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The endoplasmic reticulum-located multimolecular peptide-
loading complex functions to load optimal peptides onto major
histocompatibility complex (MHC) class I molecules for presen-
tation to CD8* T lymphocytes. Two oxidoreductases, ERp57
and protein-disulfide isomerase, are known to be components of
the peptide-loading complex. Within the peptide-loading com-
plex ERp57 is normally found disulfide-linked to tapasin,
through one of its two thioredoxin-like redox motifs. We
describe here a novel trimeric complex that disulfide links
together MHC class I heavy chain, ERp57 and tapasin, and that
is found in association with the transporter associated with anti-
gen processing peptide transporter. The trimeric complex nor-
mally represents a small subset of the total ERp57-tapasin pool
but can be significantly increased by altering intracellular oxi-
dizing conditions. Direct mutation of a conserved structural
cysteine residue implicates an interaction between ERp57 and
the MHC class I peptide-binding groove. Taken together, our
studies demonstrate for the first time that ERp57 directly inter-
acts with MHC class I molecules within the peptide-loading
complex and suggest that ERp57 and protein-disulfide isomer-
ase act in concert to regulate the redox status of MHC class I
during antigen presentation.

To bind a high affinity, optimized pool of peptides, MHC®
class I molecules undergo a series of chaperone-mediated inter-
actions within the endoplasmic reticulum (ER) (1, 2). For most
MHC class I molecules, this process occurs in the multicompo-
nent MHC class I peptide-loading complex (PLC), which in
addition to B,-microglobulin (32m)-associated MHC class I
molecules includes the chaperone calreticulin, the oxidoreduc-
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tases ERp57 and protein-disulfide isomerase (PDI), the class
I-specific accessory molecule tapasin, and the peptide trans-
porter TAP (3-5). A series of experimental reports have indi-
cated that the PLC acts cooperatively, and that the absence of
any of the components results in the disruption of MHC class I
assembly, and a reduction in the efficiency of antigen presenta-
tion to T cells (6 -9).

Both ERp57 and PDI are integral components of the PLC
(10-12). These oxidoreductases are related to thioredoxin (TR)
and share two functional CXXC motifs (denoted TR1 and TR2)
(13-15). Possession of this motif permits family members to
catalyze reduction, oxidation, and isomerization of disulfide
bonds within substrate polypeptides (16). ERp57 normally
appears to be in a GSH-dependent reduced state within the ER
(17,18), and is thus likely to be involved in reduction or isomer-
ization reactions. However, a striking feature of ERp57 is that,
in the presence of tapasin, it preferentially forms an interaction
through its TR1 motif with an unpaired cysteine in tapasin at
position 95 (19). The normal escape pathway that exists to
release ERp57 from substrate polypeptides is inhibited by this
interaction (20), leading to the whole cellular pool of tapasin
being disulfide-linked to ERp57, and a large pool of cellular
ERp57 being likewise occupied within the PLC (17). The reason
for this sequestration of ERp57 within the PLC is not fully
understood, and although in its absence MHC class I molecules
appear fully oxidized, crucially there is a lack of peptide optimi-
zation (8). It therefore remains possible that ERp57 could mon-
itor the disulfide status of MHC class I molecules through its
unoccupied TR2 motif, alongside the role recently described for
PDI in the oxidation of MHC class I molecules and peptide
optimization within the PLC (4).

EXPERIMENTAL PROCEDURES

Cell Lines and Antibodies—C58, T2, Daudi, and the .220
series cell lines were maintained in RPMI 1640 medium supple-
mented with 5% FBS (both Invitrogen) and with selective anti-
biotics where required. KG-1 cells (ECACC) were maintained
in Iscove’s modified Dulbecco’s medium (Sigma) with 20% FBS,
and were matured in the presence of 10 ng/ml PMA and 100
ng/ml ionomycin. HeLa cells were maintained in Dulbecco’s
modified Eagle’s medium with 10% FBS. The .220 series of cells
were a gift from P. Lehner (Cambridge, UK) and E. Hewitt
(Leeds, UK). .220.rtpn was generated by electroporation of .220
cells with full-length rat tapasin cDNA (21) and recloned from
rat C58 thymoma cells, in vector pCR3 (Invitrogen). KG-1 cells
expressing cysteine mutant B*2705 constructs were generated
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Cell Lysates and Immunopre-

blot: tpn B blot: HC10 ERp57 TPN
175kDa-
175kDa- -—
e W | -ERp57-tpn 83kDa-
62kDa-
ATkDa- | w— 47kDa-
NEM MMTS
(days) 0 1 2 3 0 1 2 3

