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Abstract

Major histocompatibility complex (MHC) class | heavy chain/Bom heterodimers assemble with
antigenic peptides via interactions with peptide-loading complex proteins, including tapasin and
ERp57. In human cells, a cysteine residue within tapasin (C95) has been shown to form a covalent
bond with ERp57. In this study, we focused on the effect of this tapasin amino acid residue in mouse
cells expressing the MHC class | molecule H2-K9. We demonstrated that a large disulfide-bonded
complex was present in the mouse cells that included ERp57, tapasin, and K9. Furthermore, in mouse
cells, unlike human cells, we found that tapasin mutated at C95 can participate in a non-covalent
complex with ERp57. Comparison of our findings to earlier findings with a human molecule (HLA-
B*4402) also revealed that a tapasin C95 mutation has a stronger effect on the maturation and stability
of K9 than HLA-B*4402. Overall, our results characterize the influence of this tapasin cysteine
residue on the stable surface expression of a mouse MHC class | molecule, and reveal differences in
tapasin C95 interactions and effects between mouse and human systems.

Keywords
antigen presentation; cysteine; ERp57; H2-KY: major histocompatibility complex; tapasin

INTRODUCTION

Within the endoplasmic reticulum, a complex composed of several proteins assists in the
provision of MHC class | heavy chain/B,m heterodimers with peptides. Various studies have
shown that this complex includes beta 2-microglobulin (Bom), tapasin, the transporter
associated with antigen processing (TAP), calreticulin, ERp57, Bap 29/31, and protein
disulfide isomerase.15 Tapasin is a necessary component of the peptide-loading complex,
6714 and it interacts directly with TAP,5:8:13:15-20 the MHC class | heavy chain,® and
ERp57.21 The interaction of tapasin and ERp57 in a stable dimeric complex has been visualized
by X-ray crystallographic analysis.22
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A disulfide bond is formed between the cysteine at position 95 in tapasin (conserved in human,
mouse, and rat) and the cysteine at position 57 in ERp57.%:15716:18:21:2372° This disulfide
bond is evident when N-ethylmaleimide or methyl methanethiosulfonate (MMTS) is used to
treat cells prior to lysis, since these reagents preserve the covalent linkage between ERp57 and
tapasin.21:23 For a tapasin-dependent MHC class | allotype, tapasin disulfide linkage to ERp57
was shown to enable tapasin to prevent reduction of the a2 domain disulfide bond in the peptide-
binding groove.26 Trimeric disulfide-linked complexes that include tapasin, ERp57, and the
MHC class | heavy chain have also been identified.27728 A human tapasin mutant with a
substitution at position 95 (C95A) could not be detected in non-covalent association with
ERp57, suggesting that formation of the disulfide bond is a necessary part of human tapasin
interaction with ERp57.21 Using purified proteins, direct binding of tapasin to peptide-deficient
MHC class I molecules has been demonstrated,29 and soluble tapasin modified to bind to the
MHC class | heavy chain via a carboxy-terminal leucine zipper was shown to be capable of
stabilizing open forms of MHC class | molecules.30 In another study, recombinant human
tapasin alone failed to facilitate peptide binding by the MHC class | heavy chain, though
conjugates of recombinant ERp57 and tapasin were active.31

MHC class | heavy chains in the peptide-loading complex of cells expressing a tapasin C95A
mutant fail to reach their normal oxidation state.21:26 The thermostability of B44 molecules is
also lower in such cells.?1:26 Furthermore, ~20% fewer B44 molecules pass through the Golgi
and the quantity of B44 molecules is ~20% lower on cells expressing human tapasin C95A
instead of wild type tapasin.2!

