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We are studying endoplasmic reticulum-associated degradation (ERAD) with the use of a
truncated variant of the type I ER transmembrane glycoprotein ribophorin I (RI). The mutant
protein, Rls3,, containing only the N-terminal 332 amino acids of the luminal domain of RI, has
been shown to interact with calnexin and to be a substrate for the ubiquitin-proteasome pathway.
When Rl,;, was expressed in HelLa cells, it was degraded with biphasic kinetics; an initial, slow
phase of ~45 min was followed by a second phase of threefold accelerated degradation. On the
other hand, the kinetics of degradation of a form of Rl;3, in which the single used N-glycosylation
consensus site had been removed (Rl;3,-Thr) was monophasic and rapid, implying a role of the
N-linked glycan in the first proteolytic phase. Rls3, degradation was enhanced when the binding
of glycoproteins to calnexin was prevented. Moreover, the truncated glycoprotein interacted with
calnexin preferentially during the first proteolytic phase, which strongly suggests that binding of
Rls3, to the lectin-like protein may result in the slow, initial phase of degradation. Additionally,
mannose trimming appears to be required for efficient proteolysis of Rl;3,. After treatment of cells
with the inhibitor of N-glycosylation, tunicamycin, destruction of the truncated RI variants was
severely inhibited; likewise, in cells preincubated with the calcium ionophore A23187, both Rl;;,
and Rl;4,-Thr were stabilized, despite the presence or absence of the N-linked glycan. On the other
hand, both drugs are known to trigger the unfolded protein response (UPR), resulting in the
induction of BiP and other ER-resident proteins. Indeed, only in drug-treated cells could an
interaction between BiP and Rl;;, and Rls;,-Thr be detected. Induction of BiP was also evident
after overexpression of murine Irel, an ER transmembrane kinase known to play a central role in
the UPR pathway; at the same time, stabilization of Rls;, was observed. Together, these results
suggest that binding of the substrate proteins to UPR-induced chaperones affects their half lives.

INTRODUCTION membrane of the endoplasmic reticulum (ER). The lumen of
the ER is the site where translocated proteins assume their
secondary structure and where assembly of oligomeric com-
plexes occurs. Additionally, newly synthesized proteins un-
dergo cotranslational and posttranslational modifications in
the lumen of the ER, some of which allow transient interactions
of the folding polypeptide chains with a set of ER-resident
proteins (Hammond and Helenius, 1995; Leitzgen and Haas,
1998). Only after acquiring a fully folded, native conformation
can proteins complete their journey through the secretory path-

Newly synthesized proteins of the endomembrane system
and most secreted proteins of eukaryotic cells enter the
secretory pathway through the translocation channel at the
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way (Hurtley and Helenius, 1989). The monitoring of the con-
formational status of newly synthesized polypeptides is con-
fined to the lumen of the ER, which houses an efficient quality
control system composed of chaperones resident in this sub-
cellular compartment. Failure of nascent proteins to obtain
their correct three-dimensional conformations usually results
in their retention in the ER and consequent degradation in the
cytosol mediated by the ubiquitin-proteasome pathway, a pro-
cess known to date as ER-associated degradation (ERAD)
(Klausner and Sitia, 1990; Brodsky and McCracken, 1997; Som-
mer and Wolf, 1997).

In eukaryotic cells, a wide variety of secretory and mem-
brane proteins have one or more N-linked glycans in their
exoplasmic domains that contribute not only to their con-
formational maturation but also to their multiple biological
functions (Varki, 1993). In fact, glycans provide polar surface
groups, thus enhancing the solubility and preventing the
aggregation of the polypeptides, on the one hand, and en-
abling the nascent glycoproteins to interact with a number of
ER-resident chaperones, on the other. In this regard, two
lectin-like proteins of the ER, calnexin, a transmembrane
protein, and its soluble homologue, calreticulin, have been
demonstrated to play an important role (Helenius, 1994;
Helenius et al., 1997). Although other ER chaperones in-
volved in quality control largely rely on the recognition of
polypeptide determinants on the substrate protein, the in-
teraction between calnexin/calreticulin and glycoproteins is
mediated by N-linked oligosaccharides. Thus, these two
lectin-like proteins, which act in a very similar manner,
represent exclusive ER components of the quality control
machinery for nascent glycoproteins. Because it became ev-
ident that calnexin is able to bind to both folded and un-
folded forms of N-glycosylated ribonucleases, direct recog-
nition of nonglycosylated domains on substrate proteins by
these lectin-like proteins has become less favored (Rodan et
al., 1996; Zapun et al., 1997). Indeed, calnexin and calreticulin
appear to function as retention devices, allowing the sub-
strate proteins to profit from the folding environment of the
ER. Polypeptides that succeed in reaching their mature con-
formation are released from the lectin-like proteins as soon
as their folding process is completed (Helenius, 1994; Trom-
betta and Helenius, 1998). Glycoproteins that persist in a
malfolded or incompletely assembled state are delivered to
cytosolic degradation mediated by the ubiquitin-proteasome
pathway. Recent evidence indicates that the efficiency of
targeting of glycoproteins to proteolysis in the cytoplasm
appears to be dependent on the structure of their N-linked
glycans, which results from the activity of various glycosi-
dases present in the ER (Jakob et al., 1998; Liu et al., 1999).
Furthermore, a prolonged half life of a mutated form of
carboxypeptidase Y was observed in yeast strains in which
the gene encoding the ER-resident al,2-mannosidase had
been disrupted (Knop ef al., 1996). A role of calnexin in
ERAD has been postulated for different substrates of the
ubiquitin-proteasome pathway, such as the cystic fibrosis
transmembrane conductance regulator, major histocompat-
ibility complex class I heavy chains, apolipoprotein B, the
PiZ variant of ay-antitrypsin (a;-AT), and Rl;;3,, a mutant
form of the glycoprotein ribophorin I containing only the
N-terminal 332 amino acids of its luminal domain (for re-
view, see Ivessa et al., 1999).
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Another well-characterized ER chaperone is the luminal
protein BiP, which apparently interacts with hydrophobic
stretches exposed on the surface of newly synthesized, un-
folded, misfolded, and unassembled proteins (Leitzgen and
Haas, 1998). In addition, cellular stress conditions that result
in the accumulation of unfolded proteins in the ER trigger
the increased expression of BiP and other chaperones, a
phenomenon termed “unfolded protein response” (UPR)
(Shamu ef al., 1994). In this pathway, the ER transmembrane
kinase Irelp serves as a proximal sensor for the presence of
unfolded proteins in the lumen of the ER, but it also func-
tions as a site-specific endoribonuclease that initiates the
splicing of the mRNA coding for the UPR-specific transcrip-
tion factor Haclp, eventually resulting in the enhanced tran-
scription of UPR-regulated genes such as the one encoding
BiP (Chapman et al., 1998; Sidrauski et al., 1998). A role for
BiP in ERAD has been proposed based on the observation
that the half life of a complex between BiP and different
immunoglobulin light chains correlates with the half life of
those unassembled subunits (Knittler et al., 1995; Skowronek
et al., 1998). Furthermore, genetic evidence from yeast indi-
cates the functional involvement of BiP in the degradation
pathway for a mutated form of carboxypeptidase Y (Plem-
per et al., 1997).

In this study, we investigated the role of N-linked glycans
in the degradation pathway of a substrate for ERAD with
the use of Rl;3,, a soluble luminal variant of the type I ER
transmembrane glycoprotein ribophorin I, as a reporter pro-
tein. We show that the features of degradation of Rl;;, are
dependent on the presence of the N-linked glycan of Rl;;,
and its structure, which affects the interaction of the protein
with calnexin, suggesting a role for this lectin-like protein in
the proteolytic pathway. In addition, the half life of the
substrate protein also appears to be influenced by its ability
to bind to the ER chaperone BiP that is induced after stress
exposure of cells.

