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Introduction

The catalytic domains of the protein disulfide isomerases (PDI)
share structural homology with other members of the thiore-
doxin superfamily, all of which bear an active site containing a
C-X-Y-C sequence. The redox potentials among the members
of this family vary by more than 150 mV, which corresponds to
a difference in equilibrium constants of more than 105 for the
two-electron transfer reaction at 25 8C. This variation in redox
potentials largely arises from differences in the thiol pK value
of the N-terminal cysteine,[1,2] which serves as the primary
ACHTUNGTRENNUNGnucleophile that attacks the disulfide linkages of the protein
substrate. As a result, the pK of this cysteine thiol provides an
indication of whether these proteins will act predominantly as
oxidants or as reductants under physiological conditions. Con-
siderable effort in electrostatic modeling has been applied to
predicting the varying pK values of the N-terminal cysteine
among the PDIs and their thioredoxin relatives.[3–6]

More directly germane to the catalytic reactivity of these en-
zymes is the active-site stabilization of the linear trisulfur tran-
sition state that forms during the thiolate–disulfide exchange
reaction. The majority of the negative charge density from the
incoming thiolate is shared between the terminal cysteines of
this SN2 reaction complex.

[7] Enzymatic catalysis could be facili-
tated by establishing a diffuse positive electrostatic potential
within the active site to complement the diffuse negative
charge density of the trisulfur complex. As illustrated in the
recent X-ray structure of the PDI from Saccharomyces cerevisiae
(PDB code: 2B5E),[8] the sulfur of the N-terminal cysteine of the
a domain active site is positioned above the amide groups
from the initial turn of the a2-helix (Figure 1). Wada

[9] first pro-
posed that the parallel arrangement of the individual peptide
dipoles would give rise to a helix macrodipole, and Hol[10]

The nucleophilic Cys36 thiol of the human protein disulfide iso-
merase a domain is positioned over the N terminus of the a2

helix. Amides in the active site exhibit diffusion-limited, hydrox-
ide-catalyzed exchange, indicating that the local positive electro-
static potential decreases the pK value for peptide anion forma-
tion by at least 2 units so as to equal or exceed the acidity of
water. In stark contrast to the pH dependence of exchange for
simple peptides, the His38 amide in the reduced enzyme exhibits
a maximum rate of exchange at pH 5 due to efficient general
base catalysis by the neutral imidazole of its own side chain and
suppression of its exchange by the ionization of the Cys36 thiol.

Ionization of this thiol and deprotonation of the His38 side chain
suppress the Cys39 amide hydroxide-catalyzed exchange by a
million-fold. The electrostatic potential within the active site
monitored by these exchange experiments provides a means of
stabilizing the two distinct transition states that lead to substrate
reduction and oxidation. Molecular modeling offers a role for the
conserved Arg103 in coordinating the oxidative transition-state
complex, thus providing further support for mechanisms of disul-
fide isomerization that utilize enzymatic catalysis at each step of
the overall reaction.

Figure 1. Active site of the a domain of protein disulfide isomerase from
Saccharomyces cerevisiae in the oxidized form.[8] The first turn of the a2 helix
is shown, in which the sulfur of Cys61 (black) lies above the amide protons
of Gly62, His63, and Cys64 (white). The corresponding sequence positions in
the human PDI a domain are indicated in parentheses.
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argued for the role of this macrodipole in active-site catalysis.
In our refinement of the E. coli thioredoxin X-ray structure,[11]

we suggested that the linear trisulfur transition state is stabi-
lized by the diffuse positive electrostatic potential arising from
such a helix dipole.
Although the electrostatic potential at the N terminus of the

a-helix is generally understood to be of positive sign, serious
disagreement remains as to the magnitude and spatial extent
of this potential and hence to its significance in transition-state
stabilization. The physical realism of the helix macrodipole con-
cept has been called into question.[12] Recent calculations[13]

have suggested that the dielectric shielding of the solvent
ACHTUNGTRENNUNGreaction field dramatically attenuates the magnitude of the a-
helix dipole. A survey[14] of 212 aspartate and glutamate resi-
dues with measured pK values from known protein structures
found that the acidic side chains located at the N termini of a-
helices have an average pK value that is 0.6 units lower than
for the other tertiary positions. However, it has been argued
that these systematically lower carboxyl pK values arise pre-
dominantly from an increased density of specific hydrogen-
bonding interactions in this structural region.[15] Similarly, cys-
teine residues at the N termini of model a-helices are found to
have markedly lower pK values only at the so-called N-cap po-
sition (e.g. , Cys61 of Figure 1), arguably due to the ability of
the thiolate in this position to form hydrogen bonds with the
solvent-exposed amides of the helix.[16]

To more fully characterize the magnitude and extent of the
positive electrostatic field emanating from the N terminus of
an a-helix, a more extensive set of experimental monitors
needs to be established. Although the peptide linkage is far
less acidic than the carboxyl, thiol, imidazolium, and ammoni-
um groups of the ionizable side chains, it also acts as a normal
Eigen acid[17] such that its kinetic acidity directly reflects its
thermodynamic acidity. As a result, an alteration in the pK
value for individual amide nitrogens is directly reflected in the
rate of hydroxide-catalyzed amide hydrogen exchange,[18–20] so
that under appropriate conditions these exchange rates can
provide a sensitive monitor of the local electrostatic potential
within the protein structure.[21,22]

