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Background: Human protein-disulfide isomerase (hPDI) is a key enzyme and chaperone for protein folding.
Results: Oxidation of domain a� releases the compact conformation of hPDI and exposes the buried substrate-binding sites
facilitating its high chaperone activity.
Conclusion:Oxidation of hPDI activates its chaperone activity.
Significance: This study provides the first structural evidence of and mechanistic insights into the redox-regulated chaperone
activity of hPDI.

Protein-disulfide isomerase (PDI), with domains arranged as
abb�xa�c, is a key enzyme and chaperone localized in the endo-
plasmic reticulum (ER) catalyzing oxidative folding and pre-
venting misfolding/aggregation of proteins. It has been contro-
versial whether the chaperone activity of PDI is redox-
regulated, and themolecular basis is unclear.Here,we show that
both the chaperone activity and the overall conformation of
human PDI are redox-regulated. We further demonstrate that
the conformational changes are triggered by the active site of
domain a�, and theminimumredox-regulated cassette is located
in b�xa�. The structure of the reduced bb�xa� reveals for the first
time that domain a�packs tightlywith bothdomainb� and linker
x to form one compact structural module. Oxidation of domain
a� releases the compact conformation and exposes the shielded
hydrophobic areas to facilitate its high chaperone activity. Thus,
the study unequivocally provides mechanistic insights into the
redox-regulated chaperone activity of human PDI.

The ER5 is a eukaryotic organelle containing many chaper-
ones and enzymes and provides an optimized environment for

the folding and maturation of membrane and secretory pro-
teins (1). PDI is a key enzyme (2) and chaperone (3, 4) localized
in the ER with versatile functions (e.g. catalyzing formation,
breakage, and rearrangement of the disulfide bonds in protein
substrates (5), facilitating ER-associated degradation of mis-
folded proteins (6, 7), and serving as a chaperone-like subunit of
prolyl-4-hydroxylase (8) and microsomal triglyceride transfer
protein (9)). Additionally, PDI has non-ER locations (10); for
example, on the cell surface, it participates in the activation of
the fusion of HIV virus (11) and mediates the adhesion, secre-
tion, and aggregation of platelet (12). Recently, it has been
recognized that PDI plays a critical role in the control of
neurodegenerative diseases related to protein misfolding
and aggregation (e.g. Alzheimer disease, Parkinson disease,
amyotrophic lateral sclerosis, andHuntington disease (13–16)).
PDI is composed of four thioredoxin-like domains (a, b, b�,

and a�) plus an x linker and a C-terminal acidic tail (Fig. 1A)
(17–19). Both domains of a and a� contain a CGHC active site
responsible for the oxidoreductase activity (20). The b� domain
possesses the main peptide binding site, whereas binding of
large substrates or partner proteins requires all four domains
(21, 22). The crystal structures of yeast PDI (yPDI) at 4 and
22 °C revealed that four domains are arranged in a “twisted U
shape” and a “boat shape,” respectively, with domains a and a�

representing two mobile arms connected to the rigid bb� base,
and the a armwas demonstrated to bemore flexible than the a�

arm (23, 24). The full-length structure of hPDI has not been
reported so far; however, the major flexible sites are located in
the b�xa� region (25). PDI can shuttle between the oxidized and
reduced states with abilities to bind to various targets and cat-
alyze different reactions (i.e. the oxidized PDI preferentially
binds to reduced/unfolded polypeptide to introduce disulfide
bonds, whereas the reduced PDI mainly interacts with misoxi-
dized substrates functioning as a reductase or isomerase (26)).
In mammalian cells, only the reduced and not the oxidized PDI
interacts with its oxidase Ero1 (27) or peroxiredoxin 4 (28).
Hence, it is elusive how reduced/oxidized PDI distinguishes its
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substrates/partner proteins or selectively binds to the same
substrate at different stages in the protein-folding pathway (26).
About 10 years ago, PDI was reported to be a redox-depen-

dent chaperone based on the finding that PDI binds and unfolds
the cholera toxin A1 subunit in the reduced form (29) and
releases it after being oxidized by Ero1, thus facilitating the
retrograde transport of A1 subunit from the ER into the cytosol
(30). However, this redox-dependent chaperone activity of PDI
was subsequently challenged by arguing that the release of the
A1 subunit is mediated by substrate competition rather than by
a change in the redox state of PDI (31). Therefore, whether the
chaperone activity of PDI is redox-regulated is controversial
(32). Moreover, the putative redox-dependent conformational
changes of PDI are much less characterized, and only very
recently, studies of PDI from a thermophilic fungus showed a
redox-dependent intramolecular rearrangement of the b� and
a� domains by using NMR spectroscopy and small-angle x-ray
scattering (33, 34). Nevertheless, the underlying molecular
mechanism for redox-regulated conformational changes and
chaperone activity of PDI remains largely unknown.
In this study, we extensively explored different conforma-

