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ERp57 is a thiol oxidoreductase that catalyzes disulfide for-
mation inheavy chains of class I histocompatibilitymolecules. It
also forms a mixed disulfide with tapasin within the class I pep-
tide loading complex, stabilizing the complex and promoting
efficient binding of peptides to class I molecules. Since ERp57
associates with the lectin chaperones calnexin and calreticulin,
it is thought that ERp57 requires these chaperones to gain access
to its substrates. To test this idea, we examined class I biogenesis
in cells lacking calnexin or calreticulin or that express an ERp57
mutant that fails to bind to these chaperones. Remarkably,
heavy chain disulfides formed at the same rate in these cells as in
wild type cells. Moreover, ERp57 formed a mixed disulfide with
tapasin andpromoted efficient peptide loading in the absence of
interactions with calnexin and calreticulin. These findings sug-
gest that ERp57 has the capacity to recognize its substrates
directly in addition to being recruited through lectin chaper-
ones.We also found that calreticulin could be recruited into the
peptide loading complex in the absence of interactions with
both ERp57 and substrate oligosaccharides, demonstrating the
importance of its polypeptide binding site in substrate recogni-
tion. Finally, by inactivating the redox-active sites of ERp57, we
demonstrate that its enzymatic activity is dispensable in stabi-
lizing the peptide loading complex and in supporting efficient
peptide loading. Thus, ERp57 appears to play a structural rather
than catalytic role within the peptide loading complex.

Major histocompatibility complex (MHC)2 class I molecules
present antigenic peptides to cytotoxic T lymphocytes (CTL),

which leads to the elimination of virus-infected cells. MHC
class I molecules are heterotrimers consisting of a transmem-
brane heavy chain (H chain), a soluble subunit termed �2-mi-
croglobulin (�2m), and a peptide ligand of 8–10 residues.
Assembly of class I molecules begins in the endoplasmic retic-
ulum (ER), where the glycosylated H chain binds to the mem-
brane-bound lectin chaperone calnexin (Cnx) and its associ-
ated thiol oxidoreductase, ERp57. At this early stage, the two
highly conserved disulfide bonds within the H chain are
formed, and the H chain assembles with �2m. H chain-�2m
heterodimers then enter a peptide loading complex (PLC),
where class I molecules acquire peptides for display to CTL.
The PLC consists of calreticulin (Crt), the soluble paralog of
Cnx, an associated ERp57 molecule, a peptide transporter
termed TAP, and tapasin, which is the nucleus of the PLC,
bridging the interaction between class I heterodimers and the
TAP peptide transporter. Once peptides are translocated into
the ER by TAP, a subset bind to receptive H chain-�2m het-
erodimers with high affinity, triggering dissociation of class I
molecules from the PLC and their subsequent export from the
ER to the cell surface (1, 2).
Although the functions of most of the participants in class I

biogenesis are well understood, the details of how ERp57 func-
tions in this process and its interplay with Cnx and Crt are less
clear. ERp57 is one of at least 17 members of the mammalian
protein-disulfide isomerase (PDI) family within the ER (3), and
it catalyzes disulfide formation, isomerization, and reduction
reactions in vitro through two CXXC active site motifs residing
within thioredoxin-like domains (4, 5). Unlike other PDI family
members that recognize substrates directly, ERp57 has been
shown to require the presence of Cnx or Crt to promote disul-
fide bond formation in glycosylated substrates in vitro (6). Cnx
andCrt recognize glycoprotein folding intermediates through a
lectin site specific for Glc1Man5–9GlcNAc2 oligosaccharides as
well as through a polypeptide binding site that recognizes non-
native protein conformers (7, 8). Both sites reside within the
globular lectin domain of Cnx andCrt, whereas the binding site
for ERp57 resides at the tip of a second, extended arm domain
(9–11). These sites are thought to act coordinately to bring
ERp57 into the proximity of folding glycoproteins (6). In the
case of class I molecules, ERp57 has been shown to promote
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early H chain disulfide formation in vivo; depletion of ERp57 by
RNA interference slowed the rate of formation of fully oxidized
H chains by as much as 10-fold (12). However, a requirement
for Cnx or Crt in this process was not examined, and it remains
an openquestionwhether these chaperones are essential for the
full functionality of ERp57 in living cells, either for class I mol-
ecules or for other glycoprotein substrates.
ERp57 also functions at a later stage in class I biogenesis, at

the level of the PLC. In addition to binding to Crt within the
PLC, it forms a stable mixed disulfide conjugate with tapasin
that involves Cys-57 of ERp57 andCys-95 of tapasin (13). Garbi
et al. (14) demonstrated that knock-out of ERp57 results in
reduced stability of the PLC, lower surface expression of class I
molecules, and decreased peptide presentation to CTL. Yet it
remains unclear how ERp57 affects peptide loading of class I
molecules within the PLC. It has been shown that mutagenesis
of Cys-95 to Ala in tapasin to prevent formation of the ERp57-
tapasin conjugate results in partially reduced class I H chains
within the PLC (13). This has led to the suggestion that the
reductase activity of ERp57 is restrained by tapasin so as to keep
the class IH chain in a fully oxidized andpeptide-receptive state
within the PLC (15). Additional studies have suggested that
ERp57 is solely a structural component that stabilizes the PLC
(14) and that ERp57 in conjugation with tapasin edits peptide
loading onto class I molecules, favoring high affinity peptides
(16). It remains unclear whether ERp57 actually requires its
enzymatic activity to function within the PLC, and the impor-
tance of its interaction with Crt within the PLC has not been
established.
In this study, we take a mutagenesis approach, combined

with RNAi, to examine the relationship between ERp57 and the
lectin chaperones Cnx and Crt at early stages of oxidative H
chain folding as well as during peptide loading in the PLC. We
also examine the functions of active site mutants of ERp57 to
assess the importance of its catalytic activities within the PLC.
We show for the first time that ERp57 can catalyze H chain
disulfide formation in the absence of interactions with Cnx and
Crt and can also be recruited normally into the PLC. Thus, in
living cells, ERp57 can gain access toH chains and tapasinwith-
out recruitment by lectin chaperones. Furthermore, catalyti-
cally inactive ERp57, lacking all active site cysteines except for
Cys-57 that forms the conjugate with tapasin, was able to pro-
mote peptide loading in a manner similar to wild type ERp57.
This suggests that ERp57 functions in a structural rather than a
catalytic manner to assist tapasin in stabilizing the PLC and
promoting the loading of optimal peptides onto class I mole-
cules. Finally, we show that Crt can be incorporated into the
PLC in the simultaneous absence of its lectin and ERp57-bind-
ing functions, illustrating the importance of polypeptide-based
interactions in recognition of the class I substrate.

EXPERIMENTAL PROCEDURES

Cell Lines and Antibodies—Wild type (ERp57�/�) and
ERp57 knock-out (ERp57�/�) mouse fibroblasts (14) were
maintained in high glucose Dulbecco’s modified Eagle’s
medium (DMEM; Sigma) supplemented with 10% fetal bovine
serum, 2 mM L-glutamine, and antibiotics. Wild type (K41) and
Crt knock-out (K42) mouse embryonic fibroblasts (17) as well

as K42 cells transfected with various mutant Crt constructs
were maintained in RPMI 1640 medium with fetal bovine
serum, glutamine, and antibiotics.Mouse L cells stably express-
ing the class I molecules, H-2Kb or H-2Dd, were cultured in
DMEM supplemented with fetal bovine serum, glutamine, and
antibiotics.
Antibodies used in this study were as follows: anti-8, a rabbit

polyclonal antiserum, which recognizes all conformational
states of the Kb molecule (18); monoclonal antibody (mAb)
34-2-12S, which recognizes the folded �3 domain of Dd mole-
cules with an intact disulfide bond (19, 20); and mAbs Y3 (21)
and B22.249 R1 (22), which react with �2m-associated H-2Kb

and H-2Db, respectively. Rabbit antisera directed against
murine tapasin (23), murine Crt (24), canine Cnx (25), and
murine ERp57 (12) have been described previously. Anti-TAP1
antiserumwas a kind gift fromDr. Y. Yang (Johnson & Johnson
Pharmaceutical Research and Development, San Diego, CA).
Mouse anti-CrtmAb (SPA-601) and rabbit anti-PDI polyclonal
antibody (SPA-890) were purchased from Assay Designs (Ann
Arbor, MI), and mAb directed against glyceraldehyde 3-phos-
phate dehydrogenase was purchased from Millipore Corp.
(Bedford, MA) (MAB374).
cDNA Isolation and Mutagenesis—RNA was isolated from

