.8
−C30−SF−C33− 0.0 88.5 84.2 0.0 (Oγ

31−H) NAc 46.0 218.7
−C30−PL−C33− NAc 92.0 87.5 NAc NAc 45.4 224.9
−C30−ST−C33− 0.0 85.2 90.0 0.0 (Oγ

31−H) 3.0 (Oγ
32−H) 49.4 227.6

−C30−QL−C33− 0.0 84.9 84.2 0.0 (Nε
31−H) NAc 44.7 213.8

−C30−TR−C33− 0.0 87.1 87.0 0.0 (Oγ
31−H) 1.9 (Nε

32−H) 45.9 223.6
1.7 (Nη2

32−H)
0.0 (Nη1

32−H)
−C30−PG−C33− NAc 97.1 90.1 NAc NAc 40.9 228.1
−C30−LT−C33− 0.0 81.0 86.6 NAc 2.8 (Oγ

32−H) 47.8 218.2
−C30−GP−C33− 0.0 0.0 47.6 NAc NAc 50.3 97.9
−C30−PP−C33− NAc NAc 28.3 NAc NAc 33.4 61.7

aReported in percent of the time the hydrogen bonds are formed during the simulations. bThe systems are presented by increasing experimental
pKexp for C30 (see Table 1). cNA not applicable, i.e., when a hydrogen bond donor is not available. dThe hydrogen-bonding groups are given in
parentheses; each hydrogen-bonding group is listed individually when a side chain contains several. For the imidazole of H32, groups Cδ

32−H and
Cε

32−H were considered as potential hydrogen bond donors. For the phenyl of Y32 in −C30−P31−Y32−C33−, the Cδ
32−H was not included as

hydrogen bond donor; see the main text and Figure S3B (Supporting Information) for a discussion of this point. fTotal is the cumulated frequencies
(in percent of the time) for formed hydrogen bonds and can thus be greater than 100%.
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illustrated with −C30−Q31−L32−C33− in Figure 2A. Q31
has a long flexible side chain with an amide hydrogen bond
donor, but this side chain is projected away from C30 such that
it cannot reach the thiolate. The same was observed when X31
was a serine (Figure S2, Supporting Information). Therefore,
position X31 cannot be used to tune the thiolate pK by direct
hydrogen bonding to Sγ30 since both the side chain and the
backbone of X31 are sterically precluded from forming such
hydrogen bonds. However, as proposed above, position X31
can influence the pK indirectly by tuning the dynamics of the
site.
At position X32, the mutants only explored polar side chains

H32 (PDI-like), T32 and R32. T32 was present in −C30−
A31−T32−C33−, −C30−S31−T32−C33−, and −C30−L31−
T32−C33−, where the hydroxyl Oγ

32−H of T32 hydrogen
bonded Sγ30 ∼3% of the time. The rarity of these interactions is
consistent with higher C30 pKs in these mutants than those in
the wild type and PDI sequences. Another side chain of interest
is R32 in −C30−T31−R32−C33− since this motif is present in
human thioredoxin reductase 1 and because the role of charged
side chains in stabilizing the thiolate in the thioredoxin
superfamily has been an ongoing debate. Since R32 is positively
charged, one might have expected that it would lower the pK of
C30 relative to other mutants, but that is not the case. The
measured pKexp of C30 is 4.76 in −C30−T31−R32−C33−,
higher than in most mutants with a neutral side chain at
position X32 (Table 1). Thus, the positive charge of R32 does
not strongly influence the pK of C30. This can be understood

Figure 2. Structure and dynamics of the active site −C30−X31−X32−
C33− motifs in selected DsbA mutants from MD simulations. The
MD snapshots taken every nanosecond are shown for the mutants
−C30−Q31−L32−C33− (panel A), −C30−T31−R32−C33− (panel
B), −C30−G31−P32−C33− (panel C), and −C30−P31−P32−C33−
(panel D). For clarity, only selected hydrogens are shown (light gray).
The hydrogen bonds are depicted as black dotted lines. Carbon atoms
are green, nitrogen atoms blue, oxygen atoms red, and sulfur atoms
yellow.

