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Abstract

Most antigenic peptides are generated by proteasomes in the cytosol and are transported by the transporter
associated with antigen processing (TAP) into the endoplasmic reticulum, where they bind with nascent major
histocompatibilitiy complex class I molecule (MHC-I). Although the overall process of peptide-MHC-I complex
assembly is well studied, the mechanism by which free peptides are delivered from TAP to MHC-I is unknown.
In this study, we investigated the possible role of protein disulfide isomerase (PDI) as a peptide carrier between
TAP and MHC-I. Analysis of PDI-peptide complexes reconstituted in vitro showed that PDI exhibits some
degree of specificity for peptides corresponding to antigenic ligands of various human leukocyte antigen (HLA)
alleles. Mutations of either anchor residues of the peptide ligand or the peptide-binding site of PDI inhibited the
PDI-peptide interaction. The PDI-peptide interaction increased under reducing conditions, whereas binding of
the peptide to PDI decreased under oxidizing conditions. TAP-associated PDI was predominantly present in the
reduced form, whereas the MHC-I-associated PDI was present in the oxidized form. Further, upon binding of
optimal peptides, PDI was released from TAP and sequentially associated with HLA-A2.1. Our data revealed a
redox-regulated chaperone function of PDI in delivering antigenic peptides from TAP to MHC-I. Antioxid. Redox

Signal. 15, 621-633.

Introduction

AJOR HISTOCOMPATIBILITY COMPLEX CLASS | MOLECULE

(MHC-I) presents peptides derived from both intracel-
lular self and viral proteins to cytotoxic T lymphocytes that
survey and eliminate virus-infected cells. Antigenic peptides,
which usually consist of 8-10 amino acids, are generated in the
cytosol by 26S-proteasomes and are subsequently translocated
into the endoplasmic reticulum (ER). In the ER, they bind to
MHC-I incorporated into a multiprotein complex named the
peptide-loading complex (PLC) (38). PLC promotes correct
folding, disulfide bond formation, and optimal MHC-I peptide
loading. PLC is composed of various ER proteins, including the
c-type lectin-like chaperone calreticulin, tapasin, the trans-
porter associated with antigen processing (TAP) heterodimer,
and two thiol-dependent oxidoreductases, ERp57 and protein
disulfide isomerase (PDI) (11, 36).

Optimization of MHC-I-bound peptide is the most crucial
process for enhancing MHC-I structural stability and thereby
presenting a strong signal to the immune system. Because
peptide binding of individual MHC-I is selectively controlled
by allele-specific peptide-binding motifs, most peptides in the
ER are presumably suboptimal for binding to MHC-I (41).
Quantitative analysis shows that only 0.05% of peptides are
available for MHC-I loading (27, 29, 40). Additionally, many
peptides confront cytosolic peptidases before they are trans-
located across the ER membrane (43). Excess peptides that
cannot be loaded onto MHC-I are exported from the ER into
the cytosol through the Sec61p channel (22). To overcome
these constraints, cells utilize the cellular machinery to im-
prove the stability and specificity of peptides both in the cy-
tosol and in the ER. TRic and Hsp90, well-known cytosolic
chaperones, protect both antigenic peptides and their pre-
cursors from cytosolic amino-peptidase activity and ensure
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their safe delivery to the TAP heterodimer (24). The TAP
heterodimer has a relatively broad spectrum of substrate
specificity for peptides transported into the ER according to
their lengths and sequences (28). Similarly, in the ER, the
“editing” mechanism of the tapasin-ERp57 heterodimer plays
a crucial role in regulating optimal peptide loading onto
MHC-I (19, 59). Further, ER-aminopeptidase-1 (ERAP1/
ERAAP) trims the peptide precursors to a size suitable for
MHC-I binding (47, 49, 61).

Some ER proteins, including calreticulin, gp96, ERp72,
grp170 and PDI, are thought to be associated with antigenic
peptides translocated into the ER by TAP, but their functions
in MHC-I antigen presentation are unclear (26, 31, 52, 53). For
example, gp96 associates with peptides and induces MHC-I
antigen presentation via the endocytic pathway in antigen
presenting cells (4, 5). However, the putative role of gp96 as a
peptide carrier in the ER has been received with some skep-
ticism because reduced gp96 expression does not influence
the level of MHC-I on the cell surface (42).

PDI is a classical member of the ER oxidoreductase family
(13) and catalyzes the oxidation, reduction and isomerization
of disulfide bonds in newly synthesized or misfolded proteins
(48). PDI consists of four distinct domains (a-b-b’-a”) with a C-
terminal KDEL ER retention sequence. The a and a’” domains
contain a characteristic CXXC motif that catalyzes disulfide
bond formation. The b’ domain is the principal binding site for
small peptides containing 10-15 amino acids (12, 18, 21, 23).
The b domain has no catalytic activity but may be involved in
substrate binding (8). Our previous study has shown that PDI
facilitates optimal peptide loading by regulating the oxidation
state of the disulfide bond in the MHC-I peptide-binding cleft
(36). Interestingly, ectopic expression of a PDI-F258W /1272A
mutant, in which the catalytic site is intact but the peptide-
binding activity of the b’ domain is destroyed (39), failed to
restore optimal peptide loading of MHC-I in endogenous
PDI-depleted cells (36). These observations suggest that the
peptide-chaperoning activity of the b’ domain of PDI is also
essential for optimal peptide loading. However, we were
unable to separate this potential additional function of the b’
domain from the catalytic function of PDI in the previous
study because of apparent crosstalk between these two
functions in a cellular context. To overcome this limitation and
to exclusively test the role of the peptide-chaperoning activity
of PDI in antigen processing, we utilized in vitro reconstitution
of the PDI-peptide complex and conducted an in vivo analy-
sis. We report that PDI can serve as a peptide carrier for de-
livering peptides from TAP to MHC-L

