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Newly synthesized proteins in the endoplasmic reticu-
lum (ER) must fold and assemble correctly before
being transported to their ®nal cellular destination.
While some misfolded or partially assembled proteins
have been shown to exit the ER, they fail to escape the
early secretory system entirely, because they are
retrieved from post-ER compartments to the ER. We
elucidate a mechanistic basis for this retrieval and
characterize its contribution to ER quality control by
studying the fate of the unassembled T-cell antigen
receptor (TCR) a chain. While the steady-state distri-
bution of TCRa is in the ER, inhibition of retrograde
transport by COPI induces the accumulation of
TCRa in post-ER compartments, suggesting that
TCRa is cycling between the ER and post-ER com-
partments. TCRa associates with BiP, a KDEL
protein. Disruption of the ligand-binding function of
the KDEL receptor releases TCRa from the early
secretory system to the cell surface, so that TCRa is
no longer subject to ER degradation. Thus, our ®nd-
ings suggest that retrieval by the KDEL receptor
contributes to mechanisms by which the ER monitors
newly synthesized proteins for their proper disposal.
Keywords: COPI/KDEL receptor/protein degradation/
quality control/TCRa

Introduction

Secretory proteins are synthesized by ribosomes and
translocated co-translationally or post-translationally to
the endoplasmic reticulum (ER) through the translocon,
Sec61p complex (Corsi and Schekman, 1996; Rapoport
et al., 1999). These newly synthesized proteins interact
with ER molecular chaperones, such as immunoglobulin
heavy chain-binding protein (BiP), calnexin, calreticulin
and protein disul®de isomerase, to become properly folded
and assembled into a mature protein complex for transport
along the secretory pathway. Misfolded or partially
unassembled proteins are retained in the ER with ER

chaperones. Thus, ER chaperones also participate in a
quality control mechanism to prevent transport-incom-
petent proteins from being exported out of the ER
(Hammond and Helenius, 1995; Ellgaard et al., 1999).
ER chaperones act on those retained proteins either for
further maturation, or for degradation, which protects the
ER from the destructive consequence of protein aggre-
gation (Gething and Sambrook, 1992). Such degradation,
termed ER-associated degradation (ERAD) (Bonifacino
and Klausner, 1994), is accomplished by the translocation
of proteins to the cytosol through the translocon, followed
by ubiquitylation, and then degradation via the proteasome
system (Bonifacino and Weissman, 1998; Brodsky and
McCracken, 1999).

Upon escape from the ER to reach post-ER com-
partments, which include the ER±Golgi intermediate
compartment (IC; also referred to as tubular vesicular
structures) and the Golgi complex, imperfect proteins have
been shown to be transported back to the ER. In a tumor
cell line that could not assemble class I molecules
correctly, the unassembled class I molecules were shown
to exit the ER to reach the Golgi complex, where they were
then retrieved to the ER (Hsu et al., 1991). Moreover,
misfolded vesicular stomatitis virus (VSV) G proteins
expressed in Chinese hamster ovary (CHO) cells, which
have an ER distribution, were also demonstrated to be
cycling between the ER and post-ER compartments
(Hammond and Helenius, 1994). Thus, protein sorting in
the post-ER compartments that involves recognition and
retrograde transport to the ER has been suggested to
contribute to ER quality control. However, the underlying
mechanism of this retrieval, and its signi®cance to overall
mechanisms of ER quality control, remain unclear.

Intracellular transport of proteins is mediated by
membrane carriers that include coated vesicles and tubular
structures. From the ER, proteins are packaged into the
COPII-coated vesicles to initiate their transport from the
ER (Rothman and Wieland, 1996; Schekman and Orci,
1996). Subsequently, proteins are transferred to the IC,
which then moves along microtubules to the Golgi
apparatus (Bonfanti et al., 1998). Upon arrival at the
Golgi complex, proteins are sorted to the peripheral
compartments of the cell, such as endosomes and plasma
membrane. Also, proteins can be retrieved to the ER by
retrograde transport at either the IC or the Golgi complex
(Allan and Balch, 1999) by COPI-coated vesicles
(Letourneur et al., 1994).

Selective retrograde transport of proteins from post-ER
compartments to the ER is achieved by multiple mechan-
isms (Teasdale and Jackson, 1996). Transmembrane
proteins that have a C-terminal dilysine (KKXX)
sequence, such as type I ER membrane proteins (Nilsson
et al., 1989; Jackson et al., 1990), ERGIC53 (Itin et al.,
1995) and p24 family proteins (Fiedler et al., 1996), are
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transported in COPI vesicles, because the COPI coat
recognizes the dilysine motif directly (Cosson and
Letourneur, 1994). However, soluble proteins that reside
in the lumen of membrane compartments can also be
retrieved to the ER. Ones such as BiP have a C-terminal
Lys-Asp-Glu-Leu (KDEL) sequence (Munro and Pelham,
1987) that is recognized by the KDEL receptor in the post-
ER compartments (Lewis and Pelham, 1992), and are then
sorted into COPI vesicles for retrograde transport (Orci
et al., 1997). Retrograde transport that is independent of
COPI has also been suggested recently (Girod et al., 1999;
White et al., 1999); however, its mechanistic details
remain poorly characterized.