Figure 3. Influence of the −C−X1−X2−C− active site sequence on the dynamics of the catalytic cysteine C30. The side-chain χ1 torsion of C30 is
plotted versus time, during the MD simulations of wild type DsbA (panel A, −C30−P31−H32−C33−), and the corresponding active site mutants
−C30−P31−G32−C33− (panel B), −C30−G31−P32−C33− (panel C), and −C30−P31−P32−C33− (panel D). The χ1 torsion populates almost
exclusively the trans orientation (180°) in the wild type −C−P−H−C− and mutant −C−P−G−C−. In contrast, the trans orientation is depleted in
mutants −C−G−P−C− and −C−P−P−C− due to χ1 also populating the g− orientation (∼300°). The shift from trans to g− reflects the disruption
of hydrogen bonds which stabilize the thiolate in the χ1 = trans orientation (Figures 1 and 2). This illustrates the subtle relationship between the
structure and dynamics of the −C−X1−X2−C− sequence and the pK of its N-terminal cysteine.
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qualitatively by visualizing MD snapshots of the −C30−T31−
R32−C33− sequence (Figure 2B). The side chain of R32 is
very mobile and spends most of the time pointing into the
solvent, away from Sγ30. In this orientation, the electrostatic
interaction between the R32 guanidinium and the thiolate is
mostly screened by the aqueous solvent separating these two
charges. A direct hydrogen bond between these two groups was
formed only ∼3% of the time. This is compatible with the pK of
C30 in −C30−T31−R32−C33− not being particularly low and
illustrates why long flexible charged side chains are not efficient
at stabilizing the thiolate.
In contrast, a tyrosine or phenylanine at position X2 allows

for a frequently formed Cδ
32−H···Sγ30 weakly polar interaction

(Figure S2B, Supporting Information), which probably
contributes to stabilize the thiolate,25 consistent with the
notably low pK of 3.71 for C30 in the glutaredoxin-like mutant
(−C30−P31−Y32−C33−). In Table 2 and Figure 4, the Cδ

32−
H···Sγ30 interaction was not included in the count of hydrogen
bonds to the thiolate, possibly resulting in an artificially too low
average frequency of hydrogen bonds to the thiolate for the
glutaredoxin-like mutant. In Figure 4, including Cδ

32−H···Sγ30
in the hydrogen bond count would shift the glutaredoxin-like
mutant closer to the PDI-like mutant and DsbA WT. This
would stress further the correlation between a low pK of C30
and a high average frequency of hydrogen bonds to this
thiolate. One might also speculate that by shielding the active
site from solvent further, a bulky aromatic side chain at position
32 might enhance local electrostatic interactions.

Overall, the simulations of the various −C30−X31−X32−
C33− motifs embedded in DsbA have yielded new insights
regarding their structure and dynamics, which are relevant to a
detailed understanding of their electrostatics. An examination of
the cysteine side chain conformational dynamics and the related
hydrogen bond patterns offers immediate insights regarding the
extreme stabilization of the thiolate in the wild type and its
lesser stabilization in the mutants. This supports the validity of
the structural models derived by simulations. It is, however,
important to keep in mind that the pK of C30 results from a
balance of several factors, including solvation. Thus, explicit pK
calculations are required to quantitatively approach the balance
of these factors and the resulting pK values (see below).

pH Related Conformational Flexibility of H32 in Wild
Type DsbA. A detailed treatment of the ionization properties
of the active site of wild type DsbA has to consider the
complication arising from two titratable groups in contact (C30
and H32) and hence the coupling between their titrations
under changing pH. Ideally, one would have to treat the effect
of the titration on the protonation states and resulting
adjustments in the conformational flexibility of all titratable
groups. However, pragmatically, only the protonation state of
H32 was varied in the setup of the MD simulations to reflect
pH differences. Two independent MD simulations were
performed, with a protonated H32 and another with a neutral
H32. These setups and MD trajectories are referred to as low
pH (protonated H32, snapshot set SP) and high pH (neutral
H32, set SN). In both pH regions, H32 adopts two groups of
conformations, the populations of which are pH dependent
(Figure 1). At low pH (SP), the conformers with the imidazole
hydrogen bonded to the thiolate are significantly more
populated than the conformers where the imidazole is more
solvent exposed without hydrogen bonding the protein. At high
pH (set SN), this second group of conformers (solvent
exposed) is more populated, and visual inspection indicates that
H32 is more flexible than at low pH (Figure 1). Hence, the MD
simulations suggest that the charged form of H32 is less flexible
and less accessible to the solvent than its neutral form. This
illustrates that addition of a charge on a residue is not
necessarily accompanied by a greater exposure of the charged
moiety to the aqueous solvent, even when that would be
sterically allowed. Thus, a direct contact between the
protonated imidazole of H32 and the thiolate appears
energetically more favorable than its extensive hydration. This
echoes an earlier inference which suggested an electrostatic role
for H32,32 also consonant with some experimental observations
on other systems.86,87