MATERIALS AND METHODS
Reagents

The mammalian expression vectors pClneo and pcDNA3 were pur-
chased from Promega (Madison, WI) and Invitrogen (Groningen, The
Netherlands), respectively. Protein A-Sepharose CL-4B beads, Hybond C
extra nitrocellulose membrane, and the ECL kit were obtained from Am-
ersham Pharmacia Biotech (Uppsala, Sweden). Geneticin (G418 sulfate),
minimal essential medium, methionine-free RPMI 1640, other cell culture
components, lipofectin, and the Plus reagent were from Life Technologies
(Grand Island, NY). Trypsin from bovine pancreas, L-methionine, aproti-
nin, leupeptin, L-leucyl-L-leucyl-L-leucine, PMSF, ATP, chicken egg albu-
min, CHAPS, calcium ionophore A23187, chloroquine, and brefeldin A
(BFA) were purchased from Sigma (Deisenhofen, Germany). Carboben-
zoxy-L-leucyl-L-leucyl-L-leucinal (ZLLL) and carbobenzoxy-L-leucyl-L-
leucyl-L-norvalinal (ZLLNva) were from Peptides International (Louis-
ville, KY). Endoglycosidase H (endo H), castanospermine, and restriction
enzymes were obtained from Boehringer Mannheim Biochemicals (Mann-
heim, Germany). Tunicamycin, deoxymannojirimycin, and kifunensine
were purchased from Toronto Research Chemicals (Toronto, Canada).
EXPRE®S*S protein labeling mix containing L-[**S]methionine and
ENPHANCE were from New England Nuclear (Boston, MA). Dithio bis
(succinimidyl propionate) (DSP) was from Pierce (Rockford, IL), NP40
was from Fluka (Buchs, Switzerland), digitonin was from Calbiochem (La
Jolla, CA), and the Chameleon double-stranded site-directed mutagenesis
kit containing the pWhitescript (pWS) cloning vector was obtained from
Stratagene (La Jolla, CA). X-Omat Blue XB-1 and BioMax MR x-ray films
were from Eastman Kodak (Rochester, NY).
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Antibodies

The polyclonal rabbit antibody against rat liver ribophorin I (Mar-
cantonio et al., 1984; Yu et al., 1990; Tsao et al., 1992) and the
polyclonal anti-calnexin antibody (de Virgilio et al., 1998) have been
described previously. A mouse monoclonal anti-BiP antibody was
purchased from Stress-Gen Biotechnologies (Victoria, Canada), a
mouse monoclonal anti-c-myc antibody (Ab-1) was from Oncogene
Research Products (Cambridge, MA), and a goat anti-mouse poly-
clonal antibody conjugated with HRP was from Sigma.

Construction of Expression Plasmids

An EcoRI fragment was excised from double-stranded DNA pre-
pared from a M13mp18 phage clone containing the rat ribophorin I
c¢DNA and was subcloned in the pWS vector (pWS-RI). cDNAs
coding for Rlss, or Rlss,-Thr were constructed on pWS-RI by site-
directed mutagenesis according to the manufacturer’s instructions
for the Chameleon double-stranded site-directed mutagenesis kit. In
a first step, the primer 5’GATGCGGTTTGTATAACACGTCGAC-
GATGAGCAAGTG3' was used to produce the Rls;, ¢cDNA in
which Asp-333 of the mature ribophorin I polypeptide is replaced
by a stop codon. At the same time, a Sall site was introduced 4 base
pairs downstream of the new stop codon, and the single Kpnl site
present in pWS was changed to a Srfl site. Subsequently, the BamHI-
Xhol fragment containing the Rl;3, cDNA was excised from this
construct, subcloned in the pWS vector containing the Kpnl site, and
subjected to a second round of site-directed mutagenesis. In this
reaction, Asn-275 of ribophorin I was replaced by Thr with the use
of the primer 5 CCGGGATGAAATCGGTACTGTTAGTAC-
TAGCCACCTCC3'. During this step, a Scal site was introduced 4
base pairs downstream of the newly created Thr codon without
changing the remaining amino acid sequence. The identity of all
cDNAs generated by site-directed mutagenesis was confirmed by
DNA sequencing acording to the dideoxy nucleotide analogue
chain-termination method (Sanger et al., 1977). The Sall-EcoRI frag-
ments containing the Rls3, and Rls;3,-Thr cDNAs were isolated from
the appropriate pWS constructs and used for the preparation of the
expression plasmid vectors as follows. Because of the newly intro-
duced Sall site in the first step of site-directed mutagenesis (see
above), these fragments are essentially devoid of the complete por-
tion of the ribophorin I cDNA downstream of the new stop codon
after amino acid 332. The Sall-EcoRI Rls;, and Rlss,-Thr ¢cDNA
fragments were subcloned in pcDNA3 with the use of its EcoRI-Xhol
sites, and, in a second step, the excised EcoRI-Xbal fragments were
subcloned into the mammalian expression vector pCl-neo with the
use of the same sites. The latter constructs were used for expression
in HeLa cells.

Cell Culture and Transfections

HelLa cells were grown at 37°C in minimal essential medium sup-
plemented with 7% FCS, penicillin G (100 IU/ml), streptomycin
sulfate (100 wg/ml), and amphotericin B (250 ng/ml). The cells were
transfected with the expression constructs (the Rl;3, and Rl3,-Thr
cDNAs contained in pCI-neo) by the lipofectin method according to
the manufacturer’s instructions, with the use of 1 ug of DNA and 10
ul of lipofectin reagent on cells cultured in a 6-cm dish and an
incubation time of 18 h. Permanent transformants of HeLa cells
expressing Rlsz, or Rlss,-Thr (designated Hela-Rls;, and HelLa-
Rlz3,-Thr cells) were obtained after selection for growth in the
presence of G418 (1 g/I). Single clones of highly expressing cells
were selected by pulse labeling, followed by immunoprecipitation
with anti-ribophorin I antibodies, and cultured in the continued
presence of G418 (500 mg/1). HeLa-Rls;3, cells plated on a 10-cm
dish were also transiently transfected with 8 ug of pcDNA3 vector
containing the murine IRE1 (mIRE1) cDNA with a c-myc tag at its
C terminus (a kind gift of Dr. David Ron, Skirball Institute of
Biomolecular Medicine, New York, NY), with the use of lipofectin
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together with the Plus reagent. Cells were analyzed 48 h after
transfection.

Treatment of Cells with Drugs, Cell Labeling, and
Immunoprecipitations

The transfected HeLa-Rls3, and HeLa-RI;3,-Thr cells were grown in
35-mm dishes at near confluence (5-8 X 10° cells per dish). Cells
were preincubated at 37°C with castanospermine (1 mM), tunica-
mycin (5 ug/ml), kifunensine (2 ug/ml), deoxymannojirimycin (2
mM), or A23187 (5 uM) for 1 h or with ZLLL (50 uM), ZLLNva (40
uM), NH,CI (50 mM), or chloroquine (0.1 mM) for 90 min in
complete medium, for another 30 min in methionine- and serum-
free medium, and then subjected to pulse-chase incubations in the
continuous absence or presence of the drugs, as described previ-
ously (Tsao et al., 1992). For pulse-chase experiments in the presence
of BFA (5 ug/ml), no preincubation was performed and the drug
was included only in the starvation and pulse-chase media. Cells
were lysed, and immunoprecipitations were performed under strin-
gent conditions with the use of the polyclonal anti-ribophorin I
antibody, as reported elsewhere (Tsao ef al., 1992). When required,
immunoprecipitates were treated with endo H, as described previ-
ously (Rosenfeld ef al., 1984). Samples were analyzed by SDS-PAGE
followed by fluorography. Quantitations of immunoprecipitations
were performed by scanning densitometry with ImageQuant soft-
ware (Molecular Dynamics, Sunnyvale, CA). For the determination
of degradation kinetics, the intensities of the bands corresponding
to the truncated ribophorin I variants were normalized with respect
to the intensity of the endogenous intact ribophorin I band in the
same lane. When short pulse periods were used, the highest inten-
sity of labeling of the truncated ribophorins relative to that of the
endogenous HeLa cell intact ribophorin I usually occurred at 5 min
of chase. Therefore, the relative intensities at different chase times
were expressed as percentages of the 5-min value. First-order kinet-
ics of degradation were deduced and used for the plots shown (see
also Tsao et al., 1992).

