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ABSTRACT The human asialoglycoprotein receptor H2a
subunit contains a charged pentapeptide, EGHRG, in its
ectodomain that is the only sequence absent from the H2b
alternatively spliced variant. H2b exits the endoplasmic re-
ticulum (ER) even when singly expressed, whereas H2a gives
rise to a cleaved soluble secreted ectodomain fragment; un-
cleaved membrane-bound H2a molecules are completely re-
tained and degraded in the ER. We have inserted the H2a
pentapeptide into the sequence of the H1 subunit (H1i5),
which caused complete ER retention but, unexpectedly, no
degradation. This suggests that the pentapeptide is a deter-
minant for ER retention not colocalizing in H2a with the
determinant for degradation. The state of sugar chain pro-
cessing and the ER localization of H1i5, which was unchanged
at 15°C or after treatment with nocodazole, indicate ER
retention and not retrieval from the cis-Golgi or the interme-
diate compartment. H1i5 folded similarly to H1, and both
associated to calnexin. However, whereas H1 dissociated with
a half time of 45 min, H1i5 remained bound to the chaperone
for prolonged periods. The correct global folding of H2a and
H1i5 and of other normal precursors and unassembled pro-
teins and the true ER retention, and not exit and retrieval,
suggest a difference in their quality control mechanism com-
pared with that of misfolded proteins, which does involve
retrieval. However, both pathways may involve calnexin.

Retention and degradation of proteins in the ER, also called
“pre-Golgi quality control,” prevents the traffic through the
secretory pathway of malfolded polypeptides and unassembled
subunits of oligomeric membrane proteins (1, 2). It takes place in
a compartment before the Golgi in the secretory pathway without
the involvement of lysosomes (3, 4). Recently it was shown for
several proteins that after retention in the ER, the ubiquitin
pathway is involved in the proteins’ degradation (5). In several
cases it is the transmembrane domain and, more specifically,
charged residues in that region that are responsible for the ER
retention and degradation [e.g., unassembled « and B subunits of
the T cell antigen receptor (TCR) (6, 7)]. This could point to a
mechanism of retention in quality control similar to the one
involved in the retention by the transmembrane domain of some
ER resident proteins like HMGCoA reductase (8), ER Ca?*
pump (9), and cytochrome P450 (10, 11). The ER chaperone
calnexin is involved in the quality control of several proteins, and
its role in ER retention was directly shown for some of them (12,
13). When naturally expressed in HepG2 cells, the human asia-
loglycoprotein receptor (ASGPR) H2b subunit forms the cell
surface heterooligomeric complex with the H1 subunit, whereas
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the alternatively spliced variant H2a is cleaved next to the
membrane span to give a soluble secreted form of the receptor
(14). The only difference between H2a and H2b is an additional
charged pentapeptide, EGHRG, which is present in the ectodo-
main of H2a next to its transmembrane segment. Even when
singly expressed, H2b can escape ER degradation by leaving the
ER [with an efficiency of about 30% (15)] as does the soluble H2a
ectodomain fragment. On the other hand membrane-bound H2a
cannot escape the ER quality control machinery. It serves only as
a precursor of the soluble secreted form. Uncleaved precursor
molecules are subject to ER retention and degradation. As we
show here this is not caused by a misfolding of H2a compared with
H2b but is due to a direct action of the extra lumenal juxtamem-
brane pentapeptide, EGHRG, as a determinant for ER reten-
tion.

MATERIALS AND METHODS

Materials. Rainbow '“C-labeled methylated protein stan-
dards were obtained from Amersham. Pro-mix cell-labeling
mix ([33S]methionine plus [33S]cysteine) was from Amersham
(>1,000 Ci/mmol; 1 Ci = 37 GBq). Protein A-Sepharose was
from Repligen. Endo-N-acetyl glucosaminidase H (endo H)
was from New England Biolabs. N-glycanase, endo-N-acetyl
glucosaminidase D (endo D), and N-acetyl-leucyl-leucyl-
norleucinal (ALLN) were from Boehringer Mannheim. Swain-
sonine was from Genzyme. Jack bean a-mannosidase, inhib-
itors, and other common reagents were from Sigma.