The reaction rate of the reduced a domain with the non-
ACHTUNGTRENNUNGphysiological substrate bis-hydroxyethyldisulfide (the oxidized
form of 2-mercaptoethanol) is nearly as fast as that for oxi-
dized glutathione near physiological pH and substrate concen-
trations.[23] In contrast, under these conditions, a simple model
cysteine reacts with these substrates more slowly by factors of
300- and 600-fold, respectively. The bis-hydroxyethyldisulfide
substrate offers little opportunity for rate enhancement that
occurs through a specific binding interaction with the residues
of the a domain active site. On the other hand, an electrostatic
interaction with the enzyme that stabilizes the negative charge
of the linear trisulfur transition state by a factor of ~102, rela-
tive to the solution-phase reaction, could largely account for
the observed catalytic acceleration.
Creighton and co-workers[24] were unable to detect the

amide hydrogen resonances for the Gly37 and His38 residues
that lie between the active-site cysteine residues of the oxi-
dized human PDI a domain at pH 5.1. They proposed that the

absence of these resonances results from an increased rate of
hydrogen exchange due to the enhanced acidity of these
amides resulting from the local positive electrostatic potential
at the N terminus of the a2-helix. We have detected these
active-site amide resonances in both the oxidized and reduced
forms of the PDI a domain and have determined their ex-
change rates in the reduced form as a function of pH.
Characterizing the structural basis of a domain catalysis is

further complicated by the fact that there are two distinct tri-
sulfur transition states that differ substantially in their charge
distribution and their positioning within the active site. The
mixed disulfide intermediate formed between Cys36 of the a
domain and a cysteine of the substrate can break down via
either of two pathways. When the solvent inaccessible Cys39
side chain attacks the mixed disulfide intermediate, the Cys36
sulfur becomes the central atom of the linear trisulfur transi-
tion state that leads to substrate reduction. Substrate oxidation
arises from the attack of a thiolate from the protein substrate
on the mixed disulfide intermediate. In this case, Cys36 con-
tributes a terminal sulfur in the transition state.
Formally, disulfide isomerization can be achieved by two (or

more) steps of disulfide reduction followed by two (or more)
steps of reoxidation in which a differing disulfide linkage pat-
tern is generated. However, despite over 40 years of study,[25]

the physiologically relevant mechanism of the overall isomer-
ase reaction remains a topic of debate. In the absence of a
redox buffer, Gilbert and co-workers[26] showed that the un-
scrambling of an oxidized protein substrate by PDI is sensitive
to the levels of both the oxidized and reduced forms of the
enzyme; this is consistent with isomerization via a reduction–
reoxidation cycle. On the other hand, more recently Raines and
colleagues[27] utilized kinetic data obtained from a novel homo-
genous substrate to argue for the alternative mechanism of in-
tramolecular isomerization (Scheme 1). In marked contrast to

the reduction–reoxidation mechanism in which every step of
the reaction is catalyzed by the enzyme, the central step of the
intramolecular isomerization pathway is the uncatalyzed reac-
tion between a cysteine thiolate and a disulfide linkage within
the substrate protein. Clarification of how the a domain stabil-
izes both transition states will help to address the plausibility
of an overall disulfide isomerization mechanism in which each
reaction step is enzymatically catalyzed.

Scheme 1. Intramolecular isomerization mechanism. The cysteine thiolate of
PDI attacks a disulfide linkage of the substrate protein. Following disulfide
rearrangement within the substrate, the mixed disulfide linkage with PDI is
cleaved to generate the second substrate disulfide.
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Results and Discussion

Hydrogen exchange in the active site of the PDI a domain

To test the hypothesis of Creighton and co-workers[24] that
rapid hydrogen exchange accounts for the absence of 1H,15N
crosspeaks for the Gly37 and His38 active-site residues in the
oxidized human PDI a domain, we carried out analogous
measurements utilizing the FHSQC NMR pulse sequence.[28] By
minimizing the saturation of the solvent 1H2O resonance, this
pulse sequence decreases the loss of signal amplitude arising
from chemical-exchange dynamics. At pH 5.0, the Gly37 amide
resonance was observed. Lowering the pH to 4.0 yielded the
His38 resonance as well. The identification of these two reso-
nances was established by HNCA[31,32] through-bond correla-
tions and NOESY through-space correlations to the known res-
onances of the Cys39 residue[24] (see the Supporting Informa-
tion). Similarly, a weak His38 crosspeak was observed for the
reduced form of the enzyme at pH 4 and was used to establish
the resonance assignments across the active-site sequence
(Figure 2).

Rapid hydrogen exchange kinetics can be measured by
using a magnetization transfer-based experiment, such as
CLEANEX-PM,[33] in which magnetization from the solvent 1H2O
resonance is allowed to chemically exchange into the amide
1H resonances, which are then observed. These experiments
confer increased sensitivity for the detection of severely broad-
ened resonances near the fast-exchange limit. At pH 4.0, both
Gly37 and His38 of the oxidized a domain yielded 1H,15N amide

crosspeaks in a CLEANEX-PM spectrum (Figure 3A). A reference
experiment[34] serves to enhance the accuracy of the exchange-
rate measurements by facilitating correction for the spin relax-

ation that occurs during the CLEANEX-PM mixing time (Fig-
ure 3B). Under these conditions, the amide of His38 exchanges
at a rate of 60 s�1, 400-fold faster than the rate for the corre-
sponding model dipeptide.[35]

In Figure 4, pairs of CLEANEX-PM (above) and reference
(below) spectra for the reduced a domain are illustrated for pH
values ranging from 3.98 to 10.05. The amide of Asp1 exhibits
rapid hydroxide-catalyzed exchange at pH 3.98 due to the
ACHTUNGTRENNUNGadjacent positively charged terminus of the initial methionine
residue, which is not removed during expression of this gene
in E. coli. As the pH is raised, the CLEANEX-PM crosspeak of
Asp1 initially increases in intensity, then broadens, and finally
weakens beyond observation above pH 6.46 in a pattern con-
sistent with the exchange rates predicted for the correspond-
ing model dipeptide.[35] The pattern of crosspeaks for the
Gly37 amide also indicates a monotonically increasing ex-
change rate as the pH is increased, although the increase in
rate is less than proportional to the hydroxide ion concentra-
tion.
In marked contrast, the intensity of the exchange crosspeak

for Cys39 is nearly constant across the entire pH range of sta-
bility for this enzyme, exhibiting an increase only as pH 10 is
approached. Even more exceptional is the pH dependence of
the His38 amide resonance. The broad exchange peak ob-
served at pH 3.98 becomes significantly weaker as the pH in-
creases toward 5, while the corresponding resonance in the
reference spectra decreases to below detection. As the pH in-
creases further, the His38 crosspeak in the reference spectra re-
appears and gains a substantial intensity, while the exchange
peak strengthens and narrows with increasing pH; this is indi-
cative of a decreasing rate of hydrogen exchange. Hence, the
His38 amide in the active site of the PDI a domain exhibits a
maximal exchange rate near pH 5. This stands in direct opposi-
tion to the behavior of model peptides for which the transition

