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ABSTRACT Recent evidence indicates that newly synthe-
sized major histocompatibility complex (MHC) class I pro-
teins interact with calnexin, a transmembrane endoplasmic
reticulum protein specific for certain glycoproteins bearing
monoglucosylated glycans. Here, we studied the association of
newly synthesized class I proteins with calreticulin, a soluble
calnexin-related ER protein, in murine T cells. We found that,
unlike calnexin—-class I interactions, calreticulin assembly
with class I proteins was markedly decreased in the absence
of 3, microglobulin expression and that calreticulin associ-
ated with a subset of class I glycoforms distinct from those
assembled with calnexin but similar to those bound to TAP
(transporter associated with antigen processing) proteins.
Finally, these studies show that deglucosylation of N-linked
glycans is important for dissociation of class I proteins from
both calreticulin and TAP and that the vast majority of newly
synthesized class I proteins associated with calreticulin are
simultaneously assembled with TAP. The data demonstrate
that calnexin and calreticulin chaperones assemble with dis-
tinct MHC class I assembly intermediates in the ER and show
that glycan processing is functionally coupled to release of
MHC class I proteins from peptide transport molecules.

Most major histocompatibility complex (MHC) class I proteins
are expressed on the cell surface in association with S,
microglobulin (3,m) molecules and processed peptides (1, 2).
Assembly of MHC class I protein complexes occurs in the
endoplasmic reticulum (ER) and is proposed to be initiated by
association of newly translated MHC class I heavy chains with
calnexin (3-7), a lectin-like chaperone molecule (8-10). In the
murine system, 3,m proteins associate with calnexin—-HC to
form calnexin-HC-B,m complexes, followed by addition of
peptides generated by proteosome processing of cytosolic
proteins and transported into the ER lumen by TAP 1/2
(transporter associated with antigen presentation) het-
erodimers (11); addition of peptide to HC—B,m complexes has
been suggested to trigger their dissociation from calnexin and
facilitate their egress from the ER (7, 12-15).

Immature glycan chains on nascent polypeptides have the
structure GlczMangGlcNAc, (Gle, glucose; Man, mannose;
GlcNAc, N-acetyl glucosamine) and are initially processed by
the sequential action of two ER enzymes, glucosidase I and
glucosidase II (16). Within the past few years, it has been
realized that processing of Glc residues, or Glc trimming, is an
important step in the association of many glycoproteins with
the molecular chaperone calnexin (8, 17, 18) and, more
recently, calreticulin (19-21). Calnexin and calreticulin are
transmembrane and lumenal ER proteins, respectively, that
are two known members of a family of endogenous lectin-like
proteins that recognize partially trimmed, monoglucosylated
(GlciManyGIeNAc;) glycan chains on newly synthesized gly-
coproteins (19, 20, 22). Significant evidence exists that newly
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synthesized murine and human MHC class I proteins associate
with calnexin chaperones (7, 12-15, 23); assembly of class I
proteins with calreticulin has only recently been evaluated
(24). Interestingly, these studies show that calreticulin binds
human class I-B.m dimers before peptide loading and that
calreticulin remains associated with at least a subset of human
class I proteins when they bind to TAP (24).

To further our understanding of the role of molecular
chaperones in the assembly and expression of immune receptor
proteins, we studied the association of calnexin and calreticulin
molecules with newly synthesized H-2 class I proteins in
murine T cells. The current report demonstrates that calnexin
and calreticulin associate with specific class I assembly inter-
mediates in the ER and documents that deglucosylation is an
important step in the disassembly of MHC class I proteins from
both calreticulin and TAP peptide transport molecules.

MATERIALS AND METHODS

Animals, Cell Preparation, and Reagents. C57BL/6 (B6)
mice (H-2® haplotype) were obtained from The Jackson
Laboratory. B,m-deficient (8,m —/—) mice (H-2° haplotype;
ref. 25) were kindly provided by Tak Mak (Ontario Cancer
Institute, Toronto) and Dinah Singer (National Institutes of
Health, Bethesda, MD); TAP 1-deficient (TAP 1 —/—) mice
(H-2Y haplotype; ref. 26) were kindly provided by Izumi
Negishi and Dennis Loh (Nippon Roche Center, Kanagawa,
Japan) and Dinah Singer. Splenic T cells were purified by
incubating single-cell suspensions of spleen cells on rabbit
anti-mouse immunoglobulin-coated (Organon Technika—
Cappel) tissue culture plates for 60 min at 37°C, followed by
isolation of nonadherent cells. The resultant cell populations
were typically >85% CD3e* as determined by surface staining
with monoclonal antibody to CD3e (data not shown). Cas-
tanospermine (cas) was purchased from Calbiochem and was
used at 100 pg/ml.