DNA Constructs. The 15 bp from H2a cDNA that differentiate
it from H2b and code for the juxtamembrane pentapeptide
EGHRG (15) were inserted into H1 cDNA (16) by overlap
extension PCR (17). The sequence of the mutated H1 (H1i5) was
verified by double-stranded dideoxy sequencing using the Seque-
nase 2 kit (United States Biochemical). It was then subcloned
using BamHI and EcoRI sites into the pMEX-neo mammalian
expression vector containing a Moloney murine sarcoma virus
long terminal repeat (LTR) as promoter (18).

Cell Lines and Culture. NIH 3T3 cells were transfected with
pPMEX-neo containing H1i5 using a calcium phosphate trans-
fection protocol (19). After selection with G418 a represen-
tative clone of these cells (5-D) or 3T3 cell lines expressing H1
(1-7 cells), H2a (2-18 cells), or H2b (2C cells) (14) were grown
in DMEM plus 10% calf serum under 5% CO,.
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Antibodies. Polyclonal antibodies specific for peptides cor-
responding to the carboxy termini of H1 (anti-H1) or H2 or the
H2a-specific pentapeptide (anti-H2a) were the ones used in
earlier studies (14, 15). For immunofluorescence IgGs were
purified from the antisera. A mouse monoclonal anti-rat PDI
and a rabbit polyclonal against the carboxy terminus of caln-
exin were purchased from Stressgen Biotechnologies (Victo-
ria, Canada). Rabbit polyclonal antibodies against purified
Golgi membranes (20) were a gift of Daniel Louvard, and
anti-p58 antibodies (21) were a gift of Jakko Saraste.

Metabolic Labeling, Treatment with Inhibitors, and Immu-
noprecipitation. Subconfluent cell monolayers were metabol-
ically labeled as described (14) but with the following modi-
fications: 0.5 mCi/ml of Pro-Mix mixture of [3S]cysteine and
[**S]methionine were used per 60-mm dish with addition of 5
mM unlabeled methionine. Treatments with swainsonine were
with 4 pg/ml (from a 2-mg/ml stock in water) during the
starvation, pulse, and chase periods, and brefeldin A (BFA)
was added at 5 pg/ml (5-mg/ml stock in methanol) only during
the pulse and chase. Cell lysis and immunoprecipitations from
cell lysates or supernatants and endo H and N-glycanase
treatments were performed as described before (14). For
treatment with endo D immunoprecipitates were washed and
then boiled in 10 ul of 0.5% SDS in 50 mM sodium citrate, pH
6.0. Then, 10 wul of 50 mM sodium citrate (pH 5.5), 40 mM
EDTA (pH 7.5), and 3% Triton X-100 plus 0.4 mU of endo D
were added and incubated overnight at 37°C. Samples were
boiled with sample buffer before SDS/PAGE. Treatment with
a-mannosidase was performed as described (22). For the
experiments of association with calnexin, cells were lysed as in
ref. 23. Sequential immunoprecipitation was done first with
anti-calnexin antibody. The pellets were then washed and
boiled with 1% SDS and 2 mM DTT. The supernatants were
diluted with 10 volumes of 1% Triton X-100, 0.5% sodium
deoxycholate, and 2 mM oxidized glutathione and reimmuno-
precipitated with anti-H1 antibody.

Gel Electrophoresis, Fluorography, and Quantitation. Re-
ducing SDS/PAGE was performed on 10% Laemmli gels
except where stated otherwise. For nonreducing conditions
sample buffer without 2-mercaptoethanol was used. The gels
were analyzed by fluorography using 20% 2,5-diphenyloxazole
and exposing to BioMax MR film from Eastman Kodak. For
more sensitive detection of the coprecipitation of H1 with
calnexin, the gels were blotted onto nitrocellulose and the blots
were exposed to a Fuji Bas 1000 phosphorimager screen.
Quantitations were also performed in the phosphorimager.

Immunofluorescence Microscopy. The procedures employed
were essentially as described previously (15) with the following
modifications. Fixation and permeabilization of the cells grown
on coverslips were done by sequential incubation with methanol
and methanol:acetone 1:1 for 5 min each at —20°C. As secondary
antibodies we used indocarbocyanine (Cy3)- or fluoresceine
isothiocyanate (FITC)-conjugated goat anti-rabbit IgG or FITC-
conjugated goat anti-mouse IgG, all from The Jackson Labora-
tory. For treatment with nocodazole (Nz), cells on coverslips were
incubated with medium containing 20 uM Nz (5 mg/ml stock in
DMSO) at 37°C in a CO; incubator. Incubations of cells on
coverslips at 15°C were done in a water bath with medium
containing 20 mM Hepes buffer, pH 7.4.