FIGURE 1. ERp57-tapasin conjugate preservation in MMTS and detection of an MHC-ERp57-tapasin com-
plex in KG1 cells. A, rat C58 cells were preincubated with NEM or MMTS before preparation of detergent
lysates. Samples were immunoblotted for rat tapasin. Free tapasin has a relative mass of 48 kDa, whereas the
ERp57-tapasin conjugate is ~110 kDa. B, MMTS lysates of KG1 cells matured in PMA and ionomycin for the
indicated times were immunoblotted for MHC class | (HC10), ERp57, and human tapasin. The ERp57-tapasin
complex at 110 kDa is indicated, as is the novel complex that includes MHC class | heavy chains (**), with an
approximate size of 150 kDa. Longer exposures also revealed the faint presence of the novel band at day 1 and

day 2 time points.
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FIGURE 2. Characterization of the MHC-ERp57-tapasin conjugate. A, .220
series of cells were incubated with or without DTT and then treated with trichlo-
roacetic acid and AMS to trap ERp57 intermediates. AMS (molecular mass 536.44)
also slightly increases the relative size of cysteine-modified polypeptides. The
ERp57-tapasin complex is indicated. In .220.B8 cells, the identical migration of
DTT and non-DTT-treated ERp57 indicated that the CXXC motifs are normallyina
reduced state in the ER. See also Fig. 3A. B, MMTS-treated cell lysates were immu-
noblotted as indicated. The ERp57-tapasin and MHC-ERp57-tapasin conjugates
are indicated. The band immediately below the ERp57-tapasin conjugate in the
tapasin panel is an artifact of the tapasin sera. The HC10 panel reveals potential
dimer/oligomers of HLA-B8 in the 80-kDa region. Note that the ERp57 antisera
recognize the complex of ERp57 and rat tapasin; however, the tapasin antisera
used in this experiment is specific for human tapasin.

by electroporation. HeLa cells were transfected using FuGENE
6 (Roche Applied Science) and selected in 0.5 mg/ml G418.
Monoclonal antibody HC10 recognizes unfolded HLA-B and C
molecules. Anti-ERp57 was a gift from N. Bulleid (Manchester,
UK). Anti-human tapasin was a gift from T. Elliott (Southamp-
ton, UK). Anti-mouse/rat tapasin was a gift from T. Hansen (St.
Louis, MO). Monoclonal antibody 148.3 recognizes human
TAP1. Anti-PDI was obtained from StressGen (SPA-890).
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cipitations—For alkylation treat-
ments, cells were resuspended in
ice-cold PBS containing 10 mm
NEM (Sigma) or MMTS (Pierce) for
5 min, followed by lysis for 10 min in
ice-cold 1% Nonidet P-40 contain-
ing buffer (150 mm NaCl, 10 mm
Tris, pH 7.6, 1 mm phenylmethylsul-

- | %

w— e @ | -ERpS57-tpn

fonyl fluoride, plus 10 mm NEM or
MMTS). Insoluble material was
removed by a 5-min centrifugation
at 20,000 X g, and supernatants
were heated in nonreducing sam-
ple buffer. Where indicated cells
were incubated for 10 min at 37 °C
with 1 mm diamide (Sigma) or 2
mM DTT prior to processing. The acid-trapping method
using trichloroacetic acid has been described previously
(17). For isolation of the TAP complex, 20 million cells were
pretreated with MMTS in PBS and lysed in buffer as above
containing 0.5% digitonin (Wako). TAP complexes were iso-
lated using antibody 148.3 chemically cross-linked to pro-
tein G-Sepharose beads (Sigma). After extensive washing,
beads were heated in nonreducing sample buffer. For meta-
bolic labelings, cells were preincubated in methionine-free
RPMI for 20 min and then labeled with 7.2 MBq of Tran>°S-
label (MP Biologicals) for 20 min at 37 °C. 1 mm diamide was
included for the last 5 min, and the cells were then treated with
MMTS in PBS, lysed, and immunoprecipitated as above. Sam-
ples were run nonreduced on SDS-PAGE and processed for
autoradiography.