Besides its retrieval function, the KDEL receptor has
been suggested to play a role in regulating COPI transport
(Aoe et al., 1997, 1998). ADP-ribosylation factor 1
(ARF1), a Ras-like small GTPase, regulates the formation
of COPI vesicles (Rothman and Wieland, 1996). Like all
small GTPases, the activation of ARF1 requires a guanine
nucleotide exchange factor, and its deactivation requires a
GTPase-activating protein (GAP). GAP acts by promoting
the hydrolysis of GTP on ARF1 to GDP (Cukierman et al.,
1995). This action has been demonstrated to be required
for the proper sorting of cargo proteins into COPI vesicles
(Lanoix et al., 1999; Pepperkok et al., 2000). Signi®cantly,
ligand binding on the luminal side of the KDEL receptor
also induces its interaction with ARF GAP1 on the
cytoplasmic side of the receptor. As a result, ARF GAP1 is
recruited from the cytosol to the membranes to activate
GAP activity on ARF1 (Aoe et al., 1999). Thus, these
®ndings suggest that the KDEL receptor does not merely
function as a passive cargo protein of COPI transport, but
is capable of modulating this transport pathway.

In this study, we have examined how the KDEL
receptor participates in ER quality control by studying
the unassembled T-cell antigen receptor (TCR) a chain as
a model system. TCR consists of at least six polypeptides
(TCRa, b, CD3g, d, e and z). Proper assembly is required
for TCR to be expressed on the cell surface (Klausner et al.,
1990). Unassembled TCRa has been demonstrated to be
retained in the ER (Chen et al., 1988; Bonifacino et al.,
1989) and degraded by ERAD in lymphocytes, as well as
other cell types, when it is expressed as a single subunit
(Huppa and Ploegh, 1997; Yu et al., 1997; Yang et al.,
1998). Surprisingly, we ®nd that a signi®cant fraction of
TCRa is exported from the ER and then retrieved to the
ER from the post-ER compartments by retrograde trans-
port. This retrieval is mediated by the KDEL receptor, and
when disrupted, a signi®cant fraction of TCRa can be
detected to escape ERAD. Thus, our ®ndings suggest an
important role for the KDEL receptor in ER quality
control.

Results

TCRa cycles in the early secretory system
A heterologous expression system has been used exten-
sively to study the fate of unassembled TCRa chain by
transfecting TCRa into COS cells that normally do not
express the TCR. Without the other TCR subunits, the
a subunit has been shown to be retained in the ER and
targeted for degradation (Huppa and Ploegh, 1997; Yu
et al., 1997; Yang et al., 1998). However, because an

increasing number of proteins have been appreciated to
maintain their distribution in the ER by being transported
out and then cycling back (Pelham, 1996), we tested
whether TCRa might also exhibit such behavior. Upon
treatment with ba®lomycin A1, a vacuolar H+-ATPase
inhibitor that has been shown to impose a relative block on
the retrograde arm of bidirectional transport between the
ER and the Golgi complex (Palokangas et al., 1998),
confocal microscopy revealed signi®cantly increased
co-localization of TCRa and ERGIC53 (Figure 1). The
co-localization induced by ba®lomycin also involved the

Fig. 1. TCRa expressed in COS cells was retained in the ER.
Perturbation of the retrograde transport from post-ER compartments to
the ER enhanced the co-localization of TCRa and ERGIC53. COS
cells were transiently transfected with TCRa. Forty hours later, the
cells were ®xed without treatment (control) or after incubation in the
presence of ba®lomycin A1 (10±6 M) at 37°C for 3 h (baf A1). The
cells were evaluated by confocal laser scan microscopy with double
labeling using a rabbit anti-murine TCRa antiserum and a mouse anti-
ERGIC53 mAb. The pre-Golgi region was enlarged (#). Scale bar
represents 10 mm.
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redistribution of ERGIC53 to a pattern that was more
compact and juxtanuclear (compare control with treatment
condition in Figure 1). This effect is consistent with
previous characterization of ERGIC53, which is known to
cycle dynamically among the compartments of the early
secretory system, which include the ER, IC and the Golgi
complex (Itin et al., 1995). That is, when retrograde
transport was blocked, ERGIC53 could be induced to
accumulate at the Golgi complex (Palokangas et al., 1998).