Photography on an Axioskop fluorescence microscope
(Zeiss) was done at identical exposure times between samples
to be able to compare signal intensities.

RESULTS

The Additional Pentapeptide in H2a Does Not Affect Folding
of the Polypeptide. Protein malfolding is a known cause for ER
retention and degradation (2). One possible explanation for the
different behavior of H2a and H2b could be malfolding triggered
by the extra pentapeptide. In nonreducing SDS/PAGE, proteins
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with several disulfide bonds migrate after synthesis as a group of
bands that are converted into one higher mobility band upon
folding (24). The S—S bonds also become progressively buried
into the structure and thus resistant to reduction by incubation of
the cells with a low concentration of DTT. This was shown to
occur with the ASGPR HI1 subunit (25). We analyzed the bands
obtained on nonreducing SDS/PAGE after a short pulse of NIH
3T3 cells expressing H2a or H2b with [>*S]cysteine followed by
chase for different times and immunoprecipitation from cell
lysates. Before lysis, cells were treated with 0.1 M iodoacetamide
to block free sulfhydryl groups and prevent disulfide bonding
during or after the lysis. The immunoprecipitates were treated
with N-glycanase to eliminate heterogeneity in the run due to the
sugar chains. H2a and H2b migrated after a pulse in a hetero-
geneous pattern (Fig. 1, lanes 2 and 8), with all bands being
completely sensitive to reduction and “unfolding” by DTT (Fig.
1, lanes 3 and 9). After 15-min chase the pattern became less
heterogeneous (Fig. 1, lanes 4 and 10), and after 2-h chase only
a faster-running band could be seen, which was mostly resistant
to the effect of DTT (Fig. 1, lanes 6, 7, 12, and 13). No difference
can be seen in the pattern of migration or in the kinetics of
conversion to the folded species between H2a and H2b. Although
we cannot discard the possibility of a small change in conforma-
tion in the region of the pentapeptide that might not be detected
in this experiment, we can conclude that at least there is no gross
misfolding of H2a. This hinted to a specific role of the pentapep-
tide in the ER retention and degradation of H2a, prompting us
to transfer it to the sequence of another protein to determine
whether it is an autonomous signal.