Materials and Methods
Cell lines and antibodies

HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (Hy-
clone), penicillin (50 U/ml), and streptomycin (50 g /ml). The
human B lymphoblastoid cell line, 721.220, stably expressing
HLA-A2.1 was generated by infection with a retroviral system
and maintained in RPMI-1640 medium (Hyclone) with
0.5mg/ml of G418 (Calbiochem). The mAb BB7.2 recognizes
HLA-A2.1 (34). We raised rabbit polyclonal antibodies
against the recombinant PDI protein, tapasin (C-terminus
region including the KDEL sequence as an epitope), and TAP1
(nucleotide-binding domain as an epitope). We purchased
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antibodies for ERp57 (Santa Cruz Biotechnology), MHC class
I (Santa Cruz Biotechnology), and Calreticulin (Stressgen).

Site-directed mutagenesis

Isoleucine-to-alanine (I1272A) and phenylalanine-to-tryp-
tophan (F258W) replacement mutations within the b’ domain
of PDI and cysteine-to-serine (C36, C39, C357, and C360)
mutations in the a and a” domains of PDI were made by site-
directed mutagenesis with Pfu DNA Polymerase (Stratagene).

Protein expression and purification

For bacterial recombinant protein expression, cDNA corre-
sponding to mature polypeptide (except for the signal se-
quence) of human PDI wild-type or PDI point mutants were
cloned into the recombinant protein expression vector pET28a
(Novagen). This vector was transformed into Escherichia coli
strain BL21 (DE3) (Novagen). Cells were grown to an ODgg of
approximately 0.5 in LB medium with 1 mg/ml kanamycin at
37°C. Expression of recombinant PDI wild-type and point
mutants was induced by 1 mM isopropyl-f-p-thiogalactopyr-
anoside (Sigma-Aldrich) for 3h at 28°C. Expressed proteins
were purified using Ni**-NTA-agarose (Qiagen) according to
the manufacturer’s protocol.

Peptides

Peptides were synthesized by Fmoc solid phase peptide
synthesis (SPPS) using ASP48S (Peptron, Inc.) and purified by
reverse-phase  high-performance liquid chromatography
(HPLC) using a Vydac Everest C18 column (250 mm X 22 mm,
10 um). Elution was carried out with a water—acetonitrile linear
gradient (10%—75% [v/v] of acetonitrile) containing 0.1% (v/v)
trifluoroacetic acid. Molecular weights of the purified peptides
were confirmed using liquid chromatography/mass spectrom-
etry (LC/MS; Agilent HP1100 series; Agilent). Peptides were
biotinylated or conjugated with fluorescein isothiocyanate
(FITC) at the N-terminus for detection and contained a lysine
residue for crosslinking at position 4.

Crosslinking

Crosslinking was performed using the homobifunctional
crosslinker DSG (Pierce). Wild-type PDI and PDI mutants
were incubated with the biotinylated peptide in phosphate-
buffered saline (PBS) for 10 min on ice followed by further
incubation with added DSG (a final concentration of 10 mM)
for 60 min on ice. The crosslinking reaction was stopped by
boiling the samples in a sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) sample buffer. The
sample contents were separated by 8% SDS-PAGE and sub-
jected to an immunoblot assay. The biotinylated peptide—
protein complex was probed with horseradish peroxidase
(HRP)-streptavidin (Pierce). Triton X-100 (Sigma—Aldrich)
and f-estradiol (Sigma—Aldrich) were used for characteriza-
tion of the PDI-peptide interaction. f-Estradiol is a known
inhibitor of PDI, targeting the b” domain and decreasing the
thermostability of MHC-I (36, 57).

Metabolic labeling and reimmunoprecipitation

For analysis of the redox state of PDI in association with
TAP or HLA-A2.1,721.220-A2.1 cells (5 x 10°) were starved for
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40min in medium lacking methionine/cysteine and labeled
with 0.1 mCi/ml [**S]methionine/ cysteine (NEN) for 20 min.
Cells were lysed using 1% digitonin (Calbiochem) in lysis
buffer [25mM HEPES, 100mM NaCl, 10mM CaCl,, 5mM
MgCl, (pH 7.6), and 10 mM N-ethylmaleimide supplemented
with protease inhibitors] for 30 min on ice. After preclearing
cell lysates with protein G-Sepharose (GE Healthcare UK
Ltd.), primary antibodies for TAP or HLA-A2.1 and protein
G-Sepharose were added to the supernatant and incubated on
ice with rotation for 2 h. The beads were washed three times
with 0.1% digitonin in lysis buffer. Proteins were eluted from
the beads by boiling the samples in reimmunoprecipitation
buffer (1% NP-40, 1.5% SDS, and 10 mM N-ethylmaleimide in
PBS), and the eluted proteins were diluted into 1% NP-40 in
PBS and reprecipitated with the anti-PDI antibody. Pre-
cipitated PDI was eluted by reducing or nonreducing SDS
sample buffer and separated by 12% SDS-PAGE. The gels
were dried, exposed to BAS film for 14 h, and analyzed using
the Phosphor Imaging System BAS-2500 (Fuji Film).