Ionization Properties of C30 and H32 in Wild Type
DsbA. Figure 5 shows the impact of conformational sampling
with the two H32 protonation states, SP and SN, on the
calculated ionization properties of H32. As expected, the set SN
results in a lower pK of H32, i.e., its neutral form is stabilized
relative to the protonated form in SP. Conversely, the snapshot
set SP stabilizes the protonated imidazole, consistent with more
frequent contacts with the thiolate. Following the approach
used in this study, we consider the average of the titration
curves calculated over the two sets SP and SN as the titration
curve of H32, which also determines the weight in eq 3 used to
calculate the ionization of C30 (eq 2). The average calculated
titration curves of H32 and C30 (Figure 5) do not obey the
Henderson−Hasselbalch equation since they are characterized
by two inflection points. The lower inflection points of both
curves are at pH ∼3.40, whereas the upper ones are at pH 6.70

Figure 4. Average number of hydrogen bonds formed with the thiolate
of C30 versus measured (black solid circles) and calculated (red stars)
pKs of C30. The average number of hydrogen bonds formed with the
thiolate was calculated based on the hydrogen bond donor groups
listed in Table 2 and averaged over the length of the MD simulations.
The mutants with the higher pKs for C30 are −C30−G31−P32−
C33− and −C30−P31−P32−C33− (top left), with an average
number of hydrogen bonds of 1.0 and 0.6, respectively. All other
mutants are characterized by a higher number of hydrogen bonds
(between 2.2 and 2.7) between C30 thiolate and the surrounding
protein. The wild type DsbA (bottom right) has the highest average
number of hydrogen bonds (2.8) and the most pronounced pK
downshift. Overall, the plot highlights that a higher number of formed
hydrogen bonds to the thiolate is associated with a lower pK of the
catalytic cysteine C30. The glutaredoxin-like sequence would fit better
with this trend if the Cδ

32−H groups of the phenol of Y32 were
included as hydrogen bond donors (see the main text and Figure S3B,
Supporting Information). The calculated pK is not available for the
−C−G−H−C− sequence.
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for C30 and at pH 6.47 for H32. In this way the two groups
mirror their ionizations. Usually experimental observations of
titration curves with two inflection points are interpreted as a
superposition of two separate, noncoupled, titration curves;
hence, two individual pK values are determined.88 The
alternative interpretation is that at least two closely situated
titratable groups show the so-called mutual buffering effect.38

That is, if the closely situated groups titrate within the same pH
region, the protonation of one of them inhibits the protonation
of the other(s) due to changing electrostatic influence and vice
versa. As a result, the titration curves of such coupled groups
have nonsigmoidal shapes. The conditions for this effect to
occur and a quantitative description were presented earlier.76

Such interpretation has so far relied on calculations on fixed
three-dimensional protein structures, ignoring possible pH
induced conformational responses. To our knowledge, the
present study is the first one where cooperative ionization is
theoretically described when pH induced conformational
changes are taken into account. Thus, the theoretical ionization
curves of C30 and H32 suggest that these titratable groups
remain coupled despite the conformational relaxation that H32
undergoes. We refer to this effect as cooperative ionization.
Since cooperative ionization results in a nonlinear dependence
of pK on pH, it is appropriate (as stated above) to use pK1/2,
i.e., the pH at which the titratable group is half protonated,
designated in Figure 5 as midpoint.
The calculated pK1/2 values of H32 and C30 are 6.18 and