Immunoblotting—Samples were separated by 8% SDS-
PAGE, transferred to nitrocellulose (BAS85, Schleicher &
Schuell), and blocked with skimmed milk powder in PBS plus
0.1% Tween 20 (Sigma). Primary antibodies were incubated
with membranes overnight at 4 °C or for a minimum of 1 h at
room temperature. Blots were developed by chemilumines-
cence, using SuperSignal Femto and the included horseradish
peroxidase-anti-rabbit and mouse IgG reagents (Pierce).

Mutagenesis of HLA-B*2705—A C-terminally tagged (V5)
c¢DNA encoding the HLA-B*2705 allele, cloned into the mam-
malian expression vector pCR3.1 (Invitrogen), was mutated
using PCR-based site-directed mutagenesis (Quikchange,
Stratagene) to alter conserved cysteine residues to serine or to
introduce a stop codon after residue 339.

RESULTS

Alkylation with MMTS Reveals a Novel High Molecular
Weight Species in KG-1 Cells—The majority of studies of the
PLC have involved either the use of N-ethylmaleimide (NEM)
to alkylate unpaired cysteines (15, 19), thereby trapping ERp57-
tapasin complexes, or rapid acidification to prevent thiol
exchange, followed by alkylation (17). However, Cresswell and
co-workers (20) have recently demonstrated that methyl meth-
anethiosulfonate (MMTS) can also preserve the ERp57-tapasin
conjugate, a result we confirm here in cell lysates of the rat C58
thymoma cell line (Fig. 14). We used MMTS to study the for-
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FIGURE 3. Diamide enhances the MHC-ERp57-tapasin interaction. A, .220 cells were treated with DTT or
diamide (DIA), then trichloroacetic acid-precipitated, and alkylated with AMS. Diamide is shown to prevent
access of AMS by oxidizing the CXXC motifs. B, .220.rtpn and .220.B8.tpn cells were pretreated with or without
diamide before preparation of MMTS detergent lysates. Samples were then immunoblotted with HC10 or
anti-ERp57 or anti-human tapasin reagents. Diamide is shown to significantly increase the MHC-ERp57-tapasin
conjugate. G, .220.B8.tpn cells were incubated with the indicated concentrations of diamide for 10 min at 37 °C
and then subsequently treated with MMTS, and lysates were prepared and immunoblotted for ERp57.
D, diamide- and MMTS-treated cell lysates were prepared from .220.B8.tpn cells, analyzed under nonreducing
(nonred) and reducing (red) conditions and immunoblotted for MHC class |, ERp57, and tapasin. The MHC-
ERp57-tapasin and ERp57-tapasin bands in each case resolve to a single species under reducing conditions.
The tapasin panel also reveals the nonspecific species detected just beneath the ERp57-tapasin band, labeled
** in this figure. This is the same species shown in Fig. 2B and reported in the main text. This species does not
significantly alter mobility upon reduction, whereas tapasin reduces to a single species of 48 kDa. £, .220.B8.tpn
cells were treated with 1 mm diamide, then soaked in PBS, and lysed in detergent buffer supplemented with
NEM or MMTS as indicated. Lysates were probed for MHC class | and ERp57. UT, untreated.

mation of the PLC in the dendritic like cell line KG-1. KG-1 cells
were matured in PMA and ionomycin for up to 3 days and
MMTS-treated detergent lysates prepared. As maturation pro-
gressed, we detected a novel species with a size of ~150 kDa,
which immunostained with anti-HLA-B- and -C-specific anti-
body HC10 and also ERp57 and tapasin specific antisera (Fig.
1B). This would be the expected approximate size of a disulfide-
linked species containing MHC class I (43—45 kDa), ERp57 (57
kDa), and tapasin (48 kDa). The 150-kDa species was not
revealed by anti-PDI, ERp72, or calreticulin antisera (not
shown). Therefore, the results suggested the existence of an
MHC class I heavy chain-ERp57-tapasin complex in these cells.

