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Regulation of MHC Class I Transport by the 
Molecular Chaperone, Calnexin (p88, IP90) 

Michael R. Jackson, Myrna F. Cohen-Doyle, 
Per A. Peterson, David 9. Williams* 

Assembled class I histocompatibility molecuks, consisting of heavy chain, p,-microglob- 
ulin, and peptide ligand, are transported rapidly to the cell surface. In contrast, the intra- 
cellular transport of free heavy chains or peptide-deficient heavy chain-p,-microglobulin 
heterodimers is impaired. A 90-kilodalton membrane-bound chaperone of the endoplasmic 
reticulum (ER), termed calnexin, associates quantitatively with newly synthesized class I 
heavy chains, but the functions of calnexin in this interaction are unknown. Class I subunits 
were expressed alone or in combination with calnexin in Drosophila melanogaster cells. 
Calnexin retarded the intracellular transport of both peptide-deficient heavy chain-p,- 
microglobulin heterodimers and free heavy chains. Calnexin also impeded the rapid in- 
tracellular degradation of free heavy chains. The ability of calnexin to protect and retain 
class I assembly intermediates is likely to contribute to the efficient intracellular formation 
of class I-peptide complexes. 

Class I molecules of the major histocom- 
patibility complex (MHC) present peptides 
derived from endogenously synthesized pro- 
teins to cytotoxic T cells. Assembly of the 
class I heavy chain with P2-microglobulin 
(P2m) occurs rapidly within the ER (1, 2). 
Peptides arising from protein degradation 
within the cytosol are delivered to assem- 
bling class I molecules by transporter pro- 
teins (TAP1 and TAP2) localized to mem- 
branes of the ER and cis-Golgi (3, 4). For 
most class I molecules. transoort to the cell 
surface is rapid, although allotype-specific 

variation is observed in the rate of transport 
from the ER to the Golgi apparatus (Table 
1, mouse lymphoma). In murine RMA-S 
cells, which have a mutation in the TAP2 
protein (3, Kh and Dh heavy chains asso- 
ciate with p2m (6, 7) but are largely defi- 
cient in peptide ligand (&I]) and are 
transported from the ER to Golgi very 
slowlv (Table 1. RMA-S). Peotide-defi- , . 
cient class I molecules can also be produced 
by expression of murine heavy chains and 
p2m in Drosophila Schneider cells because 
these cells lack auxiliaw proteins required . . 

for supplying peptides td assembling dlass I 
M. R. Jackson and P. A. Peterson, Department of molecules (12). The peptide-deficient class 
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tion by endoglycosidase H (reflective of 
transport through the Golgi) with half- 
times of 25, 60, and 80 min, respectively, 
as compared to >I80 and 100 min for Dh 
and Kh heterodirners in RMA-S (Table 1). 
These findings suggested that a mechanism 
exists in mammalian cells for retaining in- 
completely assembled class I molecules, a 
mechanism that is nonexistent or impaired 
in Drosophikz. 

Calnexin is a membrane-bound chaeer- 
one of the ER that interacts transiently 
with a diverse array of wild-type proteins at 
early stages in their synthesis and in a 
prolonged fashion with misfolded or incom- 
pletely assembled proteins (1, 6, 13-1 8). 
As yet, there have been no direct demon- 
strations of the functions that calnexin mav 
serve in these interactions. Because cal- 
nexin binds quantitatively to newly synthe- 
sized class I heavy chains in mouse cells (I) ,  
we assessed its ability to influence the trans- 
port of incompletely assembled class I mol- 
ecules in Drosophila cells. Stably transfected 
Drosophikz cell lines were prepared that 
expressed murine Kh, Dh, or Ld heavy 
chains with or without p2m in the absence 
or presence of calnexin (19). A protein 
immunoblot of lysates from these transfec- 
tants revealed that cells transfected with 
the calnexin complementary DNA 
(cDNA) exeressed calnexin in amounts , A 

comparable to those observed in murine 
tumor cells, whereas cells lacking this 
cDNA exhibited only trace amounts of two 
endogenous proteins of -90 kD (Fig. 1). 
Thus, Drosophikz cells either do not possess 
substantial amounts of a calnexin homolog 
or the similarity in structure is not sufficient 
to permit cross-reactivity with antibodies to 
calnexin. 