Figure 2. 3D HNCA correlation spectra showing connectivities across the
active-site sequence of the reduced human PDI a domain at pH 4.0. The
amide 1H chemical shifts are indicated within each spectral strip, while the
15N chemical shifts are given in parentheses below the residue names. Refer-
encing of the 15N chemical shifts to the 1H carrier frequency[29] yields values
that differ by �1.9 ppm from the previously published assignments of the
oxidized protein.[30]

Figure 3. 2D 1H,15N CLEANEX-PM and reference HSQC spectra of the oxidized
a domain of human PDI at pH 4.0. A) The CLEANEX-PM experiment,[33,34]

which monitors the transfer of magnetization from the bulk water resonance
to the amide protons, exhibits signals for Gly37 and His38 at this low pH
value. B) Due to substantial exchange broadening, the reference HSQC peak
for the His38 amide is markedly weaker than the peaks for other nearby res-
onances.
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Figure 4. pH dependence of amide exchange in the reduced form of the human PDI a domain. Corresponding pairs of CLEANEX-PM (above) and reference
(below) spectra are illustrated for pH values spanning the range of 3.98 to 10.05. In marked contrast to all other protein resonances, the CLEANEX-PM peaks
for His38 and Cys39 remain observable over the entire pH range. His38 crosspeaks that are not observable in the reference spectra at the contour level dis-
played are indicated by dotted squares. At the pH values of 4.92 and 5.50, the His38 crosspeak is not clearly discernible above the noise level in the reference
spectra.
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from hydronium-ion-catalyzed to hydroxide-ion-catalyzed ki-
netics results in an exchange-rate minimum near pH 4. As
pH 10 is approached, the exchange rate of His38 again begins
to increase. Given the peculiarity of this exchange behavior for
His38, the identities of the active site amides were again veri-
fied by through-bond correlation experiments at pH 6.98.

Chemical-shift titration analysis of active-site ionization

Quantitative interpretation of these hydrogen-exchange data
depends upon the ionization behavior of the side chains in the
active site. Creighton and co-workers determined a pK of 4.5
for the Cys36 thiol and a pK value of 6.2�0.1 for the imidazole
side chain of His38 for the reduced human a domain in
200 mm KCl.[36] To gain insight into the electrostatic coupling
between these two ionizable side chains, they also reported a
pK of 5.4�0.1 for the His38 side chain in the oxidized enzyme.
Assuming that the electrostatic properties of the oxidized pro-
tein mimic those of the reduced protein species in which the
Cys36 side chain is neutral, they estimated a coupling interac-
tion between the two charged side chains of 0.8 pH units; this
implies a 4.6 kJmol�1 interaction energy at room temperature.
As Creighton and co-workers reported a substantial ionic

strength dependence for the Cys36 thiol ionization,[36] we ana-
lyzed amide NMR chemical-shift titration behavior at the 0.1m

ionic strength utilized in the hydrogen-exchange measure-
ments (Figure 5). The 15N resonances of Cys36 and Gly37 un-

dergo large chemical-shift migrations in opposite directions
that correlate with the antiparallel orientations of the two 1H�
15N bond vectors relative to the Cys36 sulfur atom (Figure 1) ;
this is consistent with an electrostatic-induction effect on the
15N chemical shifts. Acid denaturation precludes NMR spectral
analysis below pH 4, so only a portion of the titration curve

was observed. Chemical-shift titration measurements were also
carried out with the H38A variant of the a domain to deter-
mine a Cys36 thiol pK value of 5.41 (Figure 5). Assuming that
the full range of chemical-shift migration for these two amide
nitrogens is the same for the wild-type enzyme, a pK of 4.22 is
estimated for the Cys36 thiol (Figure 5). If the H38A variant is
treated as a mimic of the reduced PDI enzyme bearing an un-
charged His38 side chain, the 1.19 pH unit difference in the
Cys36 pK values between the reduced and the H38A variant
predicts a 6.7 kJmol�1 electrostatic coupling between the
Cys36 and His38 side chains, a value 50% larger than that
ACHTUNGTRENNUNGinferred by Creighton and co-workers[36] from the histidine
ACHTUNGTRENNUNGtitration of the oxidized and reduced enzymes.
The active site of the PDI a domain also contains the ioniza-

ble thiol of the solvent-inaccessible Cys39 residue for which an
unambiguous pK determination has not been obtained. The 1H
and 15N shifts of Ala33 and Cys39 exhibit no significant
changes over the pH range of 7 to 10. As these amide protons
are located only 3.3 and 3.1 M, respectively, from the sulfur of
the solvent-inaccessible active-site cysteine in the X-ray struc-
ture of the yeast enzyme,[8] the pK of the Cys39 thiol in the
human a domain would appear to be above 10. The structural-
ly analogous buried cysteine in E. coli thioredoxin has an ele-
vated pK value of 11.1 when the solvent-exposed cysteine thiol
is alkylated to provide a stable covalent mimic of the enzyme–
substrate mixed-disulfide intermediate.[37] A comparably elevat-
ed pK value for the structurally buried Cys39 of the a domain
is potentially consistent with the carboxyl side chain of Glu30
serving as a general acid/base catalyst for (de)protonation of
the Cys39 thiol, as has been demonstrated for the structurally
homologous Cys35 and Asp26 residues of E. coli thioredoxin.[38]

Hydroxide-catalyzed exchange in the a domain active site

The amide exchange rates for residues Asp1, Gly37, His38, and
Cys39 of the reduced enzyme are plotted as a function of pH
in Figure 6. The exchange rates of Asp1 agree closely with the
rates predicted from model peptide values,[35, 39] as expected
for the structurally disordered N terminus of the a domain.[30]