tions and the chaperone activity of hPDI in different redox
states. We demonstrate that hPDI is a redox-regulated chaper-
one undergoing large redox-dependent conformational
changes. We further map out b�xa� to be the minimal region of
hPDI enduring the conformational rearrangement and identify
the active site in the a� domain to be the key trigger. The crystal
structure of the reduced bb�xa� was determined and reveals
that the a� domain packs tightly with both the b� domain and
the x linker to form one compact structural module. Oxidation
of the a� domain releases this compact conformation and sub-
sequently exposes the shielded substrate binding areas for
higher chaperone activity of hPDI.We finally demonstrate that
the redox-dependent conformational changes are essential for
regulation of the chaperone activity of hPDI.

EXPERIMENTAL PROCEDURES

Plasmid Construction and Protein Purification—The genes
encoding hPDI, abb�x and bb�xa�, were cloned into pQE30
(Qiagen), and the resulting proteins contained N-terminal
(MRGSH6GS) tags. The bb�xa� gene was also cloned into a
modified pET32a for structural studies, and the resulting pro-
tein contained anN-terminal (H6SSGLEVLFQGSEF) tag. hPDI
mutants were created by the overlap extension PCR method,
and the sequences of all of the constructs were verified by DNA
sequencing. Proteins were expressed and purified as described
previously (35). Protein concentrations were determined by the
Bradford method with bovine serum albumin as a standard.
Chaperone Activity—Complete denaturation of glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH)was carried out by
incubation of 0.14 mMGAPDH in 3 M guanidine hydrochloride
with 1 mM DTT overnight at 4 °C. Refolding was initiated by
50-fold dilution of the denatured GAPDH into 100 mM sodium
phosphate buffer (pH 7.4) containing 2.5 mM EDTA in the
absence or presence of hPDI proteins and different concentra-
tions of DTT at 25 °C. Aggregation produced during the refold-
ing was monitored by recording the light scattering at 488 nm,

and the suppression of aggregation was used to measure the
chaperone activity of hPDI proteins (3).
Limited Proteolysis Assay—hPDI proteins at 1 mg/ml were

incubated with or without 1 mMGSH, GSSG, or DTT in 50mM

Tris-HCl buffer (pH 7.6) containing 5 mMCaCl2 at 25 °C for 30
min, and then different proteases were added for digestion. The
reactions were terminated at different times by phenylmeth-
anesulfonyl fluoride (PMSF) and analyzed by reducing
SDS-PAGE.
Fluorescence Measurements—hPDI proteins of 5 �M were

incubated with or without 1 mMGSH, GSSG, or DTT in 50mM

Tris-HCl buffer (pH 7.6) containing 150 mM NaCl at 25 °C for
30 min. Intrinsic fluorescence spectra were recorded at 310–
400 nm at 25 °C with excitation at 290 nm. 1-Anilino-8-naph-
thalene sulfonate (ANS) was added in protein samples to 50�M

and incubated for 20 min at 25 °C in the dark before the ANS
fluorescence emission spectra (400–600 nm) were determined
with excitation at 370 nm. The concentration of ANS was
determined using an extinction coefficient at 350 nm of 5000
M�1 cm�1.
Crystallization, Data Collection, and Process—The purified

bb�xa� at 10.0 mg/ml in 20 mM Tris-HCl buffer, 100 mM NaCl,
pH 7.5, was crystallized at 16 °C using the hanging dropmethod
by mixing 1 �l of protein sample containing 50 mM DTT with
an equal volume of 25% (w/v) PEG 3350 in 0.1 MTris-HCl, 0.2 M

ammoniumacetate, pH8.5. The crystals were flash-cooledwith
liquid nitrogen. The diffraction data were collected at Shanghai
Synchrotron Radiation Facility beam line BL17U at a wave-
length of 0.979 Å at 100 K. The diffraction data were processed
and scaled using HKL2000 package (36).
StructureDetermination andRefinement—Thebb�xa� struc-

ture was solved by the molecular replacement method with the
program Phaser (37) using the structure of yPDI (Protein Data
Bank code 2B5E) (23) as the search model. Structures were
fitted and rebuilt with the program Coot (38) and refined with
REFMAC5 (37) and CNS (40). At the final refinement stage,
TLS refinement was used with groups defined by the TLSMD
server (41). The overall quality of the final structural model was
assessed by PROCHECK (42). The atomic coordinates of
bb�xa�have beendeposited in the ProteinDataBank (PDBcode
3UEM).
Mass Spectrometry—Protein samples were purified by size

exclusion chromatography with 0.1% formic acid/water for
digests by proteinase K and by reverse-phase HPLC on a C8
chip (G4240-63001) with a water-ACN system containing 0.1%
formic acid for digests by trypsin or chymotrypsin. The samples
were introduced into the spectrometer by JetStream electros-
pray ionization using a spray voltage of 3.7 kV for digests by
proteinase K and by HPLC-chip using 1.88 kV for digests by
trypsin or chymotrypsin. Spectra were acquired on a calibrated
Q-TOF (Agilent 6530) instrument operated in positive ion
mode over them/z range 400–1600 for digests by proteinase K
and 400–3200 for digests by trypsin or chymotrypsin. Data
were processed via Mass Hunter qualitative analysis software.