Because of these known effects on the itinerary of
proteins cycling in the early secretory compartments, we
sought to examine the distribution of TCRa in more detail
by subcellular fractionation. In the control condition, when
no perturbation was added, most of TCRa was in the ER
fractions as a p38 form, as judged by co-fractionation with
calnexin. In this control setting, we could also detect a
larger form (p43) in post-ER fractions, as judged by co-
fractionation with the IC marker p58 (Bloom and
Brashear, 1989) (Figure 2A). This is a surprising ®nding,
as previous characterization of TCRa revealed that p38 is
an immature glycoprotein that has not received Golgi-
speci®c modi®cation, while p43 represents a mature
glycoprotein that has received Golgi-speci®c modi®cation
(Samelson, 1985; Yu et al., 1997). Consistent with the
possibility that TCRa cycles out of the ER, when cells
were treated with ba®lomycin, TCRa accumulated mark-
edly in post-ER fractions as the p43 form (Figure 2B). To
ascertain that the p43 form of TCRa indeed represented
those outside the ER, we assessed whether it had Golgi-
speci®c glycosylation. Immunoblotting for TCRa from
the different fractions that were either treated with
endoglycosidase H (endo H) or subjected to mock
treatment, we found that the p38 form was endo H
sensitive, while the p43 form was endo H resistant
(Figure 2C). These results, taken together with the above
morphological ®ndings, suggest that a signi®cant fraction
of TCRa was cycling between the ER and the Golgi
complex.

As a cycling itinerary involved active sorting in the
post-ER compartments to retrieve TCRa back to the ER
(Pelham, 1996), we next examined how this retrieval was
accomplished. Retrograde transport from the post-ER
compartments to the ER is mediated in many cases by the
COPI transport vesicles (Letourneur et al., 1994; Orci
et al., 1997). Thus, we examined the effect of acutely
inactivating the function of COPI in vivo. A temperature-
sensitive CHO cell line has been created that degrades
e-COP upon shift to a non-permissive temperature.
Without e-COP, the COPI complex could not be
assembled to function (Guo et al., 1994). Thus, we used
this cell line to examine the role of COPI in recycling
TCRa from post-ER compartments. When transfected
with TCRa and examined at the permissive temperature,
TCRa in this mutant cell line had a similar distribution to
that seen in COS cells, appearing in an ER distribution
with little co-localization with ERGIC53 (Figure 3A).
However, upon shift to the non-permissive temperature, a
signi®cant fraction of TCRa became co-localized with
ERGIC53 in a compact juxtanuclear distribution. This co-
localization was also con®rmed by quantitative confocal
microscopy. The intensities of TCRa and ERGIC53
within the cell are represented by ¯uorescent pixels
that are quanti®able. Thus, quantitative scanning was

performed to compare between areas suggested to have
co-localization (as represented by yellow in the merge
view of Figure 3A) with the rest of the cell (Figure 3B).
The highest intensities of co-localization between TCRa
and ERGIC53 correlated with the suggested area of co-
localization in the merge view of Figure 3A. Thus, these
®ndings suggested that the recycling of TCRa from post-
ER compartments required the function of COPI.

Retrieval of TCRa by the KDEL receptor
A dilysine (KKXX) motif on the cytoplasmic portion
of transmembrane proteins mediates their retrograde

Fig. 2. Subcellular fractionation on continuous sucrose gradients
revealed the accumulation of Golgi-glycosylated TCRa in post-ER
fractions. HeLa cells were transiently transfected with TCRa, and
collected without treatment (A) or after incubation in the presence
of ba®lomycin A1 (10±6 M) at 37°C for 6 h (B). PNSs from the
transfected cells were separated on continuous sucrose gradient
(20±50%). Twelve fractions were obtained from each sample
(fraction 1, top; fraction 12, bottom). An aliquot of each fraction was
analyzed by SDS±PAGE. The distribution of TCRa, Golgi p58 and
calnexin was determined by direct western blotting. While a 38 kDa
core-glycosylated TCRa was localized in the ER fractions, a 43 kDa
Golgi-glycosylated TCRa was found in the post-ER fractions. Aliquots
of the ER [fraction 9 in (A)] and the post-ER [fraction 2 in (B)]
fractions were treated with endo H and analyzed by SDS±PAGE. The
membrane was immunoblotted using a rabbit anti-murine TCRa
antiserum (C). A 43 kDa TCRa (p43) in the post-ER fraction acquired
resistance to endo H digestion, while a 38 kDa TCRa (p38) in the ER
fraction remained sensitive.
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Fig. 3. Blocking of the COPI transport enhanced the co-localization of TCRa and ERGIC53 in COPI mutant cells. LdlF CHO cells were transiently
transfected with TCRa and myc-tagged ERGIC53 at 34°C. After incubation at a non-permissive temperature (39.5°C) for 6 h, the cells were ®xed and
evaluated by confocal laser scan microscopy with double labeling for TCRa with a rabbit anti-murine TCRa antiserum and for ERGIC53 with an
anti-myc mAb (9E10) (A). Scale bar represents 10 mm. The pixel intensity (arbitrary units) in the ¯uorescence of TCRa (red) or ERGIC53 (green)
was recorded by confocal laser scan microscopy along the line from the bottom to the top in the lower panel (B). The peak intensities of TCRa and
ERGIC53 were co-localized well at a non-permissive temperature (39.5°C).
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transport to the ER, because COPI binds directly to this
motif (Cosson and Letourneur, 1994). While TCRa is a
transmembrane protein, it contains no such motif in its
cytoplasmic domain. However, another possibility is
suggested by studies on the ER chaperone BiP. BiP has
been shown to leak out to the post-ER compartments, and
then retrieved to the ER, because it contains a C-terminal
KDEL motif that is recognized by the KDEL receptor
(Munro and Pelham, 1987). Signi®cantly, misfolded
VSV-G protein that had previously been thought to be
retained strictly in the ER has been shown to cycle in the
early secretory system (Hammond and Helenius, 1994).
During its cycling, VSV-G was detected in a complex with
BiP. Thus, one possibility is that the KDEL receptor can
retrieve TCRa, if TCRa were bound to a KDEL ligand,
such as BiP. Consistent with this possibility, co-precipit-
ation studies revealed an association between TCRa and
BiP (Figure 4). This association was speci®c, because
another ER chaperone, GRP94, did not co-precipitate with
TCRa.