The exchange kinetics of Gly37 exhibit a markedly slower rate
of increase as a function of pH. When the rate is plotted on a
logarithmic scale, the hydroxide dependence of the Gly37
amide exchange has a slope of only 0.4, as opposed to the
value of 1.0 anticipated for a simple hydroxide-catalyzed reac-
tion. As illustrated in Figure 1, the amide nitrogen of Gly37 is
4 M from the Cys36 sulfur and 5 M from the His38 side chain.
The conversion of the Cys36 thiol to the thiolate form and the
His38 imidazolium to the neutral imidazole form as the pH in-
creases yields a less positive local electrostatic potential. As a
result, the peptide anion intermediate that is formed during
the hydroxide-catalyzed exchange reaction of the Gly37 amide
will be increasingly destabilized, yielding a weakened depend-
ence of exchange rate on pH.
As the pH increases above 3.98, the exchange rate of Cys39

HN remains near 5.2 s�1 up to pH 6.0. Above this pH, the rate
modestly decreases by 25% (Figure 6). The near pH independ-
ence of these exchange rates across a million-fold variation in

Figure 5. 15N chemical-shift titration of Cys36 and Gly37 amides in the wild-
type and in the H38A variant of the human PDI a domain in the reduced
state. For both residues, the fit to the titration curves of the H38A variant
yields a pK value of 5.41. By assuming that the full migration range for the
15N chemical shifts applies equally to the wild-type enzyme, a pK value of
4.22 is obtained.
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hydroxide ion concentration spans the full range of pH for
which the stability of this protein permits such exchange
measurements. Although pH-independent exchange rates are
commonly interpreted to indicate that conformational access
of a given amide hydrogen to the bulk solvent is rate-limiting
(i.e. , the EX1 kinetic limit),[42] at pH 4 the model peptide rate
for this amide is 0.15 s�1,[35,39] approximately 25-fold slower
than the observed rate. Hence, the protein tertiary structure
gives rise to an acceleration rather than a retardation of the
hydrogen exchange.
An alternate interpretation proposes that ionization of the

nearby Cys36 thiol strongly suppresses the formation of the
Cys39 peptide anion, so that, over the pH range from 4 to
nearly 10, exchange will occur only from the fraction of the
protein for which the Cys36 side chain is in the neutral thiol
form. As the pH increases above the cysteine pK value of 4.22,
the fraction of neutral thiol species decreases in approximately
inverse proportion to the increasing hydroxide ion concentra-
tion. Since the product of the neutral thiol concentration and
the hydroxide ion concentration will be nearly constant, the
predicted exchange rates are essentially pH independent. In
this interpretation, the 25% decrease in the exchange rates
that occurs near pH 6 for the Cys39 amide would arise from
the deprotonation of the His38 side chain and the resultant
decrease in the electrostatic stabilization of the peptide anion
intermediate. The rise in the exchange rate for the Cys39
amide near pH 10 is consistent with the onset of significant hy-
droxide-catalyzed exchange for the Cys36 thiolate protein spe-
cies. However, since denaturation becomes significant above
pH 10 for the human PDI a domain, destabilization of the pro-

tein structure might also contribute to the observed increase
in exchange rate.
Even though the pH dependence of the exchange behavior

of His38 appears more complex than that of Cys39 (Figure 6),
the data can be fitted under the same assumption that the
Cys36 thiolate strongly suppresses the ionization of the His38
amide. The Cys36 thiol pK value of 4.2 determined herein, the
reported pK value of 6.2 for the His38 imidazole,[36] and the
electrostatic coupling between these two side chains allow the
microscopic ionization constants for the Cys8His+ , Cys8His8,
Cys�His+ , and Cys�His8 species to be calculated.[40,41] Assuming
that the last two species do not significantly contribute to
ACHTUNGTRENNUNGexchange, the exchange rate constants for the Cys8His+ and
Cys8His8 forms can be optimized to fit the observed exchange
data for His38 (Figure 6). The fit to the experimental data is
markedly improved by adjustment of the macroscopic pK
value for the His38 side chain to 6.0. However, the quality of
the fit is rather insensitive to the assumption of whether the
electrostatic coupling interaction energy between the Cys36
thiolate and the His38 imidazolium groups is 4.6[36] or
6.7 kJmol�1. Hence, the analysis given herein is largely unaf-
fected by which of these two estimates for the inter-side-chain
interaction energy is more accurate. On the other hand, the
present data do not provide a clear basis for discriminating
ACHTUNGTRENNUNGbetween these two values for the electrostatic coupling.
Based on the analysis illustrated in Figure 6, the fraction of

the reduced enzyme predicted to be in the Cys8His+ form at
pH 4 is 0.58; this implies an apparent hydroxide-catalyzed
ACHTUNGTRENNUNGexchange rate constant of His38 in the Cys8His+ form of 1.0O
1012m

�1 s�1. This apparent rate constant is a 100-fold above the
diffusion limit. As such a prediction appears to be physically
implausible, an alternate mechanism must be considered.

General base catalysis in the a domain active site

Simple model peptides undergo hydroxide-catalyzed exchange
with rate constants of ~108m�1 s�1, roughly 100-fold more
slowly than a diffusion-limited reaction.[35] These kinetics reflect
the fact that the pK of the peptide nitrogen is approximately
two units higher than that of water (pK of 15.7).[18] The acidity
of an amide can be modulated by introducing electron-with-
drawing groups into the R substituent for a series of N-methyl-
amides RCONHCH3.