RESULTS

Chaperone Activity of hPDI Is Regulated by Its Redox States—
To reconcile the controversy on redox-regulated chaperone
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activity of hPDI, we first tested whether the chaperone activity
of hPDI is regulated by its redox states. A well established sys-
temwas used to characterize the chaperone activity of hPDI (3)
(i.e. the presence of hPDI in the refolding buffer strongly sup-
pressed the aggregation of guanidine hydrochloride-denatured
GAPDHduring dilution-induced refolding) (Fig. 1B). The puri-
fied hPDI contains about 2.5 free thiols as determined by 5,5�-
dithiobis(2-nitrobenzoic acid), indicating the active sites in

domains a and a� aremostly oxidized because the two cysteines
in theb�domain donot formadisulfide bond (43). AddingDTT
in the refolding buffer significantly decreased the chaperone
activity of hPDI in a concentration-dependent manner (i.e. the
more reduced hPDI was, the lower chaperone activity it
showed) (Fig. 1B), demonstrating that the redox states of hPDI
indeed control its chaperone activity. Because both active sites
of domains a and a� are redox state sensors, we next made
double Cys/Ser point mutations on both sites (PDIaSSa�SS) to
impair its redox responses. Notably, PDIaSSa�SS showed chap-
erone activity similar to that of the oxidized hPDI, and the
DTT-induced chaperone activity decrease was completely
abolished (Fig. 1B), indicating that redox-regulated hPDI chap-
erone activity is dependent on its active sites.
hPDI Undergoes Redox-dependent Conformational Changes—

We next looked for the potential redox-dependent conforma-
tional changes of hPDI by direct digestion with proteinase K,
trypsin, and chymotrypsin under various redox conditions
(Fig. 1C). After 5min of digestion by proteinase K, the GSSG-
incubated hPDI almost disappeared, whereas about half of
the GSH-incubated hPDI was intact. Similar digestion pro-
files were produced by trypsin and chymotrypsin. To avoid
S-glutathionylation-induced conformational change, hPDI was
next digested in the presence or absence ofDTT.After a 10-min
digestion by proteinase K, most of hPDI but little of the DTT-
incubated hPDI was digested (Fig. 1C). Hence, the oxidized
hPDI adopts a loose conformation, and the reduced one is very
compact.
We next carried out fluorescence studies of hPDI under dif-

ferent redox conditions to further probe redox-regulated con-
formational changes. Consistent with a compact conformation
of the reduced hPDI, the intrinsic fluorescence spectrum of the
GSH-incubated hPDI showed a blue shift (�4 nm) of the max-
imum excited wavelength compared with that of the GSSG-
incubated hPDI (Fig. 1D). The GSSG-incubated hPDI showed
higher ANS fluorescence intensity than that of the GSH-incu-
bated hPDI, again indicating the oxidized hPDI being much
looser and exposing more hydrophobic areas (Fig. 1E). Addi-
tionally, the intrinsic and ANS fluorescence spectra of DTT-
treated and -untreated hPDI showed similar results (supple-
mental Fig. S1). Finally, size exclusion chromatography analysis
also demonstrated that the reduced hPDI was eluted with a
larger volume, confirming its compact conformation (Fig. 1F).
Taken together, hPDI shows significant conformational
changes induced by different redox conditions.
Redox States of a� Domain Regulate Interdomain Conforma-

tions of b�xa�—To identify the critical cysteine responsible for
the redox-regulated conformational changes of hPDI, wemade
cysteine mutations in a, b�, or a� domain, respectively. The
digestion profiles of the mutants (Fig. 2A) showed that the
redox-regulated susceptibility to hydrolysis disappeared only
for the a� domain mutant (PDIaCCa�SS), indicating that the
active site of the a� domain is the key position.Moreover,muta-
tion of either cysteine in the a� domain resulted in loss of the
redox-regulated conformation changes (supplemental Fig. S2).
Furthermore, the proteinase digestion profiles (Fig. 2B) and the
intrinsic (Fig. 2C) and ANS (Fig. 2D) fluorescence spectra of
abb�x and bb�xa� in different redox conditions were deter-