3.73, respectively. The latter is very close to the experimental
value of 3.4214 (see also Table 1). Both values are shifted down
from their counterparts in model compounds. This is surprising
for H32 since chemical intuition would suggest that the
negative thiolate would shift the pK1/2 of H32 to higher values.
However, a detailed analysis of the calculations is required to
understand the subtle interplay between C30 and H32 (see
below). Interestingly, the calculated pK1/2 of H32 echoes the
experimental observation of a then “unknown group” titrating
at pK ∼6.7 which altered the reactivity of C30.8 Such a marked
influence on the reactivity of C30 suggests that this unknown
group is in the vicinity of C30. The present analysis suggests
that this group may well be H32. This possibility could be

tested experimentally by studying again the reactivity of C30
after mutating H32 to a nontitratable residue other than
proline.
Considering that H32 imidazole and C30 thiolate are close

neighbors, one would expect that the charged form of these
residues would stabilize each other. Therefore, at first glance,
the extremely low pK value experimentally observed for C30
would reflect the electrostatic influence of the protonated H32
imidazole. According to the calculations, however, H32 is only
partially protonated at the pH region where the deprotonation
of C30 takes place. Hence, the stabilization of the C30 thiolate
due to H32 reduces with increasing of pH. Thus, the very low
pK1/2 of C30 cannot be fully explained by a positive charge on
H32. Instead, the low pK1/2 of C30 originates mainly from the
electrostatic influence of the partial (nontitratable) charges in
its vicinity, including hydrogen-bonding dipoles. The section on
Structure and Dynamics of the Reduced −C30−X31−X32−
C33− Motifs above presented a qualitative interpretation of
such effects in structural terms and descriptions of hydrogen
bond counts between the thiolate and surrounding dipoles. The
electrostatic calculations allow for dissecting and quantifying
these contributions more precisely, with hydrogen-bonding
groups being represented by permanent partial charges. As seen
from Figure 6A, the pK shift resulting from the electrostatic
interactions between C30 and the matrix of partial (non-

Figure 5. Calculated titration curves of C30 and H32 in wild type
reduced E. coli DsbA. The curves for H32 are those obtained with MD
snapshot sets SP (blue), SN (red), and the average over the two sets
(black). For C30, only one titration curve (magenta) is shown, which
is weighted according to eq 2. The state of half protonation is marked
by the horizontal dotted line.

Figure 6. Calculated contributions to the shift of pK of specific
residues due to their desolvation (ΔpKBorn, filled circles) and
interaction with the permanent (nontitratable) charges (ΔpK,pc,
open circles). These are shown for C30 (panel A) and H32 (panel
B) in wild type DsbA (SP set), along the stretch of MD simulation
used for pK calculations.
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titratable) charges of the protein (ΔpKpc) is about −8.2, which
is far from compensated by the desolvation contribution (on
average ΔpKBorn ≈ 4.7). In this way, the intrinsic pK (see for
the definition of intrinsic pK ref 89 or 76) of C30 is down-
shifted to a value of 4.88.
H32 shares the same environment as C30; hence, the

nontitratable partial charges are expected to shift the ionization
equilibrium of H32 in a direction opposite to that of C30.
Indeed, for H32 both ΔpKpc and ΔpKBorn are negative (Figure
6B), thereby destabilizing the protonated form of H32. This
results in a down-shift of the intrinsic pK of H32 to a value of
4.42. This rationalizes the surprisingly low calculated pK1/2 of
H32. On the basis of these considerations, one can conclude
that the dramatic reduction of pK1/2 of C30 and the relatively
moderate reduction of pK1/2 of H32 are caused by their shared
polar environment. The larger shift obtained for C30 is due to
the burial of its side chain within an array of stabilizing
hydrogen-bonding dipoles. This illustrates the interest of
detailed pK calculations which allow one to dissect the various
physical contributions to a pK shift.
pK of C30 Calculated Based on an NMR Structure of

Wild Type DsbA. Three-dimensional protein structures
obtained by NMR spectroscopy provide information about
the conformations that proteins may adopt in solution. In this
context, a set of NMR conformers might be considered as an
alternative to the MD sampling of conformations. Indeed, a
previous study of three proteins found that pK values averaged
over NMR conformers were more accurate than those
calculated from a single crystal structure.90 Another study
found that, in the regions where NMR and X-ray structures
differed significantly, the pK values calculated with the X-ray
structures were in better agreement with the experiment.91

Indeed, there is much debate about the accuracy of the details
of protein NMR structures,92 and it has been suggested that pK
calculations can help test the chemical relevance of NMR
conformers.48,52,93