To provide further evidence that the KDEL receptor
participates in the recycling of TCRa, we examined
the effect of perturbing the ligand-binding function of the
KDEL receptor. First, as the KDEL receptor binds to
the KDEL ligands at the Golgi complex and then releases
them at the ER, we examined whether increasing the
expression of the KDEL receptor would shift the distri-
bution of the TCRa away from the ER. Upon over-
expression of the KDEL receptor, we detected by confocal
microscopy more TCRa in a compact juxtanuclear
distribution that had increased co-localization with the
overexpressed KDEL receptor (Figure 5). To con®rm that
the effect of overexpressing the KDEL receptor on the
distribution of TCRa was related to the ligand-binding
function of the KDEL receptor, we also compared the
effect of a point mutant that has been previously
characterized to be defective in ligand binding
(Townsley et al., 1993). Overexpression of this mutant
receptor did not result in similar redistribution of TCRa
(Figure 5).

To rule out the possibility that overexpressing either the
wild-type or the mutant KDEL receptor might be intro-

ducing an effect that was not related to the ligand-binding
function of the KDEL receptor, we sought another
approach to verify the above ®ndings. We had shown
previously that activation of the KDEL receptor through
ligand binding on its luminal side induced the KDEL
receptor to interact with the ARF GAP1 on the cyto-
plasmic side (Aoe et al., 1998). Thus, one possibility is
that the complex of TCRa with BiP represented a ligand
that would also activate the KDEL receptor to interact with
GAP. Upon overexpression of TCRa, we detected an
increased interaction between the KDEL receptor and
ARF GAP1 (Figure 6). This level of increase was similar
to a previously characterized enhanced association, when a

Fig. 4. Unassembled TCRa associated with a KDEL protein, BiP.
HeLa cells were transiently transfected with TCRa, and then lysed and
immunoprecipitated with an anti-murine TCRa mAb (A2B4) followed
by SDS±PAGE. The membrane was immunoblotted using mouse anti-
BiP mAb (SPA-827), which also recognizes GRP94, or a rabbit anti-
murine TCRa antiserum. Immunoprecipitates from cells transfected
with TCRa contained BiP, not GRP94 (a-TCRa IP). Direct immuno-
blotting of cell lysates (wl) revealed similar levels of BiP and GRP94
in either transfected (TCRa Tf) or non-transfected cells (Non Tf).

Fig. 5. Unassembled TCRa co-localized with the KDEL receptor. COS
cells were transiently transfected with TCRa and the wild-type KDEL
receptor-myc, or with TCRa and a ligand-binding defective mutant
KDEL receptor R169N-myc. Cells were ®xed and evaluated by
confocal laser scan microscopy with double labeling for TCRa with a
rabbit anti-murine TCRa antiserum and for the KDEL receptors with
an anti-myc mAb (9E10). The pre-Golgi region was enlarged (#). Scale
bar represents 10 mm.
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chimeric KDEL ligand, which was created by appending
the KDEL sequence to lysozyme (lysozyme±KDEL), was
overexpressed (Aoe et al., 1998). Thus, this ®nding, when
combined with the above observations on receptor over-
expression, suggested that, most likely, TCRa was being
retrieved by the KDEL receptor, because it was complexed
with BiP, a known ligand for the receptor.