FIGURE 1. The chaperone activity and overall conformation of hPDI are
redox-regulated. A, a schematic representation of hPDI with domain orga-
nization in abb�xa�c. The positions of all of the tryptophan and cysteine res-
idues are marked, and the residue numbering is for hPDI with signal
sequence. B, hPDI is a redox-regulated chaperone. Guanidine hydrochloride-
denatured GAPDH at 0.14 mM was 50-fold diluted into refolding buffer in the
absence or presence of 28 �M hPDI proteins with various concentrations of
DTT as indicated. Aggregation produced during the refolding was monitored
by recording the light scattering at 488 nm, and the suppression of aggrega-
tion was used to measure the chaperone activity of hPDI proteins. A.U., arbi-
trary units. C, protease digestion profiles of hPDI at different redox states.
hPDI at 1 mg/ml was incubated with 1 mM GSSG, GSH, or DTT at 25 °C for 30
min and then digested by 2 �g/ml proteinase K, trypsin, or chymotrypsin for
various time as indicated. The reactions were terminated by adding PMSF to
a final concentration of 0.5 mM and analyzed by reducing SDS-PAGE. The
oxidized hPDI is more accessible for protease digestion than the reduced
hPDI. D and E, fluorescence spectra of hPDI at different redox states. hPDI at 5
�M was incubated with 1 mM GSSG or GSH at 25 °C for 30 min, and the intrinsic
(D) and ANS (E) fluorescence spectra were recorded. A.U., arbitrary units.
F, size exclusion chromatography profiles of hPDI treated with 1 mM GSH
(solid curve) or GSSG (dashed curve) at 25 °C for 30 min. The molecular weight
of hPDI in different redox states calculated according to the elution volume is
marked.
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mined, showing little redox-dependent difference for abb�x but
significant difference for bb�xa�. All of the above data demon-
strated that the active site of the a� domain plays a predominant
role in the regulation of hPDI conformation under different
redox conditions.
Next, to map out the corresponding minimal structural ele-

ment undergoing the redox-induced conformational changes,
wemade truncations on the bb�xa�. Further deletion of domain
b still showed different susceptibilities to proteinase digestion
under different redox conditions, whereas domain a� alone did
not show any difference (Fig. 2E), indicating that the minimum
region is b�xa�. We further made domain-swapped mutants by
exchanging the position of domain a and a� in the abb�x and
bb�xa�, respectively. Interestingly, limited proteolysis studies
showed that a�bb�x did not undergo the redox-regulated con-
formational changes, whereas bb�xa did (Fig. 2E). Hence, the

presence of an active thioredoxin-like domain (either a or a�)
following the b�x is a most critical element for the redox-regu-
lated interdomain conformational changes of hPDI.
Overall Structure of Reduced bb�xa�—After mapping out

b�xa� to be the minimal structural element undergoing the
redox-induced interdomain conformational changes, we next
tried to solve the structure of this fragment to explore the
molecular mechanism. Due to the fact that b and b� extensively
contact with each other to form one structural unit (44), we
included b to b�xa� for further structural studies. After exten-
sive crystallization trails, high quality crystals of the reduced
bb�xa� were successfully achieved and finally diffracted to 2.29
Å for the structure determination (Table 1). From the overall
topology, the structure of the reduced bb�xa� demonstrated
that, consistent with the above biochemical characterizations,
the bb� tandem tightly packs with the a� domain to form one
compact structural entity integrated by the x linker. (Fig. 3A)
(see below for details).
Superposition of the bb�xa� structure and the bb� solution

structure (44) revealed obvious interdomain motion (Fig. 3B),
although single domains b and b� in the two structures are
similar. The a� domain in the bb�xa� structure is similar to the
isolated a� solution structure (Protein Data Bank entry 1X5C)
(Fig. 3C) and exists in the reduced form with a distance of 3.62
Å between two sulfur atoms in the active site. Although the b�
domains in bb�xa� and in I289A b�x (43) are also highly similar
(Fig. 3D), differences were observed around the x linker. In
I289A b�x, the first �-helix shifts toward the bound x linker
with a tilt of �20°; the N-terminal half of the x linker forms an
anti-parallel �-strand with the fifth �-strand of b�, and the
C-terminal half of the x linker twists and folds back to directly
interact with the b� domain (Fig. 3D). In contrast, the x linker in
bb�xa� orients perpendicularly to the �-sheet of b� and extends
to a�, packing against both the fourth�-strand ofb� and the first
�-helix of a�, thus tomediate the compact interactions between
them (Fig. 3A).
Reduced bb�xa� Structure Reveals Compact Structural