Thus, it is natural to investigate if calculations relying on an
NMR structure of reduced wild type E. coli DsbA31 (PDB entry
1A24, Figure S4 (Supporting Information)) can reproduce the
low pK value of C30. We have performed pK calculations on
each of the 20 NMR conformers, using the same protocol as
that with the MD snapshots. The calculated titration curves are
shown in Figure 7. The associated calculated pK1/2 values for
C30 cover a region from pH 5.7 and upward, with an average
pK1/2 of 7.3, well above the experimental pK value of ∼3.5
(Table 1). This average pK1/2 is only slightly lower than the
standard pK value of a free cysteine, reflecting weak stabilizing
interactions between C30 and the protein. Indeed, none of the
NMR conformers contains a hydrogen bond between C30 and
H32, the two functional groups being separated by 5 to 10 Å. In
addition, the C30 side chain points away from the neighboring
helical backbone amide N−H groups, so those groups are too
far to hydrogen bond Sγ30 (Figure S4, Supporting Information).
Consequently, the electrostatic stabilization of the thiolate is
severely diminished. Thus, the NMR conformers are
inconsistent with the low pK of C30. In addition, C30 was
modeled with a neutral thiol in the NMR structure, alongside a
charged H32. This combination of protonation states
corresponds to a pH region below the experimental pK of
C30, where the protein unfolds.94 In sum, the present analysis
indicates that the view given in Figure 1 provides a more
realistic picture of the reduced active site of E. coli DsbA in
solution since it is consistent with the low pK of C30.

Ionization of Cys30 in −C30−X31−X32−C33− Mu-
tants of DsbA. In most mutants (except −C30−G31−P32−
C33− and −C30−P31−P32−C33−), the measured pK of C30
is only slightly higher than that in the wild type, by 0.8 to 1.4
pH units (Table 1). This range of 0.6 pH units makes this set of
measured pKexp values particularly challenging for pK
calculations.21 Mutants −C30−G31−P32−C33− and −C30−
P31−P32−C33− stand out with their comparatively higher
measured C30 pKexp values, 6.21 and 6.73, respectively.
The pK values of C30 in the mutants were also calculated

and averaged based on MD snapshots and Poisson−Boltzmann
theory (Table 1). The calculated pKs are systematically larger
than their measured counterpart, by about one pH unit (Figure
4). Nevertheless, there is consistency between calculated and
experimental pKs for some broad trends. First, all of the
calculated pKs for C30 in the mutants are larger than that for
C30 in the wild type. Second, the calculated pKs of C30 in the
−C30−G31−P32−C33− and −C30−P31−P32−C33− mu-
tants are distinctively higher than those in the other mutants,
consistent with measurements. One notes that the calculated
pK differences for C30 between (i) the wild type and −C30−
G31−P32−C33−, (ii) the wild type and −C30−P31−P32−
C33−, and (iii) the wild type and the mutants with a pK in the
middle of the range (∼4.5) are much larger than the standard
error of the mean (typically ∼0.05 pK units, Table 1) for these
calculated pKs. Thus, the largest pK differences addressed in
the following are not obscured by the magnitude of the
fluctuations in the calculated pKs. A structural interpretation for
the two higher pKs has already been suggested above. It
proposes that the presence of a proline at position 32 removes
the backbone N32−H···Sγ30 hydrogen bond, thereby removing
an interaction which stabilizes the thiolate in other sequences.
For the other mutants, with measured pKs from 3.71 to 4.86

(Table 1), there is no discernible agreement in the ranking of
the calculated pKs compared to their measured counterparts
(Table 1 and Figure 4). This is not surprising, considering the
small differences between these pKs. Also, the corresponding
measurements may not be free of experimental uncertainties.
Still, the calculated pKs and their energetic components can
lend themselves to interesting insights, for instance with the
−C30−T31−R32−C33− mutant. It is remarkable that the pK
of C30 in −C30−T31−R32−C33− is up-shifted by more than
1 pH unit relative to that of the wild type, despite H32 being

Figure 7. Titration curves of C30 calculated with an NMR structure of
E. coli DsbA (PDB entry 1A24). There are 20 individual titration
curves (thin solid black lines), corresponding to the 20 conformers of
the NMR structure. The bold dashed-dot curve is the average over the
20 individual titration curves, and its intersection with the horizontal
dashed line corresponds to the average calculated pK1/2 = 7.3 for C30.
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substituted by another positively charged group. As already
noted above, in the simulated structure of −C30−T31−R32−
C33− the side chain of R32 points away from C30 and toward
the solvent most of the time (Figure 2B), hydrating its
guanidinium group. Since the influence of peripheral charged
side chains on the thiolate has been much debated, it is of
particular interest to compare the Coulombic interaction
energies between the thiolate and the charged imidazole
(wild type) and between the thiolate and the charged
guanidinium (−C30−T31−R32−C33−). Figure 8A shows