In this study, we examined the effect of the cysteine at position 95 in mouse tapasin on the
murine MHC class | molecule K9. Mouse tapasin C95 mutants were found to associate non-
covalently with mouse ERp57, demonstrating that tapasin and ERp57 are able to interact in
the absence of the disulfide bond in a mouse system. The majority of K4 molecules assembled
in cells expressing mouse tapasin C95S or C95A did not pass through the Golgi, which indicates
a more severe phenotype for K9 than was noted previously for B44 in human cells expressing
tapasin C95A. Expression of mouse tapasin C95S or C95A (compared to wild type tapasin)
lowered the cell surface expression of folded K9, and the K9 molecules that reached the surface
were unstable. Overall, these studies contribute to the understanding of the similarities and
differences in the impact of the tapasin cysteine 95 residue in the mouse and human.

A subset of mouse ERp57 molecules and virtually all mouse tapasin molecules were found
within a ~145 kD complex in MMTS-treated cells

To analyze mouse tapasin/ERp57 interactions, we immunaoblotted for ERp57 and tapasin on
lysates of MMTS-treated MF-K cells not transfected with tapasin, or transfected with mouse
wild type tapasin, tapasin C95S, or tapasin C95A. Prior to electrophoresis, the samples were
either treated or mock treated with the reducing agent 2-mercaptoethanol. By probing with
antibodies for mouse ERp57 or mouse tapasin, we found that a subset of mouse ERp57
molecules were covalently linked in a large complex with wild type mouse tapasin. The
molecular weight of the large complex on the ERp57 blot and the tapasin blot was ~145 kD
(Figure 1A, B, C), which is larger than the expected molecular weight of a complex containing
only ERp57 and tapasin (57+48=105 kD). In some experiments in which we
immunoprecipitated open K9 from lysates of MMTS-treated cells expressing wild type tapasin,
we also observed a ~145 kD complex, suggesting that ERp57, tapasin, and K9 form a trimer
in the MF cells (Figure 1D). Probing the K9 immunoprecipitates with anti-ERp57 also revealed
the presence of the ~145 kD complex in cells expressing wild type tapasin, further confirming
the presence of ERp57 in this complex (Figure 1E). In the longest exposures of the tapasin
blots (Figure 1C) and ERp57 blots (data not shown), an even larger complex (~200 kD) could

Immunol Cell Biol. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Simone et al.

Page 3

be seen in the lane corresponding to the cells transfected with K9 plus wild type tapasin. The
~200 kD band shown in Figure 1C likely corresponds to a complex of ERp57, tapasin, MHC

class | heavy chain, and protein disulfide isomerase, as identified in human cells by Santos et
al.Z’

Almost all the wild type mouse tapasin molecules were found in the complex containing
disulfide-bonded tapasin/ERp57 (Figure 1B), but only a subset of the ERp57 molecules were
in the high molecular weight complex (Figure 1A). Some ERp57 molecules unconjugated to
wild type mouse tapasin were detected (Figure 1A), as would be expected since ERp57 is
known to bind to many other proteins in the endoplasmic reticulum besides tapasin. In their
studies with human cells, Peaper et al. also found free ERp57, ranging from 20-85% of the
total ERp57 (varying with the level of cellular tapasin).23 As anticipated, based on results in
previous studies of human tapasin C95A,21 the mouse tapasin C95S and C95A mutants were
unable to form a high molecular weight conjugate with ERp57 (Figure 1A, B, E).

Although mouse tapasin and ERp57 could form a covalent linkage, the disulfide bond was
found not to be required for their association

Previous analyses with human tapasin suggested that the disulfide bond between ERp57 and
tapasin was necessary for human tapasin/ERp57 association.?! To determine whether this was
also the case with mouse tapasin and mouse ERp57, we immunoprecipitated ERp57 from
lysates of MMTS-treated MF cells expressing K9 plus no tapasin, wild type tapasin, or tapasin
C95S, and assessed by Western blot whether there was free (non-conjugated) tapasin associated
with ERp57. Non-conjugated tapasin C95S (~48 kD) did co-immunoprecipitate with ERp57
from the lysates of MF-KY cells transfected with this mutant (Figure 2A). Non-conjugated
mouse tapasin C95A also co-immunoprecipitated with ERp57, though somewhat more weakly
than mouse tapasin C95S (data not shown). Note that, in the cells expressing wild type tapasin,
the tapasin proteins are virtually all are in high molecular weight conjugates (Figure 1B), and
so wild type tapasin would not be visible within the molecular weight range displayed in Figure
2A. Thus, in mouse cells, ERp57 and tapasin C95 mutants can associate in the absence of
intermolecular disulfide bonding interactions (although ERp57 and wild type tapasin
preferentially associate covalently). However, our data do not define whether the interaction
in the absence of disulfide bonding is direct or via another component of the peptide-loading
complex.