Coimmunoprecipitation and immunoblot analysis

Cells or microsomes were lysed in 1% digitonin in buffer
containing 25 mM HEPES, 100 mM NaCl, 10 mM CaCl,, and
5mM MgCl, (pH 7.6) supplemented with protease inhibitors.
Lysates were precleared using protein G-Sepharose for 1h on
ice. For coimmunoprecipitation, samples were incubated with
the appropriate antibodies for 2h on ice before protein G-
Sepharose beads were added. Beads were washed four times
with 0.1% digitonin and bound proteins were eluted by
boiling the samples in SDS sample buffer. Proteins were
separated by 12% SDS-PAGE, transferred to an immobilon-P
membrane (Millipore), blocked with 5% skim milk in PBS
containing 0.1% Tween 20 for 2h, and probed with the ap-
propriate antibodies overnight at 4°C. Membranes were wa-
shed three times with PBS containing 0.1% Tween 20 and
incubated with HRP-conjugated streptavidin (Pierce) for 1h
at 4°C. Immunoblots were visualized using an ECL detection
reagent (Pierce).

Microsome purification

Microsomes from cells expressing HLA-A2.1 were pre-
pared and purified as previously described (35). Cells ex-
pressing HLA-A2.1 were washed once with PBS and
harvested by centrifugation. Cells were resuspended to a
concentration of 2x10° cells/ml in a cavitation buffer con-
taining 0.25 M sucrose, 25mM potassium acetate, 5mM
magnesium acetate, 0.5 mM calcium acetate, 50 mM Tris—-HCl
(pH 7.4), 5 pg/ml leupeptin and 0.25mM PMSEF. Then, cells
were homogenized by 16 passages through a 26-gauge nee-
dle. Unbroken cells and nuclei were removed by centrifuga-
tion at 1500 g for 10 min at 4°C. The resulting supernatants
were ultracentrifuged at 100,000 g for 1h at 4°C. Membrane
pellets were resuspended in the cavitation buffer, snap-frozen
in liquid nitrogen and stored at —80°C until use.

Peptide binding assay and UV crosslinking

Biotinylated peptides ILDKFPVTV (high-affinity ligand for
HLA-A2.1) and IEDKFPVTD (low-affinity ligand for HLA-
A2.1) were conjugated to the photoreactive crosslinker N-5-
azido-2-nitrobenzoyloxysuccinimide (ANB-NOS; Pierce) as
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described previously (36). For the peptide-binding assay, re-
porter peptides were mixed with 15 ul of microsomes (con-
centration of 60 A280/ml) in a total volume of 50 ul of RM
buffer (250 mM sucrose, 50 mM triethanolamine-HCI, 50 mM
potassium acetate, 2 mM magnesium acetate, 1 mM DTT, and
10 mM ATP). The mixture was incubated for 30 min at 26°C in
a flat-bottom 96-well tissue culture plate. Samples were
maintained on ice during a 3-min exposure to shortwave
(865nm) UV irradiation. After centrifugation, membranes
were washed once with cold RM buffer, lysed with 1% digi-
tonin, and the crosslinked proteins were immunoprecipitated
with primary antibodies. Precipitates were separated by 12%
SDS-PAGE followed by detection using immunoblot. Peptide
translocation was determined after incubating microsomes
with FITC-conjugated reporter peptides under the same ex-
perimental conditions. Microsomal membranes were recov-
ered by centrifugation at 75,000 g for 10 min through a 0.5 M
sucrose cushion in cold RM bulffer. After washing with cold
RM buffer twice, the membrane pellet was directly dissolved
in sample buffer. Samples contents were separated using tri-
cine/SDS-PAGE and probed with HRP-streptavidin. Relative
densities of the peptide bands were determined using an
imaging densitometer (GS-700; Bio-Rad) and Multianalyst
densitometer software (Bio-Rad).

Results

PDI specifically interacts with peptides
through its b’ domain

We previously showed that the b’ domain of PDI, a binding
site for substrates such as small peptides that are 10-15 amino
acids in length (21), is also involved in optimal peptide
loading to MHC-I (36), suggesting that PDI may serve as a
peptide carrier in antigen processing. To test this hypothesis,
we first determined whether PDI binds antigenic peptides.
We constructed several PDI proteins with point mutations in
the two active site domains (PDI-C56, 59S; PDI-C357, 360S;
and PDI-C56, 59/357, 360S) or in the b’ substrate-binding
domain (PDI-F258W /1272A) and purified the recombinant
proteins (Fig. 1A and Supplementary Fig. S1A; Supplemen-
tary Data are available online at www .liebertonline.com/ars).
To verify that the cysteine residues of purified proteins were
correctly mutated, proteins were reduced with dithiothreitol
(DTT) and subjected to cysteine alkylation with methox-
ypolyethylene glycol-maleimide (malPEG) to modify all
sulfhydryl groups. As expected, malPEG-induced protein
modification was detected by a mobility retardation of
~5kDa per one free sulfhydryl group on SDS-PAGE (55)
(Supplementary Fig. S1B). Moreover, we confirmed the
functional activity of purified recombinant wild-type PDI
using an in vitro lysozyme refolding assay (Supplementary
Experimental Procedures), showing that purified wild-type
PDI effectively refolded the unfolded lysozyme (Supple-
mentary Fig. S1C). For analysis of peptide binding to PDI, we
used ILDKFPVTYV and its systematic substitution derivatives
at principal anchor positions 2 and 9 (10) (Table 1). For
crosslinking, these peptides were modified to have a lysine
residue at position 4. These peptides represent a broad spec-
trum of affinities from a high-affinity ILDKFPVTV) to a low-
affinity binder (IEDKFPVTD) (10) (Table 1). All peptides were
biotinylated at the N-terminus for detection. We chose these
peptides because their binding affinities for HLA-A2.1 are