Expression of calnexin slowed ER to 
Golgi transport of peptide-deficient Dh-P2m 
heterodimers from a half-time (tIl2) of 25 to 
125 min (Fig. 2A). In cells lacking cal- 
nexin, the intensity of the heavy chain 
band increased after prolonged periods of 
time. This was due to slow assembly of the 
Dh heavy chain with P2m, an event that 
was required for immunoreactivity (20). In 
cells expressing calnexin, assembly oc- 
curred much more rapidly, suggesting that 
calnexin may promote assembly of the Dh 
heavy chain with p2m in addition to slow- 
ine the transeort of the heterodimer. To - 
confirm that a complex was indeed formed 
between peptide-deficient Dh-P2m het- 
erodimers and calnexin, we performed a 
comparable pulse-chase experiment, except 
that cells were lysed in the presence of the 
homobifunctional cross-linker DSP. In cells 
lacking calnexin, the only cross-linked spe- 
cies recovered had an apparent molecular 
size of -60 kD (Fig. 2B). However, in cells 
expressing calnexin, other cross-linked spe- 
cies were observed as a doublet of - 170 kD 
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(Fig. 2B). The 60-kD species represents 
heavy chain cross-linked to p2m, and the 
170-kD species is the heavy chain-calnexin 
complex (1). (The doublet represents com- 
plexes with and without an additional cross- 
link to p2m.) The cross-linked Db-calnexin 
complex disappeared slowly over time. 
Comparison of the rate of complex dissocia- 
tion with the rate of ER to Golgi transport 
revealed that the two processes occurred 
with comparable kinetics (Fig. 2C). 

The effects of coexpression of calnexin 
on the intracellular transport of peptide- 
deficient Kb-p2m and Ld-p2m molecules 
were also examined (Fig. 2D). Calnexin 
slowed the intracellular transport of these 
class I molecules as well (Table 1). Further- 
more, DSP cross-linking revealed a com- 
plex with calnexin in each case that disso- 
ciated at a rate similar to that observed for 
ER to Golgi transport (20). Calnexin re- 
tarded the intriicellular transport of pep- 
tide-deficient class I molecules to the extent 
that the rates of transport were similar to 
those in mouse RMA-S cells (Table 1). 
These experiments were done at 24OC, a 
temperature at which the Drosophila cells 
were viable and peptide-deficient class I 
molecules were stable. To ensure that the 
results were relevant to those obtained in 
mammalian cells at higher temperatures, 
we repeated the experiments at 30°C. This 
was the maximum temperature possible, 
because at higher temperatures class I mol- 
ecules lacking peptide ligands are unstable 
and the heavy chains dissociate from p2m at 
the cell surface (9). Slight increases in 
transport rates were noted in all cell lines, 
but the proportional decrease in transport 
rate owing to the presence of calnexin was 
maintained at 30°C (20). The rates of 
transport for the three peptide-deficient 
class I molecules in the absence of exoge- 
nous calnexin were distinctly different (Ta- 
ble 1). These molecules may have intrinsic 
differences that influence their transport, 
such as a propensity to form reversible 
aggregates or their degree of interaction 
with endogenous components of the Dro- 
sophila cells (although our cross-linking ex- 

flg. 1. Expression of calnexin in transfected 
Drosophila cells and in mouse MDAY-D2 cells. 
Lysates of cells transfected with the indicated 
cDNAs were subjected to protein immunoblot 
analysis with antibodies to calnexin (19). The 
molecular size marker is indicated on the right 
(in kilodaltons). 

periments failed to detect any discrete com- 
plexes). In this context it is noteworthy 
that the rates of transport fall into the same 
rank order as the thermal stabilities for 
these heterodimers (12) (Dbp2m > Kbp2m 
> Ldp2m). 