Calreticulin associated with ERp57 in the presence of either wild type or C95S mouse tapasin

ERp57 normally also interacts with another component of the peptide-loading complex,
calreticulin. We assessed the effect of the mutation at C95 in mouse tapasin on the association
of calreticulin with ERp57, using lysates of MMTS-treated MF cells transfected with K9 alone
or K plus either wild type tapasin or tapasin C95S. Immunoprecipitating mouse ERp57 and
immunoblotting with anti-calreticulin antibody revealed that free calreticulin association with
ERp57 was unchanged by the presence of mouse tapasin C95S, relative to the presence of wild
type mouse tapasin (Figure 2B). This finding suggests that the ~200 kD complex (Figure 1C)
does not include calreticulin. This observation is consistent with previous findings of a
noncovalent association between human ERp57 and calreticulin that is unaffected by a tapasin
C95A mutation.?! In the absence of any tapasin, there was less mouse ERp57/calreticulin
association detected (Figure 2B), although ERp57/calreticulin association could still be
perceived in tapasin's absence, particularly on long film exposures (data not shown).

Mutation of C95 in mouse tapasin inhibited the migration of K9 through the Golgi

To assess the impact of the C95S mutation in mouse tapasin on K9 maturation, folded K¢
molecules were immunoprecipitated with antibody 34-1-2 from lysates of the MF cells
transduced with K9 and either mouse wild type tapasin, C95S tapasin, or C95A tapasin. The
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immunoprecipitates were either mock treated or treated with endoglycosidase H (Endo H), and
then electrophoresed on a 4—20% acrylamide gel and Western blotted to reveal the K9 heavy
chain. Previous studies have shown that conversion from bearing Endo H-sensitive, high
mannose oligosaccharides to Endo H-resistant, complex oligosaccharides is indicative of MHC
class I molecule trafficking through the medial Golgi.32-33 Most of the folded K molecules
assembled in the presence of mouse tapasin C95S were sensitive to Endo H digestion, and only
a minority (29%) of folded K9 molecules assembled in MFs expressing tapasin C95S had
traversed the Golgi, as indicated by acquisition of Endo H resistance (Figure 3A). Compared
to K9 in cells with tapasin C95S, the limited acquisition of Endo H resistance (25%) was also
similar for K9 expressed in the presence of mouse tapasin C95A (Figure 3B). In contrast, the
percentage of Endo H-resistant K4 molecules in the MFs expressing wild type tapasin was 97%
(Figure 3A).

Mutation of C95 in mouse tapasin lowered the expression and stability of K9 at the cell

surface

To determine the impact of tapasin C95S and C95A on the level of K9 at the cell surface, we
analyzed the relative amount of folded K9 at the surface of MF cells transfected with wild type
mouse tapasin, C95S tapasin, or C95A tapasin. These assays showed that the level of folded
K4 at the plasma membrane declined by 65% in the presence of tapasin C95S and 56% in the
presence of tapasin C95A (Figure 4A). Thus, compared to wild type mouse tapasin, the mouse
tapasin C95S and tapasin C95A mutants both decreased the expression of folded K at the cell
surface.