the time course of these interaction energies for the subset of
snapshots used in the pK calculations. The thiolate−
guanidinium interaction energy is weak most of the time
(time average = −0.9 kcal/mol) and clearly less favorable than
the thiolate−imidazole interaction energy (time average = −2.9
kcal/mol). The stabilization of the thiolate by R32 becomes
much stronger only transiently at ∼40 ns (Figure 8A), when
R32 hydrogen bonded the thiolate with an interaction energy
up to −8 kcal/mol. However, such a hydrogen bond has only a
weak statistical weight since it is a rare event. Thus, comparing

the influences of the imidazole and guanidinium emphasizes
again the importance of direct polar contacts to Sγ30 for
stabilization of the thiolate. Since the guanidinium of R32
hydrogen bonds the thiolate only rarely, the −C30−T31−
R32−C33− mutant behaves somewhat like mutants with
neutral side chains regarding the pK of C30.
Our theoretical interpretation developed with wild type E.

coli DsbA, i.e., that the local protein polar environment
dominates the pK down-shift of C30, is overall consistent with
our analysis of the pK values of C30 for the mutants. This is
apparent in the electrostatic interaction energies between the
thiolate sulfur and the protein permanent charges obtained as
part of the pK calculations. These charges are those which
remain unchanged during the protonation/deprotonation of
the titratable groups and comprise the partial charges
characterizing the polar covalent groups, including the
backbone amide N−H dipoles. Thus, the permanent charges
largely represent the hydrogen-bonding interactions. The time
course of the electrostatic interaction energies between the
thiolate and the permanent charges is plotted in Figure 8B for
the wild type and mutants −C30−P31−G32−C33−, −C30−
G31−P32−C33−, and −C30−P31−P32−C33−. Mutant
−C30−P31−G32−C33− is an interesting reference since it
has no side chain at position X2 of −C−X1−X2−C− and
therefore puts in perspective the stabilizing role of the side
chain of H32 in the wild type. −C30−P31−G32−C33− is also
a convenient control to interpret the thioredoxin-like −C30−
G31−P32−C33− since they have the same composition of
chemical groups but arranged differently around the thiolate.
The time-averaged interaction energies between the thiolate
and the permanent charges are −10.9, −10.1, −8.0, and −7.2
kcal/mol for −C30−P31−H32−C33−, −C30−P31−G32−
C33−, −C30−G31−P32−C33−, and −C30−P31−P32−
C33−, respectively. These interaction energies rank like the
associated C30 pKexp values, highlighting the strong influence of
the permanent charges (i.e., hydrogen bonds) on the thiolate
stabilization.
Comparing −C30−P31−H32−C33− to −C30−P31−G32−

C33− suggests that the H32 side chain stabilizes the thiolate by
approximately −10.9 − (−10.1) = −0.8 kcal/mol via neutral
polar contacts; H32 further stabilizes the thiolate via net
charge−charge interactions (Figure 8A). Thus, one can
essentially explain the higher pK of C30 in the mutants,
relative to wild type, as resulting from the lack of the direct
interaction between the H32 side chain and the thiolate. This is
consistent with the wild type and PDI-like mutant having both
H32 and the lowest measured pK of C30 among the mutants.
The mutants, however, still have low pK values for C30 since
most of them maintain the backbone N32−H···Sγ30 hydrogen
bond to the thiolate. The role of this interaction is reflected in
the less favorable interaction energy between the thiolate and
permanent charges in −C30−G31−P32−C33− (no N32−H···
Sγ30 hydrogen bond) relative to −C30−P31−G32−C33−
(N32−H···Sγ30 hydrogen bond present), by approximately
−8.0 − (−10.1) = 2.1 kcal/mol. This interaction energy is
even less favorable (0.8 kcal/mol higher) in −C30−P31−P32−
C33− than with −C30−P31−P32−C33−. This is consistent
with the more frequent disruption of the N33−H···S30γ and
Sγ33−H···Sγ30 hydrogen bonds in −C30−P31−P32−C33−,
related to the greater flexibility of C30 in −C30−P31−P32−
C33− than in −C30−G31−P32−C33− (see above and Figure
3). Altogether, the structural and energetic analyses point to a
dominant role of direct hydrogen bonds to the sulfur for