mouse C2C12 myoblast cells using the TRIzol reagent accord-
ing to the manufacturer’s protocol (Invitrogen). Following
reverse transcription with oligo(dT) primer and Stratascript
reverse transcriptase (Stratagene), ERp57 cDNA was amplified
by PCR using the following primers: mE57 forward, 5�-CGC-
GGATCC-GCCATGCGCTTCAGCTGCCTAGC; mE57
reverse, 5�-TTCCTTTTTTGCGGCCGCTTAGAGGTCCTC-
TTGTGCCTTCTTCTTCTTCTTAGG. The resulting cDNA
was inserted into the pcDNA3.1/Hygro(�) vector (Invitrogen).
With this plasmid as template, the QuikChange IITM site-di-
rected mutagenesis kit (Stratagene) was used to mutate ERp57
residues involved in Cnx or Crt binding and also residues in the
-CGHC- active sites. The following primers were used to con-
vert the indicated ERp57 residues to alanine (numbering
includes signal sequence); mutagenic bases are shown in low-
ercase type: R282A, forward (5�-TCTAACTACTGGAGAAA-
CgctGTCATGATGGTGGCAAAGAAATTCC) and reverse
(5�-GGAATTTCTTTGCCACCATCATGACagcGTTTCTC-
CAGTAGTTAGA); K214A, forward (5�-CGTCCATTACAT-
CTTGCTAACgcgTTTGAAGACAAAACTGTGGC) and
reverse (5�-GCCACAGTTTTGTCTTCAAAcgcGTTAGCA-
AGATGTAATGGACG); C406A/C409A, forward (5�-TGAA-
TTTTACGCCCCTTGGgctGGCCACgctAAGAATCTGGA-
ACCCAAG) and reverse (5�-CTTGGGTTCCAGATTCTTag-
cGTGGCCagcCCAAGGGGCGTAAAATTA); C60A, forward
(5�-CCCTGGTGTGGACATgccAAGAGGCTTGCCCC) and
reverse (5�-GGGGCAAGCCTCTTggcATGTCCACACCA-
GGG). C60A/C406A/C409A was made using C60A primers
and C406A/C409A as template.
Wild type and mutant ERp57 cDNAs were then amplified

and subcloned into the retroviral vector pQCXIH (Clontech,
Mountain View, CA) using the following primers, which also
introduced the NotI and BamHI restriction sites (underlined):
forward, 5�-CCGAGCGCGGCCGCGCCATGCGCTTCAGC-
TGCCTAGC; reverse, 5�-TCGAGCGGATCCTTAGAGGTC-
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CTCTTGTGCCTTCTTCTTC. Three micrograms of each
Moloney virus vector, pVPack-GP, pVPack-VSV-G (Strat-
agene, La Jolla, CA), and pQCXIH containing the desired
ERp57 cDNA construct, were diluted in 625 �l of Opti-MEM I
reduced serum medium (Invitrogen). The DNA mixture was
mixed with 22.5 �l of Lipofectamine 2000 (Invitrogen) predi-
luted in 625 �l of Opti-MEM I and incubated for 20 min at
room temperature. TheHEK293 packaging cell line was seeded
at 1.4 � 106 cells/T25 flask in complete DMEM 18 h before
transfection. The medium was exchanged for 2.5 ml of fresh
DMEM without antibiotics, and then the DNA-Lipofectamine
2000 complex was added. After 4 h of transfection, themedium
was replaced with 4ml of fresh medium. The virus supernatant
was collected 48 h post-transfection and filtered through a
0.22-�m filter before infecting target cells. Target cells, 4� 105
ERp57�/� mouse embryonic fibroblasts, were infected in T25
flasks using 4ml of undiluted virus supernatant in combination
with 8 �g/ml Polybrene (Sigma). After 48 h of infection, cells
were selected with 300 �g/ml hygromycin B for 3 days and 500
�g/ml hygromycin B for the following days. After 10 days to 1
month under selection, wild type andmutant ERp57 expression
levels were obtained that were comparable with that observed
in ERp57�/� cells as assessed by immunoblotting with anti-
ERp57 antiserum. ERp57�/� and ERp57�/� cells infected with
virus containing an empty pQCXIHvectorwere used as control
cell lines.
To generate the �Tip2 mutant of mouse Crt that possesses a

truncated arm domain (amino acids 223–286 deleted), an over-
lap extension PCR (26) was performed. In the first round of
PCR, mouse Crt cDNA in pcDNA3.1 (24) was used as the tem-
plate to amplify a 699-bp and a 419-bp DNA fragment with the
primer pairs (mutagenic bases in lowercase type; restriction
sites underlined) NotI-mCrt-forward (5�-ATATGCGGCCGC-
GCCACCATGCTCCTTTCGGTGCCGCTCCTGCT and
mCrt-tip2-reverse (5�-AGGTACCgccactgccTCGTTCATCC-
CAGTCTTC) andmCrt-tip2-forward (5�-TGAACGAggcagtg-
gcGGTACCTGGATACACCCAG) and BamHI-Crt-reverse
(5�-ATATATGGATCCCTAGAGCTCATCCTTGGCTTGG-
CCAGGGGATTCT), respectively. After purification, the syn-
thesized DNA fragments were used in equimolar amounts as
the template in a secondPCR to amplify the complete construct
using the primer pair NotI-mCrt-forward/BamHI-Crt-reverse.
Themutagenic PCRprimers introduced aGSG linker at the site
of truncation. All final PCR products were digested with NotI
and BamHI and ligated into the retroviral expression vector
pQCXIH (Clontech). To generate the ERp57 binding-deficient
mutant ofmouse Crt (D258N), amodifiedQuikChangeTM pro-
tocol was performed (27) using the primer pair mCrt-D258N-
forward (5�-GAAGAGATGaatGGAGAGTGGGAACCAC)
and mCrt-D258N-reverse (5�-CACTCTCCattCATCTCT-
TCATCCCAGTC) with mouse Crt cDNA in pcDNA3.1 as the
template. The resulting plasmid pcDNA3.1-mCrtD258N was
used as a template in a standard PCRwith the primer pair NotI-
mCrt-forward andBamHI-mCrt-reverse to introduceNotI and
BamHI restriction sites into the cDNA for subcloning into the
retroviral expression vector pQCXIH. Stable cell lines express-
ing the Crt-�Tip2 and Crt-D258N mutants were prepared by
infecting Crt-deficient K42 cells with recombinant Moloney

viruses packaged with the respective pQCXIH plasmids as
described above. Stable transformants were selected in 100
�g/ml hygromycin B.

For the HA�EB mutant, we used a template plasmid pro-
vided by Drs. Lars Ellgaard and Eva Frickel (University of
Copenhagen) encoding Crt in which the EDWDEEMD
sequence of the arm domain was substituted with the
SWWKELMH sequence of Saccharomyces cerevisiae Cnx and
which also incorporated an influenza hemagglutinin (HA) tag
prior to the COOH-terminal KDEL sequence. The Crt insert
was amplified by PCR using the primers 5�-CCACTCGA-
GGCCACCATGCTCCTTTCGGTGCCG (forward) and 5�-
GTTCGGTTCCTACTCGACATCCAATTGTGG (reverse),
which introduced XhoI and HincII restriction sites, respec-
tively. The PCR product was digested with XhoI and HincII,
subcloned into the Moloney murine leukemia virus vector
CMV-bipep-�NGFR (28), and transfected into Phoenix cells
(ATCC, Manassas, VA) using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions (1 �g of DNA).
On day 3, the cell culture medium containing retroviral parti-
cles was used to transduce Crt-deficient K42 cells. Cells were
then cloned by limiting dilution.
Protein Expression, Preparation, and Purification—The arm

domain of mouse Crt (residues 206–278; numbering including
signal sequence) ofmouseCrtwas cloned into the pET15b plas-
mid (Amersham Biosciences) with an NH2-terminal His6 tag
and expressed in Escherichia coli BL21 (DE3) cells. For NMR
experiments, the recombinant protein was labeled by growth of
E. coli BL21 in M9 minimal medium with 15N-labeled ammo-
nium chloride as the sole source of nitrogen. Cells were har-
vested and broken in 50 mM HEPES (pH 7.4), 300 mM NaCl, 1
mM �-mercaptoethanol, 5% glycerol. The fusion protein was
purified by affinity chromatography on Ni2�-chelating Sepha-
rose resin, and the tag was removed by overnight cleavage with
thrombin, leaving a Gly-Ser-His-Met NH2-terminal extension
while dialyzing the protein into 20 mM Tris (pH 8.0). The
cleaved protein was additionally purified using anion exchange
chromatography with a gradient of 0–1.0 M NaCl and
exchanged into NMR buffer (20mMMES, 50mMNaCl, pH 6.5)
using a Centricon 3000 concentrator. cDNAs encoding wild
type Crt, the D317A and �Tip2 mutants, and the D258N
mutant of the Crt arm domain (residues 206–305) were cloned
into a modified pET15b vector with a tobacco etch virus cleav-
age site and purified similarly with the exception that the His
tag was not cleaved prior to NMR experiments. The wild type
and the R282A mutant of the bb� fragment of human ERp57
were expressed and purified as described earlier (29).
NMRSpectroscopy—NMRstock solutions contained 0.2–0.3

mM protein in 20 mM MES, 50 mM NaCl at pH 6.5. For NMR
titrations, unlabeled bb� fragments of ERp57 were added to
15N-labeled 0.2 mM wild type or the D258N mutant of Crt arm
domain to a final molar ratio of 1:1. All NMR experiments were
performed at 30 °C using a Bruker 600-MHz spectrometer
equipped with a cryoprobe. NMR spectra were processed using
XWINNMR and analyzed with XEASY (30).
RNA Interference and Transfection—Knockdown of mouse