624 CHO ET AL.
A a b b’ a’ c
Wild type PDI(1-509) ~ W_cohe | | binangaes | CGHC |  JEKDEL
PDI-F258W/I272A N | Tw A | [
PDI-C56,595 N_sow | | l - FIG.1. Characterization of protein
PDI-C357,360S Ll I | [ soHs | disulfide isomerase (PDI)-peptide
PDI-C56,59/357,360S i scHs | | [ seus | interaction. (A) Schematic represen-
tation of recombinant PDI variants.
Domains indicated as a and a’ are
B 2 4 catalytic domains and b and b’ are
e 5 35 nonactive/substrate  binding  do-
% S % T 3 mains. Substituted residues are indi-
® g 2 g 5 £25) cated. (B) Interaction of biotinylated
nos nF EQ 2} H.A peptide with recombinant PDI
5 B & 8 8 215} variants. Each PDI variant (2 uM) was
£ ¢ 9 9 & 2 incubated with H.A peptide (10 uM)
E S & 05 in phosphate-buffered saline buffer.
. 0 After 1h incubation on ice, the mix-
;;%;:tide-bound - — -_— ‘ a @ 2 2 p ture was crosslinked with DSG
Ll o Q Q N (10mM) followed by immunoblot
Input PDI |—m‘_‘ E g >y S s analysis with streptavidin-horserad-
1 2 3 4 5 = 3 2 @ ish peroxidase (HRP) specific for
a = o o peptide. Equal amounts of PDI input
a 8 Fal are shown in a reblot of the same
9 o membrane. (C) The b” domain is re-
2 quired for interaction of PDI with
H.A peptide. PDI (2 uM) was incu-
C ) D bated with H.A peptide (10 M) in
,Q;bb the presence of f-estradiol (10 uM), a
} Qe,@:’ PDI+H.A peptide specific inhibitor of the PDIb’ domain
BMBS i (57). The assay was performed as
H.A peptide : v Triton X-100(%) 0 03 06 1.0 | pr . 05 B}l’\m’ o etectod. )
peptide-bound PDI — peptide-bound PDI I . Hydrophobic property of interaction
of PDI with H.A peptide. PDI (2 M)
Input PDI — e Input PDI l- - -.‘ was incubated with H.A peptide
. . 3 (10 uM) Wlth increasing concentra-
tions of Triton X-100. The assay was
100 9 100 performed as described in B. H.A,
B X B x high-affinity peptide. In B-D, band
%‘ <! o %’ é—'Ei 80 intensities of PDI-peptide complex
@ % 60 g g 60 were quantified using a densitometer
=3 E o and then normalized to the input
2 -%_ 40 2 '% 40 PDL. The error bars represent SD for
% 2 20 % $‘ 20 triplicate experiments.
xa ND o
L)) a o
- HA H.A 0 03 06 10
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TABLE 1. AMINO ACID SEQUENCES OF PEPTIDES USED IN THIS STUDY
Peptide Sequence Affinity to HLA-A2.1° Total hydrophobicity®
High affinity ILDKFPVTV 3.46
Intermediate 1 IMDKEFPVTV 3.26
Intermediate 2 ISDKFPVTV 2.00
Intermediate 3 ILDKFPVTQ 1.33
Intermediate 4 ILDKFPVTE 1.33
Low affinity IEDKFPVTD -1.20

ILDKFPVTV represents high-affinity peptide for HLA-A2.1 and its anchor residues at the P2 and P9 positions are indicated by bold letters.
Mutations on anchor residues to reduce the binding affinity for HLA-A2.1 are underlined in bold letters. All peptides possessed a lysine
residue for crosslinking with homobifunctional crosslinker disuccinimidyl glutarate or photoreactive-crosslinker N-5-azido-2-nitrobenzoy-

loxysuccinimide (ANB-NOS).

*Representative of binding affinity of each peptide to HLA-A2.1. The affinity of each peptide was estimated from a previous study (10).

