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Degradation of proteins that, because of improper or suboptimal processing, are retained in the
endoplasmic reticulum (ER) involves retrotranslocation to reach the cytosolic ubiquitin-protea-
some machinery. We found that substrates of this pathway, the precursor of human asialoglyco-
protein receptor H2a and free heavy chains of murine class I major histocompatibility complex
(MHC), accumulate in a novel preGolgi compartment that is adjacent to but not overlapping with
the centrosome, the Golgi complex, and the ER-to-Golgi intermediate compartment (ERGIC). On
its way to degradation, H2a associated increasingly after synthesis with the ER translocon Sec61.
Nevertheless, it remained in the secretory pathway upon proteasomal inhibition, suggesting that
its retrotranslocation must be tightly coupled to the degradation process. In the presence of
proteasomal inhibitors, the ER chaperones calreticulin and calnexin, but not BiP, PDI, or glyco-
protein glucosyltransferase, concentrate in the subcellular region of the novel compartment. The
“quality control” compartment is possibly a subcompartment of the ER. It depends on microtu-
bules but is insensitive to brefeldin A. We discuss the possibility that it is also the site for
concentration and retrotranslocation of proteins that, like the mutant cystic fibrosis transmem-
brane conductance regulator, are transported to the cytosol, where they form large aggregates, the
“aggresomes.”

INTRODUCTION dation of a mutant carboxypeptidase Y (cpy) (Plemper et al.,

1997) and proa-factor (Pilon et al., 1997) in yeast, carrying a

The ubiquitin/proteasomal pathway is involved in the deg-
radation of substrates originated in the endoplasmic reticu-
lum (ER) (Sommer and Wolf, 1997; Bonifacino and Weiss-
man, 1998). However, the mechanism of delivery to the
cytosolic proteasomes is still unclear. One example of pro-
tein targeting from the ER to the cytosol for degradation by
the ubiquitin/proteasome machinery is the major histocom-
patibility complex (MHC) class I heavy chain in the presence
of cytomegalovirus US11 or US2 proteins. Association of
class I molecules to Sec61 suggests that the translocation
complex could be involved in their delivery to the cytosol
(Wiertz et al., 1996b). Genetic evidence for the involvement
of Sec61 in this process was found by studying the degra-
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temperature sensitive mutant Sec61 that stabilized these
proteins. The involvement of Sec61 in protein import into
the ER appears different from its function in export to the
cytosol (Zhou and Schekman, 1999). Some proteins are
transported from the lumen of the ER to its cytosolic face
(Hiller et al., 1996) or are completely dislocated to the cytosol
(Wiertz et al., 1996b; Yu et al., 1997) to be degraded by the
proteasomes. However, this has not been found in other
cases (Chillaron and Haas, 2000; Fisher et al., 1997; Schubert
et al., 1998). To better understand the transport pathway of
proteins from the ER to the proteasomes, we have analyzed
the fate of asialoglycoprotein receptor (ASGPR) H2a, an
established model for retention and degradation from the
ER (Amara et al., 1989; Lederkremer and Lodish, 1991; Wik-
strom and Lodish, 1991; Shenkman et al., 1997; Ayalon-Soffer
et al., 1999a; Ayalon-Soffer et al., 1999b). The membrane-
bound precursor of H2a is a type II membrane protein
completely retained in the ER (Shenkman ef al., 1997). After
retention, it can be cleaved (probably by signal peptidase
[Yuk and Lodish, 1993]) to yield a soluble carboxyterminal
fragment corresponding to its ectodomain. A certain amount
of this fragment can travel through the Golgi and can be
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secreted as a soluble form of the receptor (Tolchinsky et al.,
1996). The rest of the ectodomain fragment and uncleaved
membrane-bound precursor molecules are degraded from
the ER (Amara et al.,, 1989; Neumann et al., 1996). This
retention and degradation is not the result, as in mutant
proteins, of global misfolding (Shenkman et al., 1997; Aya-
lon-Soffer et al., 1999a). H2a is a proteasomal substrate (Aya-
lon-Soffer et al., 1999a; Ayalon-Soffer et al., 1999b), and as we
show here, upon proteasomal inhibition it is not transported
to the cytosol but accumulates in a novel “quality control”
compartment. In view of this finding we analyzed the fate of
another established substrate for proteasomal degradation
from the ER, free class I MHC heavy chains (Hughes et al.,
1997). Free class I MHC heavy chains, like ASGPR H2a, are
retained in the ER in an endo H sensitive state and are
targeted for proteasomal degradation (Machold ef al., 1995;
Fromm et al., 1998). Although upon proteasomal inhibition
we find a small portion of the heavy chains in the cytosol,
most of them are associated with the membrane fraction in
a subcellular region similar to H2a.