ERp57 by RNA interference was performed as described previ-
ously (12). Double-stranded small interfering RNA (siRNA)
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corresponding to mouse Cnx DNA sequence AATGTGGTG-
GTGCCTATGTGA was synthesized and annealed by Qiagen
(Valencia, CA). Eighteen hours before transfection, 1� 105K41
cells were seeded into 35-mm plates. Cells were then incubated
with 80 nM siRNA or control siRNA plus Oligofectamine trans-
fection reagent (Invitrogen) according to the manufacturer’s
protocol for 4 days before analysis. For all RNA interference
experiments, �1 � 105 siRNA-transfected cells were used to
assess the efficiency of protein depletion by Western blot.
Western Blotting Analysis—Cells were solubilized inNonidet

P-40 lysis buffer consisting of PBS, 1% Nonidet P-40, 20 mM
N-ethylmaleimide (NEM; Sigma), and protease inhibitors (60
�g/ml 2-aminoethyl-benzenesulfonylfluoride and 10 �g/ml
each leupeptin, antipain, and pepstatin (BioShop, Burlington,
Canada)). Following centrifugation at 10,000 � g to remove
nuclei and cell debris, the supernatant fractions were separated
by SDS-PAGE (10% gel) before transfer to Immobilon mem-
brane (Millipore) in buffer containing 25 mM Tris and 0.7 M
glycine. Membranes were probed with various rabbit antisera
followed by horseradish peroxidase-conjugated goat anti-rab-
bit secondary antibody. Proteins were detected by enhanced
chemiluminescence, films were scanned using an EPSON 1680
scanner, and individual bands were quantified with NIH Image
software (National Institutes of Health). In all cases, back-
ground values obtained by quantifying a blank area of the film
corresponding in size to that of the gel band of interest were
subtracted.
Metabolic Radiolabeling and Immunoisolation—All pulse-

chase radiolabeling experiments were conducted on 5 � 105
cells growing in 35-mm plates. Cells were starved for 30 min
withMet-free RPMI 1640 and then radiolabeled for 2 min with
0.5 ml of medium containing 0.1 mCi of [35S]Met (�1000
Ci/mmol; Amersham Biosciences). Cells were then washed
with Met-free RPMI 1640 and chased for various periods in
DMEM containing 1 mMMet and 500 �M cycloheximide. Cells
were placed on ice and treated for 3 min with 20 mM NEM in
ice-cold PBS, pH 6.8, to minimize disulfide bond rearrange-
ments. Lysis was conducted in 500 �l of Nonidet P-40 lysis
buffer, and following centrifugation at 10,000� g, the superna-
tant fraction was incubated on ice for 2 h with anti-8 antiserum
or mAb 34-2-12S to isolate H-2Kb or H-2Dd, respectively.
Immune complexes were recovered by shaking for 1 h with 30
�l of packed protein A-agarose beads. The beads were washed
four times in 10 mM Tris, 0.5% Nonidet P-40, 150 mM NaCl,
0.02%NaN3, pH7.4, and then isolatedmoleculeswere eluted by
boiling for 5 min in SDS-PAGE sample buffer with or without
dithiothreitol (DTT) as a reducing agent. Samples were ana-
lyzed by SDS-PAGE (10% gel) followed by fluorography. Films
were scanned, and protein bands were quantified as described
above.
To test for interaction between Crt and various ERp57 con-

structs, 1 � 107 nonradiolabeled cells were collected and
washed once with PBS before lysing the cells in digitonin lysis
buffer (PBS containing 1% digitonin, 20mMNEM, and protease
inhibitor mixture). Crt was purified from postnuclear lysates
using protein G beads precoated with mouse anti-Crt mAb.
Samples were washed twice in PBS containing 0.2% digitonin,
and isolated molecules were separated on SDS-PAGE and

transferred to Immobilonmembranes (Millipore) for immuno-
blotting with anti-ERp57 Ab. To examine the composition of
the PLC, anti-tapasin antiserum, which was raised against a
peptide corresponding to the carboxyl-terminal 20 amino acids
of murine tapasin, was used to immunoisolate the PLC from
digitonin cell lysates. Following collection of immune com-
plexes on proteinA-agarose, the PLCwas eluted using a 100�M
concentration of the tapasin carboxyl-terminal peptide. This
minimized elution of rabbit immunoglobulins from the beads,
which would be detected in subsequent immunoblotting steps
employing rabbit antisera directed against PLC components.
FlowCytometry—To determine the cell surface levels of class

I molecules, 3–5 � 105 cells were removed from culture plates
by trypsinization and incubated on ice for 20 min in 100 �l of
culture medium containing 1.5 �g of either mAb Y3 for Kb or
mAb B22.249 R1 for Db. After incubation, cells were washed
once with fluorescence-activated cell sorting buffer (Hanks’
balanced salt solution, 1% bovine serum albumin, and 0.01%
NaN3) and then incubated on ice for 20 min with 0.4 �g of
phycoerythrin-conjugated goat anti-mouse IgG (H � L chain-
specific; Cedarlane, Burlington, Canada) in 100 �l of fluores-
cence-activated cell sorting buffer. Cells were washed twice
with fluorescence-activated cell sorting buffer and then fixed in
0.5% paraformaldehyde in PBS, pH 7.4. Subsequent flow
cytometry was performed using a BD FACSCalibur Flow
Cytometer (BD Biosciences).
Circular DichroismMeasurements—Wild type Crt and the

D317A and �Tip2 mutant proteins (10 �M) were incubated
for 1 h at room temperature in 150 �l of 20 mM Hepes, pH
7.4, 150 mM NaCl, 1 mM CaCl2 in the presence or absence
of 100 �M Glc�3Man�2Man�2Man-OH oligosaccharide
(Alberta Research Council, Edmonton, Alberta). Thermal
denaturation wasmeasured in a 1-mmpath length cuvette by
recording the change in ellipticity at 228 nm in the temper-
ature range 26–60 °C with a scan rate of 2 °C/min using a
Jasco 810 spectropolarimeter.
The recorded ellipticities were normalized to obtain the

mean residue molar ellipticity ([�](�)) in degrees/cm2/dmol
according to the equation,

	
���
 � 100

��


c � n � l
(Eq. 1)

where l represents the path length of the cuvette in centimeters,
�(�) is the recorded ellipticity in degrees at wavelength �, c is
the concentration in mol/liter, and n is the number of amino
acid residues (422 for wild type Crt and D317A Crt and 361 for
�Tip2 Crt). Three independent denaturation curves were aver-
aged under each condition. To determine Tm values (transition
midpoint temperature of thermal unfolding), the measured
averaged thermal denaturation curves were fit to a standard
equation describing a two-state transition process by nonlinear
least squares regression using SigmaPlot.

RESULTS

Expression of ERp57 Mutants and Their Interactions with
Crt—We created several mutants of murine ERp57 to address
the following two questions relating to its mechanism of action

Functions of ERp57 during Biogenesis of MHC Class I Molecules

APRIL 10, 2009 • VOLUME 284 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 10163



during class I biogenesis. 1) Are Cnx andCrt required to recruit
ERp57 to class I H chains during early oxidative folding and
subsequent peptide loading? 2) Is the catalytic activity of ERp57
essential for promoting peptide loading of class I molecules
within the PLC? Concerning the first question, two residues
were targeted, Arg-282 and Lys-214, with the intent of prepar-
ing ERp57mutants that were incapable of binding to either Cnx
or Crt. Previous studies have shown that mutation to alanine of
Arg-282 (R282A) on the surface of the b� domain of ERp57 or of
Lys-214 (K214A) on the �4-�5 loop of the b domain (Fig. 1, A
and B) results in complete abrogation of Cnx binding or an
8-fold reduction in binding affinity, respectively (29). However,

interaction of these mutants with
Crt was not examined. For the sec-
ond question, we disabled the cata-
lytic activity of ERp57 in the a�
domain by substituting the two
cysteines in the active site with
alanines (C406A/C409A). In addi-
tion, cysteine at position 60 in the
a domain active site was replaced
by alanine to selectively disable
the oxidative activity of this
domain (C60A/C406A/C409A). In
both cases, we retained cysteine 57
in the a domain, which forms the
stable, mixed disulfide linkage
with tapasin.
The various ERp57 mutants were

stably expressed along with wild
type ERp57 in ERp57-deficient
mouse fibroblasts using a Moloney
virus expression system. To act as a
control for any effects of the virus,
ERp57�/� and ERp57�/� cells were
also infected in the same manner
with virus that was packaged with
an empty expression vector. As
shown in Fig. 1C, the expression lev-
els ofwild type andmutant ERp57 in
the transfectants were comparable
and resembled that observed in
ERp57�/� cells.