PSum of hydrophobicity of amino acids in each peptide with the Eisenberg scale (54).
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well documented (10). HLA-A2.1 is one of the most frequently
occurring HLA alleles in the human population (6), and op-
timal peptide loading of HLA-A2.1 requires the catalytic
function of PDI (36). We wanted to isolate an additional
chaperone function of PDL

To examine the interaction between PDI derivatives and
peptides, PDI derivatives were incubated in the presence of
ILDKFPVTL peptide (H.A peptide, a high-affinity binder to
HLA-A2.1) and were chemically crosslinked with dis-
uccinimidyl glutarate (DSG) followed by immunoblotting
with HRP-streptavidin for detection of the biotinylated pep-
tide-PDI complex. An apparent size of 60kDa that corre-
sponded to the size of the PDI-peptide complex was detected
for wild-type PDI (Fig. 1B, lane 1), indicating that PDI can
bind to the ligand of HLA-A2.1 as well as to relatively long
peptide substrates (21). Interestingly, active site mutants dis-
played differential affinities for peptide, and the C56, 59/357,
360S double mutant exhibited the highest degree of associa-
tion (Fig. 1B, lanes 2—4). Because mutation of the active site
cysteine mimics reduction of the active site, this result sug-
gests that PDI interaction with peptides is regulated by the
redox state of PDL No interaction was observed for the
F258W /1272A peptide-binding site mutant (Fig. 1B, lane 5),
confirming the previous findings (36, 39) that the b” domain of
PDI is crucial for small peptide binding. This result was fur-
ther confirmed by the observation that f-estradiol, a selective
inhibitor that targets the b domain of PDI (57), inhibited the
association of wild-type PDI with peptide (Fig. 1C). Interac-
tion of PDI with peptide decreased in the presence of Triton X-
100 in a concentration-dependent manner (Fig. 1D). Virtually
no PDI-peptide complex remained in 1% Triton X-100, sug-
gesting that PDI associates with antigenic peptide primarily
through a hydrophobic interaction. Because the peptide-
MHC-I interaction is generally preserved in 1% Triton X-100
(60), the PDI-peptide interaction appears weaker than the
MHC—peptide interaction. Next, we estimated the affinity of
the PDI-peptide interaction using a competition assay in
conjunction with a gel retardation assay (37). PDI was pre-
incubated with FITC-conjugated H.A peptide at 4°C for 1h.
After incubation, varying amounts of cold H.A peptide
competitor were added and the mixture was directly sub-
jected to native-PAGE. PDI-FITC-H.A peptide complex was
visualized and quantified using a fluorimager. We roughly
estimated the IC5, value for PDI-peptide interaction as~7 uM
(Supplementary Fig. S2). The affinity of peptide for PDI
appears lower than the affinity of peptide for MHC-I
(~0.4 uM) (50) or TAP (~1.2uM) (14), suggesting that the
transfer of PDI-bound peptide to MHC-I is energetically
favorable.

PDI displays selectivity toward antigenic peptide

Next, we tested whether PDI exhibits a preference for pep-
tides with MHC-I binding motifs. Wild-type PDI was incu-
bated with various peptides biotinylated at their N-terminus
for 10min, and the reaction mixture was subjected to
crosslinking followed by immunoblotting. Surprisingly, PDI
displayed differential affinity for each peptide, and the increase
in PDI-peptide affinity was proportional to the increase in
peptide affinity to HLA-A2.1 (Fig. 2A). The sequential order of
affinity of the designed peptides to HLA-A2.1 coincided with
the total hydrophobicity of each peptide (Table 1) (54). Peptide
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binding to PDI was dependent on peptide hydrophobicity
(Fig. 1D); these differences in peptide hydrophobicity might
have resulted in our data. To rule out this possibility, we
switched positions of anchor residues in the H.A peptide,
keeping the total hydrophobicity of the anchor-residues swit-
ched (A.S) peptide unchanged. Interestingly, the interaction
between the anchor-residues of the switched peptide (A.S) and
PDI significantly decreased (Fig. 2B, compare lanes 1 and 2).
This result suggested that peptide anchor motifs affect its in-
teraction with PDI in a similar manner as the peptide-HLA-
A2.1 interaction. To extend and generalize these findings, we
tested more peptides for their interaction with PDI. Four pep-
tides were previously identified as CTL epitopes specific for the
influenza A virus and possess differential specificity toward
the HLA allele supertype (2). These viral peptides were named
as Al (VSDGKPNLY, also specific for HLA-A1 supertype), A3
(RMVLKSTTAK, for HLA-A3 supertype), B44 (YERM-
KNILKG, for HLA-B44 supertype), and B27 (SRYWKIRTR,
for HLA-B27 supertype). An internal amino acid of each pep-
tide was replaced with lysine, designated in bold, for cross-
linking experiments. We first investigated the interaction
of viral peptides with wild type PDI and compared their
association with the PDI F2581/1272A mutant. All viral pep-
tides displayed comparable or even higher affinities to wild-
type PDI than H. A reference peptide (Supplementary Fig. S3A,
first panel). PDI F2581/1272A mutant had virtually no detect-
able interaction with all viral peptides except B27 peptide
(Supplementary Fig. S3A, third panel). Next, we examined
whether PDI associated with viral peptides through a hydro-
phobic interaction. Consistent with the result shown in Figure
1D, all peptides but B27 exhibited decreased interaction with
PDI in the presence of 1% Triton X-100 (Supplementary
Fig. S3B), suggesting that a hydrophobic interaction is the
major force driving binding between PDI and peptide. Al-
though the B27-PDI interaction was slightly decreased by
Triton X-100, association of B27 peptide with PDI may involve
factors other than hydrophobic interaction. The b’ domain
fragment, consisting of 218-350 amino acids was sulfficient to
confer selectivity of peptides for PDI (Fig. 2C), indicating that
the catalytic activity of PDI may not be essential for initial
peptide selection. To further confirm this notion, we examined
the viral peptides-PDI interaction in oxidizing or reducing
condition. As shown in Supplementary Figure S3C, PDI-viral
peptide interaction was not altered in oxidizing or reducing
condition. Our results suggest that PDI can selectively bind
diverse peptides through its b” domain depending on peptide
hydrophobicity.

