














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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