Antibodies. The following antibodies were used in this study:
SPA-860 anti-calnexin (Stressgen Biotechnologies, Victoria,
BC); PA3-900 anti-calreticulin (Affinity BioReagents, Nes-
hanic Station, NJ); anti-H-2, which recognizes both H-2KP®
and H-2DP proteins (27), kindly provided by Ettore Appella
(National Institutes of Health); anti-p8, directed against the
exon 8-encoded region of the cytoplasmic tail of H-2K® (28,
29), kindly provided by Hidde Ploegh and Rob Machold
(Massachusetts Institute of Technology, Cambridge, MA);
anti-TAP 1 (30), kindly provided by Ted Hansen (Washington
University, St. Louis); and anti-HLA A2, specific for human
HLA A2 heavy chain proteins, kindly provided by Mike
Shields and John Coligan (National Institutes of Health).

Abbreviations: MHC, major histocompatibility complex; Bom, B2

microglobulin; ER, endoplasmic reticulum; Glc, glucose; GlcNAc,

N-acetyl glucosamine; Man, mannose; cas, castanospermine; Endo H,

endoglycosidase H; JB, jack bean mannosidase.

*To whom reprint requests should be sent at the present address:
Department of Microbiology and Immunology, East Carolina Uni-
versity, School of Medicine, Greenville, NC 27858.
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Metabolic Labeling, Immunoprecipitation, Gel Electro-
phoresis, and Glycosidase Digestion. Metabolic pulse labeling
was performed as previously described (23). Cells were lysed
by solubilization in 1% digitonin (Wako Biochemicals, Kyoto,
Japan) lysis buffer (20 mM Tris/150 mM NaCl, plus protease
inhibitors) at 1 X 103 cells/ml for 25 min at 4°C; lysates were
clarified by centrifugation to remove insoluble material. Se-
quential immunoprecipitation and release/recapture proce-
dures and glycosidase digestion experiments were performed
as described (31). One- and two-dimensional SDS/PAGE
were done according to previous methods (23).

RESULTS AND DISCUSSION

Newly Synthesized Murine Class I Proteins Interact with
Calnexin, Calreticulin, and TAP Molecules. Initially, we ex-
amined the assembly of H-2KP proteins synthesized in splenic
T cells with calnexin, calreticulin, and TAP (transporter
associated with antigen processing) molecules. For these stud-
ies, splenic T cells were metabolically labeled with [3S]me-
thionine for 5 min and chased in medium containing excess
unlabeled methionine for various time periods, and digitonin
lysates were immunoprecipitated with anti-calnexin, anti-
calreticulin, anti-TAP, or anti-p8 (K®) antibodies; precipitates
were boiled in 1% SDS to release bound proteins and H-2KP
proteins isolated by secondary precipitation with anti-p8.
Assembly of newly synthesized H-2K" proteins with calnexin
occurred very rapidly and was quite transient, with most
calnexin—class I protein complexes that had assembled during
the short 5-min pulse period dissociating within 10 min of
chase (Fig. 14). Association of newly synthesized class I
proteins with calreticulin was somewhat delayed compared
with calnexin interaction and occurred coincident with TAP
assembly (Fig. 14). Interestingly, H-2KP proteins were asso-
ciated with calreticulin and TAP for similar time periods,
remaining assembled for at least 40 min after their synthesis
(Fig. 14). By 80 min of chase, most newly synthesized H-2K"
proteins had egressed from the ER and reached the medial
Golgi compartment, as evidenced by their acquisition of
resistance to digestion with endoglycosidase H (Endo H),
specific for immature, high-mannose glycans (Fig. 14). Den-
sitometric analysis of the data shown in Fig. 14 indicated that
~7% and 15% of total radiolabeled H-2KP proteins copre-
cipitated with calnexin and calreticulin chaperones in splenic
T-cell lysates (Fig. 1B), with intermediate amounts associated
with TAP (=11%; Fig. 1B). Taken together, these data
demonstrate that H-2K® proteins interact with calnexin, cal-
reticulin, and TAP molecules shortly after their synthesis in
splenic T cells. Note that calreticulin—class I interactions did
not occur post-lysis, as determined in mixing experiments
using unlabeled H-2K® expressing T cells and unlabeled,
non-H-2K-expressing (H-2K¥) T cells (data not shown).