The stability of the folded, cell-surface K9 molecules was monitored by treating MF cells
expressing no tapasin, mouse wild type tapasin, mouse C95S tapasin, or mouse C95A tapasin
with brefeldin A for various time periods and then measuring cell surface K9 expression by
flow cytometry with the 34-1-2 antibody. Brefeldin A inhibits protein transport in the Golgi,
and thereby prevents the arrival of new MHC class | molecules at the cell surface.34-3° The
quantity of K9 molecules on cells expressing mouse tapasin C95S or mouse tapasin C95A was
observed to decline more rapidly than the number of K4 molecules on cells expressing wild
type mouse tapasin, indicating decreased stability of the K9 molecules on tapasin C95S or
tapasin C95A transfectants (Figure 4B).

DISCUSSION

The molecular weight of a large complex on ERp57 and tapasin blots from MMTS-treated
cells was ~145 kD (Figure 1A and B). This complex could also be seen in immunoprecipitates
of open K9 molecules probed on Western blots with 64-3-7 or anti-ERp57 serum (Figure 1D,
E). A tapasin/ERp57 conjugate that was previously demonstrated in MMTS-treated human
cells was ~100 kD, at the approximate molecular weight of a complex containing only ERp57
and tapasin.23 Trimeric complexes of ~150 kD consisting of ERp57, tapasin, and MHC class
I heavy chain have also been reported in human cells, but in the studies in which they were
noted the tapasin/ERp57 dimer was also observed and was quantitatively dominant over the
trimer.27:28 Thus, our finding of such a large covalently linked complex containing ERp57
and tapasin in the absence (or virtual absence) of conjugated tapasin/ERp57 dimers was
surprising.

For B35, site-directed mutagenesis of a cysteine residue in the transmembrane/cytoplasmic tail
region (C308) abrogated disulfide formation with tapasin, and it was therefore proposed that
the C308 residue in B35 formed a disulfide bond with a cysteine in the transmembrane/
cytoplasmic region of tapasin.28 No cysteine is present in the transmembrane/cytoplasmic
regions of either K9 or mouse tapasin,16:36 indicating that cysteine residues in the lumenal
domains of K9 and mouse tapasin are evidently involved in their disulfide bonding. Notably,
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Santos et al. have proposed a model of a trimeric complex containing the human MHC class |
molecule, tapasin, and ERp57 in which the linkage of ERp57 to the MHC class I heavy chain
is via the cysteine in the heavy chain peptide-binding groove.2’

Previous studies by Dick et al.2! did not detect a non-covalent association between human
tapasin C95A and ERp57 in 721.220 cells. In contrast, we have shown that tapasin C95 mutants
in MFs maintain a non-covalent association with ERp57 (Figure 2A and data not shown). Thus,
in the mouse, disulfide bonding between ERp57 and tapasin occurs, but is not required for
incorporation of ERp57 into a tapasin/ERp57 complex. As noted by Wearsch and Cresswell,
31 fish and birds do not have an equivalent cysteine in tapasin, indicating that formation of a
covalent tapasin/ERp57 complex cannot occur in these species. The ability of ERp57 and
tapasin in the mouse to interact either covalently or non-covalently may therefore be an
intermediate evolutionary step.