MATERIALS AND METHODS

Materials

Rainbow '#C-labeled methylated protein standards and Promix cell-
labeling mix ([**S]methionine plus [**S]cysteine) were from Amer-
sham (Arlington Heights, IL) (>1000 Ci/mmol; 1 Ci = 37 GBq).
Protein A-Sepharose was from Repligen (Needham, MA). Endo-N-
acetyl glucosaminidase H (endo H) was from New England Biolabs
(Beverly, MA). N-glycosidase F, tosyl-lysylchloromethylketone
(TLCK), N-acetyl-leucyl-leucyl-norleucinal (ALLN), and N-acetyl-
leucyl-leucyl-methional (ALLM) were obtained from Boehringer
Mannheim (Indianapolis, IN). Lactacystin (Lac) and N-carbobenzo-
xyl-leucinyl-leucinyl-leucinal (MG-132) were from Calbiochem (La
Jolla, CA). Other common reagents and inhibitors were from Sigma
(St. Louis, MO).

Cell Lines and Culture

NIH 3T3 cell lines stably expressing H2a (2-18 cells) or H2b (2C
cells) (Lederkremer and Lodish, 1991) were grown in Dulbecco’s
modified Eagles’s medium (DMEM) plus 10% calf serum under 5%
CO,. Mutant ts20 cell line (kind gift from Aaron Ciechanover,
Technion, Haifa, Israel) and CHO parental cells were maintained in
DMEM plus 10% fetal calf serum under 5% CO, at 31°C or 37°C,
respectively. These were cotransfected with the use of a calcium
phosphate protocol with a pcDNA1 expression vector containing
H2a and a pBabe-puro vector (Morgenstern and Land, 1990), fol-
lowed by selection with puromycin. Representative clones express-
ing H2a (2D- wild-type CHO and 4D- mutant ts20) were expanded
and grown as described above. E1Ad5-transformed embryonal
mouse fibroblasts (A505) (Fromm et al., 1998) were grown in DMEM
plus 10% fetal calf serum under 5% CO,,

Antibodies

Rabbit polyclonal antipeptide antibodies anti-H2 carboxyterminal
or H2a-specific (anti-H2a) were the ones used in earlier studies
(Tolchinsky et al., 1996). Rabbit antibodies directed against free class
I MHC heavy chains (H-2K" and H-2D) were a kind gift from Dr.
H. Ploegh (Harvard Medical School, Boston, MA) (Machold et al.,
1995). Y3 are mouse monoclonal antibodies against H-2K" com-
plexes (Jones and Janeway, 1981).

For immunofluorescence IgGs of primary antibodies were puri-
fied from the antisera as before (Shenkman et al., 1997). Rabbit
polyclonal anti-Sec61-8 antibodies were a kind gift from Tom Rap-
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oport (Harvard Medical School, Boston, MA). Mouse monoclonals
anti-B-COP and anti-y-tubulin were from Sigma, anti-BiP from
Stressgen (Victoria, BC), and antirab5 a kind gift from Marino Zerial
(Max Planck Institute of Molecular Cell Biology and Genetics,
Dresden, Germany). Rabbit IgGs, antip58 and antiproteasome
(Frentzel et al., 1994), and rat antilamp1, were kind gifts from Jakko
Saraste (University of Bergen, Bergen, Norway), Peter-M. Kloetzel
(Humboldt University, Berlin, Germany), and Hugh Rosen (Merck
Research Laboratories, Rahway, NJ), respectively. Rabbit poly-
clonals anti-BiP, -PDI, and -Calnexin were from Stressgen, and
anti-UDPGlc:glycoprotein glucosyltransferase was a kind gift from
Armando Parodi (University of San Martin, Buenos Aires, Argenti-
na). Rabbit anticalreticulin was from Affinity Bioregents (Golden,
CO). Secondary Cy3- or FITC-conjugated antibodies were from The
Jackson Laboratory (Bar Harbor, ME).

Metabolic Labeling and Immunoprecipitation

Subconfluent (90%) cell monolayers in 60-mm dishes were labeled
with [%S] cys, lysed, and immunoprecipitated as described before
with anti-H2a pentapeptide antibody for H2a and anti- H2-carboxy-
terminal antibody for H2b (Shenkman et al., 1997). Subconfluent
A505 cells in 100-mm dishes were labeled with 150 wCi/ml [3°S]
Met, washed with PBS, and chased for the indicated intervals with
complete medium. Treatments of the immunoprecipitates with
endo H and N-glycosidase F were performed as described before
(Shenkman et al., 1997). To analyze Triton-solubility, cells were
solubilized with 1% Triton-X-100 and 0.5% sodium deoxycholate in
PBS (buffer A) and centrifuged at 16,000 X ¢ for 30 min at 4°C.
Supernatants and pellets were immunoprecipitated, the latter after
boiling for 5 min in 1% SDS, 2 mM DTT in PBS, followed by addition
of 10 volumes of buffer A plus 2 mM oxidized glutathione.