[18–20] As the amide acidity increases, the hy-
droxide-catalyzed rate constant increases until the diffusion
limit of 2O1010m

�1 s�1 at 25 8C in 0.1m ionic strength is
reached (conditions also utilized in the present study).
At pH 4, the amides of Asp1, Gly37 and Cys39 in the re-

duced a domain all have exchange rates that are in the range
of 2 to 3 s�1. As [OH�] is equal to 10�10m at pH 4, in each case
the diffusion-limited, hydroxide-catalyzed rate has been
reached. For Asp1, the substituent effects from the adjacent
positively charged N-terminal ammonium group and the side-
chain carboxyl group predict a 200-fold acceleration in hydrox-
ide-catalyzed exchange, relative to the rate for an alanine di-
peptide.[35] In similar fashion, the structural environment of
Gly37 and Cys39 serve to lower the pK values for these peptide

Figure 6. pH dependence of amide exchange rates for Asp1 and the active
site of the human a domain of PDI. Model peptide exchange rates,[35, 39] cal-
culated for the N-terminal Met–Asp dipeptide by assuming a side-chain car-
boxyl pK of 4.0, closely match the observed exchange rates for Asp1 (&). The
amide of Gly37 (^) exhibits a much weaker pH dependence, while the ex-
change of Cys39 (^) is nearly pH independent up to almost pH 10. Under
the assumption that hydroxide-catalyzed hydrogen exchange only occurs
when the Cys36 sulfur is uncharged, the exchange data of His38 (*) were
fitted to the estimated population of the imidazolium (Cys8His+) and neutral
imidazole (Cys8His8) forms of His38, assuming macroscopic pK values of 4.22
and 6.0 for Cys36 and His38, respectively, and a 4.6 kJmol�1 electrostatic
coupling interaction to derive the microscopic ionization constants.[40, 41]
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groups so that their acidities are greater than or equal to that
of water.
For each redox state in the H38A variant of the a domain,

both Gly37 and Ala38 exhibit exchange rates near 1.0 s�1 at
pH 4 (Table 1). In each case, the exchange rate increases with

pH, consistent with an hydroxide-catalyzed reaction. These
rates closely approach the diffusion limit, indicating that the
pK values for these active site amides have decreased by at
least ~2 units so that their acidities are equal to or greater
than that of water.
Simple model peptides exchange almost exclusively by

either hydronium or hydroxide ion catalysis due to the fact
that both protonation and deprotonation of the peptide unit
are less favorable than the analogous reactions for the water
molecule. Even at the pH value at which the exchange rate is
at a minimum, neutral water-catalyzed exchange accounts for
only ~ 1=4 of the observed rate.[35] The increased acidity of the
amides in the active site of the a domain implies that weaker
bases can more effectively compete with the hydroxide ion for
catalysis of the hydrogen-exchange reaction, analogous to the
general base catalysis reported for the series of acidic N-meth-
ylamides.[19,20] General base catalysis offers a mechanism that
explains the dramatically accelerated exchange rate of His38 in
the wild-type a domain at pH 4.
For the reduced form of the wild-type a domain, the two

groups within the active site that might act as general bases
are the thiolate of Cys36 and the neutral imidazole of His38
(Scheme 2). Since the exchange rate of the His38 amide at
pH 4 is similar in both the oxidized and reduced forms of the

enzyme (Table 1), the Cys36 thiolate does not appear to con-
tribute significantly to the observed exchange. On the other
hand, the plausibility of general base catalysis by the neutral
imidazole of His38 is supported by the fact that the fraction of
the reduced enzyme predicted to be in the Cys8His8 form at
pH 4 in Figure 6 is very similar to the fraction of neutral imida-
zole that is predicted at this pH for the oxidized enzyme with
a pK value of 5.4 for the His38 side chain.[36] Given that the ge-
ometry of interaction of the imidazole side chain with the
His38 amide is expected to be similar in the two redox states,
having essentially the same fraction of the species that is
active as a general base is fully consistent with the similar rate
of exchange for this amide that is observed at pH 4 for the oxi-
dized and reduced enzymes. In contrast to the reduced
enzyme, as the pH is increased with the oxidized a domain, no
subsequent decrease in hydrogen exchange rate is expected,
since inhibition of exchange due to the ionization of the Cys36
thiol cannot occur.
As noted in the previous section, the bell-shaped profile for

the pH dependence of exchange for the His38 amide in
Figure 6 is consistent in form with the Cys8His+ species of the
enzyme facilitating the hydroxide-catalyzed reaction through a
favorable electrostatic interaction with the peptide anion inter-
mediate. However, since [Cys8His+]·ACHTUNGTRENNUNG[OH�] is directly propor-
tional to [Cys8His8] , the fit to the experimental exchange data
of Figure 6 cannot distinguish between the hydroxide-cata-
lyzed and the neutral imidazole-catalyzed mechanisms. Near
pH 8.5 the amides of His38 and Cys39 exchange with similar
rates. These kinetics are consistent with a pH-dependent
change in mechanism such that both amides exchange
through an hydroxide-catalyzed reaction of the Cys8His8 form
of the enzyme under these conditions, in which the higher
concentration of hydroxide ion can effectively compete with
the neutral imidazole catalysis. The apparent absence of gener-
al base catalysis of hydrogen exchange for the amide of Cys39
might reflect the fact that the histidine side chain cannot
adopt a low-energy, hydrogen-bonding geometry with this
amide without altering the conformation of other residues in
the X-ray structure.[8]

The efficiency of general base catalysis is commonly ex-
pressed in terms of the corresponding rate of the reaction cat-
alyzed by neutral water. Corrected to 25 8C, the water-catalyzed
exchange rate for poly-d,l-alanine is ~0.05 min�1.[35,39] Al-
though only limited data are available on substituent effects
for the water-catalyzed hydrogen exchange of simple peptides,
use of the hydroxide correction factors for the neighboring
side chains has been recommended.[35] For the neutral His38
form, this represents a rate correction of only 15%. The
1600 s�1 rate for the neutral imidazole catalysis of the His38
amide exchange reaction, estimated from the microscopic ioni-
zation constants for a 4.6 kJmol�1 electrostatic coupling, is
ACHTUNGTRENNUNGaccelerated beyond the neutral-water-catalyzed reaction rate
by a factor of 2O106.

Table 1. Amide hydrogen-exchange rates [s�1] of the PDI a domain at
pH 4.0.