A role for retrieval in ER quality control
Despite perturbing its recycling itinerary, not all TCRa
appeared to cycle out of the ER, as judged by a residual ER
distribution even in perturbation conditions that would
result in a relative block in its retrieval (see Figures 1 and
3). Thus, to assess the physiological signi®cance of TCRa
cycling in the early secretory system, we examined how its
recycling contributes to an important arm of ER quality
control, ERAD. The natural ligands of the KDEL receptor
are soluble ER chaperones, and only a minor fraction
normally leaks from the ER because these proteins are
mostly retained in the ER by a calcium-dependent
mechanism (Booth and Koch, 1989). To saturate ligand
binding by the KDEL receptor, the chimeric protein,
lysozyme±KDEL, was used, because it was ef®ciently
transported to the Golgi complex (Lewis and Pelham,
1992). Thus, to assess the role of TCRa recycling, we
examined the effects of overexpressing the fusion protein,
lysozyme±KDEL. First, to examine how TCRa recycling
contributes to the total pool of TCRa being degraded in
the ER, we examined in a metabolic pulse±chase experi-
ment whether a fraction of TCRa would be protected from
degradation when its recycling by the KDEL receptor was
inhibited by the overexpression of lysozyme±KDEL.
Expression of TCRa alone led mainly to a p38 form that
was largely degraded by 3 h (Figure 7). However, in cells
that co-overexpressed lysozyme±KDEL, TCRa acquired a
p43 form by 3 h. These ®ndings suggested that the p43
form was likely to represent the form of TCRa that

escaped the recycling itinerary, as this form did not
accumulate to any signi®cant extent in the control setting.

While only ~10% of newly synthesized TCRa was
transformed into a stable pool, as re¯ected by p43
(Figure 7), an important consideration was that this stable
pool accumulated over time, while the p38 form (which
represented the ER form) was constantly being degraded.
Thus, to gain insight into this issue, we examined whether
p43 could be detected to escape from the early secretory
system by performing a surface-labeling experiment. Cells
were co-transfected with TCRa and lysozyme±KDEL, and
then subjected to surface biotinylation to label all surface
proteins. Subsequently, cells were lysed and TCRa was
immunoprecipitated. By this method, a signi®cant pool of
TCRa could be detected on the cell surface as the p43
form (Figure 8A). As a control, in cells that overexpressed
the fusion protein lysozyme±AARL, which was not a
ligand for the KDEL receptor, TCRa was not detected on
the cell surface. Western blotting of total lysates derived
from the overexpressed cells revealed that both fusion
proteins were expressed to a similar extent (Figure 8B).
Finally, to judge the extent that the p43 pool was increased
upon disruption of retrieval by the KDEL receptor, we also
compared the relative levels of p38 and p43 in whole-cell
lysates. In cells that overexpressed lysozyme±KDEL, p43
represented ~30% of total TCRa (represented by p38 and
p43 combined) (Figure 8B). On the other hand, in cells that
overexpressed lysozyme±AARL, p43 represented only
~10% of total TCRa. Thus, this ®nding, together with the
above observations that p43 was escaping ERAD by being
transported to the cell surface upon disruption of retrieval
by the KDEL receptor, suggested that this retrieval was
likely to play a signi®cant role in helping to maintain ER
quality control.

Discussion

This study suggests an important role for the KDEL
receptor in a post-ER retrieval mechanism that contributes
to ER quality control. The TCRa chain that has been used
as a model system to study ERAD is shown to cycle in the
early secretory system. Retrieval of TCRa during this
cycling is dependent on the KDEL receptor. Abrogating
this retrieval results in a signi®cant fraction of TCRa
being released to the cell surface as a stable pool that is no
longer subject to ER degradation.

Fig. 6. Overexpression of unassembled TCRa induced the interaction
of the KDEL receptor and ARF GAP1. A HeLa cell line that stably
expresses the myc-tagged wild-type KDEL receptor and inducibly
expresses lysozyme±KDEL by dexamethasone was induced for
lysozyme±KDEL overexpression for 48 h (++) or 24 h (+), uninduced
(±), or transiently transfected with TCRa without induction (TCRa Tf),
and then lysed and immunoprecipitated with an anti-myc mAb,
followed by immunoblotting with an anti-ARF GAP1 antiserum or an
anti-myc mAb (a-KDELR IP). The whole-cell lysates from the above
were evaluated for the expression of ARF GAP1, lysozyme±KDEL and
TCRa by immunoblotting with an anti-ARF GAP1 antiserum, an anti-
lysozyme antiserum or an anti-murine TCRa antiserum, respectively
(direct immunoblotting).

Fig. 7. Saturation of the KDEL receptor by lysozyme±KDEL released
TCRa from the early secretory system. HeLa cells were transiently
transfected with TCRa alone (right panel) or with TCRa and lysozyme
KDEL (left panel), pulse-labeled, and then assessed for degradation
at different chase times (0±3 h). TCRa was obtained by immuno-
precipitation with an anti-murine TCRa mAb (A2B4). Although a
core-glycosylated 38 kDa TCRa was degraded, a Golgi-glycosylated
43 kDa TCRa remained signi®cantly after 3 h in the presence of
lysozyme±KDEL.
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Murine TCRa is a type I membrane protein containing
four sites for N-glycosylation in its extracellular domain. If
it is expressed as part of a complete TCR complex on the
cell surface, it migrates as a 42±44 kDa band on SDS±
PAGE (Samelson, 1985). Unassembled TCRa remains as
a 38 kDa core-glycosylated precursor that is sensitive to
digestion with endo H (Huppa and Ploegh, 1997; Yu et al.,
1997; Yang et al., 1998). We have found by subcellular
fractionation that TCRa could be detected in the post-ER
fractions as a 43 kDa, endo H-resistant form (Figure 2).
While this pool does not appear to be large in the control
condition, when retrograde transport is not perturbed, an
important consideration is that this distribution represents
a steady-state distribution. Thus, to gain insight into the
degree that TCRa cycles over time, perturbations in
retrograde transport were used to show that a signi®cant
fraction of TCRa cycles out of the ER.