Sec61 Coimmunoprecipitation

Cells were lysed in 1% digitonin with 20 mM HEPES, pH 7.6 in the
presence of 2 mM PMSF, 5 ug/ml aprotinin and 5 ug/ml leupeptin
(protease inhibitor mix) and immunoprecipitated with anti-Sec61-8
antibodies. Inmunoprecipitates were washed with lysis buffer and
boiled for 5 min in 1% SDS and 2 mM DTT. The supernatants were
diluted with 10 volumes of buffer A containing 2 mM oxidized
glutathione and reimmunoprecipitated with anti-H2 carboxytermi-
nal antibodies.

Gel Electrophoresis, Fluorography, and Quantitation

Reducing SDS-PAGE was performed on 10% Laemmli gels, except
where stated otherwise. The gels were analyzed by fluorography
with the use of 20% 2,5-diphenyloxazole and were exposed to
Kodak Biomax MR film (Vancouver, BC) except for the Sec61 coim-
munoprecipitation experiment where Biomax MS film and a Tran-
screen-LE from Kodak were used. Quantitations were performed in
a Fuji BAS 1000 phosphorimager.

Protein Transfer and Immunoblotting

Cells were lysed in a buffer containing 100 mM NaCl, 20 mM
Tris-HCl pH 7.4, 5 mM EDTA, 15% glycerol, 0.2% Triton X-100, and
protease inhibitor mix. Aliquots (corresponding to ~2 X 10° cells)
were boiled in SDS sample buffer for 5 min before loading for
SDS-PAGE. Proteins were transferred to a nitrocellulose membrane.
Blocking was in 5% low-fat milk and 0.1% Brij-35 in PBS for 2 h, and
incubation with the primary antibody was overnight at 4°C. After
wash in 0.1% Brij-35 in PBS, incubation with the appropriate sec-
ondary antibody was for 2 h at room temperature. After washing,
ECL was performed, and the blot was exposed to Agfa CP-BU film.
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Trypsin Digestion with Digitonin Permeabilization

After incubation at either the permissive or restrictive temperature
(ts20 cells) or at the end of a pulse-chase procedure (2-18 cells), cells
were trypsinized and diluted in KH buffer (100 mM potassium
acetate, 20 mM HEPES, titrated to pH 7.2 with KOH). Cells were
then pelleted by centrifugation at 1200 rpm for 5 min and were
resuspended in KH buffer or in immunoblot lysis buffer. Different
concentrations of digitonin and 0.5 mg/ml trypsin were added to
the samples, which were incubated for 30 min at 4°C. Soybean
trypsin inhibitor (2 mg/ml) was then added for 5 min before solu-
bilization with 0.2% Triton-X-100 (plus protease inhibitor mix) for
30 min at 4°C. Digitonin concentrations were chosen after titration
and cell examination with trypan blue.

Subcellular Fractionation

Metabolically labeled A505 cells were washed with PBS and were
resuspended in homogenization buffer (0.25 M sucrose, 10 mM
HEPES pH = 7.2 with addition of protease inhibitor mix). Cells
were homogenized on ice with the use of a Dounce homogenizer (40
strokes). The homogenate was spun at 1000 X g for 10 min (giving
the 1000 X g pellet), and the supernatant was subjected to 10,000 X
g for 30 min (giving the 10,000 X g pellet). Finally the 10,000 X g
supernatant was spun for an hour at 100,000 X g resulting in the
100,000 X g pellet and the 100,000 X g supernatant. Lysis mix (0.5%
Triton X-100, 50 mM Tris-HCl pH = 7.4 and 150 mM NaCl in the
presence of protease inhibitors) was added to the pellets. The
100,000 X g supernatants were adjusted to 0.5% Triton X-100 and
150 mM NaCl. Lysates were immunoprecipitated with antifree
heavy chain antibodies (HC) and washed with 0.1% Triton X-100, 50
mM Tris-HCl pH = 7.4 and 150 mM NaCl in the presence of
protease inhibitor mix.

Immunofluorescence Microscopy

The procedures used were as described previously (Shenkman ef al.,
1997) except that digital photography was done on an imaging
system on a Leica fluorescence microscope. Confocal microscopy
was performed on a Perkin Elmer-Cetus/Wallac (Norwalk, CT)
confocal microscope. Staining of nuclei was with DAPI (Sigma).
Incubation of cells with nocodazole was as in Shenkman et al. (1997).
Cells permeabilized by breakage were prepared by treating cells
suspended in 0.25 M sucrose, 1 mM EDTA, and 20 mM HEPES pH
7.2, with 7 strokes in a Dounce homogenizer and were then adhered
to coverslips with 5 ug/ml polylysine before fixation for immuno-
fluorescence. Permeabilization was analyzed with trypan blue.
Some samples were treated with 0.2% Triton-X-100 for 30 min at 4°C
before adhering to coverslips.