To test whether the R282A and
K214A mutants are as impaired in
their ability to bind toCrt as they are
to Cnx, transfected cells were lysed
in digitonin lysis buffer, and Crt-
ERp57 complexes were recovered
by immunoisolation with anti-Crt
antibody. The co-isolated ERp57
was detected by immunoblotting
with anti-ERp57 antiserum (Fig.
2A). As expected, Crt-associated
ERp57 was recovered from
ERp57�/� cells as well as from
ERp57�/� cells transfected with
wild type ERp57. No ERp57 was

recovered from Erp57�/� cells, and only a trace amount was
recovered from Crt-deficient K42 cells, indicating the specific-
ity of the immunoisolation procedure. Mutation of Arg-282 to
alanine dramatically diminished the interaction of ERp57 with
Crt, whereas the K214A mutant was only modestly impaired,
exhibiting 60% binding relative to wild type ERp57 (Fig. 2A). To
confirm that R282A does not interact with Crt, we performed
NMR experiments in which unlabeled bb� fragments of wild
type or R282A ERp57 were added at a 1:1 molar ratio to the
15N-labeled Crt arm domain (Fig. 2B). In these 1H-15N HSQC
spectra, signals arising from the free Crt arm domain are in
cyan, and, after adding ERp57 bb� domains, the signals are

FIGURE 1. Expression of wild type and mutant ERp57 in ERp57-deficient cells. A, locations of mutated
residues along the linear sequence of ERp57. Four thioredoxin-like domains (a, b, b�, and a�) are represented by
rectangles with the active site sequence (CGHC) shown for the catalytic domains. Tapasin forms a disulfide
bridge with ERp57 at cysteine 57. Cnx binding residues, Lys-214 and Arg-282, are shown in the noncatalytic b
and b� domains. Active site cysteines that were mutated to alanines are marked with asterisks. B, locations of
mutated residues within a three-dimensional representation of ERp57 constructed from the a and a� domains
of PDI (37) and the b and b� domains of ERp57 (29). C, expression levels of wild type and mutant ERp57.
ERp57-deficient mouse fibroblasts were infected with virus encoding wild type ERp57 (wt), Cnx-binding defi-
cient ERp57 (R282A and K214A), and active site mutants of ERp57 (C406A_C409A and C60A_C406A_C409A). In
addition, cells indicated as ERp57�/� and ERp57�/� were infected with virus packaged with an empty expres-
sion vector. After selection of stable transfectants in hygromycin B for 10 days, cells were lysed, and ERp57 was
detected by immunoblotting. Lysates were also immunoblotted with anti-glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) antibody to serve as a loading control.
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marked in red. When the Crt arm domain and wild type ERp57
bb� domain were examined, there were many shifted signals
indicative of interaction (Fig. 2B, left). However, the spectra
were superimposable in the case of the R282Amutant, demon-
strating that binding to Crt was completely abolished when
Arg-282 of ERp57 was mutated to alanine.
ERp57CatalyzesHChainDisulfide Formation in theAbsence

of Interactions with Cnx and Crt—We showed previously that
in living cells, the rate at whichMHC class I H chains acquire a
fully oxidized set of disulfide bonds is markedly reduced upon
depletion of ERp57 by RNAi (12). This was confirmed in the
present study by using ERp57 knock-outmouse fibroblasts (Fig.
3).Wild type and ERp57 knock-out cells were radiolabeled for 2
min with [35S]Met and chased for periods of up to 30 min.
H-2Kbmolecules were recovered from cell lysates and analyzed
by SDS-PAGE under nonreducing conditions to allow resolu-

tion of species containing zero, one, or two disulfide bonds (Fig.
3A, top; quantified in Fig. 3B). As observed previously in ERp57-
positive cells, the first H chain disulfide formed very rapidly,
possibly co-translationally, during the 2-min pulse; hence, noH
chains with zero disulfide bonds were detected. The second

FIGURE 2. Interaction of ERp57 mutants with Crt. A, the indicated cell lines
were lysed in 1% digitonin lysis buffer and then subjected to immunoisola-
tion with mouse anti-Crt antibody. Immune complexes were resolved by SDS-
PAGE, and co-isolated ERp57 was identified by immunoblotting with rabbit
anti-ERp57 antiserum. Separate aliquots of lysates from equal numbers of
cells were also immunoblotted to serve as loading inputs. Results were quan-
tified by densitometry and are shown as a percentage of ERp57 bound to Crt
in parental ERp57�/� cells. The values are the averages of three replicate
experiments, with error bars representing S.E. B, assessment of interaction
between Crt and wild type or R282A ERp57 by NMR spectroscopy. Shown are
HSQC spectra of the 15N-labeled wild type Crt arm domain (residues 206 –278)
acquired in the absence (cyan) and presence (red) of the bb� fragment of
either wild type ERp57 (left) or the R282A mutant (right). wt, wild type; IP,
immunoprecipitation.

FIGURE 3. The catalytic activity of ERp57 toward class I H chains is inde-
pendent of interactions with Cnx and Crt. A, kinetics of Kb H chain disulfide
bond formation were measured in ERp57 knock-out cells (first gel), Kb-ex-
pressing L cells depleted of ERp57 by RNAi (second gel), K41 cells depleted of
Cnx by RNAi (third gel), K42 Crt knock-out cells (fourth gel), and ERp57 knock-
out cells expressing the R282A mutant of ERp57, which does not bind Cnx or
Crt (fifth gel). In all cases, the wild type (wt) condition is depicted on the left
half of each gel. Cells were radiolabeled for 2 min with [35S]Met and chased
with unlabeled medium containing cycloheximide for the indicated periods.
Cells were then incubated in cold PBS, pH 6.8, containing 20 mM NEM to
prevent disulfide rearrangement and subsequently lysed in buffer containing
NEM. Kb H chain was immunoisolated with anti-8 antiserum and separated by
nonreducing SDS-PAGE. H chains containing different numbers of disulfide
bonds are indicated by 0, 1, and 2 S-S. The leftmost sample on each gel was
treated with DTT to provide a mobility standard of fully reduced Kb H chain (0
S-S). *, nonspecifically recovered band in immunoisolates from K41 and K42
cells. B, the rate of disulfide bond formation was measured as the time at
which 50% of H chains were fully oxidized (t1⁄2). Fluorograms were scanned,
and bands corresponding to H chains with one or two disulfides were
selected by boxes of equal size and quantified using NIH Image software.
Following background subtraction, the percentage of fully oxidized species
at each time point was calculated and plotted. t1⁄2 values were measured from
the graphs and are depicted as histograms. Data are representative of 2–3
independent experiments per cell line. C, extent of knockdown of ERp57 and
Cnx following siRNA treatment. Equivalent numbers of cells treated with con-
trol or either ERp57 or Cnx siRNA were lysed, loaded on an SDS-polyacrylam-
ide gel, and immunoblotted with anti-ERp57 or anti-Cnx Abs. The blots were
reprobed with anti-PDI or anti-Crt antibodies to serve as loading controls (ctrl)
and to demonstrate the specificity of knockdown.
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disulfide formed more slowly, with 50% of H chains acquiring
both disulfide bonds by 2.5 min of chase. By contrast, in ERp57
knock-out cells, the first disulfide formed normally, but the rate
at which H chains acquired the second disulfide was �7-fold
slower, with a half-time exceeding 15 min. This dependence of
H chain disulfide formation on ERp57 was also observed when
ERp57 expression was reduced by more than 90% through
RNAi (Fig. 3, A (second gel) and C), consistent with previous
results (12). The half-time of formation of the second disulfide
was slowed from 2.5 min to �15 min (Fig. 3B).
To assess the role of Cnx and Crt in recruiting ERp57 to H

chains during oxidative folding, we initially examined H chain
disulfide formation in cells deficient in or depleted of the chap-
erones. We reasoned that if either of these chaperones is
required to recruit ERp57 to H chains, loss of the chaperone
should result in a slow H chain oxidation phenotype similar to
ERp57 deficiency. RNAi was used to knock down Cnx expres-
sion inmouse K41 embryonic fibroblasts that express class I Kb