Molecular Requirements for Assembly of Newly Synthesized
Murine Class I Proteins with Calreticulin. Next, we examined the
molecular requirements for assembly of newly synthesized class I
proteins with calreticulin using splenic T cells from mice genet-
ically deficient in expression of 8,m (8,m —/—) or TAP (TAP
—/—) molecules. As shown in Fig. 24, newly synthesized class I
proteins were assembled with calnexin in both wild type (WT)
and Bom —/— T-cell lysates (Fig. 24 Upper, indicated with
arrow). In contrast, calreticulin association with newly synthe-
sized class I proteins was markedly decreased in 8,m —/— T cells
relative to WT T cells (Fig. 24 Lower, indicated with arrow),
which was verified by release/recapture experiments and immu-
noblotting studies (data not shown). In contrast, assembly of
newly synthesized H-2KP proteins with calreticulin was similar in
WT and TAP —/— T cells (Fig. 2B Upper). Taken together, these
results indicate that most H-2KP proteins associate with calreti-
culin subsequent to Bm assembly, but before addition of pro-
cessed peptide. The role of TAP expression in the dissociation of
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FIG. 1. Assembly of newly synthesized H-2" proteins with calnexin
and calreticulin chaperones. (4) Splenic T cells were metabolically
labeled with [3>S]methionine for 5 min and chased for the time period
indicated. Digitonin lysates were precipitated with anti-calnexin, anti-
calreticulin, anti-TAP, or anti-p8 with sufficient antibody to capture
>95% of their respective antigens (data not shown). Precipitates were
boiled in 1% SDS to release bound material, Nonidet P-40 detergent was
added, and H-2K? proteins were recaptured by precipitation with anti-p8.
Anti-p8 precipitates of total H-2K" proteins were mock-treated or
digested with Endo H to evaluate processing of N-linked glycan
chains. K2pmature = Endo H-sensitive H-2Kb proteins; K ture = Endo
H-resistant H-2K proteins. (B) The relative amounts of H-2K®
proteins coprecipitating with calnexin, calreticulin, and TAP in 4 were
determined by densitometric scanning and are expressed as the
percentage of total labeled H-2KP proteins in splenic T-cell lysates.
Multiple exposures of autoradiographs were scanned to ensure linearity.