In the presence of wild type tapasin, Endo H resistance was increased as expected; in contrast,
in the presence of mouse tapasin C95S or tapasin C95A, the majority of K4 molecules were
found to be susceptible to Endo H digestion (Figure 3). Based on these results from our Endo
H experiments, a functional implication of our finding that mouse tapasin C95S can interact
non-covalently with ERp57 is that tapasin/ERp57 association in the absence of disulfide bond
formation is not sufficient to permit normal assembly complex function. These Endo H results
for K9 can be compared to previous data with B*4402 molecules expressed in 721.220.37 Kd
maintains a partial level of cell surface expression on human cells in the absence of tapasin,
38 but it is highly tapasin-dependent in mouse cells (no surface expression in the absence of
tapasin).39 B*4402 has been characterized as a tapasin-dependent MHC class | allotype (with
virtually no expression detected above background staining on tapasin-deficient B*4402-
transfected 721.220 cells).40 B*4402 molecules in the presence of a human tapasin C95A
mutant have only a slightly reduced rate of maturation and are fully Endo H resistant within
two hours.37 Only ~20% fewer B*4402 molecules were found to be Endo H resistant and
surface expressed on cells expressing human tapasin C95A compared to wild type tapasin.21
In contrast, only 25-29% of K9 molecules became Endo H resistant in cells with mouse tapasin
C95A or C95S (Figure 3), and K9 surface expression on these cells was only 35-44% of the
K9 level on cells expressing wild type tapasin (Figure 4A). Thus, the impact of a tapasin C95
mutation is more severe on the maturation of K9 than B*4402. Although tapasin C95 has been
shown to be an ERp57 interaction site,2! the ability of mouse tapasin C95S or mouse tapasin
C95A to cause the retention of the majority of K9 molecules in MF cells (Figure 3) may involve
factors other than absence of tapasin/ERp57 interaction. In a related study, Garbi et al.* found
that KP molecules in mouse cells lacking ERp57 were able to leave the endoplasmic reticulum
and had an increased rate of maturation. This observation suggests that egress of MHC class |
molecules is not dependent on tapasin-ERp57 interaction.

Our finding that the stability of K4 on MFs expressing tapasin C95S or tapasin C95A was
reduced (Fig. 4B) differed from previous findings that the surface turnover of a different mouse
MHC class | molecule, K, is similar in the presence of either C95A tapasin or wild type tapasin.
42 This difference could be due to allotypic differences in the K9 versus K? heavy chain
structure. Alternatively, species-specific factors may play a role, since a mouse tapasin C95S
mutant and mouse cells were used in our study but a human tapasin C95A mutant and human
tapasin-deficient (721.220) cells were used in the study with KP.42 In 721.220 cells, the high
affinity of human pom for mouse MHC class | molecules may contribute to greater overall
stability for the transfected KP molecules. In contrast to KP, HLA-B*4402 expressed with C95A
tapasin in 721.220 cells showed reduced thermostability.21:42 Qur findings with K9, together
with the findings with HLA-B*4402, suggest that expression of tapasin C95 mutants can result
in the loading of sub-optimal peptides.

Immunol Cell Biol. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Simone et al.

METHODS

Cell lines

Antibodies

Page 6

Collectively, our experiments have revealed several interesting aspects of tapasin in the mouse
system. In the mouse, tapasin interaction with ERp57 is not entirely dependent on covalent
bonding to ERp57 via the C95 amino acid residue. The ability of folded forms of K9 to reach
the cell surface is strongly impaired by tapasin C95S or tapasin C95A, relative to wild type
tapasin. Overall, our findings show that extension of tapasin analysis to additional types of
MHC class | molecules reveals complexity and inter-species variability inherent in tapasin's
ability to regulate antigen presentation by MHC class | molecules.

MF is a fibroblast cell line generated from H-2P tapasin~~ mice® that was made by Drs. A.
Grandea and L. Van Kaer and colleagues (Vanderbilt University, Nashville, TN). A K9 cDNA
and a mouse wild type tapasin cDNA1 (a kind gift from Dr. P. Wang, Barts and London School
of Medicine) were cloned separately into the pMIN vector, packaged using 293E cells, and
transduced into mouse tapasin MFs. Transduced MF cell lines were also created that expressed
K9 in pMIN along with no tapasin or with mouse tapasin C95S or mouse tapasin C95A in
pMIN. The K9 heavy chain had an epitope tag for the 64-3-7 antibody, so that open, peptide-
free K9 could be recognized by 64-3-7 in immunoprecipitations and flow cytometry, and so
that total K9 could be recognized by 64-3-7 on Western blots. This epitope tag has been shown
not to affect peptide binding and trafficking of MHC class | molecules.38:434° Mouse tapasin
C95S and mouse tapasin C95A were made by site-directed mutagenesis using the QuikChange
kit (Stratagene) with the wild type mouse tapasin cDNA6 as a template. All cells were grown
at 37°C in 5% CO, in DMEM containing 10% fetal bovine serum, 4 mM HEPES, 2 mM L-
glutamine, penicillin (100 U/ml), streptomycin (100 pg/ml), and 3 x 1078 (vol/vol) 2-
mercaptoethanol. The media reagents were purchased from Invitrogen with the exception of
the fetal bovine serum, which was from Atlanta Biologicals.