Gly37 His/Ala38

wild-typered 2.9 54
wild-typeox 2.8 60
H38Ared 1.6 1.4
H38Aox 0.8 1.0

Scheme 2. General base catalysis of the His38 amide by its neutral imidazole
side chain. Given macroscopic pK values of 4.2 and 6.0 for the Cys36 thiol
and the His38 side chain, respectively, and a 4.6 kJmol�1 electrostatic cou-
pling between them, the imidazole-catalyzed hydrogen exchange is predict-
ed to occur at a rate of 1600 s�1. Reprotonation of the peptide by water will
occur at a rate of ~1011 s�1 if the amide pK is equal to or above the pK of
water, and will be proportionally slower for a more acidic amide.
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Molecular modeling of the PDI a domain transition states

The hydrogen-exchange data for the H38A variant of the
human a domain demonstrate that the amides of Gly37 and
Ala38 exhibit hydroxide-catalyzed rates that are nearly equal to
the diffusion limit ; this indicates that the interactions with the
surrounding tertiary structure have lowered the pK values for
these amides to near that of water. Although the role of
longer-range electrostatic interactions with other charged side
chains of the enzyme cannot be excluded by the present data,
the positive electrostatic potential that arises from the orienta-
tion of the peptide units within the a2-helix would appear to
be predominantly responsible for the increased acidities of the
amides within the active site.
With this experimental evidence for a diffuse positive elec-

trostatic potential within the active site of the human a
domain, consideration may be given to how the relatively dif-
fuse negative-charge distribution of the linear trisulfur transi-
tion states can be stabilized. The X-ray structure of the homol-
ogous a domain from yeast[8] was used for molecular model-
ing. The absence of resonances for the Gly37 and His38
amides contribute to a less well defined active-site region in
the solution structure of the human a domain.[30] The confor-
mation of the Arg103 side chain, discussed below, was not
constrained by NOE connectivities in the original solution
structure, although more recent solution structures of an ho-
mologous mouse a domain (PDB ID: 2DJ1, unpublished data)
and an homologous human a’ domain (PDB code 1X5C, un-
published data) indicate positioning of this Arg side chain simi-
lar to that found in the X-ray structure of the yeast enzyme.[8]

The linear trisulfur complex formed in the substrate reduc-
tion reaction, subsequently referred to as the inner transition
state, can be straightforwardly defined by the in-line attack of
a thiolate from the substrate on the disulfide bond of the oxi-
dized PDI domain (Figure 7A). To generate this model (the ho-
mologous human residues are listed in parentheses), only the
side chains of Cys61 (Cys36), Cys64 (Cys39), and His63 (His38)
were allowed to readjust. The positively charged side chain of
His63 is readily positioned so as to coordinate the partial nega-
tive charge of the terminal sulfur atom from the substrate. The
histidine side chain is likewise well positioned to accept a
proton from the incoming thiol and to donate a proton back
to the thiolate leaving group. The terminal methyl group rep-
resenting the cysteine Cb of the protein substrate is oriented
toward the hydrophobic cleft formed by the side chain of
Trp60 (Trp35) on one face and the backbone of Gly104 (Gly81)
and the side chain of Phe105 (Tyr82) on the other face. The C-
terminal fragment of the Ref-1 peptide that is covalently at-
tached via a stabilized mixed disulfide to human thioredoxin
binds in this hydrophobic cleft.[43] Modeling of the outer transi-
tion state formed during the substrate oxidation reaction is
less straightforward. The intermolecular disulfide bond in the
covalent complex of the Ref-1 peptide with human thioredoxin
is oriented approximately perpendicular to the active-site disul-
fide in the oxidized enzyme. The bond vector of the mixed
ACHTUNGTRENNUNGdisulfide points toward the highly conserved active-site cis-
Pro106 (Pro83), so that the attacking thiolate is anticipated to

approach from that general direction. Lying approximately
along this line in the yeast PDI a domain is the guanidinium
group of Arg126 (Arg103). This arginine is conserved not only
in PDI a domains from yeast to mammals, but also among
many of the human PDI homologues.[44] Ruddock and co-work-
ers[45] have shown that mutation of this arginine to a gluta-
mine in the human a domain results in a fourfold decrease in
the rate of oxidation of a model dithiol-containing peptide. If
the enzyme is to efficiently catalyze the formation of the outer
transition state, a stabilizing interaction with the ~ 1=2 e� charge
on the outermost sulfur of the complex is anticipated. This
ACHTUNGTRENNUNGarginine side chain can offer such an interaction. In analyzing
the X-ray structures of the redox states of the structurally ho-
mologous dsbA, Martin and colleagues[46] noted that reduction
of the enzyme results in a subtle readjustment of the back-
bone of the active site C�P�H�C segment, so as to permit
ACHTUNGTRENNUNGhydrogen bonding between the amide of the histidine residue
and the thiolate sulfur. A similar conformational transition
would help to stabilize the ~ 1=2 e� charge on this sulfur atom
that forms the second terminal position in the linear trisulfur
outer transition state.
A model for the outer transition state was generated that

accommodates the described characteristics by orienting the
trisulfur complex between the side chains of His63 and Pro106
and then carrying out energy minimization in which only the
atoms between the carbonyl carbon of Trp60 and the Ca of
Cys64 are permitted to move (Figure 7B). A hydrogen-bonding
potential was then applied between the Hh1 and Hh2 atoms of
Arg126 and the terminal sulfur of the transition state. The
methyl group representing the substrate cysteine Cb that con-
tributes the central atom of the outer trisulfur transition state
is oriented in a similar fashion as in the inner transition state
model, while the terminal methyl group projects toward the

Figure 7. Model structures of the inner and outer trisulfur transition states of
the yeast PDI a domain. A) A model of the linear trisulfur SN2 transition state
arising from attack of the solvent-inaccessible active-site cysteine on the
mixed-disulfide intermediate formed between the a domain and the sub-
strate. The terminal methyl, representing the cysteine of the substrate, proj-
ects toward the hydrophobic groove bounded by the indole ring of Trp60,
the phenyl ring of Phe105, and the backbone of Gly104. B) A model of the
outer transition state arising from the attack of a cysteine from the protein
substrate on the mixed disulfide intermediate. The guanidinium group of
Arg126 was modestly readjusted so as to enhance its interaction with the
partial negative charge located on the terminal sulfur of the complex.
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orientation adopted by the N-terminal fragment of
the Ref-1 peptide in the mixed disulfide complex
with human thioredoxin,[43] potentially enabling anal-
ogous noncovalent interactions between the enzyme
and substrate.