class I molecules from calreticulin and their egress from the ER
was evaluated in pulse-chase studies. As shown in Fig. 2B, unlike
H-2K® proteins made in WT T cells, which showed decreased
mobility in chase groups relative to pulse groups due to processing
of N-linked glycans by Golgi maturation enzymes (verified by
Endo H digestion; data not shown), H-2K® proteins in TAP 1
—/— T cells showed no evidence of Golgi processing during the
chase period (Fig. 2B Lower, left side). Most importantly, it can
be seen that interaction of H-2KP proteins with calreticulin was
prolonged in TAP 1 —/— T cells relative to WT T cells (Fig. 2B
Lower, right side), indicating that release of H-2KP proteins from
calreticulin is facilitated by TAP 1-dependent peptide addition.
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Fi1G. 2. Calreticulin—class I protein associations in B,m- and TAP
1-deficient T cells. (4) Splenic T cells were purified from wild-type
(WT) and Bm-deficient (Bm —/—) mice and metabolically labeled
with [3*S]methionine for 30 min. Digitonin lysates were immunopre-
cipitated with anti-calnexin or anti-calreticulin; precipitates were
analyzed on two-dimensional NEPHGE-SDS/PAGE gels under re-
ducing conditions. Arrow indicates the position of H-2" proteins,
determined by parallel precipitations with anti-H-2® and mixing
experiments (data not shown). As our splenic T-cell populations
contained small amounts of B cells (~10-15% of total cells), invariant
chain proteins were also present in these lysates, which are readily
visualized in such [3S]methionine-labeling experiments because of
their high methionine content (32); note that similar amounts of
invariant chain proteins were present in anti-calreticulin precipitates
of WT and B,m —/— lysates (denoted by asterisk), demonstrating that
precipitation of Bom —/— lysates with anti-calreticulin was effective in
these experiments. (B Upper) Splenic T cells from wild-type (WT) and
TAP 1-deficient (TAP 1 —/—) mice were metabolically labeled with
[*S]methionine for 30 min and solubilized in digitonin, and lysates
were immunoprecipitated with anti-calreticulin; precipitates were
boiled in SDS and H-2K" proteins recaptured with anti-p8. (B Lower)
Splenic T cells from WT and TAP 1 —/— mice were metabolically
labeled with [33S]methionine for 30 min and chased for 2 hr; digitonin
lysates were precipitated with anti-H-2" and anti-calreticulin; and
bound material was released by boiling in SDS and H-2K" proteins
recaptured with anti-p8. K®mature = Endo H-sensitive H-2KP proteins;
KB awre = Endo H-resistant H-2K® proteins.

Calnexin and Calreticulin Associate with Distinct H-2KP
Glycoforms. Because the above results suggested that calnexin
and calreticulin interact with distinct class I assembly inter-
mediates in the ER, we examined the glycan processing (Glc
trimming) status of newly synthesized H-2K" proteins associ-
ated with calnexin and calreticulin chaperones. For these
studies, jack bean mannosidase (JB) was used, which removes
eight mannose residues from fully trimmed oligosaccharide
chains devoid of Glc residues (MangGlcNAc; glycans) but only
five mannoses from incompletely trimmed oligosaccharide
chains (Glc;_3sManyGlcNAc; glycans; refs. 10 and 31). Because
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H-2K? proteins are modified by addition of two N-linked
glycans, three potential JB glycoforms may exist, containing 0,
1, or 2 incompletely trimmed oligosaccharide chains. As shown
in Fig. 3, JB digestion of total H-2K" proteins radiolabeled
during a 30-min pulse period in splenic T cells revealed the
existence of three major H-2KP glycoforms, denoted A, B, and
C (Fig. 3). Most importantly, these data show that H-2K"
glycoforms associated with calreticulin were distinct from
those assembled with calnexin but were similar to those
coprecipitating with TAP molecules (Fig. 3). Note that the
anti-TAP 1 antibody used in these experiments does not
cross-react with calreticulin, as determined by precipitation
and immunoblotting studies using WT and TAP-1 deficient T
cells (data not shown). These data show that calnexin and
calreticulin associate with distinct H-2KP glycoforms in the ER
and that H-2K® glycoforms associated with calreticulin were
similar to those bound to TAP.