RESULTS

Degradation of ASGPR H2a, H2b, and the Soluble
35 kDa H2a Ectodomain Fragment Is Blocked by
Proteasomal Inhibitors, and They Remain in the
Secretory Pathway

To analyze the involvement of the proteasome in the degra-
dation of H2a, we tested several inhibitors. We then looked
at the fate of H2a membrane-bound precursor and its cleav-
age product, a soluble 35-kDa carboxyterminal ectodomain
fragment. Proteasome inhibitors strongly protected the pre-
cursor and the soluble fragment from degradation (Figure 1
A). The levels of precursor plus fragment remaining after 3 h
of chase increased ~6-fold with ALLN or lactacystin and
~5-fold with MG-132. The serine and cysteine protease in-
hibitor TLCK that had been used before to inhibit the deg-
radation of H2a (Wikstrom and Lodish, 1991) showed much
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Figure 1. Proteasomal inhibitors cause accumulation of ASGPR
H2a membrane-bound precursor, its soluble 35-kDa fragment, and
membrane-bound H2b inside the secretory pathway. (A) NIH 3T3
cells stably expressing H2a or untransfected (lane 1) were metabol-
ically labeled with [**S] Cys for 20 min and chased with complete
medium in the absence or in the presence of the indicated protease
inhibitors. Incubations with the protease inhibitors were only dur-
ing the chase period, with the following concentrations: 100 uM
ALLN, ALLM, and TLCK, 25 uM lactacystin, and 10 uM MG-132.
Cell lysates were immunoprecipitated, and immunoprecipitates
were analyzed by SDS-PAGE followed by fluorography. On the left
are indicated the positions for migration of H2a precursor and of its
35-kDa ectodomain fragment. On the right are molecular masses of
protein standards in kilodaltons. (B) At the end of each chase period
supernatants from cells in (A) were immunoprecipitated, and im-
munoprecipitates were treated with N-glycosidase F before SDS-
PAGE and fluorography. The gel was exposed for 3 wk compared
with 1 week in (A). (C) Phosphorimager quantitation of an experi-
ment similar to that in (B). H2a ectodomain fragment secreted to the
cell supernatants in the absence (white bars) or in the presence
(black bars) of 100 uM ALLN were plotted as a percent of pulse-
labeled H2a. (D) In a similar experiment to that in (A), the immu-
noprecipitates were treated in some cases with endo H before
SDS-PAGE. (E) An experiment similar to that in (A) was done but
with cells stably expressing H2b. On the left are indicated the
positions for migration of H2b precursor and its mature Golgi-
processed form.

less potency (1.5-fold increase) and did not protect the frag-
ment. The cleavage to yield ectodomain fragment was not
inhibited by the proteasomal inhibitors (Figure 1A, lanes
4-6). A similar block in the degradation of H2a by ALLN
and lactacystin and not by PMSF (our unpublished results)
suggests that the proteasome is indeed responsible and not
another protease complex, TPPII, which was reported to be
inhibited by the 2 latter but not by ALLN (Geier et al., 1999).
A shift of H2a bands to a faster mobility can be seen upon
chase (compare Figure 1A, lanes 2 and 4). This shift is due to
mannose trimming of the sugar chains (Z. Frenkel and G.
Lederkremer, unpublished observations). Secretion of H2a
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ectodomain fragment was significantly increased by the ac-
tion of the proteasomal inhibitors (>2-fold with lactacystin
after 3 h chase, Figure 1B), and it slowly reached completion
after 16 h chase (Figure 1C). Thus, H2a does not seem to be
transported to the cytosol like some other substrates (Hiller
et al., 1996; Wiertz et al., 1996b; Yu et al., 1997), but it remains
instead in the secretory pathway, where it can be cleaved to
yield the ectodomain fragment, which is in a transport-
competent state. The intracellular 35-kDa fragment is always
endo H sensitive (Figure 1D, lanes 4 and 7), indicating rapid
secretion after exit from the ER.

We found a similar fate when we looked at the alterna-
tively spliced variant H2b. The membrane-bound form of
H2a is completely retained in the ER. In contrast, ~30% of
membrane-bound H2b is Golgi-processed and reaches the
cell surface in singly transfected fibroblasts, while the rest is
degraded in the ER (Lederkremer and Lodish, 1991). When
we treated cells that express H2b with proteasomal inhibi-
tors, the degradation of the precursor was inhibited and
Golgi-processing increased (Figure 1E, lanes 2-5). In the
presence of MG-132, almost all (94%) of H2b was saved from
degradation after 8-h chase, and the level of Golgi-processed
mature molecules increased by almost 2-fold as compared
with untreated (Figure 1E, compare lanes 2 and 5). Thus,
upon proteasomal inhibition, both soluble H2a ectodomain
fragment and membrane-bound H2b remain in the secretory
pathway.