molecules. After transfection with Cnx siRNA or with control
siRNA, greater than 90% of Cnx was depleted after 4 days with
no impact on Crt expression (Fig. 3C). Disulfide bond forma-
tion in Kb H chains was thenmonitored in a pulse-chase exper-
iment, as described above. The results showed that disulfide
bond formation was not affected by the depletion of Cnx, with
most H chains fully oxidized after 3–6 min of chase (Fig. 3A,
third gel; quantified in Fig. 3B). A similar experiment was per-
formed comparing Crt knock-out embryonic fibroblasts (K42
cells) with wild type K41 cells, both of which express Kb mole-
cules endogenously. As shown in the fourth gel of Fig. 3A, H
chain disulfide bonds formed at similar rates in the presence or
absence of Crt, indicating that Crt, like Cnx, was not required
for ERp57 to catalyze H chain disulfide formation. Note that in
the absence of Crt, Kb molecules were exported faster from the
ER, resulting in slower electrophoretic ability at the 30min time
point as processing of its oligosaccharide chains occurred (Fig.
3A, fourth gel). This phenomenon has been documented previ-
ously (31). To exclude the possibility that depletion of only one
of the chaperones permits compensation by the other, wemade
use of the ERp57 mutant R282A, which does not interact with
either Cnx or Crt. Upon expressing the R282A mutant in
ERp57�/� cells, we found that the slow disulfide bond forma-
tion phenotype in ERp57�/� cells was fully complemented by
the R282A mutant (Fig. 3A, fifth gel). Although the t1⁄2 for com-
plete oxidation of Kb H chains was greater than 15 min in
ERp57-deficient cells, this was reduced to�2min in the R282A
transfectant, a rate similar to that of wild type cells. These
observations indicate that ERp57 does not need to be recruited
by Cnx or Crt to catalyze disulfide formation in MHC class I
molecules.
Since Cnx is the predominant chaperone that interacts with

class I H chains during early disulfide formation, we sought an
independentmeans to assess the involvement of Cnx in ERp57-
catalyzed H chain oxidation. mAb 34-2-12S only recognizes
class I Dd molecules that have acquired a disulfide bond within
their membrane-proximal �3 domain (20), and we have shown
previously that it is the formation of this disulfide that is slowed
upon ERp57 depletion (12). Consequently, we used RNAi to
deplete either ERp57 or Cnx by more than 90% from L cells

expressing Dd molecules (Fig. 4B) and then monitored the
kinetics of mAb 34-2-12S epitope formation in a pulse-chase
radiolabeling experiment. In both cases, a set of cells was
treated with control siRNA and underwent the same proce-
dures. As shown in Fig. 4A (top), the �3 domain disulfide
formed more slowly when ERp57 expression was reduced by
RNAi compared with cells treated with control siRNA. In con-
trast, depletion ofCnx had no such effect (Fig. 4A, bottom). This
result reinforces the conclusion that Cnx is dispensable for the
functionality of ERp57 toward class I H chains.
ERp57 That Fails to Bind Cnx and Crt or That Lacks Cata-

lytic Activity Is Functional within the PLC—We next explored
the characteristics of ERp57 that contribute to its functions in
stabilizing the PLC and in promoting peptide loading of class I
molecules. ERp57 exists within the PLC as a stable, disulfide-
linked conjugate between cysteine 57 of ERp57 and cysteine 95
of tapasin; mutation at either residue abolishes conjugate for-
mation (13). To test the importance of ERp57 interactions with
Cnx and/orCrt for its recruitment into conjugateswith tapasin,
we used the ERp57mutants that either do not bindCnx andCrt
(R282A) or have reduced binding affinity (K214A). Both
mutants were expressed in ERp57�/� cells, and, after treating
cells with NEM, lysates were separated by nonreducing SDS-
PAGE and immunoblottedwith anti-tapasin antiserumor anti-
ERp57 antiserum to detect ERp57-tapasin conjugates (Fig. 5).
Both R282A and K214A were capable of forming disulfide-
linked conjugates with tapasin, as shown by the immunoreac-
tive band at 110 kDa. This bandwas confirmed to be the ERp57-
tapasin conjugate on the basis of its immunoreactivity with
both antisera, its disappearance upon reduction with DTT, and
its absence in ERp57�/� cells. These findings indicate that
interactions with Cnx and/or Crt are not required to recruit
ERp57 into the PLC for conjugate formation with tapasin.
To test whether the ERp57 mutants that either lack or are

impaired in lectin chaperone binding remain functional within
the PLC, we examined their abilities to stabilize peptide-recep-
tive class Imoleculeswithin the PLC andpromote peptide load-
ing. It has been shown previously that although PLCs form in

FIGURE 4. Slower Dd �3 domain folding occurs upon depleting ERp57 but
not Cnx. A, kinetics of Dd �3 domain folding examined by pulse-chase radio-
labeling. After depleting ERp57 (top gel) or Cnx (bottom gel) by RNAi, L cells
expressing Dd molecules were radiolabeled with [35S]Met for 2 min and
chased with unlabeled medium containing cycloheximide for various peri-
ods. Cells were washed in ice-cold PBS (pH 6.8) containing NEM (20 mM) for 3
min and lysed in 1% Nonidet P-40 lysis buffer with NEM. Dd H chains with a
disulfide-bonded �3 domain were recovered from postnuclear lysates with
mAb 34-2-12S and analyzed by reducing SDS-PAGE. B, the extent of target
protein knockdown by RNA interference. Equivalent numbers of cells treated
with control (ctrl), ERp57, or Cnx siRNA were lysed, loaded on an SDS-polyac-
rylamide gel, and immunoblotted with either anti-ERp57 or anti-Cnx Abs.
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the absence of functional ERp57, they are unstable, and bound
class Imolecules dissociate rapidly (14).We isolatedPLCsusing
anti-tapasin antiserumand tested for the presence of associated
peptide-receptive Kb molecules by immunoblotting. As shown
in Fig. 6A, Kb molecules could be recovered readily from PLCs
of ERp57�/� cells (lane 4) or of ERp57�/� cells transfectedwith
wild type ERp57 (lane 6), but they were present in only trace
amounts in PLCs from ERp57�/� cells (lane 5). Kb molecules
could also be recovered from ERp57�/� cells expressing the
R282A andK214Amutants of ERp57 (lanes 7 and 8), indicating
that despite absent or impaired interactions, respectively, with
Cnx andCrt, ERp57 remains capable of stabilizing the PLC.The
ability of ERp57 to promote peptide loading of class Imolecules
has been demonstrated directly by monitoring the creation of
specific peptide-class I complexes (14) as well as indirectly by
measuring the levels of total cellular class Imolecules by immu-
noblotting (15) or the levels of surface class I molecules by flow
cytometry (24). Peptide-receptive class Imolecules are unstable
relative to those containing high affinity peptides, which leads
to reduced cell surface or total levels when peptide loading is
impaired. Fig. 6B shows that the level of total cellular Kb mole-
cules in ERp57�/� cells was about 35% of that observed in
ERp57�/� cells or in ERp57�/� cells expressing wild type
ERp57. Both the R282A and K214A mutants of ERp57 were
capable of promoting peptide loading of Kb molecules and sta-
bilizing them to an extent similar to wild type ERp57. A similar
result was obtained when surface Kb expression was measured
(Fig. 7A). The K214A mutant was just as effective as wild type
ERp57 in normalizing the low surface expression phenotype
observed in ERp57�/� cells. The R282A mutant was slightly
less effective, restoring surface Kb levels to about 85% of that
observed in wild type cells or ERp57�/� cells expressing wild
type ERp57. When Db expression was examined, the K214A
mutant fully complemented the low surface expression
observed in ERp57�/� cells, but the R282A mutant was clearly
less effective, restoring surface levels to about 60% of control.
These results suggest that although interactions with Cnx and
Crt are not needed for the formation of ERp57-tapasin conju-
gates and for stabilizing class I molecules within the PLC, chap-
erone interactions with ERp57 appear to have a significant

impact on the efficiency of peptide loading, particularly for Db

molecules.
It remains unclear whether the catalytic activity of ERp57 is

important for its functions within the PLC (16). To address this
issue, we examined two mutants of ERp57 that affected cata-
lytic activity while preserving Cys-57 to permit conjugate for-
mation with tapasin. In the first mutant, both active site cys-
teines in the a� domain were mutated to alanine, thereby
inactivating this domain (C406A/C409A). As shown in Fig. 5,
the C406A/C409Amutant could not be detected in a disulfide-
linked conjugate with tapasin. This has been observed previ-
ously (13) and suggests some degree of cooperativity between
the twoCXXCactive sites. In the secondmutant, the cysteine at
position 60wasmutated to alanine in addition to themutations
at Cys-406 andCys-409, which fully disables enzymatic activity.

FIGURE 5. Conjugate formation between tapasin and ERp57 mutants.
Mouse fibroblasts expressing ERp57 mutants were incubated in cold PBS, pH
6.8, containing 20 mM NEM to prevent disulfide rearrangement and subse-
quently lysed in 1% Nonidet P-40 lysis buffer containing NEM. The post-
nuclear cell lysates were subjected to nonreducing SDS-PAGE and immuno-
blotted with either anti-tapasin (top gel) or anti-ERp57 (bottom gel) Abs. The
samples in the leftmost lanes of both gels were treated with DTT before load-
ing. *, nonspecific band that was detected at various levels in all samples,
including those lacking ERp57. wt, wild type.