Insertion of the H2a Pentapeptide into the Sequence of H1
Causes Complete ER Retention but not Degradation. To prevent
a deleterious effect on folding and to transfer the pentapeptide
to a similar context, we chose the H1 subunit as a recipient
protein. Like H2b, H1 can exit the ER when singly expressed (26).
H1 and H2 share about 60% identity, so the 15-bp coding for the
pentapeptide could be inserted into H1 cDNA by PCR mutagen-
esis into the same position as it exists in H2a, near the trans-
membrane domain (Fig. 2 A and B). The construct (H1i5) was
inserted into an expression vector (pMEX-neo) and stably trans-
fected into NIH 3T3 cells. Several selected clones were analyzed
by metabolic labeling with [3S]cysteine followed by chase for
different periods, immunoprecipitation from cell lysates or cell
supernatants, and SDS/PAGE. Analysis of a representative cell
line (5-D) is shown in Fig. 2C, compared with cells expressing
wild-type H1 or H2a. H1 matures after chase to a 46-kDa
Golgi-processed form (Fig. 2C, lanes 2-4). H2a produces a
35-kDa fragment and is almost completely degraded after 4-h
chase (Fig. 2C, lanes 12-14). A small portion of the H2a fragment
is Golgi processed; it is seen secreted after 4-h chase and observed
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Fic. 1. H2a and H2b fold at similar rates. NIH 3T3 cells (lane 1)
or the same cells stably transfected with expression vectors encoding
H2a (2-18 cell line, lanes 2-7) or H2b (2C cell line, lanes 8-13) were
metabolically labeled with [33S]cysteine for 10 min (lanes 1, 2, and 8)
or for 5 min plus another 5 min in the presence of 5 mM DTT (lanes
3 and 9) and chased with complete medium for different times as
indicated. For some dishes the last 5 min of chase were in the presence
of 5 mM DTT as indicated. Cells were then incubated with 0.1 M
iodoacetamide for 5 min at 4°C. Cell lysates were immunoprecipitated
with anti-H2 carboxyl-terminal antibodies. Immunoprecipitates were
treated with N-glycanase and analyzed on nonreducing SDS/PAGE
followed by fluorography. Note that all H2a bands migrate slightly
slower than the corresponding H2b bands due to the presence of the
extra pentapeptide.
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FiG. 2. (A) Schematic representation of human ASGPR subunits
and the H1i5 mutant. Human ASGPR subunit H1 is in black as well
as H1 with insertion of the EGHRG sequence (H1i5). The EGHRG
insert is represented by a white box in H1i5 and H2a. H2a and H2b are
in gray. H1 and H2 sequences can be aligned except for an extra 18-aa
insert in the cytoplasmic tail of H2. The three N-linked sugar chains
in H2 and two in H1 are depicted. (B) Sequence of the transmembrane
domain plus flanking residues. The transmembrane domains of H2a
and H1i5 are underlined. The EGHRG insert is in bold. H2b and H1
sequences in this region are identical to those of H2a and HIi5,
respectively, but without EGHRG. Vertical lines indicate identical
residues. (C) H1i5 is not processed through the Golgi and is not
degraded. NIH 3T3 cells or the same cells stably transfected with
expression vectors encoding H1 (1-7 cell line), H1i5 (5-D cell line), or
H2a (2-18 cell line) were metabolically labeled with [3>S]cysteine for
20 min, and some were then chased with complete medium for several
times as indicated. Cell lysates (cell) or cell supernatants (med.) were
immunoprecipitated with anti-H1 antibody (lanes 1-11) or anti-H2a
antibody (lanes 12-16), followed in some cases (lanes 6, 11, and 16) by
treatment with N-glycanase. The products were then analyzed on 12%
SDS/polyacrylamide gel followed by fluorography. On the right are
indicated the migrations of molecular mass standards in kilodaltons.
On the left the migration of precursors, Golgi processed (mature)
proteins, and secreted deglycosylated H2a fragment.

as a sharper band (28 kDa) after deglycosylation with N-glycanase
(Fig. 2C, lanes 15-16). As for H1i5 after chase there is no
conversion to a Golgi-processed species, which suggests ER
retention. Unexpectedly no degradation could be seen either
(Fig. 2C, lanes 8 and 9). Neither H1 nor H1i5 form an intracellular
or a secreted fragment (Fig. 2C, lanes 5, 6, 10, and 11). Cells were
metabolically labeled and chased for longer periods (data not
shown), and we could extrapolate a half life of about 14 h for
H1i5, which is similar to that of H1 or H2b in HepG2 cells (12 h)
27).

Therefore, the insertion of the H2a pentapeptide causes ER
retention of H1 but does not trigger its ER degradation or
cleavage.

H1i5 is Localized in the ER. Using anti-H1 carboxyl-terminal
antibodies, no fluorescence was seen on the surface of nonper-
meabilized cells expressing H1i5 compared with those expressing

Proc. Natl. Acad. Sci. USA 94 (1997) 11365

b

chase (h) r 0 l 4 1
expression — H1—/r H1i5 9 r— H1r H1i5 -

endo H R LR SR R N
mature » . . — 46
precursor | - -

deglycosylated mp| , -
— 30

1 2 3 4 5 6 7 8 9

FiG. 3. HIi5 remains in the ER with high mannose glycosylation.
(a) A and B show immunofluorescence staining of nonpermeabilized
cells expressing H1 (1-7 cell line, A) or H1i5 (5-D cell line, B) reacted
with anti-H1 antibody and a secondary goat anti-rabbit IgG antibody
conjugated to Cy3. C and D show a double-labeling experiment on
permeabilized cells expressing H1i5 with anti-H1 antibody (secondary
goat anti-rabbit IgG-Cy3, C) and an anti-PDI mouse monoclonal
antibody (as ER marker) (secondary goat anti-mouse IgG FITC, D).
E and F show double labeling with anti-H1/cy3 (E) and anti-Golgi
subfraction antibody/FITC (F). (Bar = 10 um.) (b) NIH 3T3 cells or
the cell lines expressing H1 or H1i5 were metabolically labeled with
[3S]eysteine for 20 min (lanes 1-4) or for 20 min and then chased with
complete medium for 4 h (lanes 5-9). Cell lysates were immunopre-
cipitated with anti-H1 antibody followed in the indicated cases by
treatment with endo H and analyzed on 12% SDS/polyacrylamide gel
followed by fluorography. On the right are indicated the migrations of
molecular mass standards in kilodaltons. On the left are the migration
of precursors, Golgi processed (mature), and deglycosylated proteins.