H2a Precursor and Ectodomain Fragment Are Not
Transported to the Cytosol or Exposed to the
Cytosolic Side of ER Membranes upon Inhibition of
Ubiquitination or of the Proteasome

To confirm that H2a is not transported to the cytosol, we

analyzed its susceptibility to trypsin digestion in semiper-
meabilized cells after inhibition of the degradation with
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Figure 2. H2a precursor and sol-
uble ectodomain fragment accu-
mulate in a membrane-enclosed
compartment upon proteasomal
inhibition. (A) After metabolic la-
beling similar to that in Figure 1
(A) and chase in the absence or
presence of 10 uM MG-132, cells
were incubated with or without
trypsin in Triton X-100 or in low

Cleaved precursor of H2arefers to H2a precursor cleaved by trypsin. The lower panels are
of H2aphosphorimager quantitations of this experiment, where the value of 100 represents
the total amount of H2a after 3 h chase in the absence of digitonin (lane 4). (B) H2a
immunofluorescence on fixed and permeabilized cells expressing H2a preincubated for
5 h with or without proteasome inhibitors at concentrations similar to those in Figure 1.
Anti-H2 carboxyterminal were the primary antibodies and Cy3-conjugated goat antirabbit
IgG the secondary. Bar = 10 um.

MG-132. We chose to examine the transport to the cytosol
after permeabilization under very mild conditions and not
by subcellular fractionation, because the latter method fre-
quently leads to leakiness of the organelles (Chillaron and
Haas, 2000). At a concentration of digitonin that led to
permeabilization of 100% of the cells (as judged by staining
with trypan blue), trypsin caused trimming of the precur-
sor’s cytoplasmic tail, converting it to a 38-kDa fragment, the
carboxyterminal transmembrane plus luminal domains re-
mained protected from trypsin (Figure 2 A, lane 5). This
suggests that H2a indeed remains membrane-bound and is
not dislocated to the cytosol. The naturally occuring 35-kDa
soluble ectodomain fragment was completely protected,
suggesting that it is accumulated in an enclosed compart-
ment and is inaccessible to trypsin. A larger concentration of
digitonin caused partial permeabilization of internal mem-
branes and digestion of 50% of the precursor and ectodo-
main fragment (Figure 2A, lane 6). In a control lysis with
0.2% Triton X-100, trypsin digested extensively H2a precur-
sor and ectodomain fragment; only ~5% of the initial label
remained (Figure 2A, lane 7). After lysis with Triton X-100,
even in the absence of trypsin, some label disappeared (Fig-
ure 2A, lane 3), probably due to exposure to a solubilized
endogenous protease.

The accumulation of H2a precursor and ectodomain frag-
ment in an endo H-sensitive state (Figure 1D) suggested a
preGolgi localization, probably the ER. Nevertheless, after
accumulation with proteasomal inhibitors, H2a appeared
surprisingly by immunofluorescence in a juxtanuclear pat-
tern, as opposed to its ER pattern without treatment (Figure
2B).

To analyze if the ubiquitination machinery is involved in
the degradation of H2a, we stably transfected it into the ts20
cell line, a CHO cell line with a mutant thermosensitive
ubiquitin-activating enzyme, E1 (Kulka ef al., 1988). Incuba-
tion of the ts20 cells, but not of the wild-type cells at the
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restrictive temperature, caused a marked accumulation of
H2a precursor and ectodomain fragment (Figure 3A, lane 4
compared with 2). Accumulated H2a remained endo H-
sensitive, even after long incubations at the nonpermissive
temperature (Figure 3B). As with proteasomal inhibition,
digitonin permeabilization in the presence of trypsin led to
a complete cleavage of the precursor to a cytoplasmic-tail-
less species, while the naturally occurring ectodomain frag-
ment was completely protected (Figure 3C, compare lanes 4
and 6). Thus, also upon inhibition of ubiquitination, H2a
precursor remains membrane-bound and the 35-kDa frag-
ment in a membrane-enclosed compartment, and they are
not transported to the cytosol. As they also remain in a high
mannose, endo H-sensitive form, the compartment must be
preGolgi. The subcellular localization in the ts20 cell line at
the restrictive temperature also appears juxtanuclear, al-
though less compact than after proteasomal inhibition (Fig-
ure 3D).