FIGURE 6. Detection of class I molecules in peptide loading complexes
and in lysates from cells expressing ERp57 mutants. A, cells expressing the
indicated ERp57 mutants were lysed in digitonin lysis buffer and then sub-
jected to immunoisolation with either preimmune serum (PI) or anti-tapasin
antiserum. Immune complexes recovered with protein A-agarose were disso-
ciated with a 100 �M concentration of the COOH-terminal tapasin peptide
used to raise the antiserum, and released proteins were separated by SDS-
PAGE and immunoblotted with anti-8 antiserum to detect Kb molecules. Note
that a small amount of Ig heavy chain (50 kDa) was released from the protein
A beads during the elution step and migrated just above the Kb H chain (45
kDa). B, the steady-state levels of Kb molecules were detected by immuno-
blotting cell lysates using anti-8 antiserum. H chain bands were quantified by
densitometry and plotted as a percentage of the amount present in
ERp57�/� cells. In the lower gel, cell lysates were immunoblotted with anti-
Cnx antiserum to serve as a loading control. Error bars represent S.E. based on
three independent experiments. IP, immunoprecipitation; wt, wild type.
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Interestingly, this triple mutant (C60A/C406A/C409A) could
be detected as amixed disulfidewith tapasin, albeit at a reduced
level compared with wild type ERp57 (Fig. 5). The detection of
the conjugate in the triple mutant as opposed to the double
mutant is probably due to a stabilization of the conjugate
through inactivation of an “escape pathway” mediated by Cys-
60. In this pathway, a mixed disulfide formed by the NH2-ter-
minal Cys of a CXXCmotif, such as the conjugate with tapasin,
is resolved through attack by the COOH-terminal Cys of the
motif (32).
We next examined the abilities of the active site mutants to

stabilize the PLC and promote peptide loading of class I mole-
cules. As shown in Fig. 6A (lane 10), the C60A/C406A/C409A
mutant, which formed a conjugate with tapasin, was capable of

stabilizing peptide-receptive Kb

moleculeswithin the PLC, albeit at a
somewhat reduced level compared
with wild type cells. In contrast, the
C406A/C409A mutant, which was
unable to form a conjugate with
tapasin, lacked the ability to stabi-
lize class I molecules within the
PLC, resembling ERp57�/� cells
(compare lanes 5 and 9). This dou-
ble mutant also failed to promote
peptide loading and exhibited the
same low level of total cellular Kb

molecules (Fig. 6B) and reduced
surface expression of Kb and Db

molecules as observed in ERp57�/�

cells (Fig. 7). Remarkably, theC60A/
C406A/C409A triple mutant was
just as effective as wild type ERp57
in promoting efficient peptide load-
ing, as assessed by the stabilization
of total cellular Kb molecules (Fig.
6B) and by restoring normal surface
Kb and Db expression to ERp57�/�

cells (Fig. 7). This indicates that the
thiol oxidoreductase activity of
ERp57 is dispensable for PLC stabi-
lization and peptide loading and
suggests that ERp57 plays a struc-
tural as opposed to a catalytic role
within the PLC.
Interactions between ERp57 and

Crt Are Not Required for Crt
Recruitment into the Peptide Load-
ing Complex—The availability of
the ERp57 R282A mutant also pro-
vided an opportunity to examine the
factors that determine the incorpo-
ration of Crt into the PLC. Within
the PLC, Crt associates nonco-
valently with the class I H chain
through its lectin site (16, 33) and
possibly its polypeptide binding site
(24) and with ERp57 through the tip

of its arm domain (9, 10). Our recent finding that lectin-defi-
cient Crt could still be recruited into the PLC (24) raised the
possibility that the interaction between Crt and ERp57 could
play a significant role in stabilizing or incorporating Crt. Fur-
ther support for this notion comes from the fact that Crt is
dramatically reduced in the PLC isolated from ERp57 knock-
out cells (14). To test the importance of the Crt-ERp57 interac-
tionmore directly, we used anti-tapasin antiserum to isolate the
PLC from ERp57 knock-out cells expressing the Crt binding-
deficient mutant of ERp57, R282A. The presence of Crt in the
PLC was then detected by immunoblotting with anti-Crt anti-
serum. As shown in Fig. 8A, Crt was present in the PLC of wild
type ERp57�/� cells and in ERp57 knock-out cells transfected
with either wild type ERp57 or K214A mutant ERp57 (which

FIGURE 7. Effect of ERp57 mutations on cell surface expression of MHC class I molecules. A, cell surface
expression of Kb molecules detected by flow cytometry. ERp57�/� cells expressing the indicated wild type or
mutant ERp57 molecules were incubated with mAb Y3, followed by incubation with phycoerythrin-conju-
gated goat anti-mouse IgG and analysis by flow cytometry. The mean fluorescence obtained for each mutant
was plotted relative to that of ERp57�/� cells, which was set to 100%. Error bars represent S.E. values based on
three independent experiments. B, cell surface expression levels of Db molecules detected by flow cytometry.
The method was the same as in A, except mAb B22.249R1 was used as the primary antibody to detect Db

molecules. Wt, wild type.
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retains partial ability to interact with Crt; Fig. 2A) but not in
mock-transfected ERp57�/� cells. Remarkably, in ERp57
knock-out cells expressing R282A ERp57, Crt was readily
detected within the PLC despite the inability of this mutant to
bind to the chaperone (Fig. 8A). These findings suggest that the
interaction between Crt and ERp57 is not required for the sta-

ble incorporation of Crt into the PLC and that the absence of
Crt in the PLC of ERp57 knock-out cells is a consequence of
something more than the simple loss of binding to ERp57.
To confirm this finding, we performed additional experi-

ments in which the Crt-ERp57 interaction was disrupted by
mutating the tip of the Crt arm domain. This segment of the

FIGURE 8. Detection of Crt in the peptide loading complex of cells expressing mutant forms of ERp57 or Crt. A, interaction with ERp57 is not required for
recruitment of Crt into the PLC. The indicated cell lines were lysed in digitonin lysis buffer and then subjected to immunoisolation with either preimmune
serum (PI) or anti-tapasin antiserum. Immune complexes were dissociated with a 100 �M concentration of the COOH-terminal tapasin peptide used to raise the
antiserum, and released proteins were separated by SDS-PAGE and immunoblotted with anti-Crt antiserum. Some Ig heavy chains (50 kDa) were released
during the dissociation procedure and migrate just below Crt (60 kDa). The absence of Crt in the lanes immunoisolated with preimmune serum and the lane
using Crt-deficient K42 cells demonstrated the specificity of the immunoisolation procedure. B, Crt is recruited into the PLC independently of its lectin- and
ERp57-binding functions. The indicated cell lines were lysed in Nonidet P-40 lysis buffer, and aliquots corresponding to equivalent numbers of cells were
separated by SDS-PAGE and immunoblotted with anti-Crt antiserum (left). The presence of Crt in peptide loading complexes isolated from these cells was
detected as described for A (right). C, the D258N mutant of Crt does not interact with ERp57. Shown are HSQC spectra of the 15N-labeled D258N arm domain
mutant of Crt (residues 206 –305) acquired in the absence (cyan) and presence (red) of the wild type bb� fragment of ERp57. Except for several weak resonances
arising from noise in each spectrum, the two patterns were superimposable, indicative of no binding. D, Crt with a truncated arm domain exhibits normal
thermal stability and lectin function. Thermal denaturation curves of wild type Crt, lectin-deficient D317A Crt, and arm-truncated �Tip2 Crt were obtained by
heating from 26 to 60 °C and measuring changes in mean residue ellipticity by circular dichroism. The experiments were repeated in the presence of 100 �M