Characterization of MHC Class I-ERp57-Tapasin Complex
in Transfectants of the .220 Cell Line—In a further analysis we
made use of the tapasin-deficient .220 cell line (22) and stable
transfectants .220.B8 (expressing HLA-B8) (23), .220.rtpn
(expressing rat tapasin), and a double transfectant with B8 and
human tapasin (.220.B8.tpn). As shown in Fig. 24, using tri-
chloroacetic acid-based rapid acidification and alkylation with
4'-maleimidylstilbene-2,2'-disulfonic acid (AMS), which
increases the size of each nondisulfide-linked cysteine residue
by ~0.5 kDa, the ERp57-tapasin complex can only be detected
when both ERp57 and tapasin are present, i.e. in .220.B8.tpn
cells. Using MMTS-treated cell lysates, we clearly detected the
novel MHC-ERp57-tapasin trimeric conjugate in .220.B8.tpn
cells (Fig. 2B). The conjugate was not detected in .220.rtpn cells,
likely due to the low levels of endogenous MHC class I, as
shown in the HC10 panel. Note that the anti-tapasin reagent
used in this experiment does not recognize rat tapasin, and thus
there is no detection of the ERp57-rat tapasin conjugate in the
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disappearance of both the ERp57-
tapasin and the MHC-ERp57-tapa-
sin complex under such conditions
(see Fig. 3D).

Enhancement of the MHC-
ERp57-Tapasin  Complex under
Oxidizing Conditions—To test if we
could enhance the formation of the
MHC-ERp57-tapasin complex, we
incubated cells with the oxidizing
agent diamide, which causes oxida-
tion of the ERp57 CXXC motifs,
rendering them inaccessible to AMS modification (Fig. 34)
(17). We therefore treated .220.rtpn and .220.B8.tpn cells with
diamide and prepared MMTS-treated lysates. Diamide treat-
ment significantly increased the presence of the MHC-ERp57-
tapasin conjugate in .220.B8.tpn cells, with the concomitant
loss of signal in the ERp57-tapasin conjugate, suggesting that
the enhanced trimeric complex is derived solely from the
ERp57-tapasin complex (Fig. 3B). A titration of diamide deter-
mined that between 0.5 and 1 mm was optimal to enhance this
interaction (Fig. 3C), with higher concentrations (5 mm) leading
to a loss of protein recovered from treated cells (not shown).
Diamide-treated lysates were also analyzed under reducing
conditions, demonstrating reduction of the relevant complexes
(Fig. 3D). Thus alteration to the oxidizing environment of the
ER and ERp57 increases the interaction of ERp57 with MHC
class I molecules. This suggests that ERp57 is acting as an oxi-
doreductase on MHC class I molecules, because modifications
of the intracellular redox environment will influence its inter-
action with its substrate.

The novel MHC-ERp57-tapasin complex described so far
was reliably identified in the presence of MMTS. To address
whether this complex forms only because of the inclusion of
MMTS, we retested .220.B8.tpn cells using NEM and including
diamide oxidation. Untreated or NEM- or MMTS-treated
lysates were analyzed. As shown in Fig. 3E, the MHC-ERp57-
tapasin complex could now be detected using NEM, although at
a much lower signal strength. This important control indicates
that the MHC-ERp57-tapasin conjugate is not induced solely
by the addition of MMTS and may also demonstrate why it has
not been observed previously. Using diamide we can also detect
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blotting revealed that the MHC-
ERp57-tapasin  conjugate  was
readily detected but only in
.220.B8.tpn cells (Fig. 44). A control
blot confirmed isolation of TAP and
the previously reported observation
that the presence of tapasin stabi-
lizes and increases the cellular pool
of TAP (23). Additionally, because
these immunoprecipitations isolate
only the TAP-associated pool of
MHC class I molecules, we deter-
mined by densitometry that, in the
presence of diamide, ~30% of the
MHC class I molecules are disul-
fide-linked to ERp57. Similarly,
~30% of the TAP-associated ERp57
and tapasin pool are in this trimeric
complex. We also used this same
experimental procedure to deter-
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FIGURE 4. The MHC-ERp57-tapasin conjugate is TAP-associated and is recognized by antibody HC10.
A, indicated cells were pretreated with diamide and MMTS and lysed in digitonin lysis buffer. TAP complexes
were immunoisolated, and the sample was immunoblotted for MHC class | (HC10), ERp57, and human tapasin.
The MHC-ERp57-tapasin conjugate is clearly detected in association with TAP. Rat tapasin alone forms an
ERp57-tapasin conjugate but no larger complex. A control blot of the ERp57 panel stripped and reprobed for
TAP indicates the immunoisolation of TAP in all samples. B, .220.B8.tpn cells were incubated with or without
diamide (DIA), alkylated with MMTS in PBS, lysed in digitonin, and immunoprecipitated (ip) with anti-TAP
antibody. The resulting immunoblot was stained with HC10 for MHC class | heavy chains. C, 220.B8.tpn cells
were radiolabeled with Tran*>S-label for 20 min, diamide- and MMTS-treated, lysed, and immunoprecipitated
with antibodies HC10 or W6/32. The p150 complex, which migrates identically with the MHC-ERp57-tapasin
conjugate, is indicated (*). —ve, negative control lane, no antibody. D, digitonin lysates of KG-1 cells expressing
B27 or mutants B27.C101S or B27.C164S were immunoprecipitated for TAP and blotted for the presence of B27