Figure 8. Electrostatic interaction energies (kcal/mol) calculated
between the thiolate of C30 and selected groups. The time course of
these energies is plotted for the MD snapshots used for the pK
calculations (every 100 ps from 20 to 70 ns). Panel A shows the
Coulombic interaction energy between the thiolate and the imidazole
of H32 in WT DsbA (green) and between the thiolate and the
guanidinium group of R32 in the −C30−T31−R32−C33− mutant
(magenta). These energies were obtained with a positive net charge on
both the imidazole and the guanidinium. Panel B shows the
Coulombic interaction energy between the thiolate and the protein
“permanent charges” used during the pK calculations, for WT DsbA
(green), the −C30−P31−G32−C33− mutant (black), the −C30−
G31−P32−C33− mutant (blue), and the −C30−P31−P32−C33−
mutant (red). The “permanent charges” are the partial charges
representing the covalent bond dipoles, including the backbone amide
N−H dipoles (but excluding the +1 or −1 charges resulting from
ionization upon changes in protonation state). The corresponding
average values are given in the main text.
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stabilization of its thiolate. This is consistent with an
interpretation of the structure and biochemical properties of
DsbA from N. meningitidis, where a threonine outside the −C−
X1−X2−C− motif donates yet another hydrogen bond to the
thiolate, resulting in a lower cysteine pK and a more oxidizing
enzyme.12

In sum, even though the calculations did not completely
reproduce the differences between measured pK values across
the mutants, the results still give interpretable insights into the
relative energetic contributions of specific interactions. The
analysis of the mutants stresses that the pK of C30 is much
more influenced by the residue at position X2 than by the
residue at position X1.

■ CONCLUSIONS
DsbA is an important enzyme in its own right but has also been
a major model system to investigate the active sites of
oxidoreductases across the Trx superfamily to understand
how their −C−X1−X2−C− motifs influence the pK of the key
catalytic cysteine. Thus, detailed experimental characterizations
of wild type E. coli DsbA and its mutants have long been
available. To complement and help interpret these experimental
data, the present work embarked on an extensive computational
analysis of these systems. This computational approach had
several aims, including gaining additional structural information
by MD simulations of wild type reduced DsbA and its mutants.
For the mutants, the structural insights obtained here are new
and comprehensive, and bridge a gap to provide a concrete
context to study the electrostatics of their active sites. A
detailed description of the salient structural and dynamical
features of these sites gives specific insights into the interactions
which stabilize the thiolate of C30 in the DsbA systems. This is
accompanied by detailed pK calculations to provide additional
physics based insights into the electrostatic factors at work. The
pK calculations emphasized the importance of direct polar
interactions with the thiolate, i.e., hydrogen bonds, as the
dominant factor decreasing the pK of C30.
Specific new findings regarding wild type DsbA include the

interaction between H32 and the thiolate via a C−H hydrogen
bond suggested by the simulations, with both protonated and
neutral H32. This might be probed by future NMR
experiments. Generating structural models with both the
neutral and protonated states of H32, to cover different pH
ranges relevant to pH titrations, provided a firm foundation for
the difficult treatment of the coupled titrations between C30
and H32. The calculated pK of C30 in wild type E. coli DsbA
was found in agreement with its experimental counterpart.
According to our calculations, this pK is primarily lowered by
hydrogen bonds between (i) the thiolate and the backbone N−
H group of H32, (ii) the thiolate and the backbone N−H group
of C33, and (iii) the thiolate and the imidazole of H32. The
thiol group of C33 also hydrogen bonds the thiolate in the MD
simulations. For H32, our study yielded a calculated pK1/2 =
6.18, suggesting that its imidazole is only partially protonated at
pH 7. Although this appears counterintuitive, it can be
rationalized by dissecting the factors which influence the
calculated pK1/2. Importantly, it echoes an early study of DsbA
which uncovered the titration of a then unknown group at pH
6.7.8 The present work suggests that H32 may be this group,
which could be tested by performing the same experiments8

with a DsbA mutant where H32 would be mutated. In addition,
calculations of the coupling between the titrations of C30 and
H32 anticipate departures from conventional sigmoidal

titrations for C30 and H32. Experimental characterization of
this effect would add to our understanding of DsbA and of
coupled titrations in proteins in general.
The MD structural models of the DsbA mutants clarified