Deglucosylation Is Important for Dissociation of Class I
Proteins from Both Calreticulin and TAP. Initial assembly of
glycoproteins with calnexin/calreticulin chaperones requires re-
moval of Glc residues from immature glycan chains by ER
glucosidase enzymes (refs. 7, 19, and 23 and unpublished obser-
vations). To determine the importance of deglucosylation in the
disassembly of class I proteins from calreticulin, experiments were
performed in which the glucosidase inhibitor cas (33) was present
only during the chase period (subsequent to formation of chap-
erone—class I protein complexes), as inclusion of cas during the
pulse precludes assembly of murine class I proteins with lectin-
like chaperones (7, 19, 23). As shown in Fig. 4, dissociation of
H-2K® proteins from calnexin was not affected by cas treatment,
with few H-2KP proteins remaining associated with calnexin in
both medium and cas-treated chase groups (Fig. 4). In contrast,
disassembly of H-2K" proteins from calreticulin was significantly
impaired in cas-treated groups relative to control groups (Fig. 4),
showing that removal of Glc residues from N-linked glycans is an
important step in the dissociation of H-2K? proteins from calre-
ticulin. Surprisingly, we found that dissociation of H-2K® proteins
from TAP was also impeded by cas treatment (Fig. 4), indicating
that deglucosylation is also required for effective disassembly of
H-2K® proteins from TAP molecules. Similar results were ob-
tained in the H-2" T cell tumor line EL4 (data not shown). Thus,
we conclude from these studies that deglucosylation is an impor-
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FiG. 3. Calnexin and calreticulin interact with distinct H-2KP
glycoforms. Digitonin lysates of metabolically labeled splenic T cells
were immunoprecipitated with anti-H-2K" (p8), anti-calnexin, anti-
calreticulin, and anti-TAP 1; precipitated material was released and
H-2K? proteins recaptured as in Fig. 1. Isolated H-2KP proteins were
either mock-treated or digested with JB or Endo H (EH), as indicated.
A, B, and C denote H-2K? glycoforms thought to contain 2, 1, and 0
incompletely trimmed glycan chains, respectively. K§ = H-2K" pro-
teins containing immature, Endo H-sensitive glycan chains. Note that
H-2K" proteins assembled with calnexin exist in the A glycoform,
whereas those assembled with both calreticulin and TAP exist in the
B glycoform.
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FIiG. 4. Deglucosylation is important for disassembly of H-2KP proteins from both calreticulin and TAP. Splenic T cells were metabolically
pulse-labeled for 30 min with [3S]methionine (in the absence of cas) and chased in the presence or absence of cas for the time period indicated.
Cells were solubilized in 1% digitonin, and lysates were precipitated with anti-calnexin (Cx), anti-calreticulin (Crt), and anti-TAP 1; bound material
was released by boiling in 1% SDS and H-2KP proteins were recaptured with anti-p8. The position of H-2KP proteins is indicated.

tant step in the dissociation of H-2K" proteins from both calre-
ticulin and TAP peptide transport molecules.

Most Class I Proteins That Are Assembled with Calreticulin
Are Simultaneously Associated with TAP. Finally, because our
results showed that calreticulin and TAP were associated with a
similar subset of H-2K? glycoforms in the ER (Fig. 3) and that
disassembly of class I proteins from both calreticulin and TAP
was prevented by cas treatment (Fig. 4), we explored the idea that
class I proteins were assembled together with calreticulin and
TAP into a multisubunit complex. As shown in Fig. 54, the
amount of H-2K® proteins coprecipitating with TAP was dra-
matically reduced by prior precipitation with anti-calreticulin
(Fig. 5A4). Preclearing was specific in that no significant reduction
of TAP-associated class I proteins was seen when anti-HLA A2
(specific for human HLA class I molecules) or anti-calnexin was
used (Fig. 54). Similarly, preclearing of lysates with anti-TAP
specifically reduced the amount of class I proteins coprecipitating
with calreticulin molecules (Fig. 5B). Taken together, these data
indicate that the vast majority of H-2KP proteins associated with
calreticulin were simultaneously assembled with TAP molecules.
To rule out the possibility that formation of calreticulin—class
I-TAP complexes occurred postlysis, mixing experiments were
performed using radiolabeled WT T cells and TAP —/— T cells
as our previous results showed that calreticulin assembled effec-
tively with H-2K® proteins in TAP —/— T cells (Fig. 2B). As
demonstrated, radiolabeled H-2K proteins coprecipitated with
both calreticulin and TAP in control groups (radiolabeled WT
cells plus unlabeled WT cells) but were specifically associated
with calreticulin in experimental groups (radiolabeled TAP —/—
cells plus unlabeled WT cells; Fig. 5C). Thus, calreticulin—class I
complexes present in TAP —/— lysates did not associate post-
solubilization with TAP molecules in WT lysates.

The current study demonstrates that calnexin and calreti-
culin associate with distinct class I assembly intermediates in
the ER and significantly extends previous results on the role of
glycan processing in the initial assembly of MHC class I
proteins with lectin-like chaperones (7, 23), by demonstrating
that deglucosylation is an important quality control step in
subsequent (terminal) stages of class I assembly.