heavy chain and TAP.

the conjugate using the trichloroacetic acid/AMS described
earlier (not shown).

The MHC-ERp57-Tapasin Complex Associates with TAP—A
crucial feature of the PLC is its formation with the TAP peptide
transporter (24, 25), the main source of peptides translocated
from the cytoplasm. We therefore tested whether we could
detect the MHC-ERp57-tapasin conjugate bound to TAP. The
.220 transfectant series were treated with diamide, alkylated in
MMTS, lysed in digitonin to preserve TAP-PLC interactions,
and immunoprecipitated with anti-TAP1 antibody. Immuno-
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KG1.B27

for MHC class I heavy chains was
performed (Fig. 4B), and by com-
paring several different exposures, it
was possible to calculate that in
non-diamide-treated cells, only
1-3% of the TAP-associated MHC
class I molecules resided within the
MHC-ERp57-tapasin complex.

Antibody HC10 preferentially
recognizes partially folded and
therefore possibly peptide-empty
structures, whereas W6/32 prefer-
entially recognizes fully folded,
peptide-loaded molecules. We
used these antibodies to immu-
noprecipitate radiolabeled cell
lysates from .220.B8.tpn cells that
had been diamide- and MMTS-
treated. Both antibodies isolated
the M, 45,000 B8 heavy chain, and in addition HC10 isolated
a faint species at 150 kDa, which was identical in size when
compared with immunoblots of the MHC-ERp57-tapasin
conjugate (Fig. 4C). W6/32 did not isolate this species, sug-
gesting that the HC10-reactive MHC-ERp57-tapasin species
has a incompletely folded peptide groove.

To determine whether the MHC-ERp57-tapasin complex
was part of redox regulation during peptide loading, we deter-
mined whether mutation of the conserved cysteines at posi-
tions 101 and 164 in the peptide-binding groove of HLA-B27

KG1.B27.C1018
KG1.B27.C164S
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influenced formation of the trimeric complex. Mutation of
these structural cysteines disrupts normal assembly and cell
surface expression (not shown); therefore, transfected cells
were incubated overnight at 26 °C to induce folding. The MHC-
ERp57-tapasin conjugate was readily detected in TAP immu-
noprecipitates of KG-1 cells expressing both wild type B27 and
a B27.C164S mutant, but it was not seen consistently in
B27.C101S mutants, suggesting that ERp57 prefers to interact
with the Cys-101 residue in the peptide groove. Of potential
interest, mutant B27.C101S formed TAP-associated dimer-like
structures, which may interfere with its ability to interact with
ERp57 within the PLC, which is an area we are investigating
further.