To elucidate how TCRa is retrieved during its cycling,
we ®rst showed that this retrieval is dependent on the
function of COPI that is well characterized to mediate
retrograde transport. However, the cytoplasmic domain of
TCRa does not possess a dilysine motif that would
provide a direct binding site for COPI, suggesting that an
indirect mechanism is likely to be involved. In considering
how such an indirect mechanism may occur, we were led
by a previous observation that misfolded VSV-G proteins
associate with BiP in post-ER compartments (Hammond
and Helenius, 1994). While it had remained unclear
whether this pool was recycled to the ER, we show in the
current study that unassembled TCRa associates with BiP,
and is retrieved to the ER in a fashion that depends on the
ligand-binding function of the KDEL receptor. Taken
together, these observations indicate that, most likely,
retrieval of TCRa by the KDEL receptor is through a
KDEL ligand, such as BiP, which complexes with TCRa.

While we can not be certain that BiP solely mediates this
retrieval, we do show that it is dependent on the ligand-
binding function of the KDEL receptor. Thus, if not BiP,
other KDEL protein(s) would necessarily be involved, as
TCRa does not possess a KDEL motif in its luminal
domain.

The ®nding that overexpression of lysozyme±KDEL
disrupts retrieval of TCRa and leads to surface expression
of TCRa suggested a way of assessing the relative
contribution by the KDEL receptor to ER quality control.
Previous studies have shown that TCRa is subject to
ERAD, when expressed alone. Consistent with this, in a
metabolic pulse±chase experiment, expression of TCRa
alone led mainly to a p38 form that was degraded over
time with kinetics characteristic of ER degradation.
However, in cells that co-overexpress lysozyme±KDEL,
TCRa acquires a p43 form at 3 h that remains stable
(Figure 7). While this fraction represents only ~10% of the
initial total, an important consideration is that this fraction
remains stable over a signi®cantly longer period of time
than its cohort, which is being constantly recycled to the
ER for degradation. To gain insight into the importance of
the retrieval function of the KDEL receptor, we examined
whether TCRa could be detected on the cell surface upon
disruption of ligand binding by the KDEL receptor.
Whereas such a surface pool is undetectable when retrieval
by the KDEL receptor is intact, a signi®cant fraction is
detected when retrieval is disrupted.

TCRa is likely to be only one of many newly
synthesized proteins that complex with BiP during their
maturation through folding and assembly in the ER. Thus,
our ®nding that TCRa has a signi®cant fraction on the cell
surface suggests that other newly synthesized proteins
would also be leaked out to the cell surface in signi®cant
levels if the retrieval function of the KDEL receptor were
compromised. However, current evidence also suggests
the possibility that a compromise of this retrieval may
have a physiological role under specialized circumstances.
In immature CD4±CD8± thymocytes, several KDEL
proteins, such as BiP, calreticulin and GRP94, have been
found on the cell surface (Wiest et al., 1997). Surface
expression of KDEL proteins has been reported in a neural
culture cell (Xiao et al., 1999b) and in activated
T lymphocytes (Arosa et al., 1999). These KDEL proteins
seem to associate with other proteins that are derived from
the ER. Although the biological signi®cance of their
escape from the retrieval system is not well understood,
certain KDEL proteins, such as calreticulin, have been
demonstrated to have distinct functions outside the ER.
Calreticulin is a KDEL protein that contributes to the
folding of glycoproteins in the ER. However, when it is
expressed on the cell surface (Xiao et al., 1999a),
calreticulin may mediate cell adhesion or a mitogenic
signal as a receptor for ®brinogen (Gray et al., 1995).
Thus, modulating retrieval by the KDEL receptor may
provide novel ways of regulating the function of certain
proteins under specialized circumstances, and this issue
will be explored in future studies.