important relationships between the structure and dynamics of
their −C30−X31−X32−C33− active sites and the factors
controlling the pK of C30. First, no hydrogen bond between
residue X31 and the thiolate was uncovered during the
simulations. The backbone N−H group of X31 is too far
from the thiolate and does not point toward the thiolate. The
side chain of X31 is projected away from the thiolate, into the
solvent. Therefore, residue X31 does not significantly stabilize
the thiolate. Instead, residue X32 can markedly stabilize the
thiolate directly, via a backbone N32−H···Sγ30 hydrogen bond
and interaction between Sγ30 and the side chain of X32.
However, the only side chain at X32 found so far to markedly
stabilize the thiolate is a histidine, for simple steric reasons.
Other investigated polar side chains at X32 did not have the
appropriate length or conformation to form long-lasting
hydrogen bonds to the thiolate. Instead, they hydrogen bonded
the thiolate only rarely and thus contributed little to lower the
pK of C30. Threonine at X32 is too short to reach to the
thiolate. Arginine at X32 is long and flexible enough to reach
the thiolate, but the simulations show that R32 prefers to adopt
another orientation, where its guanidinium points into the
aqueous solvent. Thus, in the mutants X32 mainly lowers the
pK of C30 via its backbone N32−H···Sγ30 hydrogen bond.
When X32 is a proline, the N32−H···Sγ30 hydrogen bond is

removed, and the pK of C30 is distinctively higher, as
evidenced by DsbA mutants −C30−G31−P32−C33− and
−C30−P31−P32−C33−. This most likely explains the
relatively high pKs of the catalytic cysteine in thioredoxins
(−C−G−P−C− motif) and tryparedoxin (−C−P−P−C-
motif). Removal of the N32−H···Sγ30 hydrogen bond
destabilizes the χ1

30 = trans conformation of C30, in favor of
the χ1

30 = g− conformation. This increase in the χ1
30 = g−

population disrupts two other stabilizing hydrogen bonds
between the thiolate and C33 (backbone N33−H···Sγ30 and
thiol Sγ33−H···Sγ30), further increasing the pK of C30.
Therefore, X32 is clearly more relevant than X31 in controlling
the pK of the catalytic cysteine. The second residue critical to
the stabilization of the pK is C33, also via hydrogen bonds. C33
was not varied in the present work, but its mutation to alanine
in homologous enzymes is known to increase the pK of the
catalytic cysteine. In sum, the present work proposes that the
pK of C30 in wild type E. coli DsbA and mutants is primarily
lowered by residues X32 and C33. The influence of X31 is
much weaker but can be indirect and subtle, as illustrated when
comparing −C30−P31−H32−C33− to the PDI-like sequence
−C30−G31−H32−C33−. The P31 to G31 substitution
influences the stiffness and dynamics of the site, resulting in
slightly less frequent hydrogen bonds to the thiolate in the PDI-
like sequence. The notions developed here on the respective
roles of X31, X32, and C33 regarding thiolate stabilization
should be largely transferable to other enzymes featuring −C−
X1−X2−C− motifs.
The influence of protein structural details and their dynamics

on the pK is only one of the factors hampering the very
accurate calculation of pKs. Other factors touched upon in the
present work include the need, in principle, to obtain structural
ensembles at different pH regimes. Therefore, it is not
surprising that the calculated pKs departed somewhat from
their measured counterparts. Thus, accurate predictions of
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small pK differences for these systems is still elusive. Yet, the
Poisson−Boltzmann calculations provided valuable insights to
dissect the various physical contributions to the pK shifts.
Although small pK differences are difficult to calculate

accurately, it is encouraging that the pK calculations obtained
the correct ranking between three main categories, i.e., (i) wild
type DsbA (lowest C30 pK), (ii) mutants −C30−G31−P32−
C33− and −C30−P31−P32−C33− (distinctively highest C30
pKs), and (iii) other −C30−X31−X32−C33− mutants
(intermediate C30 pKs). Being able to discriminate between
a pK of ∼3.5 and a pK of ∼6.0 is relevant to the thioredoxin
superfamily since it includes enzymes with catalytic cysteines at
the two extremes of this range and beyond.26 Therefore, the pK
calculation protocols employed here should prove helpful for
future investigations of thiol-disulfide oxidoreductases.
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