Sequential Immunoprecipitations with Anti-
Ribophorin 1 and Anti-Calnexin Antibodies

These sequential immunoprecipitations were performed as de-
scribed previously (de Virgilio et al., 1998)

Sequential Immunoprecipitation with Anti-BiP and
Anti-Ribophorin 1 Antibodies

Immunoprecipitations with anti-BiP antibodies were performed as
described previously (Knittler and Haas, 1992). Briefly, HeLa-Rly;,
and HeLa-RlI;;,-Thr cells, plated in 35-mm dishes and grown at near
confluence (5-8 X 10° cells per dish), were pretreated with tunica-
mycin or calcium ionophore A23187, as described above, and pulse
labeled in the continuous absence or presence of the drugs for 30
min. Cells were lysed in 200 ul of NET buffer (150 mM NaCl, 5 mM
EDTA, 50 mM Tris-Cl, pH 7.4, 0.5% NP40) or in 200 ul of ATP-NET
buffer (150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 50 mM Tris-Cl, pH
7.4, 5 mM MgCl,, 0.5% NP40) and incubated on ice for 30 min. Cell
lysates were centrifuged in an Eppendorf centrifuge at 13,000 rpm
for 10 min. The supernatants of ATP-NET buffer lysates were incu-
bated on ice for another 30 min in the presence of freshly prepared
ATP (5 mM, pH 7.0), and the supernatants of NET buffer lysates
were incubated in the absence of ATP. Immunoprecipitations were
performed with anti-BiP antibodies conjugated to protein A-Sepha-
rose beads (2 ul/800 ul total incubation volume) in the presence of
0.1 M H3BOj3, 25 mM Na,B,0,, pH 8.3, 75 mM NaCl, 0.5% NP40,
and 0.05% ovalbumin. Immunocomplexes were washed with wash
buffer containing 0.1 M H;BO;, 25 mM Na,B,0,, pH 8.3, 1 M NaCl,
and 0.5% NP40 and analyzed directly by SDS-PAGE, as described
previously (Tsao et al., 1992). Alternatively, the immunocomplexes
were eluted from protein A-Sepharose beads by boiling for 5 min in
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lysis buffer containing 25 mM Tris-Cl, pH 7.4, 95 mM NaCl, 3 mM
EDTA, 2% SDS, and a mixture of protease inhibitors (1.7 ug/ml
aprotinin, 1 ug/ml leupeptin, 1 ug/ml L-leucyl-L-leucyl-L-leucine, 5
mM PMSF). The eluates were subjected to a second round of im-
munoprecipitations in the presence of 0.6% SDS and 1% Triton
X-100 with the use of anti-ribophorin I antibodies (4 ul/ml) before
analysis, as described previously (Tsao ef al., 1992).

Chemical Cross-Linking with Anti-BiP and Anti-
Ribophorin 1 Antibodies

Cross-linking analysis has been described previously (Melnick et al.,
1994). For the experiments performed in this study, the procedure
described by Melnick et al. was modified as follows. HeLa-Rl;3, and
HeLa-RI,;,-Thr cells, cultured in 35-mm dishes at near confluence
(5-8 X 10° cells per dish), were preincubated and pulse labeled for
30 min in the absence or presence of tunicamycin. Cells were
washed twice with wash buffer (130 mM NaCl, 20 mM Bicine, pH 8)
and lysed in 300 ul of lysis buffer (150 mM NaCl, 5 mM KCl, 5 mM
MgCl,, 50 mM Bicine, pH 8, 0.2% digitonin). The lysates were
incubated in the absence or presence of ATP (5 mM, pH 7.0) on ice
for 30 min and for another 15 min in the absence or presence of
freshly prepared DSP (100 ug/ml). The excess of cross-linker was
inactivated by incubation with 10 mM glycine for 15 min on ice,
followed by boiling at 95°C for 2 min. SDS and Triton X-100 were
added to final concentrations of 0.4 and 0.85%, respectively. Immu-
noprecipitations with anti-ribophorin I (4 ul/ml) or anti-BiP (4
ul/ml) antibodies were performed and analyzed by SDS-PAGE
(Tsao et al., 1992).

Western Blotting with Anti-BiP and Anti-c-myc
Antibodies

HeLa-Rls3, and HeLa-Rlz3,-Thr cells, grown in 10-cm dishes, were
kept untreated or preincubated with tunicamycin (5 ug/ml) for up
to 4 h. Cell solubilization was performed in Triton X-100-contain-
ing buffer, as described previously (Hermann et al., 1997). To detect
the presence of insoluble material after the extraction with Triton
X-100, the pellet remaining after ultracentrifugation was resus-
pended in 100 ul of lysis buffer containing 2% SDS (see above) and
sonicated for 10 s to dissolve the material completely. For the
analysis of BiP, the Triton X-100 extracts from each sample (20 ug of
protein) and aliquots of the resuspended pellets, corresponding to
the same amount of cellular material contained in the supernatants,
were used. Samples were subjected to SDS-PAGE, and the proteins
were transferred to a nitrocellulose membrane. The immunodetec-
tion of BiP was performed according to the instructions of the ECL
kit with the use of anti-BiP antibodies at a dilution of 1:3,000
followed by goat anti-mouse immunoglobulin (Ig) G conjugated
with HRP at a dilution of 1:10,000.

For the immunodetection of the c-myc-tagged mlrel, Triton
X-100 extracts (30 ug of protein), anti-c-myc antibodies at a dilution
of 1:100, and HRP-conjugated goat anti-mouse IgGs at a dilution of
1:5000 were used.

RESULTS

From previous studies, it is known that the truncated ribo-
phorin I variant, Rl,, is a substrate for ERAD dependent on
the ubiquitin-proteasome pathway (Tsao et al., 1992; de Vir-
gilio et al., 1998). Rls3, is a glycoprotein with three potential
N-glycosylation sites, only one of which, located at Asn-275
of the mature protein, is used by oligosaccharyl transferase
(Kreibich, unpublished observations). The aim of this study
was to define the role of N-linked glycans in the degradation
of the truncated protein.
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For this purpose, Rl;5,-Thr, a variant of Rl;;, in which the
single used N-glycosylation consensus site has been re-
moved by site-directed mutagenesis, was constructed and
expressed in HeLa cells. It was necessary to ensure that the
mutant protein remained nonglycosylated. Therefore, a di-
gestion with endo H was performed on anti-ribophorin I
immunoprecipitates from lysates of HeLa cells expressing
Rls3, and Rl;s,-Thr (Figure 1A). It became clear that endo H
treatment resulted in a shift of the band corresponding to
Rl,5, toward higher electrophoretic mobility (~2 kDa; com-
pare lanes a, b, and c), which was at the same level as
RI;5,-Thr, digested or not with endo H (lanes e-g). A band of
the same size was also observed when the immunoprecipi-
tations were performed on lysates from cells treated with
tunicamycin (lanes d and h). These observations indicate
that Rl;4,-Thr is not modified by N-glycosylation.

The Glycosylated and Nonglycosylated Truncated
Ribophorin I Variants Follow Similar Degradation
Pathways

Pulse-chase experiments indicated that Rls;,-Thr is a short-
lived protein, as has been shown for its glycosylated coun-
terpart (see Figure 1, B-D, and below). We wanted to deter-
mine whether the turnover of Rl;;,-Thr is independent of
lysosomal proteases, as is the turnover of Rlss, (Tsao et al.,
1992). Therefore, HeLa-RI;;, and HeLa-RI;5,-Thr cells were
metabolically labeled with [**S]methionine and subjected to
subsequent chase incubations in the presence or absence of
two different lysosomotropic agents, NH,Cl (Figure 1B,
lanes d-f) and chloroquine (Clg; lanes g—i). In both cases,
degradation of Rlss, and Rlss,-Thr was hardly affected by
these treatments, suggesting that the two polypeptides are
not degraded by the lysosome.

We have previously demonstrated that Rls;, is degraded
by the ubiquitin-proteasome pathway in a CHO cell line (de
Virgilio et al., 1998). To determine if the nonglycosylated
variant is also a substrate for proteasomal degradation, the
effect of two proteasome inhibitors, ZLLNva (Figure 1C,
lanes d—f) and ZLLL (lanes g-i), on the half life of the
truncated proteins expressed in HeLa cells was assessed. As
expected, Rl;;,-Thr was indeed stabilized by these agents,
indicating that its degradation is proteasome dependent.

It has already been shown that treatment of HeLa-Rls3,
cells with BFA does not inhibit the degradation of the trun-
cated protein. In addition, time-dependent O-glycosylation
of Rls5, occurred (Ivessa ef al., 1992; Tsao et al., 1992). Sim-
ilarly, Rl54,-Thr appeared to be subjected to the same mod-
ification in response to BFA treatment (Figure 1D, lanes
e-h).

Summarizing these results, both truncated ribophorin I
mutants, despite the absence or presence of an N-linked
glycan, at least at first glance, follow similar degradation
pathways.