We also examined the effect of calnexin 
on the intracellular transport of class I 
heavy chains expressed without p2m. In 

murine or human cells that lack p2m, 
different free heavy chain allotypes are ei- 
ther not transported or are transported at 
barely detectable rates (2 1, 22). However, 
in Drosophila cells expressing free Db heavy 
chains in the absence of calnexin, a portion 
(22% after 40 min of chase) of Db heavy 
chains was transported and acquired resis- 
tance to endo H digestion (Fig. 3A). In 

Table 1. lntracellular transport rates of peptidecontaining and peptide-deficient class I molecules 
in various cells. All values were determined by assessment of the rate at which Asn-linked 
oligosaccharides on newly synthesized class I molecules were converted to a form that was 
resistant to cleavage by endo H. Enzymes that process oligosaccharides to the endo H-resistant 
form are localized to different Golgi subcompartments in different cell types (30). Data for class 
I-peptide complexes in mouse lymphoma cells were obtained with MDAY-D2, RMA, and EL-4 cells 
(1, 6). Rates for peptide-deficient molecules in mouse RMA-S cells were determined at both 26°C 
and 37°C (6, 20). Transport rates were similar at both temperatures, although at 37°C the mature 
molecules were unstable. The data for peptide-deficient molecules in Drosophila cells are 
summarized from the experiments described in Fig. 2. 

Rate of ER to Golgi transport (t ,, in minutes) 
Class I 

molecule Mouse Mouse Drosophila Drosophila 
lymphoma RMA-S (- calnexin) (+ calnexin) 

14 - 
Chase - P1m 
Ilmeimln) o 10 20 40 80 760 $70 o 70 40 80 161) 320 

Chase - hm 
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. :- 7 
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flg. 2. lntracellular transport of peptide-deficient class I heterodirners in the absence and presence 
of calnexin. Drosophila cells expressing various peptide-deficient class I molecules in the absence 
or presence of calnexin were incubated with [35S]Met for 10 min and then in the presence of excess 
unlabeled Met for the times indicated (29). (A) lmmunoisolated Db-p,m molecules were digested 
with endo H and analyzed by reducing SDS-PAGE. The mobilities of the endo H-resistant (endo H3 
and endo H-sensitive (endo HS) heavy chains are indicated. Molecular sizes are indicated on the 
left (in kilodaltons). (B) Db-p2m molecules immunoisolated from DSP-treated cell lysates and 
analyzed by nonreducing SDS-PAGE. The mobilities of the various cross-linked species are shown. 
In Drosophila cells Golgi processing leads to a mature heavy chain that is smaller than the immature 
heavy chain. These mobility differences are reversed after removal of immature oligosaccharides by 
endo H treatment (A). (C) Comparison of the rate of dissociation of the class Idlnexin complex 
with the rate of ER to Golgi transport. The amounts of Db heavy chain that were endo H-resistant 
[panel (A), right] and that could be cross-linked to calnexin [panel (B), right] were quantitated by 
densitometry and expressed as a percentage of total heavy chains recovered at each chase time. 
(D) Kb-p2m and Ld-p2m molecules synthesized in the absence or presence of calnexin were 
digested with endo H and analyzed by reducing SDS-PAGE. In (A) and (B), asterisks denote 
contaminating bands that were present in control samples treated with an unrelated antibody. 
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contrast, when the experiment was repeat- 
ed in the presence of calnexin, the trans- 
port of free Db heavy chains was largely 
prevented. Only after a prolonged period of 
time was any endo H-resistant species de- 
tected (Fig. 3A). Cross-linking of cell 1y- 
sates revealed that in cells expressing cal- 

B 
m-- 4 -- 

~ e a v y  cham , I 
-calnexln 

1M- 

C Kb - calnenn K~ + calnexln 
=-- - 

End0 H' L 
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Fig. 3. lntracellular transport of class I heavy 
chains in the absence and presence of calnexin. 
Drosopbila cells expressing free class I heavy 
chains in the absence or presence of calnexin 
were incubated with [35S]Met for 10 rnin and 
then in the presence of excess unlabeled Met for 
the times indicated (29). (A) lmmunoisolated Db 
heavy chains digested with endo H. (B) Db 
heavy chains immunoisolated from DSP-treated 
cell lysates. The mobilities of the heavy chain 
and cross-linked heavy chain-calnexin complex 
are indicated. Molecular sizes are indicated on 
the left and right (in kilodaltons). (C) Immunoiso- 
lated Kb heavy chains digested with endo H. 

nexin, a heavy chain-calnexin complex 
could be detected at all times (Fig. 3B). 
Unlike the situation with Db-&m het- 
erodimers (Fig. ZB), the amount of cross- 
linked Db-calnexin complex remained rela- 
tively constant, indicating that little disso- 
ciation had occurred. This is consistent 
with the very low amount of Db heavy 
chain transport observed in these cells. 