Finally, our ®nding that overexpression of TCRa
induces an interaction between the KDEL receptor and
ARF GAP1 reveals an intriguing regulatory feedback
mechanism. In previous studies, we have shown that
activation of the KDEL receptor by its ligand induces the

Fig. 8. Saturation of the KDEL receptor by a KDEL protein caused the
cell surface expression of unassembled TCRa. (A) HeLa cells were
transiently transfected with TCRa and lysozyme±KDEL, or TCRa and
lysozyme±AARL. The left lane represents the mock transfection (non).
Cells were surface biotinylated, and then lysed and immunoprecipitated
with an anti-murine TCRa mAb (A2B4). The biotinylated proteins
were analyzed by SDS±PAGE and assessed by chemiluminescence.
(B) The whole-cell lysates from (A) were evaluated for the expression
of TCRa and lysozymes by western blotting using a rabbit anti-murine
TCRa antiserum or a rabbit anti-lysozyme antiserum, respectively. An
asterisk represents the 43 kDa Golgi-glycosylated TCRa and a hash
sign represents the 38 kDa ER-glycosylated TCRa.
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receptor to associate with ARF GAP1 (Aoe et al., 1998),
and this interaction is critical for GAP to act on the GTP-
bound form of ARF1 (Aoe et al., 1999). Other recent
studies suggest that ARF1, COPI and ARF GAP1 form a
complex (Goldberg, 1999), which has been referred to as a
priming complex (Springer et al., 1999), to initiate
formation of COPI vesicles. This complex is needed to
ensure the proper incorporation of cargo proteins into
COPI vesicles (Lanoix et al., 1999). Taken together, these
observations suggest that ligand binding by the KDEL
receptor would regulate the degree of COPI-mediated
retrograde transport. This scenario also suggests a
mechanism by which retrieval through the KDEL receptor
is responsive to the level of KDEL ligands that leak out of
the ER to reach the Golgi complex. During stress that
increases the level of misfolded proteins in the ER, one
possibility is that more of these misfolded proteins would
leak from the ER. However, because of the mechanistic
link between ligand binding by the KDEL receptor and its
interaction with ARF GAP1, an important function of the
KDEL receptor appears to be in integrating increased
leakage that reaches the Golgi complex to increasing
COPI-mediated retrograde transport from this organelle.
In this manner, any increased leakage out of the ER would
not result in increased leakage out of the early secretory
system.

Materials and methods

Cells and reagents
COS-7 and HeLa cells were grown in a complete medium that consisted
of Dulbecco's modi®ed Eagle's medium (DMEM; Sigma Chemical Co.,
Irvine, UK) with 10% fetal calf serum (FCS), 2 mM glutamine, 50 mg/ml
streptomycin and 50 U/ml penicillin G at 37°C in a 5% CO2 incubator. A
HeLa cell that stably expresses the myc-tagged KDEL receptor and
inducibly expresses lysozyme±KDEL was described (Aoe et al., 1998).
Inducible lysozyme±KDEL was expressed by adding 100 nM dexa-
methasone for 24±48 h. Wild-type CHO cells and temperature-sensitive
mutant ldlF cells (Guo et al., 1994) were grown in Ham's F12 medium
(Gibco-BRL, Rockville, MD) with 10% FCS, 2 mM glutamine, 50 mg/ml
streptomycin and 50 U/ml penicillin G at 34°C in a 5% CO2 incubator.

The following antibodies were used: mouse monoclonal antibody
(mAb) 9E10 against the myc epitope (ATCC, Rockville, MD), mouse
mAb against Golgi p58 (Sigma Chemical Co., Irvine, UK), mouse mAb
SPA-827 against BiP (Stressgen, Victoria, Canada), mouse mAb against
ERGIC53 (kindly provided by H.-P.Hauri, Basel, Switzerland), mouse
mAb AF8 against calnexin (kindly provided by M.M.Brenner, Boston,
MA), mouse mAb A2B4 against murine TCRa 2B4 (Saito et al., 1987),
rabbit polyclonal antiserum against lysozyme (Chemicon, Temecula,
CA), rabbit polyclonal antiserum against murine TCR (kindly provided by
M.Taniguchi, Chiba, Japan) and rabbit polyclonal antiserum against ARF
GAP1 (kindly provided by D.Cassel, Haifa, Israel). Cyanine-conjugated
donkey antibody against mouse IgG, cyanine-conjugated donkey antibody
against rabbit IgG, indocarbocyanine-conjugated donkey antibody against
mouse IgG and indocarbocyanine-conjugated donkey antibody against
rabbit IgG were obtained from Jackson ImmunoResearch Laboratories,
Inc. (West Grove, PA). Ba®lomycin A1 was purchased from Sigma
Chemical Co. (Irvine, UK).

Plasmids and transfection
The following cDNAs were used. The myc-tagged human KDEL
receptor, and C-terminal KDEL- or AARL-tagged lysozyme have been
described previously (Hsu et al., 1992; Aoe et al., 1998). The myc-tagged
mutant KDEL receptor R169N (Townsley et al., 1993) was a gift from
H.R.B.Pelham (Medical Research Council, Cambridge, UK). Myc-tagged
ERGIC53 was kindly provided by H.-P.Hauri (Basel, Switzerland). The
cDNA encoding murine TCRa 2B4 (Saito et al., 1987) was subcloned
into a modi®ed mammalian expression vector pCDLSRa, pXS (Hsu et al.,
1992). Transfection with the calcium phosphate method was performed as
described previously (Hsu et al., 1992).