H1 (Fig. 3a, A and B). When the cells were permeabilized H1i5
appeared in a pattern similar to that revealed by an antibody
against PDI (an ER resident protein) and different from that
shown by an antibody directed against a Golgi subcellular fraction
(Fig. 3a, C-F). This suggests an ER localization for H1i5 as had
been seen for singly expressed H2a (4, 15).

H1 and H1i5 precursors were completely sensitive to endo H
(Fig. 3D, lanes 1-4). After 4-h chase most of H1 became resistant
to endo H (Fig. 3b, lanes 5 and 6), whereas H1i5 was still
completely sensitive (Fig. 3b, lanes 7 and 8), indicating no
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complex type N-glycosylation and a premedial Golgi location.
Even after 8-h chase all H1i5 is sensitive to endo H (data not
shown). To rule out the possibility that N-linked sugar chains in
H1i5 are not able to be processed to a complex type, cells
expressing H1i5 were metabolically labeled and chased in the
presence of BFA. By relocalizing Golgi modification enzymes to
the ER, BFA caused H1i5 to become resistant to endo H
treatment, indicating its competence for complex-type modifica-
tion (data not shown).

H1i5 is Retained in the ER and Does Not Recycle Through
the Golgi or the ER-Golgi Intermediate Compartment. The
immunofluorescence pattern of H1i5 (Fig. 3a) indicates a
predominant ER localization but does not rule out the possi-
bility of its exit to the Golgi or the ER-to-Golgi intermediate
compartment (ERGIC) and quick retrieval to the ER as occurs
with many ER resident proteins (28). The lack of complex-type
glycosylation (Fig. 3b) would exclude transit through the
medial- but not the cis-Golgi. In the cis-Golgi H1i5 would be
exposed to Golgi a-mannosidase I, which would process its
sugar chains to GIcNAc;Mans (29). Molecules containing
GlcNAc;Mans should accumulate after several cycles through
the cis-Golgi and back to the ER, and they should be sensitive
to endo D (30). The N-linked sugar chains of H2a and its
cleaved fragment are trimmed to GIlcNAc,Mans and not to
GlcNAc;Mans (31). H2a was also shown to be resistant to endo
D in CHO15B cells, which lack GlcNAc-transferase I and as a
result should accumulate GIcNAc,Mans if H2a would reach
the cis-Golgi. Nevertheless, the rapid degradation of H2a does
not allow long chase periods. These were possible with H1i5.
Metabolically labeled H1i5 was treated with endo D after
immunoprecipitation, showing total resistance after pulse
(Fig. 4a, lane 2) and only a very slight sensitivity after 6-h chase
(Fig. 4a, lane 5). This suggests two possibilities: (i) Most H1i5
is retained in the ER and there is “leakage” of some H1i5
molecules to the cis-Golgi, or (ii) all H1i5 is retained in the ER
and there is some trimming in the ER to GlcNAc;Mans.
Trimming of mannose residues occurs after prolonged resi-
dence in the ER (22), and both Mang-mannosidase and soluble
ER mannosidase have some activity that trims the last o1,2-
mannosidic linkage in GIctNAc;Mang (32, 33).

One last intermediate in sugar chain processing in the Golgi
that would be sensitive to endo H and resistant to endo D could
be GlcNAc;Mans formed by the action of GlcNAc-transferase I
in the medial Golgi. Nevertheless, GlcNAczMans would be
partially resistant to jack bean a-mannosidase, giving as a product
GlcNAcsMan,. In fact, this is the product carried by HIi5
molecules obtained by treating cells with BFA (to allow process-
ing by Golgi enzymes) plus swainsonine (to inhibit Golgi a-
mannosidase II) and then treating the immunoprecipitated H1i5
with a-mannosidase (Fig. 44, lane 9). Without treatment, H1i5 is
totally sensitive to a-mannosidase before or after chase, giving
molecules that carry GleNAc,Man, (Fig. 4a, lanes 7 and 8). Taken
together the resistance to endo D and sensitivity to o-
mannosidase indicate that H1i5 does not reach the Golgi after
long chases.