H2a Accumulates in a Juxtanuclear Compartment,
Different than the Golgi and the ERGIC

To identify the compartment where H2a accumulates, we
performed double- and triple-label immunofluorescence. In
the absence of any treatment, most cells showed H2a in an
ER-like pattern. However, this pattern was not identical to
that of an ER marker, BiP (Figure 4, A and B). H2a concen-
trated in some perinuclear regions where BiP was reduced
(Figure 4, white arrows), and conversely, BiP concentration
was higher where H2a concentration was reduced (Figure 4,
black arrows). Some cells (~5%) showed a stronger localized
accumulation of H2a in a region where BiP was reduced
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(Figure 4, C and D, white arrows). In the presence of lacta-
cystin, H2a appeared in most cells in a tight juxtanuclear
pattern next to, but not overlapping with, B-COP, a marker
of the Golgi and the ERGIC (Figure 5, A-F). We could not
perform a direct comparison of H2a with separate Golgi and
ERGIC markers as the available antibodies were rabbit, the
same as our anti-H2a antibodies, precluding a double label-
ing. However, in contrast to the nonoverlap of H2a with
B-COP, the latter (labeled with a mouse antibody) over-
lapped extensively with Golgi (Cab45; Scherer et al., 1996)
and ERGIC (p58; Saraste and Svensson, 1991) markers (Fig-
ure 5, D-H). H2a staining did not colocalize with markers for
endosomes or lysosomes either (Figure 5, I and J). H2a
accumulated near to but not overlapping with the centro-
somes as visualized by staining of y-tubulin (Figure 5, K and
L). To eliminate the possibility that by immunofluorescence
we were seeing mainly the H2a soluble ectodomain frag-
ment, we looked at a mutant H2a (G78R) that is not cleaved
(Yuk and Lodish, 1993; Neumann et al., 1996). Membrane-
bound G78R-H2a accumulated in the presence of lactacystin
in the same way as wild-type H2a in the juxtanuclear com-
partment (Figure 5, M and N).

The Quality Control Compartment Is Dependent on
Microtubules and Is Insensitive to Brefeldin A

To see if the accumulation of H2a is reversible, we treated
the cells with nocodazole. This treatment dispersed the jux-
tanuclear pattern of H2a, showing that the compartment is
dependent on microtubules and that the accumulation of
H2a can be reversed by disrupting them, even in the pres-
ence of a proteasome inhibitor (Figure 5, O and P). On the
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Figure 4. H2a is partially concentrated in a juxtanuclear region in
some untreated cells. Cells expressing H2a were fixed and perme-
abilized, and double label immunofluorescence was performed with
the use of anti-H2 carboxyterminal antibodies and Cy3-conjugated
goat anti-rabbit IgG (A and C) and mouse anti-BiP antibodies with
FITC-conjugated goat-anti-mouse IgG (B and D). A and B show a
cell representative of the general population. C and D show a cell
with an H2a immunofluorescence pattern representing ~5% of the
cells. The white arrows show regions with higher H2a concentration
and not BiP and black outlined arrows show regions with higher
BiP concentration and not H2a. Bar = 10 pum.

other hand, treatment with brefeldin A changed only
slightly the pattern of H2a. The accumulation appeared to be
restricted to a more compact area even if cells were first
incubated with brefeldin A for 2 h and only then lactacystin
was added (Figure 5, Q and R).

Altogether, the results suggest that H2a accumulates in a
novel compartment, which we propose to call the “quality
control” (QC) compartment.

Triton Solubility and Topology of H2a
Compartmentalization Compared with that of
Proteasomes

Although we showed that H2a is not transported to the
cytosol (Figure 2), the proximity to the centrosome resem-
bles that reported for cytosolic aggregates of mutant cystic
fibrosis transmembrane conductance regulator (CFTR),
named aggresomes (Johnston et al., 1998). Therefore, we
analyzed if H2a forms Triton-insoluble aggregates like mu-
tant CFTR. Figure 6A shows that only an insignificant
amount (<1%) of total H2a remains insoluble in 1% Triton-
X-100.

Proteasomes are located in the cytosol and the nucleus
and were recently also found on centrosomes (Wigley et al.,
1999) and on the cytosolic side of the ER membrane (Enenkel
et al., 1998; Rivett, 1998; Hori et al., 1999). These proteasomes
could possibly provide the energy required for the retro-
translocation of ER substrates, through the ATPases that
exist at their 19S subunits. To analyze the topology of pro-
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teasomal localization, compared with that of H2a, we stud-
ied the immunofluorescence pattern in cells permeabilized
by mild breakage in a Dounce homogenizer. After lactacys-
tin treatment H2a as well as proteasomes appeared in mem-
branes close to the nucleus (Figure 6, B and D). In addition,
proteasomes appeared inside the nucleus as expected (Fig-
ure 6D). Without permeabilizing these internal membranes
with methanol/acetone, staining of H2a with an anticar-
boxyterminal peptide (luminal) antibody was very faint.
(Figure 6F). This suggests that the C terminus is not acces-
sible from the cytosolic side and must be in the luminal side
of the membranes. The faint residual staining may be the
result of incomplete resealing of the internal membranes
after breakage in the homogenizer. In contrast, proteasomes
were readily accessible, as they must be on the cytosolic side
of the membranes (Figure 6H). After treatment of the broken
cells with Triton-X-100, staining of H2a disappeared, as well
as extranuclear staining for proteasomes, suggesting that the
localization of both depends on a membrane structure (Fig-
ure 6, ] and L). Nuclear staining of proteasomes was not
affected by Triton (Figure 6L).