Confocal laser scan microscopy
Cells on coverslips were ®xed in 2% formaldehyde in phosphate-buffered
saline (PBS) for 10 min at room temperature, and then processed as
described previously (Hsu et al., 1992). The coverslips were mounted
with PermaFluor (Immunon, Pittsburgh, PA). The labeled cells were
examined using a confocal laser scan microscope (LSM510; Carl Zeiss
Co., Ltd, Jena, Germany) ®tted with krypton and argon lasers.

Immunoprecipitation and immunoblotting
Transfected cells were removed from dishes, pelleted by centrifugation,
and lysed for 30 min at 4°C in a buffer containing 1% Triton X-100,
50 mM Tris±HCl pH 7.4, 300 mM NaCl, 10 mg/ml aprotinin, 10 mg/ml
leupeptin, 30 mg/ml N-acetyl-L-leucinal-L-leucinal-L-norleucinal (ALLN;
Sigma Chemical Co., St Louis, MO) and 2 mg/ml iodoacetamide. The
lysates were pre-cleared with protein A±Sepharose beads, and incubated
with antibody-coupled protein A±Sepharose for 1 h at 4°C. Immuno-
precipitates were washed, boiled in a sample buffer, and separated by
SDS±PAGE under reducing conditions. For immunoblotting, gels were
transferred onto polyvinylidene ¯uoride membranes (Immobilon-P;
Millipore Corp., Bedford, MA), blocked, incubated with primary
antibodies followed by peroxidase-conjugated donkey anti-mouse or
anti-rabbit IgG antibody, and developed by chemiluminescence (ECL;
Amersham Pharmacia Biotech, Buckinghamshire, UK). Imaging was by
LAS1000 and Image Gauge software (Fuji Photo Film Co. Ltd, Tokyo,
Japan).

Metabolic labeling and chase experiment
Cells were transiently transfected with TCRa construct alone and/or with
other constructs as described in the ®gure legends. Forty hours later, cells
were pre-incubated in a labeling medium (DMEM without methionine
supplemented with 2% FCS, 2 mM glutamine, 50 mg/ml streptomycin and
50 U/ml penicillin G) for 20 min at 37°C, labeled with [35S]methionine
(Amersham Pharmacia Biotech) at 250 mCi/ml for 10 min, washed, and
then chased in a complete medium for 0±3 h. The cells were collected,
lysed, and subjected to immunoprecipitation with anti-murine TCRa
mAb (A2B4) as above. The immunoprecipitates were washed, boiled in a
sample buffer, and separated by SDS±PAGE under reducing conditions.
The gels were then analyzed by BAS 2500 and Image Gauge software
(Fuji Photo Film Co. Ltd).

Cell surface biotinylation
The transfected cells were washed three times with PBS, and incubated
with 100 mg/ml Sulfo-NHS-LC-biotin (Pierce, Rockford, IL) in a buffer
containing 0.1 M HEPES pH 8.0 for 1 h at 4°C. The cells were washed
three times with DMEM and removed from the dishes, pelleted by
centrifugation, lysed, and then subjected to immunoprecipitation with
anti-murine TCRa mAb (A2B4) as above. The immunoprecipitates were
washed, boiled in a sample buffer, and separated by SDS±PAGE under
reducing conditions. The gels were transferred onto polyvinylidene
¯uoride membranes, blocked, incubated with the Vecstatin ABC kit
(Vector Laboratories, Inc., Burlingame, CA), and developed by
chemiluminescence. Imaging was by LAS1000 and Image Gauge
software (Fuji Photo Film Co. Ltd).

Sucrose gradient
Cells were washed twice with ice-cold PBS, and once with
homogenization buffer (10 mM triethanolamine, 1 mM EDTA, 250 mM
sucrose), then removed from dishes, and pelleted by centrifugation at
800 g for 10 min. The pellet was resuspended in 1 ml of homogenization
buffer containing 10 mg/ml aprotinin, 10 mg/ml leupeptin, 30 mg/ml
ALLN, and homogenized by passing four times through a ball-bearing
homogenizer (EMBL, Heidelberg, Germany). A post-nuclear supernatant
(PNS) was obtained by centrifugation at 800 g for 10 min at 4°C. The PNS
was loaded on continuous sucrose gradient (20±50%) prepared by
Gradient Master (Biocomp Instruments, Inc., Fredericton, Canada). The
PNS on the gradient was centrifuged at 40 000 r.p.m. for 2 h using a
Beckman SW41Ti rotor. Twelve fractions were obtained from each
sample. One-twentieth of each fraction was separated by SDS±PAGE
under reducing conditions, then transferred onto polyvinylidene ¯uoride
membranes. The distribution of TCRa, calnexin and Golgi p58 was
determined by western blotting. Imaging was by LAS1000 and Image
Gauge software (Fuji Photo Film Co. Ltd).
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