The N-linked Glycan Is Involved in the Initial
Phase of Proteolysis of Rl;,

In a previous study, it was established that the degradation
of Rl5, follows biphasic kinetics (Tsao et at., 1992). It was of
interest, therefore, to compare the degradation kinetics of
Rls5,-Thr with that of the N-glycosylated variant by pulse-
chase analysis. As shown in Figure 2, A and B, the first, slow
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Nonlysosomal and proteasome-dependent degradation of the glycosylated and nonglycosylated ribophorin I variants, Rl3, and

RI;5,-Thr. (A) HeLa-Rls5, and HeLa-RI5;,-Thr cells, plated in 35-mm dishes to a density of 5-8 X 10° cells per dish, were left untreated (lanes
a—c and e-g) or treated with tunicamycin (5 ug/ml) for 1 h (lanes d and h). The cells were then incubated in serum- and methionine-free
medium for 30 min and metabolically labeled with the same medium containing [**S]methionine (250 uCi/ml) for 30 min in the continued
absence or presence of the drug. Cells were lysed with SDS-containing buffer and processed for immunoprecipitation with a polyclonal rabbit
anti-ribophorin I antibody. The immunoprecipitates were left untreated (lanes a, d, e, and h), mock treated (m; lanes b and f), or digested with
endo H (lanes ¢ and g) overnight at 37°C. Finally, all samples were analyzed by SDS-PAGE (10% gels) followed by fluorography. (B and C)
HeLa-Rls3, and HeLa-Rl;5,-Thr cells were left untreated (B and C, lanes a-c) or preincubated with NH,Cl (50 mM; B, lanes d-f), chloroquine
(Clq, 0.1 mM; B, lanes g-i), ZLLNva (40 uM; C, lanes d-f), or ZLLL (50 uM; C, lanes g—i). (D) Cells were incubated in serum- and
methionine-free medium in the absence (lanes a—d) or presence of BFA (5 ug/ml; lanes e-h) for 30 min. (B-D) Pulse labeling was carried out
in the same medium containing [**SJmethionine (250 wCi/ml) for 10 min (B and C) or 5 min (D), followed by chase incubations in complete
medium supplemented with unlabeled L-methionine (5 mM) in the continued absence or presence of the drugs for the times indicated. Cell
lysis, immunoprecipitations, and sample analysis were performed as described for panel A. Note that because of the lower incorporation of
[*>S]methionine in the presence of chloroquine, the truncated ribophorins are less apparent already at 45 and 30 min of chase. RI indicates
the position of the native ribophorin I, and Rl;3,* indicates the position of nonglycosylated Rl;3,, observed in the presence of tunicamycin.

phase of degradation, readily detected for Rl;s,, is essen-
tially omitted in the case of the nonglycosylated protein. A
quantitation of this observation by scanning densitometry is
shown in Figure 2C. This result indicates that the initial,
slow phase of Rl;;, degradation may depend on the pres-
ence of the N-linked glycan on the protein.

From our previous studies (de Virgilio et al., 1998), it became
evident that Rl,,, interacts with calnexin, a lectin-like ER trans-
membrane protein that recognizes newly synthesized glycop-
roteins in their monoglucosylated form. Thus, it was conceiv-
able that the interaction of the N-linked oligosaccharide of Rls;,
with calnexin may be a proximal cause of the first, slow phase
of degradation of the truncated ribophorin I. To test this hy-
pothesis, the kinetics of degradation of Rl;, was established in
cells preincubated with castanospermine, an inhibitor of glu-
cosidases I and II. As a consequence of this treatment, the
interaction of glycoproteins and calnexin has been demon-
strated to be prevented (Helenius, 1994). As shown in Figure 3,
immediate rapid proteolysis of Rl;5, occurred in castanosper-
mine-treated cells, comparable to that observed for Rls,-Thr
(Figure 2, B and C). It is not clear why the rate of Rl;,
degradation in drug-treated cells, although initially very rapid,
levels off with time, as was consistently observed. The kinetics
of degradation of Rl,;,-Thr was not affected by the inhibitor
(our unpublished results).
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Calnexin Interacts with the Glycosylated Variant
during the First, Slow Degradation Phase

Because the latter result suggests that calnexin binding may
define the initial kinetics of Rl;;, turnover, the interaction
between calnexin and the substrate protein was investigated
by sequential immunoprecipitation of the two proteins from
lysates of labeled cells chased for different periods of time
(Figure 4). Rl;;, was reprecipitated from anti-calnexin im-
munoprecipitates obtained from HeLa-Rl;;, cell lysates un-
der nonstringent conditions (see also de Virgilio et al., 1998).
Some interaction of Rls;, with calnexin was observed as
early as after 5 min of chase (lane a), but maximal coprecipi-
tation was evident at 15 min of chase (lane c), indicating that
some time may be required for the formation of the complex.
Both time points correspond to the initial, slow phase of
Rl,5, degradation. In contrast, an interaction of Rl;;, with
calnexin after 45 min of chase, i.e., shortly after the onset of
the second, rapid phase of degradation, was detectable only
on very long exposures of the x-ray films (lane e). In quan-
titative terms, at 45 min of chase only 5% of the Rl;;,
molecules were recovered from the anti-calnexin immuno-
precipitates compared with the 15-min time point. It should
be noted, however, that at 45 min of chase nearly 80% of the
Rl,5, that was present at the 15-min time point was still left

4063



M. de Virgilio et al.

A HeLa-Rlj;,

Chase(min) 5 10 20 30 40 50 60 90 kDa
- 97

Rl — - 69

— 53

- 46

Rlgz; — \----—-— _—

- 225

B Hela-Rljs-Thr

Chase(min) 5 10 15 20 25 30 40 50 kDa

- 897
RI — R e s e e — G4
: - 53
— 46
F||332-Thr— D G — a— -
- 225

C "
-0, 59 Y
1_
= -1,5
:-
= - 24
£ 2 5
- 3 %
%
3,5 &
1 1 T I L 1 T 1
o © © © 8 © ©o © o o
- o™ L] - w w ~ -] o

t [min]

Figure 2. Kinetics of degradation of Rl;3, and Rlss,-Thr expressed
in HeLa cells. HeLa-Rl;;, (A) and HeLa-RI;;,-Thr (B) cells were
pulse labeled for 10 min and chased for up to 90 or 50 min,
respectively. The cells were lysed, and anti-ribophorin I immuno-
precipitations were performed. All samples were analyzed by SDS-
PAGE followed by fluorography. (C) Quantitations of the bands
corresponding to radiolabeled full-length (RI) and truncated ribo-
phorin I variants were obtained by scanning densitometry. Semilog
plots showing the degradation kinetics of Rls3, (A) and Rlgs,-Thr
() were established as described in MATERIALS AND METH-
ODS. Data from three independent experiments are shown.

undegraded (see Figure 2C). Thus, it appears that most of
the Rl;3, remaining at the beginning of the second proteo-
lytic phase had already been released from calnexin binding.
Furthermore, at 15 min of chase, when maximal interaction
of Rl;3, and calnexin was detected, no complex between
these proteins was found in castanospermine-treated cells
(lane d), indicating that the treatment of the cells with this
drug was effective at preventing glycoprotein binding to the
lectin-like protein. In addition, as may have been expected,
Rls5,-Thr did not interact with calnexin (lanes g and h).
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Figure 3. The initial, slow phase of Rl;3, degradation is omitted in the
presence of castanospermine. HeLa-Rl,3, cells were kept untreated (A)
or preincubated with castanospermine (CST; 1 mM) (B). All cell cul-
tures were pulse labeled for 10 min and chased for up to 90 min in
complete medium in the continued absence or presence of the drug.
Cells were lysed, and Rls;, and ribophorin I were immunoprecipitated
and analyzed by SDS-PAGE and fluorography. (C) Quantitations of
the bands corresponding to radiolabeled ribophorin I (RI) and Rlss, to
establish the degradation kinetics of Rl;3, in the absence (A) or pres-
ence ([]) of castanospermine were performed as described in the
legend of Figure 2C and in MATERIALS AND METHODS. Data from
six independent experiments are shown.

Inhibition of Mannose Trimming Prolongs the
Initial Step in the Degradation Kinetics of Rl;;3,

While newly synthesized glycoproteins undergo cycles of
binding and release from calnexin, some mannose residues of
the N-linked oligosaccharide core are removed by ER-resident
mannosidases. As a result of the progressive loss of mannose
residues, the glycoproteins lose their capability to interact with
calnexin (Helenius, 1994). It is conceivable, therefore, that, on
the contrary, inhibition of ER mannosidase activities allows for
an extended interaction of newly synthesized glycoprotein
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Figure 4. Rl;3, interacts with calnexin only in the absence of cas-
tanospermine. HeLa-Rl;, (lanes a—f) and HeLa-Rls;,-Thr (lanes g
and h) cells were preincubated, pulse labeled for 10 min, and chased
for the times indicated in the absence (lanes a, ¢, e, and g) or in the
presence (lanes b, d, f, and h) of castanospermine (CST; 1 mM). Cells
were lysed in buffer containing CHAPS (2%), and anti-calnexin
immunoprecipitations were performed under nonstringent condi-
tions in the presence of 1% of the same detergent. The second steps
of the sequential immunoprecipitations were carried out under
stringent conditions in the presence of SDS (0.6%) and Triton X-100
(1%). Only ribophorin I (RI) and Rls;, or Rlss,-Thr reprecipitated
under stringent conditions from anti-calnexin immunoprecipita-
tions obtained under nonstringent conditions are shown for each
chase time point. As a control, Rl3, and Rlzs,-Thr were immuno-
precipitated under stringent conditions from cell lysates of HeLa-
Rlz3, and HeLa-Rl;5,-Thr cells metabolically labeled for 10 min
(lanes i and j, respectively). All samples were analyzed by SDS-
PAGE and fluorography. Exposure times: lanes a and b, 7 d; lanes c,
d, and f-h, 10 d; lane e, 30 d; lanes i and j, 1 d.

substrates with calnexin, which in turn may contribute to their
enforced retention in the ER.