H2a Associates Increasingly with Sec61-f after
Synthesis

Degradation of H2a by the proteasome must involve move-
ment to the cytosol. As we could not find direct evidence of
dislocation of H2a to the cytosol, we analyzed whether it
associates strongly with Sec61-8 subunit, as was seen with
other proteins (Wiertz et al., 1996b; Bebok et al., 1998). Im-
munoprecipitation with anti-Sec61-8 antibodies, elution,
and recapture with anti-H2a resulted in a specific interaction
of H2a with Sec61-8 in ts20 cells at the permissive or restric-
tive (ubiquitination inhibited) temperatures (Figure 7A,
lanes 2 and 5). Replacement of anti-Sec61-8 with a control
preimmune antibody showed no coprecipitation of H2a
(Figure 7A, lane 1). The fraction of H2a bound to Sec61
(Figure 7A, left panel) vs. the total amount of H2a present in
each sample (Figure 7A, right panel), increased with chase
time, even as the total amount of H2a decreased by degra-
dation (Figure 7B). The increase in the fraction of H2a bound
to Sec6l after 5-h chase was 5-fold compared with that
bound after the pulse (Figure 7B). Association to Sec61 in-
creased with time even when proteasomal activity or ubiq-
uitination were inhibited, by ~2 and 3-fold respectively
(Figure 7B), suggesting that these processes are not neces-
sary for the tight interaction to occur. In Figure 7, more
clearly than in the previous figures, a shift of H2a bands to
a faster mobility can be seen upon chase, which, as men-
tioned before, is due to mannose trimming of the sugar
chains. No 35-kDa soluble H2a fragment was found in as-
sociation with Sec61 (Figure 7A), even though there is a
large accumulation of total fragment in the presence of
MG-132 or after chase at the restrictive temperature (Figure
7A, lanes 10 and 12).

On Proteasomal Inhibition, Free Class I MHC
Heavy Chains Are Compartmentalized in the Region
of the Quality Control Compartment

To investigate if another protein substrate that associates with

Sec61 on the way to proteasomal degradation shows a localization
similar to H2a, we studied the fate of free class I MHC heavy
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Figure 5. On proteasomal inhibition
accumulated H2a is localized in a no-
codazole-sensitive compartment, next
to the centrosome, the Golgi and the
ERGIC. Cells were incubated for 5 h
with 25 uM lactacystin. Triple label im-
munofluorescence on fixed and perme-
abilized cells was done with secondary
goat-antirabbit IgG conjugated to Cy3
with anti-H2a (panels A, C, D, F, I-O,
Q), antip58 (ERGIC) (G) and anti-
Cab45 (Golgi; Scherer ef al., 1996) (H).
FITC-conjugated goat-antimouse IgG
was used with anti-BiP (B,C), anti-B-
COP (E-H, P, R), antirab5 (I), and anti-
y-tubulin (K, L). FITC-conjugated goat-
antirat IgG was used with antilamp1
(). Nuclei were stained with DAPIL
Overlap of Cy3 and FITC in panels G
and H appears yellow. Immunofluo-
rescence with anti-H2a antibodies was
also done on fixed and permeabilized
cells expressing the mutant H2a G78R
(uncleavable; Yuk and Lodish, 1993;
Neumann ef al.,, 1996) (M) or on the
same cells treated with lactacystin
(Lac) (N). (O, P) Cells were treated for
3 h with 25 uM lactacystin with the
addition of 20 uM nocodazole for an
extra 2 h before fixation, permeabiliza-
tion, and immunofluorescence (Q, R)
Cells were treated for 2 h with 5 ug/ml
brefeldin A, then with 25 uM lactacys-
tin for an extra 3 h before fixation, per-
meabilization, and immunofluores-
cence. Bars = 10 um.