Module—We next compared the reduced bb�xa� structure
with two different crystal structures of yeast PDI (yPDI22 °C (24)
and yPDI4 °C (23)) and found significant interdomain motions
of the a� domain relative to the bb� base in the reduced bb�xa�
(Fig. 4A). Based on the structural superposition analysis, the a�
domain in the reduced bb�xa� exhibits a�8–9-Å dislocation of
the center of the a� domain due to a �35–45° rotation around
the x linker toward the hydrophobic surface of the b� domain.
Furthermore, compared with the recently solved structure of
human ERp57 (45), which is a PDI family member with similar
domain architecture to PDI, the a� domain endures more sig-
nificant changes with an �11 Å dislocation through a �50°
rotation (Fig. 4A).
The x linker in the reduced bb�xa� connects the b� and a�

domains with intensive interactions, mediating their interdo-
main conformation (Fig. 4B, left). The interaction of the N-ter-
minal x linker was contributed by the side chain of Ile-351,
which inserts into the hydrophobic pocket formed by side
chains of Tyr-327, Phe-342, and Phe-346 of the b� domain. The
central and C-terminal x linker interact with the b� and a�
domains via forming intensive hydrogen bonds (i.e. His-354–

FIGURE 2. The active site of domain a� regulates the redox-dependent
conformational change of hPDI. A, B, and E, protease digestion profiles of
various hPDI mutants with mutations on cysteine residues (A), different trun-
cations, and domain swapping (B and E) at different redox states. hPDI and its
mutants at 1 mg/ml were incubated with 1 mM GSSG or GSH at 25 °C for 30
min and then digested by proteinase K for different times as indicated. The
reactions were terminated by adding PMSF to a final concentration of 0.5 mM

and analyzed by reducing SDS-PAGE. Intrinsic (C) and ANS fluorescence spec-
tra (D) of abb�x and bb�xa� at 5 �M in different redox states. A.U., arbitrary
units.
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Lys-326, Met-356–Glu-431, Ser-357–Gly-374 and –Lys-375,
Gln-358–Asn-430, Trp-364–Val-371, and Asp-365–Lys-370)
(Fig. 4B, left). Although the relative positions of domains b� and
a� are different among yPDI, ERp57, and the reduced bb�xa�,
the interaction pattern between the x linker and the b� or a�
domain is similar (i.e. hydrophobic interactions in theN-termi-
nal x linker and intensive hydrogen bonds in the central and
C-terminal x linker).
Surprisingly, direct interactions between domains b� and a�

were observed in the reduced bb�xa� (Fig. 4B, right), whereas
little was found in yPDI22 °C, yPDI4 °C, and ERp57. The side
chain of Trp-396 in the a� domain exists in two alternative
conformations; in one, it forms a cation-� interaction with the
side chain of Arg-300 in the b� domain, and in the other, it
contacts with Pro-395 and Thr-428. Interestingly, the side

chain of His-438 in the a� domain also adopts two alternative
conformations with themajor conformation, in which it is bur-
ied in the hydrophobic pocket formed by Phe-304, Ile-318, Leu-
320, and Met-324 in the b� domain. In addition, Lys-326 in
domain b� forms a salt bridge with Glu-431 in domain a�, and
Phe-304 in domain b� interacts with Thr-428, Phe-440, and
His-438 in domain a� (Fig. 4B, right). It is noteworthy that most
of residues in the interface of domains b� and a� (Arg-300, Phe-
304, Ile-318, Leu-320, Met-324, Trp-396, Thr-428, His-438,
and Phe-440) coincidentally have been previously character-
ized for ligand binding (34, 43, 44). Therefore, the reduced a�
domain packs extensively with both the b� domain and the x
linker to form a compact structural module that shields parts of
the substrate binding areas, explaining why reduced hPDI has
much lower chaperone activity (Fig. 1B). To test whether such

TABLE 1
Data collection and refinement statistics

Diffraction data
Space group P212121
Unit cell (Å) a � 63.585, b � 76.076, c � 79.656, � � � � � � 90°
Resolution (Å) 50–2.29 (2.38–2.29)a
Unique reflections 17,802
Rmerge

b (%) 4.7 (41.2)
I/� 30.3 (3.9)
Average redundancy 5.1 (5.3)
Completeness (%) 99.5 (100.0)

Refinement
Resolution (Å) 50–2.29 (2.35–2.29)
Rwork

c (last shell) 22.3 (30.9)
Rfree

d (last shell) 28.0 (39.2)
Mean B factors (Å 2) 55.4
Bond lengthe (Å) 0.007
Bond angles (degrees) 1.044
Ramachandran plot (residues, %)
Most favored 93.0
Additionally allowed 6.6
Generously allowed 0.3

a The values in parentheses refer to the highest resolution shell.
b Rmerge � �h�i�lihln��h�ilh, where lh is the mean intensity of the i observation of reflection h.
c Rfactor � �h�Fo� � �Fc�/��Fo�, where �Fo� and �Fc� are the observed and calculated structure factor amplitudes, respectively. Summation includes all reflections used in the
refinement.

d Rfree � ��Fo� � �Fc�/��Fo�, evaluated for a randomly chosen subset of 5% of the diffraction data not included in the refinement.
e Root mean square deviation from ideal values.