To corroborate this conclusion with another approach, cells
expressing H1i5 were treated with nocodazole (Nz). This agent
disrupts microtubules, leading to a disintegration of the Golgi
and interruption of traffic between the Golgi, the ERGIC, and
the ER (21, 34). The fate of H1i5 was compared with that of
an ER resident protein, PDI, that contains a KDEL signal for
retrieval. Both H1i5 and PDI showed an ER pattern by double
label immunofluorescence on cells without treatment (Fig. 4b,
A and D). After treatment for 5 h with 20 uM Nz the ER
staining of PDI faded, whereas much of the protein concen-
trated in large punctate structures (Fig. 4b, E). Following the
same treatment H1i5 remained unchanged in an ER pattern
(Fig. 4b, B). The same result was obtained after treatment for
shorter or longer times, up to 16 h, including cycloheximide in
some samples to block de novo synthesis (data not shown). An
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F1G. 4. HIi5 does not recycle through the cis-Golgi or the ERGIC.
(a) Resistance of H1i5 to endo D and sensitivity to a-mannosidase
after metabolic labeling and long chases. Cells expressing H1i5 were
metabolically labeled with [3S]cysteine for 20 min and chased with
complete medium for the indicated times. One of the samples was
treated with 4 pg/ml swainsonine and 5 ug/ml BFA (lane 9). Cell
lysates were immunoprecipitated with anti-H1 antibody followed in
the indicated cases by treatment with endo D, endo H, or jack bean
a-mannosidase and analyzed on SDS/polyacrylamide gel followed by
fluorography. On the sides are indicated the migrations of H1i5
molecules with the deduced composition of their N-linked sugar
chains. (b) Unchanged pattern of H1i5 after treatment with nocoda-
zole or incubation at 15°C. A-F show a double-labeling experiment on
permeabilized cells expressing H1i5 (5-D cell line) with anti-H1
antibody (secondary goat anti-rabbit IgG-Cy3; A-C) and an anti-PDI
mouse monoclonal antibody (secondary goat anti-mouse IgG-FITC;
D-F). G-I show labeling with an antibody against an ERGIC marker,
p58, and J-L show labeling with a lumenal Golgi marker, Cab45, both
with a secondary goat anti-rabbit IgG-Cy3. Cells were untreated
(37°C, A, D, G, and J), treated for 5 h with 20 uM Nz (37°C+Nz, B,
E, H, and K), or incubated for 5 h at 15°C (C, F, I, and L). Note the
changes in the staining pattern of PDI after treatment of the cells,
while the ER-like pattern of H1i5 remains unchanged. (Bar = 10 um.)

ERGIC marker, p58 (21), showed the expected perinuclear
staining (more diffuse than Golgi) without treatment (Fig. 4b,
G), which changed to more punctate staining after treatment
with Nz (Fig. 4b, H). A soluble lumenal Golgi resident, Cab45
(35), showed a typical Golgi-concentrated perinuclear staining
before treatment (Fig. 4b, J), which disintegrated into punctate
structures after treatment (Fig. 4b, K). The punctate staining
of p58 and that of Cab45 after treatment showed only a minor
colocalization with that of PDI (data not shown). PDI may be
concentrating in these conditions at ER exit sites, whereas the
other proteins may localize in structures further ahead in the
ER-Golgi pathway.
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Anterograde movement of proteins from the ER can be
blocked at 15°C, at which temperature they accumulate in the
ERGIC. After incubation for 5 h at 15°C the ER pattern of
PDI faded and the protein accumulated in perinuclear patches
and punctate structures (Fig. 4b, F). Under the same condi-
tions the ER pattern of H1i5 was unchanged (Fig. 4b, C).

Taken together the results show that H1i5 is retained in the
ER and does not exit or recycle through the Golgi or the
ERGIC.