Similar results were obtained when free 
Kb heavy chains were examined (Fig. 3C). 
The extent to which these molecules ac- 
quired endo H resistance in the absence of 
calnexin (15% at 40 to 80 rnin of chase) 
was less than that for free Db heavy chains. 
However, when calnexin was coexpressed, 
the transport of free Kb heavy chains was 
barely detectable. As was observed for pep- 
tide-deficient heterodimers, increasing the 
temperature to 30°C or 37°C increased 
transport rates slightly but did not affect 
the degree to which transport was inhib- 
ited by calnexin (20). Clearly, calnexin 
functions to retain free class I heaw 
chains and peptide-deficient heavy chain- 
B,m heterodimers. . & 

Free heavy chains expressed in the ab- 
sence of exogenous calnexin were not trans- 
ported efficiently through the Drosojhh se- 
cretory pathway. This may reflect a propen- 
sity for free heavy chains to form aggregates 
or to acquire some other transport-incompe- 
tent conformation. Alternatively, the slow 
transport may result from interaction with 
endogenous Drosophila proteins. For exam- 
ple, free heavy chains may interact with the 
ER chaperone BiP in Drosojhh cells as they 
do in mammalian systems (6). 

Calnexin also exerted a stabilizing effect 
on free heavy chains. In the absence of 
calnexin, free Db heavy chains were degrad- 
ed with half-times of 125 rnin (2q°C), 40 
rnin (30"C), and 26 rnin (37°C) (Fig. 4). 

Fig. 4. Effect of calnexin on the intracellular degradation of free class I heavy chains. Experiments 
were done as described (Fig. 2) except that the cells were incubated with excess unlabeled Met at 
24", 30", and 37°C (29). Fluorograms similar to those depicted in Fig. 3, A and C, were analyzed by 
densitometry, and the amount of heavy chain recovered at each time point was expressed as a 
percentage of the amount present at the 0 rnin time point. 

With coexpression of calnexin, degradation 
was markedly slowed such that only 15 to 
20% of the heavy chain was degraded over 
160 rnin at 24°C or at 30°C. At 37"C, the 
tin of degradation in the presence of cal- 
nexin (120 min) was extended nearly five 
times over that in the absence of calnexin. 
Calnexin also impeded the degradation of 
free Kb heavy chains, although the effect 
was less pronounced. The lifetime of free Kb 
heavy chains was extended by about two 
times at 24OC and by about three times at 
37°C. Thus, the association of calnexin 
with free class I heavy chains protects them 
from intracellular degradation. 

In murine cells a close correlation exists 
between the characteristic ER to Golgi 
transport rates observed for different class I 
allotypes and the.durations of their interac- 
tion with calnexin (1). Furthermore, im- 
vaired intracellular transmrt of free heaw 
chains and peptide-deficient heavy chain- 
Bzm heterodimers is accompanied by a cor- 
responding prolonged association with cal- 
nexin (6). These correlations can now be 
exvlained bv the demonstration that cal- 
nexin retains class I assembly intermediates 
intracellularlv. During the course of normal - 
class I biogenesis, such retention may pro- 
vide additional time to ensure the efficient 
assembly of the complete complex of heavy 
chain, p,m, and peptide ligand. In this 
manner, incompletely assembled molecules 
would be largely prevented from reaching 
the cell surface where thev could votential- 
1y bind exogenous antigenic peptides and 
lead to the destruction of otherwise normal 
cells by cytotoxic T lymphocytes. The abil- 
ity of calnexin to impede the intracellular 
destruction of free heavy chains may also 
contribute to an increased efficiency of class 
I assembly. This property may be particu- 
larly important in many nonlymphoid tis- 
sues where the amount of class I expressed is 
reduced and the steady-state concentration 
of class I subunits during intracellular as- 
sembly is presumably low (23). 