To determine if inhibition of mannose trimming influ-
ences the half life of the truncated ribophorin I variants, the
effects of two inhibitors of the ER a-mannosidase, deoxym-
annojirimycin (Figure 5B) and kifunensine (Figure 5C) (Liu
et al., 1997, 1999), on the degradation kinetics of Rl;5, were
observed. As expected, the half life of Rl;;, was prolonged to
a significant extent after treatment of the cells with the
inhibitors. In fact, in the presence of deoxymannojirimycin
and kifunensine, 26 and 39%, respectively, of the protein
synthesized during the pulse labeling remained in the last
chase time point, when essentially all of the protein had
already been degraded in control cells (Figure 5A). Further-
more, it became evident that the transition to the second,
rapid phase of Rl;;, degradation kinetics was prevented by
the incubations with the ER mannosidase inhibitors.

Together, these data strongly favor the idea that the inter-
action with calnexin of N-linked oligosaccharides present on
a glycoprotein substrate significantly contributes to the pro-
longed retention of the protein in the lumen of the ER before
it is disposed of.

Binding of the Substrate Proteins to UPR-induced
BiP Correlates with Their Stabilization

We have shown above that rapid monophasic proteolysis of
Rls5, in castanospermine-treated cells (Figure 3) and of
RlI45,-Thr (Figure 2) takes place, in which case an interaction
of the substrate proteins with calnexin is excluded. We rea-
soned that similar results concerning the kinetics of degra-
dation of the truncated proteins should be obtained when
N-glycosylation is inhibited altogether by exposure of cells
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Figure 5. Rls;;, is stabilized in kifunensine- or deoxymannojirimy-
cin-treated HelLa cells. HeLa-Rl5, cells were left untreated (A) or
preincubated with deoxymannojirimycin (dAMM; 2 mM) (B) or kifu-
nensine (KIF; 2 pug/ml) (C). The cells were pulse labeled for 10 min
and chased for up to 3 h in the continued absence or presence of the
drugs. Anti-ribophorin I immunoprecipitations performed on cell
lysates were analyzed by SDS-PAGE and fluorography. (D) The
kinetics of Rl35, degradation in the absence (A) or in the presence of
dMM ([J) or KIF (O) were established as described in the legend of
Figure 2 and in MATERIALS AND METHODS. Data from three
independent experiments are shown.

to tunicamycin. To our surprise, however, nonglycosylated
Rls3, and Rl;,-Thr were dramatically stabilized after tuni-
camycin pretreatment of the HeLa cell transformants ex-
pressing the proteins, prolonging the average half lives of
these proteins more than 10-fold (Figure 6, compare lanes
a—d with e-h and a’-d’ with e'-h’).

Tunicamycin is known to trigger the UPR (Shamu et al,,
1994), resulting in the induction of a number of ER-resident
proteins, among them BiP/GRP78, GRP94, and calreticulin.
We wanted to determine the extent to which the rate of
synthesis of one of the major UPR-induced proteins, BiP, is
increased under the experimental conditions used. Indeed,
levels of metabolically labeled BiP were highly enhanced
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Figure 6. The truncated ribophorin I variants are stabilized in
tunicamycin-treated HeLa cells. HeLa-Rl;3, (A) and HeLa-Rl;3,-Thr
(B) cells were left untreated (lanes a-d and a’-d’) or preincubated
with tunicamycin (Tu, 5 ug/ml; lanes e-h and e’'-h'). The cells were
pulse labeled for 10 min and chased for up to 90 min in the
continued absence or presence of the drug. Anti-ribophorin I im-
munoprecipitations performed on cell lysates were analyzed by
SDS-PAGE and fluorography. RI* and Rl;;,* indicate the positions
of nonglycosylated endogenous ribophorin I and Rl;,,, respectively,
observed in the presence of tunicamycin.

(~15- to 20-fold) in tunicamycin-treated Hela-Rl;5, and
HeLa-Rl4;,-Thr cells (Figure 7A). However, the increase of
the total amount of BiP present in the drug-treated cells was
much less pronounced, as determined by Western blotting
(Figure 7B). Specifically, the amounts of BiP recovered from
Triton X-100 extracts were elevated by only 10-20% in drug-
treated cells compared with controls (Figure 7B, compare
lanes a’ with b’~d’). To determine if tunicamycin incubation
causes massive aggregation of luminal ER proteins, includ-
ing BiP, the insoluble material remaining after detergent
extraction was solubilized in an SDS-containing buffer and
probed for the presence of the chaperone. Even in untreated
cells, ~30% of the total amount of BiP was detected in this
Triton X-100—insoluble fraction (compare lanes a’ and e’), a
figure that increased to only 40% in drug-exposed cells
(compare lanes b’'—d’ with f'~h’). Altogether, the amount of
insoluble and thus probably aggregated BiP doubled, and
the total level of BiP increased by 40% after tunicamycin
treatment. These results suggest that the BiP molecules syn-
thesized during tunicamycin action could represent a rather
small fraction of the total amount of preexisting and consti-
tutively expressed BiP in HeLa cells.

It is obvious that the >15-fold increase of metabolically
labeled and immunoprecipitated BiP observed in tunicamy-
cin-treated cells (Figure 7A) is not paralleled by the rela-
tively small increase in the level of this chaperone as deter-
mined by Western blotting (Figure 7B). To determine if this

4066

A  Pulse labeling / immunoprecipitation

HeLa-Rls3; HeLa-Rlzss-Thr
Tu) '0 1 2 4o 1 2 a4' «kpa

BiP — H_E-_..._*:_idﬂ :::

a b ¢ d e f g h

B Western blot

TX-100 Extract Pellet
Tuth) '0 1 2 alo 1 2 4' kpa
HelLa-Rl33; 97
BiP — ="
— 66
TX-100 Extract Pellet
Tu) ‘0 1 2 4%o 1 2 a'
HelLa-Rlj35-Thr 97
BiP — [ mmces SN
. — 66

C Efficiency of anti-BiP immunoprecipitation

BiP labeled total
Tu ¥ koa

—97
f = —ocs
g S e

¢’ d

BiP —
a

Figure 7. The synthesis of BiP is highly induced by tunicamycin
treatment in HeLa cells. (A) HeLa-Rl;;, and HeLa-RlI4,,-Thr cells were
left untreated (lanes a and e) or preincubated with tunicamycin (Tu; 5
pg/ml) for 1 h (lanes b and f), 2 h (lanes ¢ and g), or 4 h (lanes d and
h). Cells were pulse labeled in the continued absence or presence of the
drug for 30 min. Cell lysis and immunoprecipitations with the mono-
clonal mouse anti-BiP antibody were performed as described in MA-
TERIALS AND METHODS. Samples were analyzed by SDS-PAGE
and fluorography. (B) HeLa-RLs;, and HeLa- Rl3,-Thr cells, grown in
10-cm dishes, were left untreated (lanes a’ and e’) or preincubated with
tunicamycin (5 ug/ml) for the times indicated (lanes b’~d’ and f'~h’).
Cell extracts were prepared in Triton X-100—containing buffer, and the
pellets were dissolved in an SDS-containing buffer. Cell extracts (20 ug
of total protein, corresponding to approximately one-tenth of each
extract; lanes a'~d’) and corresponding amounts of the dissolved pel-
lets (lanes e'~h’) were subjected to SDS-PAGE. After transfer of the
proteins to nitrocellulose, immunodetection was performed with the
use of the anti-BiP antibody and the ECL kit. (C) HeLa-Rls3, cells,
grown in 6-cm dishes, were preincubated and pulse labeled for 30 min
in the absence (lanes a” and ¢”) or presence of tunicamycin (5 ug/ml;
lanes b” and d"). Anti-BiP immunoprecipitates obtained from cell ly-
sates were subjected to SDS-PAGE, and the proteins were transferred
to a nitrocellulose membrane. The membrane was probed by Western
blot analysis with the use of anti-BiP antibodies (lanes ¢” and d”), and
after decay of the signal generated by the ECL reaction, the immuno-
precipitates were analyzed by autoradiography with the use of BioMax
MR x-ray film (lanes a” and b").

difference is due to manifold higher amounts of BiP recov-
ered from the immunoprecipitation in drug-treated cells,
which could be a consequence of the massive induction of
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this chaperone, the total amounts of BiP immunoprecipi-
tated from control and drug-treated cells were assessed by
Western blotting (Figure 7C). Whereas levels of metaboli-
cally labeled and immunoprecipitated BiP increased by ~15-
fold (compare lanes b” with a”), the total amount of BiP
precipitated increased by only 1.3-fold (compare lanes d”
with ¢”). This indicates that the relative efficiency of the
anti-BiP immunoprecipitation is not significantly affected by
the amount of BiP molecules available; thus, as expected, the
small increase of BiP immunoprecipitated in tunicamycin-
treated cells corresponds roughly to the increase of total BiP
present in the sample.