The 64-3-7 monoclonal antibody binds to the a1 domain of open, peptide-free L9,46-47 and
also to the a1 domains of open forms of MHC class | molecules other than L9 to which the
64-3-7 epitope has been incorporated by site-directed mutagenesis. 38:43-45 In the present study,
the 64-3-7 antibody was used to recognize open, epitope-tagged K9. The 34-1-2 antibody binds
to folded K9 on the a1 domain.*8 Additional information supporting that the 34-1-2 antibody
recognizes the peptide-binding region is that weak cross-reactive binding of 34-1-2 to L9 is
strongly increased by L9 association with human p,m or particular peptide ligands, or by
mutation of L9 at positions in the peptide-binding region.49-50 The 64-3-7 and 34-1-2
monoclonal antibodies, a hamster anti-mouse tapasin monoclonal antibody, and a rabbit anti-
mouse ERp57 serum*? used in this study were all provided by Dr. T. Hansen. A rabbit anti-
calreticulin serum used for some experiments was purchased from Stressgen.

Immunoprecipitations and Western blots

In preparation for immunoprecipitations, cells were washed twice in cold PBS and then
incubated on ice for 10 min in 10 mM MMTS/PBS. Cells were then treated with 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) lysis buffer.51 The
CHAPS buffer contained 1% CHAPS (Roche Applied Science) in Tris-buffered saline (pH
7.4), plus freshly added 0.2 mM phenylmethanesulphonylfluoride and 10 mM MMTS and
excess antibody. After the lyates were incubated for 1 h on ice, they were centrifuged to pellet
the nuclei and the supernatants were incubated with excess Protein A-Sepharose beads
(Amersham Biosciences) on ice for 45 min. The beads were washed 4 times in 0.1% CHAPS
in TBS (pH 7.4) and boiled in 0.125 M Tris (pH 6.8)/2% SDS/12% glycerol/0.02%
bromophenol blue for 5 min to remove the proteins from the beads. Where indicated, a 10X
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glycoprotein denaturing buffer (New England Biolabs) consisting of 0.4 M DTT and 5% SDS
was added to a final concentration of 1X, and the sample was boiled for 10 min.

The eluted immunoprecipitates were electrophoresed on pre-cast SDS-PAGE gels purchased
from Invitrogen and the proteins were transferred from the gels to Immobilon-P membranes
(Millipore). After overnight blocking in milk, the membranes were incubated in diluted Ab for
2 h, washed with 0.05% Tween 20/PBS 3 times, and incubated in diluted peroxidase-conjugated
goat anti-mouse or anti-rabbit IgG (Jackson ImmunoResearch) or peroxidase-conjugated goat
anti-hamster 1gG (Jackson ImmunoResearch) for 1 h. Blots were then washed 3 times in 0.3%
Tween 20/PBS, incubated with enhanced chemiluminescence Western blot reagents (Pierce
Chemical Co.), and exposed to Kodak BioMax film (Eastman Kodak).