Mechanisms of disulfide isomerization

The intramolecular isomerization model (Scheme 1)
assumes that the mixed disulfide that is formed be-
tween PDI and the protein substrate remains intact
until completion of the uncatalyzed disulfide rear-
rangement within the substrate protein.[27] Measure-
ments by Gilbert and co-workers[26] provide an esti-
mate of the kinetic stability for this mixed disulfide.
In the absence of oxidized glutathione, they deter-
mined that concentrations of reduced glutathione
above 0.5 mm are required in order to appreciably
shift the fraction of reduced PDI from the steady-
state values seen at lower glutathione concentrations
during the unscrambling of oxidized RNase A. Since
both the a and a’ domains of PDI react with reduced
glutathione with rate constants near 200m

�1 s�1,[23]

the average rate at which PDI releases the RNase A
substrate to form the oxidized enzyme is of the order
of 1 s�1, which is comparable to the reactivity seen
with simple glutathione substrates. This comparative-
ly rapid attack upon the mixed disulfide by the buried cysteine
is believed to provide an “escape” mechanism for the elimina-
tion of catalytically unproductive intermediates.[47,48]

As illustrated by the example of bovine pancreatic trypsin
ACHTUNGTRENNUNGinhibitor, uncatalyzed disulfide rearrangements can have life-
times of as long as two weeks.[49] The disparity in timeframe
between such uncatalyzed disulfide rearrangements and cleav-
age of the mixed disulfide between the enzyme and substrate
can be artificially altered by mutation of the solvent-inaccessi-
ble cysteine in the active site of PDI. However, such a mutant
enzyme only catalyzes disulfide isomerization of the substrate
protein in the presence of a redox buffer that can serve to
cleave and regenerate the mixed disulfide between the
enzyme and the protein substrate.[47]

Reaction mechanisms that utilize only enzyme-catalyzed
transitions are illustrated in Scheme 3. Across the top of this
scheme is given the mixed-disulfide isomerization pathway.
This pathway presents a potential kinetic inefficiency in that
the initially formed mixed disulfide must remain intact until
after the second mixed disulfide has formed. Although the pair
of active sites in PDI offers a mechanism to enhance the rate
of formation of the second mixed disulfide, concurrent utiliza-
tion of the two active sites would imply a degree of coopera-
tivity that has not been observed in mutational studies.[47]

The reduction–reoxidation pathway is illustrated along the
counter-clockwise loop of Scheme 3. At three intermediate
steps in this pathway, the substrate is not covalently bound to
the enzyme, so dissociation of the complex can occur. Utilizing
particularly the b’ domain,[50] the peptide binding capacity of
PDI can function to suppress premature dissociation of the

substrate. As indicated by the diagonal pathway, the fully
ACHTUNGTRENNUNGreduced state might be kinetically redundant, since the two
mixed-disulfide states that it connects are formally equivalent.
A reduction mixed-disulfide isomerization–reoxidation pathway
avoids the primary limitation of the simple mixed-disulfide iso-
merization pathway, in that only one mixed disulfide between
PDI and the substrate need be present at any given time. In
addition, by eliminating the fully reduced substrate protein as
an intermediate, the unproductive dissociation of this non-
ACHTUNGTRENNUNGcovalently bound species is avoided. Clearly, partially reduced
protein substrates that are generated by other enzymes or by
direct reactions between the substrate and glutathione can be
readily incorporated at the corresponding position within this
overall scheme. At the same time, the catalytic role of PDI is
surely not limited to the transition-state-stabilization effects
considered in this study. Often significant conformational tran-
sitions must occur in order to establish the appropriate spatial
positioning for a pair of cysteines to yield disulfide formation,
and the peptide binding characteristics of PDI can facilitate the
diffusional component of this process.

Conclusions

The positioning of the human PDI a domain active site at the
N terminus of the a2-helix shifts the pK values for the amides
in that segment so that their acidities are equal to or greater
than that for water in both the oxidized and reduced forms of
the wild-type and H38A variant enzymes. The positive electro-
static potential necessary to cause this increase in amide acidi-
ty is of a similar magnitude to that required to explain the cat-

Scheme 3. Protein disulfide isomerization utilizing only enzymatically catalyzed transi-
tions. Disulfide exchange by mixed disulfide isomerization is illustrated across the top
line of the scheme. The counter-clockwise pathway depicts the reduction–reoxidation
mechanism. Branching diagonally from the lower left hand corner is illustrated a com-
bined reduction–mixed disulfide isomerization–reoxidation pathway that eliminates one
step of reduction–reoxidation, while at the same time removing the assumption of con-
current mixed-disulfide complexes that characterizes the mixed-disulfide isomerization
mechanism.
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alytic acceleration of glutathione and bis-hydroxyethyldisulfide
reduction through electrostatic stabilization of the transition
state.
This increase in thermodynamic acidity of the amides within

the active site, in turn, renders the His38 amide susceptible to
general base catalysis by the neutral imidazole side chain of
His38, which is a million-fold more efficient than general base
catalysis by the bulk solvent. We believe this to be the first ex-
ample of general base catalysis of amide hydrogen exchange
demonstrated within a protein. The active-site histidine and ar-
ginine side chains and the dipolar interactions of the a2-helix
contribute to a diffuse positive electrostatic potential that can
serve to stabilize both the inner and outer linear trisulfur tran-
sition states. By facilitating the substrate disulfide oxidation re-
actions that occur via the outer transition state, the interac-
tions of this arginine can contribute to the kinetic efficiency of
protein disulfide isomerization pathways that utilize exclusively
enzymatically catalyzed transitions.
Although the enhancement of amide acidity in the a

domain active site is seemingly adventitious to the mechanism
of disulfide isomerization, Brennan and Clarke[51] have shown
that the rate of asparagine degradation via a succinimide inter-
mediate is dependent on the acidity of the backbone amide
nitrogen. The resultant formation of isoaspartate residues is a
major source of spontaneous protein damage under physio-
logical conditions.[52] On the other hand, nature utilizes the
anion formed from the side-chain amide of asparagine to gen-
erate the essential N-glycosylation linkages in proteins[53] and
to cleave the protein chain at the C-terminal junction of self-
splicing intein systems.[54] The hydrogen-exchange data of the
a domain illustrate how local tertiary interactions can facilitate
the generation of the amide anion species that serves as the
primary nucleophile in these biological reactions.