A possibility to explain the stabilization of Rl;5, and Rl;;,-
Thr in drug-treated cells could be that increased synthesis of
BiP is a cause of the formation of increased amounts of
complex between BiP and the truncated ribophorin I vari-
ants, or of a prolonged interaction of the chaperone with its
polypeptide substrate. As a consequence, Rls;, and Rlj;,-
Thr may be prevented from being degraded.

To detect the interaction of Rl,;, and Rl,;,-Thr with BiP, a
cross-linking experiment and immunoprecipitations with
anti-BiP and anti-ribophorin I antibodies were performed on
lysates from cells preincubated and metabolically labeled in
the absence or presence of tunicamycin (Figure 8). When the
results presented in Figure 8, A and B, as well as A and C,
are compared, it is clear that nonambiguous cross-linking
products between BiP and the truncated ribophorins were
obtained only when the cells had been treated with tunica-
mycin. The cross-linked complex could be precipitated by
antibodies to both components (Figure 8, B, lanes b" and d’,
and C, lanes b” and d"). Considering that the amount of BiP
immunoprecipitated in tunicamycin-treated cells was in-
creased by only ~30% (see Figure 7C) and that the amount
of truncated ribophorins was comparable in drug-treated
and control cells (see Figure 6), it should be noted that the
cross-links of Rl;5, and Rl;;,-Thr with BiP detected only in
the presence of tunicamycin cannot be explained by a dif-
ference in the extent of labeling of the truncated ribophorin
I molecules.

To further substantiate these results on the interaction of
the truncated ribophorin I variants with BiP, a sequential
immunoprecipitation experiment was performed (Figure 9).
It is apparent that in the presence of tunicamycin Rl,;, and
Rl45,-Thr were recovered from anti-BiP immunoprecipitates
(lanes c and g), whereas no interaction of these proteins was
observed in the absence of the drug (Tsao et al., 1992; our
unpublished results). To verify the specificity of the coim-
munoprecipitation, a control experiment was performed in
the presence of ATP, which is known to mediate the release
of bound proteins from BiP (Wei et al., 1995). Indeed, an
association of Rlss, and Rls,-Thr with BiP was not detect-
able in the presence of ATP (lanes d and h). Similar results
were also obtained in the cross-linking experiment described
in Figure 8.

To exclude the possibility that stabilization of both Rls3,
and Rl;4,-Thr after tunicamycin treatment occurred because
of the requirement for functional glycoproteins in the deg-
radation machinery, we monitored the behavior of the two
ribophorin I variants in the presence of the calcium iono-
phore A23187, which is also known to trigger the UPR
(Shamu et al., 1994). Again, not only were Rls5, and Rl;s,-
Thr stabilized in the presence of the drug (Figure 10A), but

Vol. 10, December 1999

N-Glycans and UPR in ER Degradation

A -Tu
HelLa-Rl3, HeLa-Rlz3-Thr
FaBiP  oRl T oBiP Rl '
DSP [T T N kDa
i '-___ 4 1 - 97
BiP — ; ——

Rl — i ] e — &
: — 53
F"332 S— F — h £ — 46

Rlggy-Thr 7 ]

B Hela-Rls;; +Tu

= &

aBiP «RI E 2

DSP = FI= + +
ATP - — — — 4+ + kpa
= m_ n — 97

BiP — -

RIY — =58
o 4 — 53
r‘" = 1 ok — 46

Ry — — — —

S b ¢ d e f

C HeLa-Rly,-Thr +Tu N

«BiP  oRl & &

DSP =31+ +
ATP - = = = 4 +  kpa
: 1! =97
» - IREERE-
-~ o — 53
" ""."' i — 46

Rlyg-Thr — T — —

Figure 8. Rls;, and Rlys,-Thr are readily cross-linked to BiP in tuni-
camycin-treated cells. HeLa-Rls;, (A, lanes a-d, and B) and HeLa-
Rl5,-Thr (A, lanes e-h, and C) cells were pretreated and pulse labeled
for 30 min in the absence (A) or in the presence (B and C) of tunica-
mycin (Tu; 5 ug/ml). Cells were lysed in the presence of digitonin
(0.2%) and incubated in the absence or presence of DSP (100 ug/ml) as
indicated. As a control, a cross-linking experiment was carried out on
a cell lysate preincubated with ATP (5 mM; B, lanes e’ and {’; C, lanes
€” and f{"). Ribophorin I (RI) and Rly;, or Rl5,-Thr were immunopre-
cipitated from the cell lysates in the presence of SDS and Triton X-100
(A, lanes ¢, d, g, and h; B, lanes ¢'-e’; C, lanes ¢"—e"). Anti-BiP immu-
noprecipitations were performed under the same conditions (A, lanes
a,b, e, and f; B, lanes a’, b’, and {’; C, lanes a”, b”, and {"). All samples
were analyzed by SDS-PAGE followed by fluorography. Exposure
times: A, 7 d; B, lanes a’, b’, and {’, 2 d; lanes ¢'-e’, 7 d; C, lanes a”, b”,
and f”, 1 d; lanes ¢"-e”, 7 d.

the levels of newly synthesized BiP increased during A23187
treatment in both cell lines (Figure 10B), even though in both
cases the effects of A23187 were less pronounced compared
with those of tunicamycin (Figures 6 and 7A). Thus, in the
presence of the calcium ionophore, the half life of Rl,;, was
extended approximately fourfold and that of Rl;;,-Thr was
extended approximately twofold. The nonglycosylated vari-
ant has been reproducibly found to be less stabilized by the
drug treatment than its glycosylated counterpart; it may be
hypothesized that the initial retention by a calnexin-medi-

4067



M. de Virgilio et al.

HeLa-Rly3; HeLa-Rlys,-Thr
1st ab VaBiP  aBiP ¥ oBiP  aBiP |
2nd ab - aRI - «RI *g‘
ATP | + I +IE” kDa
- - 97
s — 0D - -
RI* — - — — 69
- . Lo — 53
: - 46
5[ IO J— -~ — —
(Rlygp-Thr)

a b ¢ d e f g h i

Figure 9. Rl;3, and Rl;3,-Thr are coimmunoprecipitated with BiP
in tunicamycin-treated HeLa cells. HeLa-Rl53, and HeLa-RlI3;,-Thr
cells were preincubated with tunicamycin (5 pg/ml) and pulse
labeled for 30 min in the presence of the drug. Cell lysis, a subse-
quent 30-min incubation in the absence (lanes a, ¢, e, and g) or
presence (lanes b, d, £, and h) of ATP (5 mM), and anti-BiP immu-
noprecipitations were performed as described in MATERIALS AND
METHODS. For some samples, the anti-BiP immunoprecipitates
were eluted from the protein A-Sepharose beads with a buffer
containing SDS (2%) and used for reprecipitations under stringent
conditions (lanes ¢, d, g, and h). One sample was subjected to
anti-ribophorin I immunoprecipitation without prior anti-BiP pre-
cipitation (lane i). All samples were analyzed by SDS-PAGE and
fluorography. Exposure times: lanes a, b, e, f, and i, 20 h; lanes ¢, d,
g, and h, 14 d.

ated mechanism of the latter variant may contribute to this
difference. Moreover, in contrast to the situation observed
with tunicamycin, the amounts of metabolically labeled BiP
in A23187-treated cells increased only by a factor of three to
five. With the use of sequential immunoprecipitation, Rl;;,
and RI,;,-Thr were detected in association with BiP in the
absence of ATP only when the cells were pulse labeled in the
presence of the calcium ionophore (Figure 10C, lanes b” and
e"); no interaction was detectable when the coimmunopre-
cipitations were performed with untreated samples (lanes a”
and d") or in the presence of ATP (lanes ¢” and f").