Glc�3Man�2Man�2Man-OH oligosaccharide (OS), which, upon binding to Crt, results in stabilization of the protein, as detected by an increase in melting
temperature (Tm). IP, immunoprecipitation; wt, wild type.
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armdomain of Crt andCnx is highly conserved, with the excep-
tion of the S. cerevisiae homolog of Cnx, Cne1p, since this or-
ganism lacks ERp57 (34, 35). Ellgaard and co-workers3 replaced
the EDWDEEMD sequence of the mouse Crt arm domain with
the SWWKELMHof Cne1p and also inserted anHA tag imme-
diately upstream of the COOH-terminal KDEL sequence (HA-
�EB). In vitro cross-linking studies and binding studies using
isothermal titration calorimetry and enzyme-linked immu-
nosorbent assays verified that the mutated Crt arm domain
failed to bind ERp57.3 HA-�EB and HA-KDEL (HA-tagged
wild type Crt) were expressed in Crt�/� K42 cells using a ret-
roviral vector, and expression was confirmed by immunoblot
(Fig. 8B, top left). HA-�EB expression was lower than
HA-KDEL, and the arm domain mutant exhibited slightly
faster electrophoretic mobility, presumably due to the multiple
substitutions of charged residues. The PLCs were immunoiso-
lated with anti-tapasin Ab, and the presence of Crt in the PLC
was determined by immunoblotting as above. As shown in Fig.
8B (top right), ERp57 binding-deficient Crt (HA-�EB) was
readily detected in the PLC, confirming that the stable incorpo-
ration of Crt in the PLC does not require an interaction with
ERp57.
Considering our previous finding that disruption of the Crt

lectin site did not exclude it from the PLC (24) as well as the
present observation that interaction with ERp57 is not
required, it was of interest to construct a mutant Crt that does
not interact with either ERp57 or oligosaccharide chains on
glycoproteins and test for its presence in the PLC. During the
course of this work, we found that mutation of a single residue
at the tip of the Crt arm domain, Asp-258, was just as effective
in abolishing the interaction with ERp57 as the extensive sub-
stitution of residues from S. cerevisiae Cne1p. As shown in the
1H-15N HSQC spectrum of Fig. 8C, the D258N mutant was
unable to interact with the bb� domains of ERp57. We com-
bined this mutation with Y128A, a point mutation within the
lectin site of Crt that results in a complete loss of binding to
[3H]Glc1Man9GlcNAc2 oligosaccharide but does not alter Crt
structure, as determined by protease sensitivity andCDanalysis
(36). The D258N single mutant and Y128A/D258N double
mutant were expressed in K42 cells (Fig. 8B, bottom left). The
singlemutant was detected in the PLC as expected, but surpris-
ingly, the double mutant that lacks both ERp57 binding and
lectin function was also strongly present in the PLC (Fig. 8B,
bottom right). Since Crt is present within the PLC despite the
lack of interaction with ERp57 and with oligosaccharides, an
interaction through the Crt polypeptide binding (chaperone)
site must be responsible.
The polypeptide binding site of Crt and Cnx is responsible

for the ability of these chaperones to suppress the aggregation
of nonnative proteins in vitro. Although this site has not been
preciselymapped, it resideswithin the globular domain of these
chaperones at a location distinct from the lectin site (57).
Although the arm domain has no capacity to suppress aggrega-
tion on its own, its presence is required for the full aggregation
suppression function mediated by the globular domain (57).

We tested what the effect might be on Crt recruitment into the
PLC if the two-thirds of the arm domain were removed. This
�Tip2mutant would be expected to have intact lectin function,
no capacity to bind ERp57, and an impaired ability to interact
with nonnative polypeptides. Fig. 8D demonstrates that the
�Tip2 mutant remained properly folded, since it exhibited
thermal stability similar to that of wild type Crt (Tm � 44.5 and
45.6 °C for Crt and�Tip2, respectively; Fig. 8D). It also retained
the ability to bind oligosaccharide, as evidenced by an increase
in melting temperature (stability) upon the addition of oligo-
saccharide, compared with D317A Crt, which, like Y128A, is
completely lectin-deficient (36) and which showed no change
in melting temperature (Fig. 8D). Remarkably, when the �Tip2
mutant of Crt was expressed inK42 cells (Fig. 8B, bottom left), it
could not be detected within the PLC (Fig. 8B, bottom right).
These findings reveal a previously unappreciated role for the
arm domain of Crt in mediating its inclusion within the PLC.

DISCUSSION

The best characterized thiol oxidoreductase within the
mammalian ER is PDI. Its four thioredoxin-like domains form a
twisted U-shaped structure with active sites in the a and a�
domains facing each other at the ends of the U (37). The pri-
mary substrate binding region has been mapped to the b�
domain (38), which contains a hydrophobic pocket at the base
of the U, well suited for interaction with nonnative protein sub-
strates (37). However, hydrophobic patches are also evident
near the active sites, and in vitro studies have demonstrated that
the isolated a and a� domains can catalyze oxidation and reduc-
tion reactionswith peptide andprotein substrates (39), suggest-
ing that they also possess weak substrate binding sites.
In contrast to PDI, the b� domain of ERp57 has become spe-

cialized for interactionwith the armdomains of the lectin chap-
erones Cnx and Crt (29, 40). Instead of the hydrophobic pocket
observed in PDI, the corresponding region of the ERp57 b�
domain is charged, and residues that interact with the tip of the
arm domain in Cnx and Crt, Lys-214, Lys-274, Arg-280, Asn-
281, and Arg-282, have beenmapped to the opposite side of the
ERp57 b� domain (29, 40, 41). Therefore, rather than binding to
substrates directly, it is widely believed that ERp57 is recruited
byCnx andCrt to the proximity of folding intermediates, which
bear monoglucosylated N-linked glycans. This view is sup-
ported by the in vitro finding that the rate of oxidative refolding
of monoglucosylated RNase B by ERp57 is dramatically accel-
erated by the presence of Cnx or Crt (6). Furthermore, studies
in cell lines showed that when lectin-mediated interactions of
Cnx and Crt with folding glycoproteins were prevented by cas-
tanospermine treatment, mixed disulfide complexes between
several substrates and ERp57 were reduced or prevented (42,
43). However, the inability to detect transient mixed disulfides
does not necessarily reflect loss of ERp57 function, and there
have been no in vivo experiments that directly test whether Cnx
or Crt are required for ERp57 to catalyze the oxidative folding
of a substrate.
Our previous observation that ERp57 enhances the rate of

disulfide formation within MHC class I H chains (12), coupled
with the availability of ERp57-deficient cells that can be used to
express mutant forms of the enzyme, provided an ideal oppor-3 M. Häuptle, E.-M. Frickel, and L. Ellgaard, unpublished data.
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tunity to address the chaperone requirements for ERp57 func-
tion in living cells. We first showed that the rates of H chain
disulfide formationwere normal inCrt-deficient cells or in cells
depleted of Cnx through RNA interference. This could be due
to an ability of ERp57 to act onH chains independently of these
chaperones, but it is also possible that the absence of Cnx or Crt
permits access of other thiol oxidoreductases, which can
replace ERp57 in catalyzing H chain disulfide formation. To
distinguish between these possibilities, we made use of the
R282A point mutant of ERp57, which does not interact with
Cnx or Crt, as assessed by NMR and co-immunoisolation
approaches, and demonstrated that it complements the slow
oxidative folding phenotype of H chains in ERp57-deficient
cells just as effectively as the wild type enzyme. Therefore, nei-
ther Cnx nor Crt is required for ERp57 to catalyze disulfide
formation in the class I H chain substrate. Consistent with our
finding, Jessop et al. (42) reported that, in an in vitro translation
system, clusterin required the presence of ERp57 for efficient
oxidative folding and that folding could still occur at a normal
ratewhen interactionswithCnx orCrtwere perturbed by treat-
ment with castanospermine.
If Cnx andCrt are not required to bring ERp57 into the prox-

imity of class I H chains, how does ERp57 gain access to H
chains during oxidative folding? We propose that ERp57 is
capable of recognizing newly synthesized H chains and some
additional substrates directly. This notion is supported by the
finding that the mixed disulfide conjugate between ERp57 and
tapasin could be formed in vitro upon mixing recombinant
components (44). Another example is clusterin, which, follow-
ing in vitro translation in the presence of castanospermine,
could still be detected in a noncovalent complex with ERp57
(42). By analogy to PDI, ERp57may possess secondary substrate
binding sites in the a and a� domains (38, 39, 45, 46). Consistent
with this, Ellgaard and co-workers (5) have demonstrated that
the isolated a and a� domains possess disulfide isomerase activ-
ity that is capable of reactivating disulfide-scrambled ribonu-
clease A in vitro. Furthermore, the recent crystal structure of
the ERp57-tapasin conjugate revealed that, in addition to the
expected disulfide cross-link between the two molecules, there
was an extensive 1580 Å2 interface that involved numerous
contacts in the vicinity of the a and a� domain active sites of
ERp57 (47).
We also examined the role of Cnx and Crt in the recruitment

of ERp57 into the peptide loading complex. It has generally
been thought that ERp57 enters the PLCmainly through inter-
actions with Cnx or Crt, either via a preloading complex con-
sisting of Cnx, ERp57, tapasin, and TAP (48) or through
interactions with class I heterodimers in an H chain-�2m-Crt-
ERp57 complex (13). However, continuing the theme of direct
ERp57-substrate interactions, we found that the K214A and
R282Amutants of ERp57 that are impaired or lack interactions
with Cnx andCrt, respectively, were still recruited into the PLC
and formed conjugates with tapasin. Furthermore, we showed
that ERp57 recruited in this manner retains functionality in
stabilizing the PLC and promoting peptide loading of class I
molecules although, in the case of R282A, somewhat less effi-
ciently than observed for wild type ERp57. The reason for the
lack of full functionality with the R282A mutant is unclear.