Experimental Section

Protein expression and purification : The gene sequence for the
human PDI a domain was chemically synthesized (Genscript, Pis-
cataway, NJ) with codon optimization for expression in Escherichia
coli. The gene was cloned into the pET3a plasmid by utilizing the
NdeI and BamH1 restriction sites. Site-directed mutagenesis was
carried out according to the vendor protocols (Stratagene). The
ACHTUNGTRENNUNGexpression plasmids were transformed into the BL21ACHTUNGTRENNUNG(DE3) E. coli
strain (Novagen, La Jolla, CA). The expression and purification of
the a domain were carried out according to a protocol similar to
that previously described,[55] with the exception that the phenyl
ACHTUNGTRENNUNGSepharose column of the earlier protocol was replaced with a Se-
phadex G-75 gel filtration column equilibrated in the Tris buffer
(20 mm) used for the subsequent Q-Sepharose ion-exchange step.
Oxidation of the enzyme was carried out by incubation with bis-
hydroxyethyldisulfide at neutral pH.

NMR measurements : Samples of 15N- and 13C,15N-enriched human
PDI a domain were exchanged and concentrated by centrifugal fil-
tration into buffers containing 7% D2O and acetate, phosphate, or
borate (20 mm) with sodium chloride added to a final ionic
strength of 0.1m. For the reduced protein samples, dithiothreitol
(5 mm) was initially added to the samples and was then main-
tained at this concentration throughout data collection. 3D
HNCA[31,32] resonance-assignment experiments were carried out on

doubly labeled samples for both the oxidized and reduced a do-
mains. Independent confirmation was obtained from 3D 1H,15N,1H
NOESY spectra collected with a mixing time of 60 ms. Clean chemi-
cal-exchange-phase-modulated (CLEANEX-PM)[33] spectra were col-
lected for the 15N-enriched samples as a function of pH with
mixing times of 5.35, 10.7, and 21.4 ms. For the hard-pulse refer-
ence experiment,[34] the initial e-PHOGSY[56] component is replaced
with a high-power 908 pulse. The intensities of the fully relaxed
spectra were determined by exponential extrapolation of the in-
tensities from the hard-pulse reference experiment by using three
different relaxation delays. Water saturation was determined as
originally proposed,[33] by measurement of the water resonance
ACHTUNGTRENNUNGintensity after the e-PHOGSY component following steady-state cy-
cling through the full sequence. Analogous measurements were
also carried out for the hard-pulse reference experiment. The com-
parative intensities of the CLEANEX-PM and reference spectra were
used to derive hydrogen exchange rates up to 60 s�1. For more
rapidly exchanging resonances in the CLEANEX-PM spectra, the dif-
ferential hydrogen exchange rates Dkex were determined from the
differential 1H line broadening according to Dkex=pDn1=2

where n1=2

is the line width in Hz at half-height.

Enzymatic transition-state modeling : Residues 28 to 146 of the
yeast PDI X-ray structure[8] (PDB code: 2B5E) were used to repre-
sent the a domain. The initial positions of the thiol sulfurs from
Cys61 and Cys64 were taken from the coordinates for the reduced
form (20% occupancy). Hydrogens were added by using WHAT-
IF[57] with hydrogen-bonding optimization. The program Chimera[58]

was used to add missing atoms at the N and C termini, to generate
the protonated form of His63, and to adjust the dihedral angles of
the side chains of Cys61 and His63. For the transition-state com-
plexes, S�S and S�CH3 bond lengths were adjusted to 2.50 M and
1.81 M, respectively, and the Cb�S�S bond angle around the central
sulfur and all C�S�S�C dihedral angles were adjusted to 908 ; this
is consistent with the quantum-mechanical modeling.[7] To maxi-
mize compatibility with the standard AMBER[59] atomic charge set,
the charges for the central cysteine in the transition set were set
to those for cystine. The atomic charges for the terminal cysteines
were set to the average of the AMBER charge value set for cystine
and the cysteine thiolate, so as to yield a net �0.5e charge on
each terminal residue. For the methyl groups representing the ter-
minal substrate cysteines, the charges on the sulfur, carbon, and
hydrogens were scaled proportionately to the differences between
the cystine and cysteine thiolate charges to yield a net charge of
�0.5e for the residue. For the central sulfur of the outer transition
state, atomic charges of �0.1844, �0.0949, and 0.0931 were used
for S, Cb, and Hb, respectively. Restrained energy minimization was
performed by using AMBER with the Generalized Born model 5 for
solvent simulation with a cutoff of 16 M.

For the inner transition state, the third sulfur was added in-line
with the bond between the sulfurs of Cys61 and Cys64. Only the
side-chain atoms of Cys61, His62, and Cys64 were allowed to move
in a single round of energy minimization with a hydrogen bonding
potential maintained between the His62 Hd1 and the terminal
sulfur. For the outer transition state, three minimization rounds
were performed. In the first round, the c1 dihedral angle of Cys61
was rotated so as to direct the linear trisulfur group between the
Cb of His63 and the pyrrolidine ring of Pro106. The Cb-S�S angle
was artificially increased to 1438 to remove poor van der Waals
contacts. Energy minimization was carried out with only the atoms
between Trp60 C and Cys64 Ca allowed to move. Hydrogen bond
constraints were applied from Cys64 HN and His63 HN to Cys61 S. A
second round of minimization was applied over the same set of
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atoms with a bond-angle restraint applied for the Cys61 Cb�S�S
angle. In the third minimization round, only the side-chain atoms
of Cys61, His63, and Arg126 were allowed to move, while hydro-
gen bond constraints were applied between His63 Hd2 to Cys61 S
and between Arg126 Hh1 and Hh2 and the terminal sulfur of the
transition-state complex. Coordinates for this model of the outer
trisulfur transition state complex and the heavy atoms of the yeast
PDI a domain that have been shifted from their positions in the X-
ray structure are available as Supporting Information.
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