For the endoglycosidase (Endo) H assay, the immunoprecipitations were performed as
described above, with the following exceptions. The cells were washed in 20 mM
iodoacetamide (Sigma-Aldrich) in PBS three times prior to lysis with CHAPS buffer, and the
CHAPS buffer contained 20 mM iodoacetamide instead of MMTS. The proteins were eluted
from Protein A-Sepharose by boiling for 5 min in 25 mM Tris (pH 8.3)/0.2 M glycine/0.1%
SDS. After boiling, the samples were centrifuged and the supernatants were removed and
placed in fresh tubes. A 10X glycoprotein denaturing buffer (New England Biolabs) was added
to 9 pl of each of the supernatants (making a final concentration of 1X), and the samples were
boiled for 10 min. After boiling, the volume of each sample was increased by addition of 2
ul of 10X G5 reaction buffer (New England Biolabs) plus either 2 pl of Endo H (New England
Biolabs) or 2 pl of water (for the mock digestion), along with water sufficient to raise the final
volume to 20 pl. The tubes were incubated for 1 h at 37°C, and 5 pl of 0.5 M Tris (pH 6.8)/
8% SDS/48% glycerol/0.08% bromophenol blue/8% 2-mercaptoethanol were added. The
samples were electrophoresed on precast SDS-PAGE gels (Invitrogen) and Western blots were
performed as described above.

For Western blots on proteins from cell lysates without an intervening immunoprecipitation
step, the cells were washed twice with ice-cold PBS and then incubated on ice for 10 min in
10 mM MMTS/PBS. The cells were then lysed in 150 mM NaCl/20 mM Tris (pH 7.5)/5 mM
EDTA/0.5% Triton X-100/0.2 mM phenylmethanesulphonylfluoride/10 mM MMTS. The
lysates were incubated on ice for 1 h and then centrifuged to pellet cell nuclei. SDS-PAGE
loading buffer (with or without 2-mercaptoethanol) was added to the supernatants to achieve
a final concentration of 0.125 M Tris (pH 6.8)/2% SDS/12% glycerol/0.02% bromophenol
blue (and 2% 2-mercaptoethanol, in the cases in which 2-mercaptoethanol was used).
Supernatants were boiled for 5 min followed by addition of iodoacetamide (15 mM final
concentration) to each sample before loading onto SDS-PAGE gels.22 Transfer of the proteins
onto blotting membranes and the processing of the membranes was done as described above.

Flow cytometry

Cells in PBS with 0.5% BSA and 2 mM EDTA were adjusted to 5 x 108/ml, and 0.1 ml aliquots
were added to a 96-well plate. The plate was centrifuged to pellet the cells and the supernatant
was removed, and excess mAb or BSA/EDTA/PBS (as a control) was added and the cells were
incubated for 30 min on ice. After the cells were washed twice with BSA/EDTA/PBS, they
were incubated on ice for 30 min with PE-conjugated, Fc-specific F(ab"), goat anti-mouse 1gG
(Jackson ImmunoResearch). Cells were washed 3 times in BSA/EDTA/PBS, resuspended in
BSA/EDTA/PBS, and assayed on a FACSCalibur flow cytometer (BD Biosciences), with Cell
Quest software (BD Biosciences) used for statistical analysis. For brefeldin A assays, the
brefeldin A (Sigma-Aldrich) was added to the medium (2 pg/ml) for varied amounts of time
prior to harvest of the cells.
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Figure 1.