The interaction of calnexin with incom- 
pletely assembled class I molecules is remi- 
niscent of the interaction of BiP during 
assembly of immunoglobulin (Ig) mole- 
cules. BiP binds to Ig heavy chains, retain- 
ing them intracellularly, until displaced by 
light chains. In the absence of BiP binding, 
Ig molecules are secreted more rapidly and 
in various stages of assembly (24). Calnexin 
also resembles BiP in that it interacts with 
incompletely assembled forms of a diverse 
array of proteins including subunits of the T 
cell receptor and the membrane Ig receptor 
(14, 15, 17). Calnexin may function to 
facilitate assembly of these complexes as 
well by retaining or protecting assembly 
intermediates. Calnexin's functions are not 
restricted to assembly of multisubunit com- 
plexes. Calnexin also interacts with folding 
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intermediates of monomeric secretory gly
coproteins, suggesting an additional role in 
early folding events (18), 
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In the ER, newly synthesized components 
of multimeric receptor complexes must 
complete folding and assembly before they 
progress to the cell surface (1). This process 
is facilitated by transient interactions with 
molecular chaperones that reside in the ER 
lumen such as BiP, protein disulfide 
isomerase (PDI), and GRP94 (2). We iden
tified a 90-kD human ER resident integral 
membrane protein, denoted calnexin (pre
viously referred to as IP90, p88) (3-5). 
Calnexin associates transiently with numer
ous newly synthesized polypeptides (6) and 
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heavy chains were recovered with mAb 28-14-8s 
(26) and with antiserum to the COOH-teFminal 
peptide encoded by exon 8 of the Kb gene (28), 
respectively. Immune complexes were recovered 
with protein A-agarose, and the agarose beads 
were washed four times with 10 mM tris (pH 7.4) 
containing 0.5% NP-40, 0.15 M NaCI, and 1 mM 
EDTA. For cross-linked samples, immune com
plexes were analyzed by nonreducing SDS-PAGE 
(9% gel). Uncross-linked samples were heated in 
0.1 ml of 0.1 M sodium citrate (pH 6) containing 
0.1% SDS at 65°C for 5 min before treatment with 
endo H (2 mil) overnight at 30°C. Samples were 
analyzed by SDS-PAGE under reducing condi
tions (10% gel). Gels were fixed, treated with 1 M 
sodium salicylate, dried, and subjected to fluo-
rography. 

30. A. Velasco et al., J. Cell Biol. 122, 39 (1993). 
31. We thank I. Wada and J. J. M. Bergeron for the 

canine calnexin gene, B. H. Barber for antiserum 
to peptide 8, A. Vassilakos for providing data on 
Db turnover at 24°C, N. Ahluwalia for preparing 
antibodies to the COOH-terminus of calnexin, the 
Alberta Peptide Institute for peptide synthesis, F. 
Brodsky for insightful suggestions at the outset of 
this work, and E. Song and S. Pind for helpful 
comments. Supported by the National Cancer 
Institute of Canada (D.B.W.) and the National 
Institutes of Health (P.A.P.). 

8 September 1993; accepted 16 November 1993 

interacts transiently with folding interme
diates of secretory glycoproteins during 
their maturation in the ER (7). Calnexin 
also associates with partial complexes of the 
TCR, major histocompatibility complex 
(MHC) class I proteins, and B cell mem
brane immunoglobulin (mlg), but not with 
completed receptor complexes. Thus, we 
and others have hypothesized that calnexin 
may function as a molecular chaperone that 
retains incompletely assembled multisub-
unit receptors in the ER (5, 6, 8, 9). 

Calnexin is an integral membrane pro
tein with a large ER luminal domain (LD; 
461 amino acids), a transmembrane seg
ment (TM; 22 amino acids), and a cyto
plasmic tail (CYT; 89 amino acids) (6). 
This feature distinguishes calnexin from 
soluble chaperones such as BiP, which are 
located in the ER lumen and cannot inter
act with the transmembrane and cytosolic 
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Retention of Unassembled Components of Integral 
Membrane Proteins by Calnexin 

Sumati Rajagopalan,* Yuhui Xu, Michael B. Brenner 
Quality control mechanisms prevent the cell surface expression of incompletely assembled 
multisubunit receptors such as the T cell receptor (TCR). The molecular chaperone 
function of calnexin (IP90, p88), a 90-kilodalton protein that resides in the endoplasmic 
reticulum (ER), in the retention of representative chains of the TCR-CD3 complex in the 
ER was tested. Truncation mutants of calnexin, when transiently expressed in COS cells, 
were exported from the ER and either accumulated in the Golgi or progressed to the cell 
surface. CD3 e chains cotransfected with the forms of calnexin that were not retained in 
the ER exited the ER and colocalized with calnexin. Since engineered calnexin determined 
the intracellular localization of the proteins associated with it, it is concluded that calnexin 
interacts with incompletely assembled TCR components and retains them in the ER. 