Specific interaction of PDI with peptides
depends on the PDI redox state

Although the b” domain is a substrate binding site, other
domains are also known to influence substrate binding (20,
21). Thus, we investigated whether the redox state of the PDI a
and/or a’ domain affects its peptide-binding ability. Wild-
type PDI or its mutants were incubated with H.A peptide in
redox buffer containing varying ratios of oxidized glutathione
(GSSG) and reduced glutathione (GSH), followed by cross-
linking and immunoblotting. Interestingly, PDI variants dis-
played different associations with H.A peptide. Wild-type
PDI and PDI-C56, 59S mutant showed increased interaction
with peptide under reduced conditions (Fig. 3A, first and
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third panels; Fig. 3B). However, the PDI-C357, 360S mutant
exhibited decreased interaction with peptide under the same
reducing conditions (Fig. 3A, fifth panel; Fig. 3B). Regard-
less of redox conditions, PDI-C56, 59S/C357, 360S double
mutant, in which both catalytic sites are mutated, was able
to evenly bind peptides (Fig. 3A, seventh panel; Fig. 3B). To
monitor the redox state of PDI under varying redox buffer
conditions, aliquots of reaction mixture were precipitated
by TCA and chemically modified with malPEG, and then
analyzed using nonreducing SDS-PAGE. Wild-type PDI
gradually shifted from the oxidized to the reduced form as
the GSH/GSSG ratio increased (Supplementary Fig. S4,
first panel). Interestingly, PDI-C56, 59S mutant maintained
reduced state over all range of redox buffer conditions
(Supplementary Fig. S4, second panel). Reduction of PDI-
C357, 360S much higher GSH/GSSG ratio when compared
with wild-type PDI (Supplementary Fig. S4, third panel).

As expected, the redox state of PDI-C56, 59/357, 360S
mutant remained unchanged in all buffer conditions. We
performed a similar experiment under oxidizing condi-
tions. The PDI-peptide interaction was inversely propor-
tional to the oxidizing power (Supplementary Fig. S5). To
exclude the possibility that GSSG, as small peptide, com-
peted with H.A peptide for interaction with PDI and
thereby produced an experimental artifact, we examined
the interaction of H.A peptide with PDI-C56, 59/357, 360S
mutant in which all active cysteine residues are mutated but
the b’ substrate binding domain is intact. Consistent with
the result shown in Figure 3A, the interaction of peptide
with this mutant was independent of GSSG concentration
under oxidizing condition (Supplementary Fig. S5). These
results suggest that the interaction between PDI and
peptide is regulated by the redox state of PDI. To fur-
ther examine this possibility, we preincubated PDI with
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FITC-conjugated H.A peptide under reducing conditions
(GSH:GSSG =10:1) for 10min and isolated the PDI-peptide
complex. The isolated PDI-peptide complex was subjected to
a second incubation under various oxidizing conditions
(GSH:GSSG =10:1~1:10), and the fluorescence intensity of
PDI-bound peptides was determined (Fig. 3C, left panel).
Consistent with the observation above (Fig. 3A, B and Sup-
plementary Fig. S5), release of peptide from PDI was facili-
tated under oxidized conditions (Fig. 3C, right panel). On the
basis of these results, we concluded that the differential redox
potential of each catalytic site in the a and a” domains enable
PDI to bind and release peptides.

Interaction of endogenous PDI with peptide

To extend these in vitro observations to cells, the interaction
of endogenous PDI with peptide was analyzed using micro-
somes isolated from HeLa cells. Following preincubation with

a photoreactive crosslinker, biotinylated-peptides were mixed
with microsomes. After UV-crosslinking, microsomes were
washed and lysed using 1% NP-40; PDI was precipitated
using the indicated antibodies, and the immunoblot was
performed using streptavidin-HRP. Consistent with in vitro
observations (Fig. 2A), the binding affinity of endogenous PDI
for peptides coincided with that of HLA-A2.1 for peptides
(Fig. 4A). To gain insight into the putative relay network of
peptides in the PLC, we examined the interaction of H.A
peptide with PLC components. Only three proteins, TAP,
MHC-I and PD], displayed specific interaction with the H.A
peptide (Fig. 4B). Interestingly, we did not detect an interac-
tion between H.A peptide and ERp57 despite the structural
and functional similarities between ERp57 and PDI.

Then, we confirmed whether the specific interaction of
peptides with TAP, MHC-I, and PDI occurs within the PLC.
Following incubation of microsomes with biotinylated H.A
peptide and UV-crosslinking, microsomal lysates were
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coimmunoprecipitated with anti-TAP1 serum followed by
immunoblot for peptide. Biotin blotting revealed three dis-
tinct bands corresponding to the molecular weights of TAP,
PDI, and MHC-I (Fig. 4C, left panel, second lane). Stripping
and reblotting of the membrane with the respective antibodies
verified their identities as TAP, PDI, and MHC-I (Fig. 4C, right
panel, second lane). Notably, a predominant protein species
bound to H.A peptide was PDI. This result is consistent with a
previous study that identified PDI as the dominant peptide
acceptor in the ER (26). Other PLC components, ERp57 and
tapasin, were also present in TAP immunoprecipitates, as
shown by stripping and reblotting the same membrane using
anti-ERp57 and antitapasin antibodies (Fig. 4C, right panel).
Our results suggest that PDI plays a major role in delivering
peptides from TAP to MHC-I.