However, a model of the PLC that incorporates the ERp57-
tapasin crystal structure and known contacts between tapasin,
H chain, Crt, and ERp57 predicts that the arm domain of Crt
curves around the peptide-binding groove of class I to contact
ERp57 (47). This may protect the nonnative class I molecule
from reduction by ER thiol oxidoreductases or contribute to
overall stability of the PLC, functions thatwould be lostwith the
R282Amutant. Our findings are consistent with those of Cres-
swell and co-workers (44), who found in the human system that
ERp57 can be recruited into the PLC independently of incom-
ing class I heterodimers and that ERp57-tapasin conjugates can
form in the individual absence of Cnx orCrt. Thus, at both early
and later stages in the biogenesis of mouse and human class I
molecules, ERp57 can effect its functions without recruitment
through the Cnx/Crt chaperone system.
We extended our analysis of ERp57 functions within the PLC

by addressingwhether it requires its thiol oxidoreductase activ-
ity to stabilize the PLC and promote peptide loading. Previous
studies focusing on the redox activity of ERp57 have shown that
when formation of the ERp57-tapasin conjugate is prevented by
mutagenesis of cysteine 95 of tapasin, H chains in the PLC are
partially reduced, indicating that the ERp57-tapasin conjugate
may be involved in maintaining the oxidized state of the H
chain during peptide loading (13). Subsequently, it was demon-
strated that the disulfide proximal to the peptide-binding
groove of the H chain is highly vulnerable to reduction by
ERp57 and that tapasin, by forming the disulfide conjugate with
ERp57, restrains the reductase activity of ERp57 (15). However,
these studies did not delineate any positive role for ERp57 in
peptide loading. Using ERp57-deficient cells, Garbi et al. (14)
found that the PLC was unstable, that class I molecules left the
loading complex more rapidly than in wild type cells, and that
the efficiency of peptide loading and surface expression of
H-2Kb were reduced. It was proposed that the ERp57-tapasin
conjugate is a key structural component that stabilizes class I
molecules in the PLC, thereby facilitating peptide loading. Con-
sistent with this model, Wearsch and Cresswell (16) demon-
strated that recombinant tapasin alone was unable to recruit
peptide-receptive class I molecules from cell lysates and facili-
tate peptide loading, whereas recombinant tapasin-ERp57 con-
jugates accomplished both of those functions. However, it
remained unclear whether the enzymatic activity of ERp57 is
required for its functions in stabilizing the PLC and promoting
peptide loading.
Consequently, we mutated all active site cysteines of ERp57

except for Cys-57, which forms the disulfide conjugate with
tapasin. Remarkably, this enzymatically inactive mutant,
C60A/C406A/C409A, was indistinguishable from wild type
ERp57 in fully supporting assembly of the PLC and the genera-
tion of normal levels of peptide-loaded class Imolecules in total
cell lysates and at the cell surface. These results clearly establish
that the thiol oxidoreductase activity of ERp57 is dispensable
for its functions within the PLC and that this enzyme acts as a
structural component tomaintain the integrity of the PLC.Our
findings are consistent with the tapasin-ERp57 crystal struc-
ture, which showed that the a and a� domain active sites are
buried in the interface with tapasin, rendering them inaccessi-
ble for catalysis of redox reactions other than the mixed disul-
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fide with tapasin (47). Interestingly, the double mutant within
the a� domain active site, C406A/C409A, failed to form the
conjugate with tapasin and was unable to rescue the defects in
class I biogenesis observed in ERp57�/� cells. The unexpected
behavior of thismutant has also been documented previously in
the human system (13). As shown in the tapasin-ERp57 struc-
ture, the a� domain active site is involved in multiple contacts
with tapasin andhence contributes significantly to binding (47).
However, this requirement for Cys-406/Cys-409 is obviated in
the absence of the escape pathway in the triple mutant.
While this manuscript was in preparation, Cresswell and co-

workers (49) reported that when the C60A/C406A/C409A
mutant of human ERp57 was expressed in cells stably knocked
down for endogenous ERp57, it fully supported PLC assembly
and the generation of stable, peptide-loaded human
HLA*B4402 molecules. Although consistent with our findings
in the mouse system, the interpretation of their results is com-
plicated by the presence of residual conjugate between tapasin
and endogenous wild type ERp57 that remained following the
ERp57 knockdown.
In the absence of any enzymatic role, how does ERp57 stabi-

lize the PLC? It has been suggested that ERp57, through its
interaction with Crt, may stabilize Crt-associated class I mole-
cules within the PLC (49). As mentioned above, we examined
this possibility by disrupting the ERp57-Crt interaction either
through the ERp57R282Amutation (Figs. 6 and 7) or bymutat-
ing the tip of the arm domain of Crt by pointmutation (D258N)
or by replacement with residues from S. cerevisiae Cnx (Fig. 8).
Despite the loss of the Crt-ERp57 interaction, PLC assembly
was normal, and there was only a modest reduction in surface
class I expression in the case of the R282A mutant. This is in
marked contrast to the PLC instability and low surface expres-
sion of class I associated with ERp57 deficiency (14). We favor
the suggestion put forward by Garbi et al. (14) that ERp57 con-
jugate formation with tapasin influences the conformation of
tapasin, rendering it competent for association with H chain-
�2m heterodimers and recruiting them into the PLC. This
notion is supported by the finding that the tapasin-ERp57 con-
jugate, but not tapasin alone, can recruit peptide-receptive class
I molecules from cell lysates (16). Furthermore, the extensive
1580 Å2 interface between tapasin and ERp57 suggests that
ERp57 exerts a significant influence on the conformations that
tapasin can assume (47). Given that the class I binding site on
tapasin has recently been shown to be combinatorial in nature
(47), such an influence of ERp57 is likely to impact the tapasin-
class I association. In the future, it will be of considerable inter-
est to address this issue using biophysical approaches to probe
the conformational states of both tapasin-ERp57 and free tapa-
sin. The concept of ERp57 as a structural rather than catalytic
component of the PLC is reminiscent of the noncatalytic roles
that have been demonstrated for PDI, namely as the � subunit
of prolyl 4-hydroxylase (50) and a component of the microso-
mal triglyceride transfer protein complex (51).
During the course of these studies, we noted that disruption

of the Crt-ERp57 interaction not only had minimal effects on
ERp57within the PLC but also failed to perturb the levels of Crt
within the loading complex (Fig. 8A). This returned us to the
ongoing debate as to what interactions are critical for recruit-

ment of Crt into the PLC. It is a widely held view that the inter-
action of Crt with class I H chains andwith the PLC ismediated
largely through its ability to bind monoglucosylated oligosac-
charides on H chains. Inhibition of the formation of monoglu-
cosylated oligosaccharides on class IH chains, either by treating
the cells with the glucosidase inhibitor castanospermine (52) or
by removing the oligosaccharidemoiety in the�1 domain of the
H chain (53), reduced Crt association with class I molecules. In
vitro experiments using immobilized monoglucosylated free H
chains also showed that the glycan on class I H chains was
necessary and sufficient for the binding of Crt (33). However,
this view was recently called into question by our recent dem-
onstration that lectin-deficient mutants of Crt retained full
ability to associate with class I molecules and complement all
class I biosynthetic defects associated with Crt deficiency (24).
Since it was apparent that disruption of the lectin and ERp57-
binding functions of Crt individually was insufficient to prevent
its interactions with class Imolecules and its incorporation into
the PLC, we made the double mutant Y128A/D258N, which
lacks both functions. Surprisingly, this mutant was incorpo-
rated into the PLC, indicating that a third mode of interaction
was sufficient for Crt recruitment. Both Crt and Cnx possess
the ability to associate via polypeptide-based interactions with
nonnative protein conformers both in vitro (54, 55) and in living
cells. This function resides in the globular lectin domain and
endows these chaperones with the ability to suppress protein
aggregation in vitro under physiological conditions (24, 25, 56).
We propose that in the absence of other modes of association,
such polypeptide-based interactions are sufficient to effect Crt
functions in class I biogenesis. Interestingly, we found that a
variant of Crt with a truncated arm domain that lacks ERp57
binding ability but retains full lectin function was not incorpo-
rated into the PLC. In vitro experiments with the analogous
Cnx variant revealed that it retains its polypeptide binding
function as measured with small peptides, but its binding affin-
ity for unfolded proteins is reduced (57). This is consistent with
a model wherein nonnative proteins, such as H chain-�2m het-
erodimers, enter the cavity formed between the globular and
arm domains of Crt. This permits lectin- and polypeptide-
based interactions within the globular domain to occur,
whereas the arm domain sterically impedes substrate dissocia-
tion. Based on the inability of the truncated arm variant of Crt
to be detected in the PLC, this latter function may contribute
significantly to the overall binding interaction with assembling
class I molecules.
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