Prolonged Association of H1i5 to Calnexin. Because calnexin
was found to be involved in the quality control of other proteins,
we analyzed its association to H1 and H1i5. Cells expressing H1
or H1i5 were metabolically labeled, and immunoprecipitation of
cell lysates was done first with anti-calnexin antibody followed by
elution and reimmunoprecipitation (recapture) with anti-H1
antibody. As shown in Fig. 5B, both H1 and H1i5 interact with
calnexin after the pulse. However, after chase, calnexin dissoci-
ates from H1 with a half time of about 45 min whereas it remains
associated to H1i5 for very long periods (Fig. 5B, compare lanes
7-9). The chase was done in the presence of the protease
inhibitors ALLN [to preclude any ER degradation because
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Fic. 5. HIi5 shows prolonged association to calnexin, though its
folding is similar to that of H1. (4) The cell lines expressing H1 or H1i5
were metabolically labeled for 40 min with [33S]cysteine and chased for
the indicated times with complete medium in the presence of 150 uM
ALLN and 200 pg/ml leupeptin. Cell lysates were immunoprecipi-
tated with anti-H1 antibody and analyzed by SDS/polyacrylamide gel
followed by phosphorimager detection. At the bottom of the panel are
phosphorimager quantitations of H1 remaining after the chases rel-
ative to pulse. (B) The same as in A except that cell lysates were
immunoprecipitated with anti-calnexin antibody and immunoprecipi-
tates were boiled in SDS. Supernatants were then diluted with excess
of Triton X-100 and reimmunoprecipitated with anti-H1 antibody, as
described in Materials and Methods. The coprecipitated proteins were
analyzed by SDS/PAGE and fluorography. On the right are indicated
the migrations of precursor and Golgi processed (mature) H1. At the
bottom of the panel are phosphorimager quantitations of H1 associ-
ated to calnexin after the chases relative to that associated after the
pulse. (C) NIH 3T3 cells or the cells expressing H1 or H1i5 were
metabolically labeled and processed in the same manner as in Fig. 1.
Cell lysates were immunoprecipitated with anti-H1 antibodies. Immu-
noprecipitates were treated with N-glycanase and analyzed on non-
reducing SDS/polyacrylamide gel followed by fluorography.
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ALLN was shown to inhibit degradation of H2a (36)] and
leupeptin (to inhibit degradation of HI in its transit through
endosomes/lysosomes). The inhibition of the degradation of H1
was partial as seen in Fig. 54. Nevertheless, the rate of degra-
dation of H1 is much slower than the dissociation from calnexin
(compare Fig. 54, lanes 4-6 and Fig. 5B, lanes 10-12).

Therefore, the ER retention of H1i5 correlates with a
prolonged association to calnexin.

Folding of H1i5 is Normal. As stated above, H1 had been
chosen as a recipient for the H2a pentapeptide because of its
similarity with H2, allowing a sequence alighment and insertion
into the same position. This position had the further advantage of
being both in H1 and H2 at a junction between exons, which could
preclude the disruption of folding of the two independent do-
mains. Nevertheless, a possibility existed that the pentapeptide
caused misfolding in H1i5, which in turn could cause tight binding
to calnexin and ER retention. To analyze this the same assay was
used as in Fig. 1. As shown in Fig. 5C the proteins seen on
nonreducing SDS/PAGE after pulse labeling are almost com-
pletely sensitive to in vivo reduction by DTT (Fig. 5C, lanes 2, 3,
7, and 8). After chase they migrate slightly faster and become
resistant to DTT (Fig. 5C, lanes 5, 6, 10, and 11). H1 and H1i5
yield a very similar pattern of bands and exhibit similar kinetics
of folding, indicating normal folding of the mutant protein.
Hence, the ER retention of H1i5 is not due to misfolding but to
a direct action of the EGHRG lumenal juxtamembrane peptide
as a determinant for retention.

DISCUSSION

Although there seem to be no primary sequence signals shared
by different proteins that undergo ER retention and degra-
dation, there are some common structural features. Charged
residues in the transmembrane domain and flanking regions
(as for the H2a EGHRG pentapeptide) are generally involved
in membrane protein ER quality control [e.g., in TCR-« and
-B subunits (6, 37)], which may hint to a common mechanism
involving a secondary structure determinant. Proline substi-
tution of alanine-82 in H2b (the same position where EGHRG
is in H2a; Fig. 2B) had the same effect of causing ER retention
and degradation (38). Proline is predicted to induce a 3 turn,
the same conformational change predicted for the pentapep-
tide. Therefore, we suggest that the ER retention is caused by
a lax “signal peptide” type of determinant in the transmem-
brane and juxtamembrane regions and not by a primary
KDEL-type sequence. In the case of H2a this determinant is
the EGHRG sequence. It must be located on a membrane-
bound protein because the H2a soluble ectodomain fragment
contains the pentapeptide and is nonetheless secreted (14).