Peptide-dependent sequential association
of PDI with TAP and HLA-A2.1

Cytosolic peptides are transported into the ER through
TAP and loaded onto MHC-I with the assistance of PLC.
However, a detailed understanding of the overall flow of

peptide from TAP to MHC-I remains elusive; this is partly
because of the complicated architecture of PLC components.
In particular, tapasin plays several structural and functional
roles in the process of peptide loading, which include physi-
cally bridging MHC-I to TAP (46) and peptide editing by
cooperation with ERp57, its disulfide-linked partner (19, 59).
Therefore, to exclude the effect of tapasin and its related
functions, we used human tapasin-deficient 721.220 cells sta-
bly expressing HLA-A2.1, a tapasin-independent allele (35).
We reasoned that if PDI transfers peptides from TAP to MHC-
I, the transient association of PDI with TAP and MHC-I would
be detectable. Thus, we first investigated the interaction of
PDI with TAP or HLA-A2.1 at steady state. Coimmunopre-
cipitation of digitonin lysate of 721.220-HLA-A2.1 with anti-
TAP or BB7.2 mAbD specific for HLA-A2.1 revealed that PDI
directly interacts with TAP or HLA-A2.,1 respectively (Sup-
plementary Fig. S6A, B). Since no tapasin was present to
physically bridge TAP to MHC-], the interaction of PDI with
TAP or HLA-A2.1 appears to be direct. Consistent with this
observation, Raghaven and colleagues have recently reported
an interaction between PDI and TAP in a tapasin-independent
manner (44). Next, we examined the interaction between PDI
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and TAP or HLA-A2.1 in the presence of high- (ILDKFPVTV)
or low-affinity peptide (IEDKFPVTD). Microsomes prepared
from 721.221-HLA-A2.1 cells were incubated with peptides
and were lysed with digitonin and coimmunoprecipitated
with anti-TAP or BB7.2 mAb specific for HLA-A2.1. Inter-
estingly, in the presence of high-affinity peptide, the interac-
tion between PDI and TAP decreased in a dose-dependent
manner (Fig. 5A, E), whereas the interaction between PDI and
HLA-A2.1 increased in a dose-dependent manner (Fig. 5B, E).
By contrast, the supply of exogenous low-affinity peptides
influenced interactions between PDI and TAP or HLA-A2.1,
but to a much smaller extent compared with the effects ob-
served in the presence of high-affinity peptides (Fig. 5C, D, F).
These results suggest that PDI is released from TAP upon
binding TAP-transported peptides and sequentially associ-
ates with MHC-I for peptide transfer.

Since our in vitro data suggest that the redox state of PDI
influences association and dissociation between PDI and pep-
tide (Fig. 3), we investigated how the redox state of PDI affects
its association with TAP or HLA-A2.1. The redox state of TAP-
or HLA-A2.1-associated PDI was analyzed using metabolically
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labeled cell lysate and nonreducing SDS-PAGE. Analysis by
serial immunoprecipitation using anti-TAP and anti-PDI anti-
bodies revealed that TAP-associated PDI exhibited a reduced
form (Fig. 5G). In contrast, most of the HLA-A2.1-associated
PDI was present in the oxidized form (Fig. 5H).

Discussion

Although numerous studies have been performed to
characterize the components and functions of antigen pre-
sentation machinery, most have mainly focused on quality
control during different stages of the MHC-I protein, such as
MHC-I folding, assembly, and peptide loading (38). Detailed
information regarding the quality control mechanism for
MHC-I binding to a partner, a peptide ligand, is currently
unavailable. One challenging questions that remains to be
addressed is how peptides are delivered from TAP to MHC-I
in the ER. It is unlikely that TAP-translocated peptides reach
MHC-I by simple diffusion because of the activities of various
peptidases (45) and low abundance of optimal peptides with
correct binding motifs in the ER (22, 27, 40). On the basis of the
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observations that ER-resident chaperones, including ERp72,
gp96, and calnexin, can bind peptides (25, 26, 52, 53), it has
been suggested that these chaperones may serve as peptide
carriers in the ER. Although PDI is a known dominant re-
ceptor for TAP-translocated peptides (26, 52), its physiological
role as peptide chaperone in the ER lumen is unknown.