FIGURE 3. Overall structure of the reduced bb�xa�. A, a ribbon diagram of the crystal structure of the reduced bb�xa�. The b, b�, x, and a� domains are colored
in green, orange, magenta, and blue, respectively. The side chains of the active site cysteines in domain a� are shown as sticks. Both the N and C termini are also
labeled. B, superimposed overlay of the bb� tandem in the solution structure (44) (cyan) and that in the crystal structure of bb�xa� based on domain b. C,
superposition of the a� domain in the solution structure (Protein Data Bank entry 1X5C) (pale green) and that in the crystal structure of bb�xa�. D, superposition
of the crystal structure of I289A b�x (43) (the b� domain in yellow and the x linker in forest green) and b�x in the crystal structure of bb�xa�.

Oxidation of hPDI Activates Its Chaperone Activity

JANUARY 6, 2012 • VOLUME 287 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 1143



FIGURE 4. Reduced bb�xa� adopts a compact conformation. A, superpositions of the reduced bb�xa� with yPDI structure at 22 °C (24) (yPDI22 °C) (left) or 4 °C
(23) (yPDI4 °C) (middle) and ERp57 structure (45) (right) based on the bb� domains. The interdomain motions of the a� domain relative to the bb� domains are
indicated by arrows. B, left, the interface of the x linker with domains of b� and a�; right, the interface between domains of b� and a�. Residues involved in the
interaction are labeled and shown in sticks. Hydrogen bonds (left) and the salt bridge (right) are indicated with red dashed lines. The b�, x, and a� are colored in
orange, magenta, and blue, respectively. C and D, protease digestion profiles of hPDI with various point mutations on the interface of the compact bb�xa�
structure. hPDI and the mutants at 1 mg/ml were incubated with 1 mM GSH (C) and GSSG (D) at 25 °C for 30 min and then digested by 2 �g/ml proteinase K for
different times as indicated. The reactions were terminated by adding PMSF to a final concentration of 0.5 mM and analyzed by reducing SDS-PAGE. The time
for complete digestion of hPDI and its mutants under GSH conditions are indicated by asterisks. All hPDI mutants showed increased accessibility for protease
digestion at reduced conditions.
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direct interactions between the b� and a� domains identified in
the crystal structure also exist in reduced hPDI in solution, we
selectively made R300A, W396A, K326E, and E431K mutants.
After incubationwithGSH, thesemutants aremore susceptible
to proteinase K thanwild-type PDI (Fig. 4C). As the control, the
mutants and wild-type PDI showed similar susceptibility to
protease digestion after incubation with GSSG (Fig. 4D). These
results indicated that the interdomain interactions in b�xa� sta-
bilize the compact conformation of the reduced hPDI.
Oxidation of Active Site in a� Domain Exposes Shielded

Interfaces—To further understand how oxidation of the a�
domain opens the compact conformation of hPDI, we next
tried to identify oxidation-induced exposed regions in detail.
The SDS-polyacrylamide gel mobility analysis showed that the
major digested products (indicated by asterisks) of proteinase
K, trypsin, or chymotrypsin are largely comparable but with
different intensity between the oxidized and reduced hPDI,
indicating that the major digestion sites are similar and more
exposed in the oxidized form (supplemental Fig. S3A). These
digests were then further analyzed by mass spectrometry (Fig.
5A). Our previous work has shown that the C-terminal half of
hPDI is more flexible to be digested than the N-terminal half
(25). Indeed, all of the observed molecular mass of major prod-
ucts corresponds to the fragment extending from the N-termi-
nal tag to a residue in the a� domain (supplemental Table S1).
Although three proteases have different preferences for attack-
ing amino acid residues, they target similar regions in the oxi-
dized hPDI, including the beginning part (Lys-370, Leu-372,
and Lys-375), a region around the active sites (Ala-394, Trp-
396, and Lys-401), the �2 sheet (Ala-423, Lys-424, Met-425,
andAsp-426), and the�2-�3 loop (Thr-428 andHis-438) of the
a� domain (Fig. 5B). However, the corresponding products in
the mass spectra of the reduced hPDI are either in very low
intensity or not observed (Fig. 5A), indicating that these resi-
dues are protected from digestion. Interestingly, most of them
are located at the interfaces between domains b� and a� (Ala-
394, Trp-396, Thr-428, andHis-438) or between domain a� and
the x linker (Lys-370 and Lys-375). Hence, the mass spectrom-
etry analysis firmly demonstrated that the oxidation of the
active site in the a� domain releases the compact module
formed by domains b�, a�, and the x linker and exposes shielded
sites for digestion.
Conformational Transfer Is Essential for Redox-regulated