The MHC-ERpS57-Tapasin Conjugate Can Form Independ-
ently of TAP but Requires the Presence of B,-Microglobulin—Al-
though the PLC is normally found in association with TAP, its
components can also form in the absence of TAP (5, 26). We
therefore asked if the formation of the MHC-ERp57-tapasin
conjugate was critically dependent on TAP, and also whether
the absence of B2m would affect its formation. TAP-deficient
T2 cells and B2m-deficient Daudi cells were treated with dia-
mide, and MMTS lysates were prepared and immunoblotted.
The trimeric complex was detected in T2 cells, as shown in Fig.
54, demonstrating its formation is not dependent on TAP. We
also detected the presence of a faint higher mass species that
immunoblotted for ERp57 and tapasin raising the possibility
that ERp57 and tapasin may potentially form other complexes.
In Daudi cells we did not detect any MHC class I-ERp57-tapa-
sin conjugate, supporting a model where only 32m-associated
MHC class I molecules progress into the PLC. Furthermore, we
observed that diamide treatment of Daudi cells inhibited for-
mation of the ERp57-tapasin complex, suggesting that in the
absence of B2m-associated MHC class I molecules, the ERp57-
tapasin complex is less stable and cannot survive oxidative
stress.

Human tapasin contains an unpaired cysteine residue in its
tail region (5). Several MHC class I heavy chains also contain
unpaired cysteine residues in their cytoplasmic tail regions.
Despite the normally reducing conditions of the cytoplasm, to
exclude an abnormal disulfide linkage in this region we studied
HelLa cells expressing a mutant of HLA-B*2705 lacking the last
23 residues, including the unpaired cysteine. Diamide- and
MMTS-treated lysates were probed with ERp57 antisera,
which revealed the additional presence of a slightly smaller
MHC-ERp57-tapasin complex resulting from the smaller
size of the truncated B27 heavy chain (Fig. 5B).

The faint detection in Fig. 54 of an even larger species than
the MHC-ERp57-tapasin conjugate led us to ask whether PDI
may also be part of this complex. PDI was readily detected in
DTT-reduced samples after digitonin lysate-based immunoiso-
lation of the TAP complex from .220.B8.tpn cells (Fig. 5C, top
panel). Furthermore, in nonreduced samples, we were able to
identify, in several experiments, a species of over 200 kDa,
which immunostained for MHC class I, ERp57, tapasin, and
PDI (Fig. 5C, lower panel, indicated by **). However, this species
was not consistent in all experiments and requires further
characterization.
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FIGURE 5. The MHC-ERp57-tapasin conjugate does not require TAP but
does require 32m-associated MHC class | heavy chains. A, T2 (TAP-defi-
cient) and Daudi (B2m-deficient) cells were treated with or without diamide
(DIA) and then with MMTS and lysed, and samples were immunoblotted for
MHC class |, ERp57, and tapasin. The ERp57-tapasin and MHC-ERp57-tapasin
conjugates are indicated. An unidentified larger complex (*) stains for ERp57
and tapasin but not MHC class . B, detergent lysates of diamide- and MMTS-
treated untransfected (UT) HeLa cells and cells expressing a tail-less truncated
HLA-B*2705 heavy chain were immunoprobed with HC10 and ERp57 anti-
sera. The truncated B27 heavy chain migrates faster than endogenous HLA
class | alleles, resulting in a smaller size to the MHC-ERp57-tapasin conjugate.
C, .220.B8 and .220.B8.tpn cells were lysed in digitonin, and TAP immunopre-
cipitates (ip) were analyzed reduced (top panel) or nonreduced (lower panel)
with the indicated antibodies. The complex containing PDI is indicated by a
double asterisk.

DISCUSSION

Because ERp57 was discovered as a component of the
MHC class I PLC, it has been implicated in the control of the
disulfide status of MHC class I molecules. Although interac-
tions between ERp57 and MHC class I molecules have been
reported (15, 27), it has not been possible to determine at
what stage of the assembly process these interactions occur.
Indeed, rather than readily finding MHC class I interactions,
it was somewhat against expectations to find that the com-
plete pool of ERp57 within the PLC was disulfide-bonded to
tapasin (19).
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Tapasin
e —

E——

FIGURE 6. Schematic diagram of the predicted MHC-ERp57-tapasin con-
jugate. The peptide-binding groove of MHC class | contains two conserved
cysteine residues involved in a disulfide bridge, at positions 101 on the
groove platform and 164 in the a2 helical domain. Diagram was adapted
from the studies of Cresswell and co-workers (19). For clarity the potential
interaction of PDI with the same cysteine residues is not indicated in this

diagram. The components are labeled as follows: HC, MHC class | heavy
chain; ERp57, tapasin; CRT, calreticulin.