ERp57, wild type tapasin, and open K9 molecules were found associate covalently in a ~145
kD complex in mouse cells. MF cells transfected with K9 alone or K¢ plus wild type tapasin,
tapasin C95S, or tapasin C95A were treated with MMTS and lysed. Samples of the lysates
were not treated or treated with 2-mercaptoethanol (indicated as 2Me), electrophoresed on a
10% acrylamide Tris-glycine gel and probed on a Western blot with (A) an antiserum against
mouse ERp57 or (B) a monoclonal antibody against mouse tapasin. In (C), a longer film
exposure of a tapasin blot including K9 alone, K9 plus wild type tapasin, and K9 plus tapasin
C95S is shown. Bands of similar intensity that appear in all lanes in A, B, and C are presumably
non-specific background bands. (D) K9 molecules were immunoprecipitated with antibody
64-3-7 from lysates of MMTS-treated MF cells expressing K9 alone or with mouse wild type
or C95S tapasin. The immunoprecipitates were not treated or treated with DTT,
electrophoresed on a 10% acrylamide Tris-glycine gel, transferred to a membrane, and probed
with 64-3-7 to identify K9 heavy chains. A dark band is present at the very top of the panel in
all lanes that is due simply to recognition of the immunoprecipitating 64-3-7 antibody (added
to all samples) by the goat anti-mouse secondary antibody. An asterisk indicates the specific
band (a high molecular weight complex containing K9). Similar results were also obtained
when 2-mercaptoethanol treatment of the lysates, instead of DTT treatment of the
immunoprecipitates, was performed. (E) K9 molecules were immunoprecipitated with
antibody 64-3-7 from lysates of MMTS-treated MF cells expressing K9 alone or with mouse
wild type or C95S tapasin. The immunoprecipitates were electrophoresed on a 10% acrylamide
Tris-glycine gel, transferred to a membrane, and probed with anti-ERp57 antiserum.
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Figure 2.

Mouse tapasin C95S was discovered to bind non-covalently with ERp57, and both wild type
and C95S tapasin were found to bind only non-covalently with calreticulin. (A)
Immunoprecipitations with an antiserum against mouse ERp57 were performed on lysates of
MMTS-treated MF cells transfected with K9 alone or K9 plus wild type tapasin or tapasin
C95S. The immunoprecipitates were electrophoresed on a 10% acrylamide Tris-glycine gel
and probed on a Western blot with a monoclonal antibody against mouse tapasin. (B) In MF
cells, calreticulin was discovered to interact with ERp57 in the presence of wild type or C95S
tapasin, but not in the absence of tapasin. ERp57 was immunoprecipitated from the indicated
MMTS-treated cell lysates with anti-ERp57 antiserum, electrophoresed on a 10% acrylamide
Tris-glycine gel, and associated calreticulin was detected by Western blotting with an anti-
calreticulin antibody.
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Figure 3.
Normal maturation of K9 was shown to be less facilitated by mouse tapasin C95S or mouse

tapasin C95A compared to wild type tapasin, as most K4 molecules assembled in the presence
of these tapasin mutants were found not to exhibit the mature glycosylation pattern that is
characteristic of MHC class | molecules that have passed through the Golgi. K9 molecules
were immunoprecipitated with antibody 34-1-2 from lysates of MF cells expressing K9 along
with mouse wild type, C95S tapasin, or C95A tapasin. Samples were untreated () or treated
(+) with Endo H as indicated, and all samples were treated with 2-mercaptoethanol before
loading on the gel. The immunoprecipitates were electrophoresed on a 4—20% acrylamide
Tris-glycine gel, transferred to a membrane, and probed with 64-3-7 to identify K9 heavy
chains. (A) Wild type and C95S tapasin, (B) C95S tapasin and C95A tapasin.
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Figure 4.

Stable surface expression of K4 was impaired by mouse tapasin C95S and tapasin C95A
compared to wild type tapasin. (A) Relative to cells expressing wild type mouse tapasin, cells
expressing mouse C95S tapasin or C95A tapasin had a reduced level of cell surface K. Cells
were incubated with an antibody against the folded form of the K¢ molecule (34-1-2) or with
secondary antibody only. Results obtained with the secondary antibody only were less than
4.0. Values on the y axis are relative mean fluorescence intensity (MFI) units obtained with
antibody 34-1-2. (B) Surface K9 molecules on cells expressing mouse tapasin C95S or tapasin
C95A had a faster turnover rate than those assembled in the presence of wild type mouse
tapasin. MF cells expressing K9 with no tapasin, wild type tapasin, tapasin C95S, or tapasin
C95A were incubated with 2 ug/ml brefeldin A in complete medium for 0, 3, 6, or 9 hours.
After the incubation with brefeldin A, the cells were washed, stained with anti-K9 antibody
34-1-2, and analyzed by flow cytometry.
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