hPDI Chaperone Activity—As indicated above, significant
interdomain conformational changes of hPDI occur in
response to different redox conditions. We envision that this
kind of compact/loose conformation transfer could directly
regulate hPDI chaperone activity by shielding/exposing the
substrate binding areas. We next tested the chaperone activity
of various hPDI mutants with point mutations on the domain
interfaces observed in the compact reduced bb�xa� (such as
R300A,W396A, K326E, and E431K) to interferewith the ability
of conformational transfer. These mutants showed chaperone
activity similar to that of the wild-type hPDI in the oxidized
form but higher chaperone activity in the presence of DTT (Fig.
6A), indicating that disruption of the interdomain rearrange-
ment can interfere with redox-dependent chaperone activity
changes. To further verify the importance of the a� domain in

the redox-regulated chaperone activity of hPDI, we finally
tested different hPDI truncations. Oxidized bb�xa� suppressed
the aggregation of GAPDH more efficiently than oxidized
abb�x, and the presence of DTTdecreased the chaperone activ-
ity of bb�xa� remarkably (Fig. 6B). Because we and others have
previously indicated that the four domains of the PDImolecule
are all required for binding to large substrates (21, 22), such as
the GAPDH folding intermediate (22), chaperone activity of
abb�x still showed some, but much less, redox regulation (Fig.
6B). Taken together, all of the above results demonstrated that
the conformational transfer, based on interdomain rearrange-
ment and trigged by the active site of the a� domain, is essential
for the redox-regulated chaperone activity of hPDI.

DISCUSSION

PDI is amultidomain protein that functions as both a dithiol-
disulfide oxidoreductase and a chaperone to promote the oxi-
dative folding or reductive unfolding of various protein sub-
strates. Conformational changes of PDI are indicated to be a key
factor for its promiscuous binding nature (24, 25, 43). The
results presented here provide structural insights into the
molecular mechanism of redox-regulated interdomain confor-
mational changes and chaperone activity of hPDI.
We found that the redox-regulated conformational changes

of hPDI are mainly located in the b�xa� region and triggered by
redox switch of the active site in the a� domain. Interestingly,
this location is in line with the major flexible region in hPDI
revealed by our previous work (25), indicating that the large
flexibility in the b�xa� region is required for the interdomain
conformational change. Furthermore, the redox-regulated
conformational change happened only when an active thiore-
doxin-like domain (either a or a�) connected to the C termini of
b�x, clearly demonstrating that the b� domain and the x linker
are the necessary components for the conformational change of
hPDI regulated by redox. Hence, the domain organization
integrity of b�xa� determines its redox-dependent regulation in
nature.
The crystal structure of the reduced bb�xa�, which is the

longest fragment of hPDI with structure determined so far,
allowed us to understand the underlying molecular mecha-
nism. Particularly, it is the first time that the b�xa� region of
hPDI has been observed at the atomic level; this is the most
critical region for the versatile activities of hPDI (21, 46–48).
The structure revealed a novel domain organization (i.e. a�
domain packs tightly with both the b� domain and the x linker
to form one compact structural module). Previous 1H-15N
HSQC spectra comparison ofb�-a�oxi andb�-a�red of PDI from
thermophilic fungus showed that the redox states of the a�
domain influence the dynamic properties of the b� domain (34),
and the small angle x-ray scattering studies revealed a redox-
regulated interdomain motion of the a� domain (33). Here we
uncoveredmultiple interactions between the b� and a� domains
in detail according to the reduced bb�xa� structure.We further
identified the regions and residues exposed upon the oxidation
of the a� domain by mass spectrometry analysis, which were
reversely shielded in the reduced form of bb�xa�, further dem-
onstrating that the oxidation of the a� domain releases the com-
pact structure module.
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FIGURE 5. Oxidation of the a� domain release the compact structure formed by domains b�, a� and the x linker. A, mass spectrum of the digestion products
of hPDI at different redox states. hPDI at 1 mg/ml was incubated with or without 1 mM DTT at 25 °C for 30 min and then digested by 0.3 �g/ml proteinase K, 2
�g/ml trypsin or chymotrypsin for 5 min. The reactions were terminated by adding PMSF to a final concentration of 0.5 mM and analyzed by mass spectrometry.
B, mapping the identified redox-dependent digestion sites of hPDI onto the three-dimensional structure of bb�xa�. The digestions sites are shown in red, and
the active sites are shown in yellow.
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How does the redox switch of the a� domain active site trig-
ger the large interdomain conformational change? It is found
that the residue Trp-396, adjacent to the active site (supple-
mental Fig. S3B), interacts with domain b� in the reduced state
but is exposed upon oxidation of the a� domain active site, indi-
cating its important role in sensing the redox change and trig-
gering the redox-regulated interdomain conformational
changes. Another region involved in this conformational
change is the �2-�3 loop (supplemental Fig. S3B), which exten-
sively interacts with domain b� in the reduced state and is
exposed upon oxidation. In addition, this loop, although far
away from the active site in the primary sequence, contains an
extremely well conserved (in thioredoxin-like proteins) cis-
proline (Pro-441) located adjacent to the active site in the three-
dimensional structure (supplemental Fig. S3B) that has been
shown to be involved in substrate binding/release based on the
studies of thioredoxin (49), DsbA (50), and yPDI (23). Therefore,
Pro-441 may also play a critical role in sensing the redox change.
Interestingly, both Trp-396 (adjacent to the active site) and His-
438 (near the cis-proline)were found in alternative conformations
in the reducedbb�xa� structure (supplemental Fig. S3B).The high