In this study, we clarified the distinct role of PDI as a
peptide carrier using an in vitro peptide-binding analysis
system. Our data showed that PDI has several important
characteristics required for delivering peptides from TAP to
MHC-I. First, PDI has a peptide binding profile similar to that
of MHC-I, albeit with lower affinity (Fig. 2 and Supplemen-
tary Fig. S2). Not only systematic variants of model peptides
specific for HLA-A2.1 but also several well known influenza
A virus epitopes for various HLA allele supertypes (HLA-A1,
A3, B44, and B27) can bind to PDI. Because the nonionic de-
tergent, Triton X-100, nearly abolished the interaction be-
tween PDI with peptide, hydrophobic contacts appear to
dominate the primary binding interaction between PDI and
peptide in the b’ domain. Generally, some antigenic peptide is
generated by the proteasome and some by peptidase in the
cytosol/ER; the peptide C-terminus is thought to primarily be
processed by the proteasome. Most peptides specific for var-
ious HLA alleles share the hydrophobic amino acid residue at
the C-terminus (51). Switching the C-terminal amino acid
with the adjacent nonhydrophobic amino acid in high-affinity
peptide prevented its interaction with PDI (Fig. 2B). This re-
sult implies that the nature of the peptide C-terminal amino
acid may be important for binding onto “the binding pocket”
of PDI. The affinity of peptide for PDI (ICsy: ~7 uM) is lower
than the affinity of peptide for MHC-I (~ 0.4 uM) (50), which
makes it thermodynamically favorable to deliver peptides
from PDI to MHC-I. Although the affinity of peptide for TAP
(~1.2uM) (14) is higher than the affinity of peptide for PDI
(ICsp: ~7 uM), the thermodynamics of peptide flow from TAP
to PDI are different from that of peptide flow from PDI to
MHC-I. TAP binds to a peptide via its cytosolic nucleotide-
binding domain (33), whereas peptide binding to PDI occurs
in the ER lumen where the biochemical environment may be
very different from that of the cytosol.

Similarly, cytosolic heat shock protein 70 and gp96, the ER
homolog of heat shock protein 90, can bind to antigenic
peptides in the cytosol and the ER. Both chaperones appear to
have peptide-binding pockets and preferences for peptides
that can bind to MHC-I (7, 17, 30, 32). Further, gp96 is known
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for its ability to elicit an immune response against its
chaperoned antigenic peptides (1, 5). Therefore, it was pro-
posed that gp96 is a peptide carrier for MHC-], although the
detailed mechanism remains unknown. However, analysis of
gp96-bound peptides showed that peptide sequences only
partially match with those of peptides presented by MHC-I.
Moreover, only 0.1-0.4% of gp96 is occupied with peptides
(9), and peptide binding to gp96 is irreversible (3). Although it
seems clear that gp96 contributes to antigen presentation in
some way, these results do not support the role of gp96 as a
peptide carrier.

Second, “peptide carriers” are expected to possess a regu-
latory mechanism for peptide binding as well as peptide re-
lease. Our data suggest that the association and release of
peptides are dependent on a thiol-based redox-switch of PDI.
Under reducing conditions, the interaction of wild-type PDI
and peptide increased and TAP-associated PDI was pre-
dominantly in the reduced form. However, under oxidizing
conditions, the interaction of PDI with peptide decreased and
HLA-A2.1 associated PDI exhibited a partially oxidized form
(Figs. 3 and 5G, H). These results support a role for PDI in
delivering peptides from TAP to MHC-I. This redox-switched
regulation of protein—protein interaction has been reported
for several chaperone activities (15, 56). For example, Tsai and
colleagues showed that a change of redox state in the PDI
catalytic domains can regulate its affinity for substrates, me-
diated by a conformational change (56). Interestingly, we
found that the redox state of each catalytic domain differen-
tially influences interaction of PDI with peptide (Fig. 3A). The
a domain mutant (PDI-C56, 59S), which mimics a reduced
domain, exhibited increased affinity for peptide under in-
creasingly reduced conditions (Fig. 3). In contrast, the a” do-
main mutant (PDI-C357, 360S) displayed the opposite
phenotype under the same conditions. Our data showed that
the reduction rates of the two catalytic sites in the a and a’
domains are different from each other in various reducing
condition (Supplementary Fig. S4). In accordance with this
observation, it was previously shown that PDI displays
asymmetry in the oxidation rate of its two catalytic sites be-
cause of the difference in the architecture of the a and a’
domains in the context of full-length PDI (23). In particular,
PDI-C56,59/357,360S, in which all active sites are mutated,
displayed strong affinity to peptide. Considering that PDI-
C56,59/357,360S mimics a fully reduced PDI, fully reduced
PDI represents an open conformer for the most efficient peptide
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binding, and conformational changes induced by differential
redox regulation underlies the molecular mechanism for pep-
tide binding and release by PDI. The ER maintains a relatively
oxidizing environment at a GSH/GSSG ratio of 1:1 to 3:1 (16).
Additionally, it is generally accepted that redox potential is not
evenly distributed throughout the ER lumen. Thus, we spec-
ulate that the redox microenvironment around TAP favors
reduction of a domain of PDI, whereas the redox microenvi-
ronment around MHC-I promotes oxidation of the a” domain.

Finally, we showed that upon supply of high-affinity
peptides, the interaction of PDI with TAP decreased in a dose-
dependent manner, whereas its interaction with MHC-I in-
creased. Given that a high-affinity peptide promoted faster
dissociation of PDI from TAP and its subsequent association
with MHC-I than a low-affinity peptide (Fig. 5), the binding of
high-affinity peptide to PDI likely induces a conformational
change of PDI, thereby altering the interaction of PDI with
TAP or MHC-I. These results provide another line of evidence
in favor of a sequential peptide transfer pathway by PDI from
TAP to MHC-L

In summary, our data indicate that PDI utilizes catalytic
activity coordinated with peptide binding activity for selec-
tive peptide transport to MHC-I. On the basis of our findings,
we propose a model for PDI-mediated delivery of peptide
from TAP to MHC-I (Fig. 6). The reduced form of PDI binds to
TAP before binding with peptides. Upon binding to TAP-
translocated peptides, peptide-bound PDI is released from
TAP and sequentially associates with MHC-I; this is followed
by delivery of the peptide to MHC-L
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