Transfer of charged transmembrane residues from the TCR-«
subunit to interleukin 2 receptor « chain caused ER retention and
degradation of the latter, suggesting a unified process or a
colocalization of both determinants (37). This was also true in the
case of a soluble protein. When a carboxy-terminal cysteine was
transferred from IgM to cathepsin D, the latter was retained and
degraded in the ER, whereas addition of a carboxyl-terminal
KDEL caused ER retention but no degradation (39). In the case
of ASGPR H2a we have been able to separate the two events and
their structural determinants because the insertion of the pen-
tapeptide into H1 caused its ER retention but not degradation.
The degradation of H2a must be caused by another determinant.
The effect of EGHRG on H1 and of KDEL on cathepsin D
suggest that a determinant for ER retention is not enough to
cause degradation for which another signal is needed. For H2a
this degradation signal remains to be found, but it might well be
in the transmembrane region based on the colocalized signals for
retention and degradation in the transmembrane domains of the
other proteins mentioned above.

The presence of the pentapeptide does not cause general
misfolding of H2a (Fig. 1) or of H1i5 (Fig. 5C). Similarly, the
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determinant for ER retention and degradation of TCR-« chain
also did not cause global misfolding (37). Unassembled « subunit
of the nicotinic acetylcholine receptor also folds to a native-like
conformation (40) and so do proteins containing an uncleaved
glycosylphosphatidylinositol signal (41). Taken together these
findings suggest that although misfolding can cause ER retention
and degradation, it may usually not be involved in the quality
control of normal unassembled chains and protein precursors.
Prolonged association of these proteins to calnexin, as we saw for
H1i5 and not for H1 (Fig. 5B), may involve interaction not with
unfolded domains but with specific determinants for retention, as,
in our case, the EGHRG sequence or this sequence in combi-
nation with the transmembrane domain. Although the quality
control of malfolded proteins may also involve calnexin, as was
seen for a mutant al-antitrypsin (42), it might take place through
a different pathway than that of normal proteins. This is suggested
by a recent report in which mutant «l-antitrypsin Z was ineffi-
ciently degraded in the ER of cells derived from patients with
mutant ol-antitrypsin-related liver disease while the degradation
of ASGPR H2a in those cells was not impaired (43).

That HI1i5 is completely sensitive to endo H and o-
mannosidase and resistant to endo D after metabolic labeling
followed by long chases (Fig. 3b and 4a) indicates that the
EGHRG sequence is a determinant for true ER retention and
not for retrieval. Consistent with this conclusion, the ER-like
immunofluorescent pattern of H1i5 was unchanged by incu-
bation of the cells at 15°C, at which temperature proteins
trafficking to the Golgi are arrested in the ERGIC (44). No
change was observed as well by incubation of the cells with Nz,
which by depolymerizing microtubules inhibits traffic between
the cis-Golgi, the ERGIC, and the ER (21, 34) (Fig. 4b). In
contrast to our results with H1i5, the quality control of several
misfolded proteins involves exit from the ER and retrieval,
e.g., tsO45 vesicular stomatitis virus (VSV) G protein (45) and
misfolded unassembled MHC class I molecules (46, 47). On
the other hand, true ER retention is also responsible for the
quality control of unassembled IgM intermediates (48). We
could speculate that two, distinct mechanisms may exist for
protein quality control, one for retrieval to the ER of mis-
folded proteins and the other for true ER retention of
unassembled proteins or protein precursors.

The prolonged association of H1i5 with calnexin suggests a
possible role for this transmembrane chaperone in ER reten-
tion. Calnexin was shown to play a role in the retention of
unassembled MHC class I and TCR subunits (12, 13). Al-
though calnexin has a KKXX-type signal for its retrieval to the
ER, it might have an additional determinant for true ER
retention, as is the case for calreticulin (49). Consistent with
this hypothesis, in the case of VSV G ts045, although it
interacts both with calnexin and heavy chain binding protein
(BiP), it was shown to exit and recycle back to the ER only
together with the latter (45).
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