In recent years, it has been established that the UPR in
yeast is mediated by the ER transmembrane protein Irelp/
Ernlp, a proximal sensing device for unfolded proteins in
the lumen of the ER. Irelp constitutes a bifunctional serine/
threonine protein kinase and a site-specific endoribonucle-
ase, both of which activities are required for the transduction
of the UPR signal to the nucleus (Shamu et al., 1994; Chap-
man et al., 1998; Sidrauski et al., 1998). Mammalian homo-
logues of the yeast IRE1 have been cloned, and their gene
products have been characterized (Tirasophon et al., 1998;
Wang et al., 1998). Thus, overexpression of mlrel in mam-
malian cells leads to the activation of UPR-regulated genes,
such as BiP, and of the transcription factor CHOP (Wang et
al., 1998). Therefore, based on the results presented above,
one would expect that the UPR induced independently of
drug treatments by overexpression of mlrel, which is
known to cause increased synthesis of BiP, should also result
in the stabilization of Rlss,. For this purpose, HeLa-Rl;;,
cells were transiently transfected with an expression vector
containing the cDNA encoding mlrel with a c-myc tag at its
C terminus. The efficiency of transfection was determined to
be ~30% by indirect immunofluorescence with the use of an
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Figure 10. Rls3, and Rly;,-Thr are stabilized after treatment of cells
with A23187 and are coimmunoprecipitated with BiP only in the
presence of the drug. (A) HeLa-Rl;;, and HeLa-RlI;,-Thr cells were
left untreated (lanes a-d) or preincubated with A23187 (5 uM)
(lanes e-h). The cells were pulse labeled for 10 min and chased for
up to 2 h in the continued absence or presence of the drug. Anti-
ribophorin I immunoprecipitations performed on cell lysates were
analyzed by SDS-PAGE and fluorography. (B) HeLa-Rl;3, (lanes
a'-c’) and HeLa-Rl;;,-Thr (lanes d'—f") cells were left untreated
(lanes a" and d’) or preincubated with A23187 for 30 min (lanes b’
and e’) or 90 min (lanes ¢’ and f’). Cells were pulse labeled in the
continued absence or presence of the drug for 30 min. Cell lysis and
immunoprecipitations with the monoclonal anti-BiP antibody were
performed as described in MATERIALS AND METHODS. (C)
HeLa-Rl;5, (lanes a"-c”) and HeLa-Rl4;,-Thr (lanes d"—f") cells were
preincubated in the absence (lanes a” and d”) or in the presence of
A23187 (lanes b”, ¢”, €”, and {") and pulse labeled for 30 min in the
continuous absence or presence of the drug. Cell lysis, a 30-min
incubation in the absence (lanes a”, b”, d”, and e") or presence (lanes
c" and {") of ATP (5 mM), and anti-BiP immunoprecipitations were
performed as described in MATERIALS AND METHODS. The
anti-BiP immunoprecipitates were eluted from the protein
A-Sepharose beads with a buffer containing SDS (2%) and used for
a second round of anti-ribophorin I immunoprecipitations under
stringent conditions. All samples were analyzed by SDS-PAGE and
fluorography. Exposure times: A and B, 2 d; C, 42 d.

anti-c-myc antibody (our unpublished results). The expres-
sion of the transfected gene was also detected by Western
blotting (Figure 11A). As expected, increased amounts of
metabolically labeled BiP were recovered in the transfected
cells (Figure 11B); quantitation showed this increase to be
approximately fourfold. We indeed observed that the half
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Figure 11. mlrel overexpression induces BiP
and prolongs the half life of Rlss,. (A) Triton
X-100 extracts prepared from HeLa-Rls;, cells
(lane a) and from HeLa-Rls;, cells transiently
overexpressing mlirel (lane b) were used to de-
tect the c-myc-tagged version of mlrel by West-
ern blot analysis. (B) HeLa-Rls;, cells (lane a’)
and HeLa-Rl;;, cells transiently overexpressing
mlrel (lane b’) were pulse labeled for 30 min. C
Anti-BiP immunoprecipitations were performed

on lysates prepared from these cells and ana-

lyzed by SDS-PAGE followed by fluorography.

(C) HeLa-Rl,;, cells (lanes a"-c”) and HeLa-Rl;;5,

cells transiently overexpressing mlrel (lanes d"-

f") were pulse labeled for 10 min and chased for

up to 120 min. Anti-ribophorin I immunoprecipi-

tations were performed on cell lysates and ana-

lyzed by SDS-PAGE and fluorography.

life of Rl;5, was extended by a factor of three in these cells
(Figure 11C). Taking into account the efficiency of transfec-
tion, these values clearly represent underestimates.

In summary, the latter results suggest that increased syn-
thesis of UPR-induced proteins, such as BiP, in the presence
of tunicamycin or calcium ionophore A23187, or attributable
to the overexpression of mlrel, may result in the enhanced
or prolonged interaction of these chaperones with the trun-
cated ribophorin I variants. In this scenario, the UPR may
ultimately be related to the stability of a protein substrate for
ERAD.

DISCUSSION

In this paper, we provide insights into the role of N-linked
glycans in the process of ERAD. In particular, we have
compared the features of the turnover of Rl;;,, which con-
tains a single N-linked oligosaccharide, and those of its
nonglycosylated variant, Rlss;,-Thr. As already demon-
strated, the degradation of Rl;;, is mediated by the ubig-
uitin-proteasome pathway in CHO cell transformants (de
Virgilio et al., 1998). Here we have shown that the break-
down of Rls;, and Rl;,-Thr expressed in HelLa cells is also
proteasome dependent. As noted previously, Rls;, is a sub-
strate protein that is degraded with biphasic kinetics in
HeLa cell transformants (Tsao ef al., 1992). It was striking to
observe here that the degradation kinetics of Rl;5,-Thr was
monophasic, in that the first, slow phase of degradation that
occurs with Rls;, was essentially absent. As a result, the
overall degradation of Rl;5,-Thr proceeded faster than that
of the glycosylated form.

A role of calnexin in ERAD has been postulated by others
and by us (for review, see Ivessa et al., 1999). We assumed
that the slow phase of Rl,;, degradation was due to an initial
binding of the glycoprotein to calnexin that could not occur
with the nonglycosylated variant. Consistently, essentially
lag-free, immediate rapid degradation of Rl,5, was observed
in the presence of castanospermine, which impairs the in-
teraction of glycoproteins with calnexin. On the other hand,
inhibition of mannose trimming by deoxymannojirimycin
and kifunensine, which leads to a prolonged interaction of
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glycoprotein substrates with calnexin (Liu et al., 1997, 1999),
resulted in a slower rate of Rl,;, breakdown without a
detectable transition into the second, rapid degradation
phase. Direct evidence for binding of Rlss, to calnexin was
provided by sequential immunoprecipitation experiments.
We observed calnexin-bound Rl,;, predominantly during
the first proteolytic phase. These results allow for the con-
clusion that the first phase of Rl;;, degradation may be
related to the binding of the N-linked oligosaccharide
present on Rl;5, to the lectin-like protein calnexin. Thus, as
reported previously for other glycoprotein substrates (Hele-
nius, 1994; Helenius et al., 1997), calnexin not only appears to
function in retaining newly synthesized and unfolded gly-
coproteins in the lumen of the ER but also seems to prevent
the bound substrates from being rapidly exposed to the
degradation machinery. This notion is supported by the
lower rate of degradation observed during the first phase of
Rl55, breakdown. Possibly, binding of calnexin (or calreticu-
lin) to glycoprotein substrates promotes their interaction
with other components of the folding machinery. These
include UDP-glucose:glycoprotein glucosyl transferase,
which, apart from its enzymatic function, has chaperone-like
activity (Helenius, 1994), as well as the thiol oxidoreductase
ERp57 (also named ER60) that was shown to interact with
certain polypeptides in a glycan-dependent manner (Oliver
et al., 1997; Lindquist et al., 1998; Van der Wal et al., 1998). In
vitro experiments have provided evidence for calnexin or its
soluble homologue, calreticulin, to support ERp57-mediated
folding of monoglucosylated RNase B (Zapun et al., 1998).
Interestingly, although the lectin-like properties of calnexin
and calreticulin appear to be essentially identical, differences
in their binding to distinct substrates have been reported
(Van Leeuwen and Kearse, 1996; Zhang et al., 1997). A role of
calreticulin in the degradation of Rls;, needs to be estab-
lished. Furthermore, the elucidation of interaction partners
of Rl;, that determine the half life of the protein during the
second, rapid proteolytic phase remains to be addressed in
future work.