mobility of these two residues may contribute to sensing
redox microenvironment and triggering conformational
changes.
The redox-regulated interdomain conformational changes

of the b� and a� domain can be further supported by the flexi-
bility of the x linker. It has been reported that the N-terminal
part of the x linker can stabilize the b� domain (18), whereas the
C-terminal part loosely interacts with the a� domain and does
not contribute to its structural integrity (51). Actually, the
C-terminal portion of the x linker has been reported to adopt
multiple conformations (25, 43), which may further increase
interdomain mobility of the b�xa� region and underpin the
redox-regulated conformational changes. Besides PDI, a num-
ber of other PDI family members also contain a linker connect-
ing the b� and a� domains (17), and it is worthwhile to further
explore whether such redox-regulated conformational changes
exist in these members.
PDI displays its chaperone activity by temporarily binding

with unfolded polypeptides/proteins or folding intermediates
through hydrophobic interactions, thereby preventing themis-
folding and aggregation of substrates (52). ANS fluorescence

FIGURE 6. Redox-regulated chaperone activity of hPDI. A and B, guanidine hydrochloride-denatured GAPDH at 0.14 mM was 50-fold diluted into refolding
buffer in the absence or presence of 28 �M (A) or 5.6 �M (B) hPDI proteins with various concentrations of DTT as indicated. Aggregation produced during the
refolding was monitored by recording the light scattering at 488 nm, and the suppression of aggregation was used to measure the chaperone activity of hPDI
proteins. C, a schematic model of redox-regulated chaperone activity of hPDI. The b, b�, x, and a� domains are colored in green, orange, magenta, and blue,
respectively. The position of the a domain (gray) in this model is achieved by superposition of the bb�xa� structure with that of yPDI at 4 °C (23). Residues
involved in ligand binding (23, 34, 43, 44) are colored in yellow. Active sites of both the a and a� domains are shown in stick representations. The reduced hPDI
adopts the compact conformation with small hydrophobic areas exposed for substrate binding, and oxidation of the a� domain of hPDI results in exposure of
more extended hydrophobic areas for its substrate binding and chaperone activity.
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studies showed that the reduced hPDI exposed smaller hydro-
phobic area. The crystal structure of reduced bb�xa� also
revealed that several residues in both the b� and a� domains,
supposed to be involved in substrate binding, are shielded in the
compact structure and released to be exposed to solvent upon
the oxidation of the a� domain active site. It is logical to suppose
that such prominent conformational changes induced by dif-
ferent redox states may lead to potential regulation of hPDI
chaperone activity. Indeed, we showed in this study that the
chaperone activity of hPDI in suppressing the aggregation of
GAPDH folding intermediates is redox-regulated. A schematic
model of redox-regulated chaperone activity of PDI is shown in
Fig. 6C.
Previously, PDI was shown as a redox-regulated chaperone

to unfold the cholera toxin A1 subunit (29), and bb�xa� was
shown to be necessary and sufficient to trigger the unfolding
(48). Therefore, the redox-regulated conformational changes in
the b�xa� region identified here may also be involved in this
process. In their toxin unfolding assay, the reduced PDI showed
higher binding affinity to bind with the folded toxin A1 subunit
and then unfold and release it after being oxidized (29), whereas
in our GAPDH refolding assay, the oxidized PDI preferentially
associates with partially folded GAPDH folding intermediates
to facilitate its folding. There are some other cases: the reduced
PDI showed higher binding affinities with Ero1-L� (53) and
antigen peptides (54), and the oxidized PDI displayed higher
affinities with mastoparan (34) and �-subunit of prolyl-4-hy-
droxylase (31). These observations suggested that PDI at differ-
ent redox states may recognize different substrates; however,
the general mechanism is still unknown.
A well studied redox-regulated chaperone, Hsp33, is a con-

served heat shock protein in prokaryotes (55). Induced by oxi-
dation along with unfolding, the chaperone activity of Hsp33 is
activated with exposure of its buried hydrophobic surfaces in
the reduced form. Although the redox-regulated activation of
chaperone activity of PDI was previously considered distinct
from Hsp33 (29, 56), our results showed that it is similar to
Hsp33 (i.e. oxidation of PDI significantly increases its chaper-
one activity). This feature therebymay endowPDIwith the first
characterized redox-regulated chaperone in the ER for sensing
and protecting protein damage from reactive oxygen species
(consistently generated in the ER (39)), further explaining why
PDI plays a critical role in protecting neurodegenerative disease
induced by oxidative stress and/or protein misfolding (39).
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