The precise function of calnexin and calreticulin chaperones
in the assembly of MHC class I protein complexes is unclear.
It was originally noted by Moore and Spiro (34) that blockade
of Glc trimming by cas treatment resulted in rapid degradation
of unassembled class I molecules in the CMT-cK91 cell line.
These findings were extended by Balow et al. (23), who showed
that calnexin association and assembly of MHC class I protein
complexes in BW thymoma cells was greatly reduced by cas
treatment (23); interestingly, however, normal class I assembly
was observed in the glucosidase II-deficient BW variant, BW
PHAR2.7, in which calnexin association (17) and calreticulin
association (35) is severely impaired. Thus, it appears that

alternative pathways exist for the assembly of class I proteins
that do not require glucosidase activity and calnexin/
calreticulin associations that are variably utilized, depending
on the cell type. The molecular basis for normal MHC class I
assembly in glucosidase-deficient cells is unknown but has
been suggested to involve expression of other chaperones that
are up-regulated under ER stress conditions (23).

It is unknown if calnexin and calreticulin function redundantly
in the ER quality control system or if they perform distinct
molecular functions in the folding/assembly of newly synthesized
glycoproteins. Peterson et al. (19) recently demonstrated that the
population of cellular proteins bound to calreticulin partially
overlaps those bound to calnexin; and, at least for one protein, the
influenza virus hemagglutinin protein, assembly with calnexin
and calreticulin was indistinguishable, as measured by disulfide
bond formation and conformation analysis. In the current study,
we demonstrate by several criteria that calnexin and calreticulin
associate with distinct MHC class assembly intermediates in the
ER, suggesting that calnexin and calreticulin may perform spe-
cific functions in the formation of class I heavy chain—,m-
peptide complexes. Whether or not newly synthesized class I
proteins interact successively with calnexin and calreticulin chap-
erones remains to be determined.

The data in the current study show that unlike calnexin,
calreticulin interacts primarily with class I-B,m heterodimers,
and, importantly, that the vast majority of class I proteins
associated with calreticulin in splenic T cells are simultaneously
assembled with TAP. These results are in agreement with re-
cently reported findings by Cresswell and coworkers (24) studying
human class I-calreticulin-TAP interactions (24). Importantly,
the current study documents that deglucosylation of N-linked
glycans is an important step in the disassembly of MHC class I
proteins from both calreticulin and TAP molecules. Previous
studies have shown that glucosidase activity is important for
release of various molecules from calreticulin (19, 35); the finding
that calreticulin, class I, and TAP assemble together into a
multisubunit complex (ref. 24 and this study) provides a molec-
ular basis for the requirement of glucosidase activity in the release
of MHC class I proteins from TAP molecules. It is unclear why
disassembly of calnexin—class I protein complexes was not
blocked by cas treatment in our studies, as dissociation of other
proteins from calnexin, for example, the influenza virus hemag-
glutinin protein, is blocked by cas (19). It is possible that cas
addition does not act fast enough to prevent glucosidase-driven
release of class I proteins from calnexin, as these complexes are
more short-lived than those with calreticulin; alternatively, it is
possible that deglucosylation of class 1 proteins is finalized
subsequent to their dissociation from calnexin.

Finally, recent data by Sadasivan et al. (24) suggests that a
novel glycoprotein, tapasin, mediates calreticulin—class I in-
teraction with TAP. Thus, it will be interesting to determine if
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Fic. 5. Most H-2K" proteins associated with calreticulin are simul-
taneously assembled with TAP. (4) Digitonin lysates of metabolically
labeled splenic T cells were precipitated with two rounds each of protein
A Sepharose (no antibody control), anti-calnexin (Cx), anti-HLA A2, or
anti-calreticulin (Crt). Precleared lysates were then sequentially precip-
itated with anti-TAP. TAP precipitates were boiled in 1% SDS and
H-2KP proteins were recaptured with anti-p8. (B) Same as in 4 except that
lysates were precleared with the indicated antibodies, then sequentially
precipitated with anti-calreticulin (Crt). (C) Metabolically labeled WT
and TAP —/— splenic T cells were mixed with an equivalent amount of
unlabeled WT T cells as indicated; digitonin lysates were precipitated with
anti-calreticulin (Crt) or anti-TAP and H-2K" proteins were recaptured
from precipitates as in A.

Glc trimming of glycan chains on class I molecules, tapasin, or
both is important for disassembly of calreticulin—class I-TAP
protein complexes.
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