Consistent with our results, the prevention of binding of
newly synthesized glycoproteins to calnexin by castanosper-
mine has been shown to accelerate the proteasomal degra-
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dation of different substrates for ERAD, such as the T cell
antigen receptor a-subunit, the a-subunit of the nicotine
acetylcholine receptor, and apolipoprotein B (Kearse ef al.,
1994; Chen et al., 1998; Keller et al., 1998). Our data indicate
that the interaction of calnexin with a glycoprotein substrate
soon after its synthesis correlates with slow, initial turnover.
For several glycoproteins that are known to bind calnexin, it
has been noted that a lag phase precedes their degradation
in the cytosol. This has been clearly demonstrated for the H2
subunit of the asialoglycoprotein receptor, a;-AT, the T cell
antigen receptor B-subunit, and the CD3 8-subunit (Amara
et al., 1989; Wileman et al., 1990; Ciccarelli ef al., 1993; Wu et
al., 1994). Considering these observations, the first, slow
phase of Rl;;, degradation could be compared with the lag
phase detected for these other proteins.

If the N-glycan—dependent interaction with calnexin pro-
tects the glycoprotein substrate from degradation, inhibition
of N-glycosylation by tunicamycin should lead to rapid
degradation of the substrate. This was indeed reported for
the major cell surface glycoprotein of chick embryo fibro-
blasts and IgM subunits (Olden et al., 1978; Kubo and Pel-
anne, 1983); in particular, lag-free and thus accelerated deg-
radation of o,-AT was observed under these conditions
(Ciccarelli et al., 1993). Recently, it was also noted that the
kappa Ig light chain, a nonglycosylated substrate for ERAD
(Knittler and Haas, 1992; Skowronek et al., 1998), is readily
degraded in the presence of tunicamycin (Haas, personal
communication). It was surprising, therefore, to find a dra-
matic stabilization of unglycosylated Rl,;, and Rl;;,-Thr in
tunicamycin-treated cells, whereas mere removal of the N-
glycosylation site of Rl;;, caused an increased turnover of
the protein. To determine whether ERAD is generally af-
fected by tunicamycin treatment in our HeLa cell transfor-
mants, we transiently coexpressed the kappa Ig light chain
in HeLa-Rl,;, cells. We observed that, in contrast to Rl,;,,
the degradation of the kappa chain was not inhibited in the
presence of tunicamycin. This indicates that under these
conditions the machinery involved in ERAD may still be
efficient, yet selective for certain substrate proteins. Notably,
the stabilization of the truncated ribophorin I variants in
tunicamycin-treated cells is not simply due to a dramatic
accumulation of unfolded proteins in the ER lumen in gen-
eral, which could saturate the degradation system and thus
delay retrotranslocation of substrate proteins to the cytosol
and their proteolysis.

Taking into account that both Rls;, and its nonglycosy-
lated counterpart are stabilized not only in tunicamycin-
treated cells but also in the presence of the calcium iono-
phore A23187, it seems unlikely that the stabilization of the
two truncated ribophorin I variants is due to the require-
ment for N-glycosylation of one or more components of the
targeting and degradation machinery. On the other hand, as
shown previously (Shamu et al., 1994) and also as demon-
strated for the cells used in this study, BiP synthesis is
considerably induced in tunicamycin- and A23187-treated
cells. It was striking, therefore, to find that the degradation
of the truncated ribophorin I variants was inhibited by a
variety of agents known to elicit the UPR. Thus, stabilization
of Rl;3, was also observed in cells treated with thapsigargin
(Ivessa et al., 1995), an inhibitor of the ER Ca?"-ATPase and
a potent inducer of the UPR (Price et al., 1992; Li et al., 1993).
Similarly, we noted that glucose starvation, a treatment that
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causes inhibition of N-linked glycosylation and induces the
UPR independently of pharmacological agents (Chang et al.,
1987), resulted in an increased synthesis of BiP and stabili-
zation of Rls3, and Rlss,-Thr (our unpublished results). BiP
induction is also triggered, even more specifically, by over-
expression of the ER transmembrane kinase and site-specific
endoribonuclease mlrel (Tirasophon et al., 1998; Wang et al.,
1998), a mammalian homologue of yeast Irelp/Ernlp that
functions to sense a perturbed environment in the ER lumen
and transmit a signal to downstream effectors, eventually
leading to the enhanced transcription of UPR-inducible
genes (Shamu ef al., 1994; Chapman et al., 1998; Sidrauski et
al., 1998). In agreement with the observations from cells
treated with tunicamycin or A23187, the half life of Rl;5, was
prolonged in cells overexpressing mlrel.

It appears, however, that the degree to which BiP synthe-
sis is increased correlates with the half life of the truncated
ribophorin I variants. Thus, BiP was highly induced in tu-
nicamycin-treated cells, and nonglycosylated Rl;;, and
RlI;5,-Thr were essentially completely stabilized under these
conditions. On the other hand, in cells exposed to A23187,
BiP induction was less prominent and paralleled by a less
pronounced stabilization of the substrate proteins. Although
in HeLa-Rl;;, cells transfected with the mlrel expression
plasmid the induction of BiP and the degree of stabilization
of the truncated protein were not comparable to those ob-
served in drug-treated cells, it has to be considered that less
than one-third of the cell population used for the experi-
ments actually expressed the protein kinase/endoribonucle-
ase. Therefore, it is likely that in the cotransfected cells BiP
levels are increased to a more significant extent than is
apparent, which in turn might coincide with a more accen-
tuated extension of the half life of Rl,,,.

BiP was shown to be induced after exposure of cells to
BFA for an extended period of time by a transcriptional or a
posttranscriptional mechanism, depending on the cell line
used (Liu ef al., 1992; Price et al., 1992). Consistently, the
induction of BiP elicited by BFA was less pronounced than
that observed after treatment of cells with the calcium iono-
phore A23187. In the time frame of our experiments, which
included only short incubation times with BFA, such an
induction was not discernible (our unpublished results).
Therefore, it was perhaps not surprising to find that the
truncated ribophorin I variants were not significantly stabi-
lized in our BFA-treated HeLa cell transformants (Tsao et al.,
1992; Ivessa et al., 1992; this work).

It is noteworthy that BiP is known to exist in various
differentially modified forms that are distinguished by
their phosphorylation and ADP ribosylation status and
that allow for the recruitment of functionally active mol-
ecules during stress exposure elicited by glucose starva-
tion, calcium-mobilizing agents such as A23187, and tu-
nicamycin (Freiden et al., 1992; Staddon et al., 1992;
Ledford and Leno, 1994). We clearly show an increased
interaction of the two ribophorin I variants with stress-
induced BiP. Indeed, it has been demonstrated that the
half-lives of proteins, such as specific Ig light chains,
correlate with the half-lives of the complexes formed be-
tween the proteins and BiP (Knittler et al., 1995; Skow-
ronek et al., 1998). In addition, in a CHO cell line selected
for increased BiP expression comparable to that seen dur-
ing the UPR, enhanced binding of the chaperone to certain
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secretory proteins, such as von Willebrand factor, a mu-
tant form of factor VIII, and thyroglobulin, and conse-
quent delayed export of these proteins from the ER have
been observed (Dorner ef al., 1992; Muresan and Arvan,
1998). Thus, it is conceivable that the increased interaction
of the truncated ribophorin I variants with BiP or other
UPR-induced proteins may result in their retention in the
lumen of the ER for an extended period of time and,
therefore, in their reduced accessibility to cytosolic deg-
radation.

In summary, our results demonstrate that the half life of a
substrate protein for ERAD can be modulated by features of
the protein itself, such as the presence of an N-linked glycan,
and its trimming status, which defines the ability of the
protein to interact with ER-resident lectin-like proteins and
chaperones. In the context of ERAD, this interaction causes
a delay in the delivery of the substrate protein to the cyto-
solic degradation machinery, simultaneously increasing the
probability of productive folding. On the other hand, under
stress conditions degradation may also be prevented by the
unusual enhanced association with stress-induced proteins
in the lumen of the ER, such as BiP. This might be a conse-
quence of an increased number of functional stress protein
molecules available for the formation of a complex with the
substrate protein. Such an interaction may limit the expo-
sure of a determinant(s) on the surface of the protein re-
quired for its targeting to degradation, as suggested by
Schmitz et al. (1995), resulting in the prolonged retention
and stability of the substrate protein in the ER.
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