More recently, Park et al. (4) have demonstrated that when
PDl s incorporated in to the PLC, it potentially plays an impor-
tant role in the correct oxidation of MHC class I molecules and
contributes to optimal peptide selection. In contrast to the sit-
uation when ERp57 is depleted or absent (6, 8), short interfering
RNA-based depletion of PDI appears to affect the oxidation
status of nascent MHC class I molecules.

We have shown here that a disulfide conjugate linking MHC
class I, ERp57, and tapasin exists. If, within the PLC, ERp57 is
acting as a normal oxidoreductase, by forming only transient
interactions with its MHC class I substrate (16), then it would
be predicted that only a small proportion of the total ERp57-
tapasin pool would be found in association with MHC class 1.
This is clearly evident in our data, for example in Fig. 2B,
where the MHC-ERp57-tapasin conjugate is only a minority of
the total ERp57-tapasin pool and also of the total MHC class I
pool. Indeed, as we show in Fig. 4B, only a small percentage, in
the range of 1-3%, of MHC class I molecules within the TAP
complex interact normally with ERp57.

Based on our observations, and the recent work of others (19,
20), we hypothesize a model wherein ERp57 is capable of inter-
acting with the disulfide bond present in the peptide-binding
groove of MHC class I, depicted in schematic form in Fig. 6. In
our previous studies of the actions of ERp57 upon MHC class I
molecules, we developed an in vitro assay and demonstrated
how recombinant ERp57 could act as a reductase on the par-
tially folded HC10-reactive pool of MHC class I molecules (15).
We also noted how ERp57 was more active in this role than its
close relative PDI. Although we cannot distinguish with the
experiments performed in this study whether ERp57 is acting as
areductase or oxidase on the MHC class I molecules with which
it is interacting, based on the observations that ERp57 normally
has reduced CXXC motifs in vivo, it is likely that it is acting as a
reductase. Whether this function is required to load some

17592 JOURNAL OF BIOLOGICAL CHEMISTRY

MHC class I molecules with optimal peptides or is part of a
process to remove unwanted MHC class I molecules from the
PLC remains to be determined.

As yet we have been unable to determine whether PDI plays
arole in the formation of the MHC-ERp57-tapasin complex we
describe here, although we have been able to confirm that it
does co-precipitate with the TAP complex (Fig. 5C). As
reported here, in some experiments we have also weakly
detected a larger species, in the region of M 200,000, which we
can immunoblot for ERp57, tapasin, MHC class I and PDL

Our data suggest a model whereby both PDI and ERp57 have
access to the peptide-binding groove of MHC class I molecules
during assembly within the PLC, and that they may play com-
plementary roles in ensuring that only optimally loaded mole-
cules egress to the cell surface. Although ERp57 is tethered to
the PLC through its disulfide linkage to tapasin, it may be that
PDI is a more transient visitor to the PLC, with a relatively low
affinity interaction, and that its successful isolation during
immunoprecipitation experiments is affected for similar rea-
sons, thus favoring the interaction of ERp57 that we describe
here. The cooperative nature of the complex may also explain
why PDI has not been readily detected in cells lacking ERp57. It
is clear, however, that despite our knowledge of many of the
components of this pathway, our understanding of the mecha-
nism by which each component interacts with the MHC class I
molecule, and with the other parts of the PLC, remains obscure.

Some MHC class I alleles appear to be less reliant on inter-
actions with the PLC (28), including the inflammatory arthritis-
associated HLA-B27 allele, although as we have demonstrated
in Fig. 4D it can interact when the PLC is available. HLA-B27 is
one of a relatively rare set of MHC class I molecules that has an
unpaired cysteine at position 67, pointing into the peptide-
binding groove. HLA-B27 is prone to misfolding in the ER and
forms disulfide-linked heavy chain oligomers, which are due, at
leastin part, to this additional cysteine (29 -32). Thus HLA-B27
may have evolved to be less dependent on the PLC, to avoid
potentially aberrant interactions between ERp57 and/or PDI,
and the cysteine at position 67. We are currently investigating
this possible interaction and its potential impact upon the
behavior of this important disease-associated HLA allele.
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