H2a/y-tubulin

chains. Free class I heavy chains remain in all circumstances endo
H- sensitive until degradation (Fromm et al., 1998). With the use of
an antibody specific for mouse free class I heavy chains (HC), we
observed that most untreated cells show a distributed ER-like
pattern with partial overlap with B-COP staining (Figure 8, A-C).
However, ~10% of the cells show a local concentration next to,
but not overlapping with, B-COP (Figure 8, D-F), similar to what
we saw with H2a (Figure 5). After treatment with lactacystin for
5 h, most cells showed a strong accumulation in this region (Fig-
ure 8, G-I). As in some cells, the heavy chains seem to partially
overlap with B-COP (Figure 8, I) we studied optical sections with
a confocal microscope. Panels ] to M show representative sequen-
tial optical sections in which the heavy chain accumulation is seen
at a higher plane in the cell (Figure 8, J), whereas B-COP staining
is stronger in a lower plane (Figure 8, M), where heavy chains are
absent. Therefore, the apparent partial overlap of heavy chains
and B-COP in images from the conventional fluorescence micro-
scope are due to the juxtaposition of the 2 distinct compartments.
In contrast, antibodies directed against assembled conformed
class I complexes showed staining in the plasma membrane, the
ER, and, most prominently, in the Golgi region, entirely overlap-
ping with a Golgi marker, Cab45 (Figure 8, N-P). This pattern did
not change in the presence of lactacystin (Figure 8, Q-S). Double
labeling with the antifree heavy chain plus the anti-class I con-
formed complex antibodies showed a different pattern for the
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peak fluorescence for each of these proteins, indicating a differen-
tial compartmentalization (Figure 8, T-V).

To analyze if indeed most of the free HCs are compart-
mentalized, we performed a subcellular fractionation ex-
periment. After pulse-labeling or chases in the absence or
presence of MG-132, most HCs appeared in the mem-
brane-bound fractions corresponding to the 10,000 X g
and 100,000 X g pellets (93% of the total for the pulse,
91.7% for the chase without MG-132, and 93.1% with
MG-132) (Figure 8W, lanes 4-9). Only a small portion
appeared in the cytosolic 100,000 X g supernatants (7% of
the total for the pulse, 8.3% for the chase without MG-132,
and 6.9% with MG-132) (Figure 8W, lanes 10-12). This
small amount of protein transported to the cytosol ap-
peared to be partially deglycosylated as was reported for
MHC class I heavy chains in cells expressing CMV pro-
teins (Wiertz et al., 1996a) or in B(2)-microglobulin-defi-
cient and TAP-deficient cell lines (Hughes et al., 1997).

Sec61-B, Calnexin, and Calreticulin Accumulate
Near the Centrosome upon Proteasomal Inhibition

The pattern of Sec61 immunofluorescence showed an ER
distribution, but with a stronger accumulation on 1 side of
the nucleus, not near the centrosome (Figure 9A). In the
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Figure 6. H2a is not aggregated, and it is enclosed in juxtanuclear
membranes, while proteasomes are on the cytosolic side. (A) Cells
stably expressing H2a were metabolically labeled with [33S] Cys for
20 min and chased with complete medium for 3 h in the absence or
in the presence of 100 uM ALLN. They were then lysed and immu-
noprecipitated as in Figure 1 (A), but immunoprecipitation was
done also on material insoluble in Triton-containing buffer (“p”)
and not only on the soluble (“s”) as described in MATERIALS AND
METHODS. (B-E) Cells were treated for 5 h with 25 uM lactacystin.
They were then permeabilized by breakage with a few strokes in a
Dounce homogenizer, then adhered to coverslips with polylysine as
described in MATERIALS AND METHODS. They were then fixed
with methanol/acetone, and immunofluorescence was performed
as in Figure 5, with the use of anti-H2a and DAPI (B, C) or antipro-
teasome antibody and DAPI (D, E). Cy3-conjugated secondary goat
antirabbit IgG was used. Bar = 10 um. (F-I) The same procedure
was done as in (B-E), except that incubations with antibodies were
done before fixation with methanol/acetone. (J-M) The same pro-
cedure was done as in (B-E), except that cells were treated with 0.2%
Triton-X-100 before adhering to the coverslips.

presence of lactacystin there was also a region where Sec61
accumulated, but in this case it was near the centrosome,
possibly in the QC compartment (Figure 9D). This redistri-
bution of Sec61 might reflect its active role in the retrotrans-
location.
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Figure 7. H2a interacts with Sec61-g increasingly with chase time.
(A) Ts20 cells expressing H2a were metabolically labeled, as in
Figure 1 (A), at the indicated temperatures, in the absence or pres-
ence of 10 uM MG-132, solubilized with 1% digitonin in 20 mM
HEPES, pH 7.6, and each sample was divided into 2 identical
halves. These were immunoprecipitated with anti-Sec61-B antibod-
ies (left panel) or with anti-H2a antibodies (right panel). Lane 1 is a
control with preimmune antibodies instead of anti-Sec61-8. Immu-
noprecipitates in the right panel were run on SDS-PAGE, whereas
those in the left panel were reimmunoprecipitated with anti-H2a
after boiling in SDS containing buffer and addition of excess buffer
A as described in Materials and Methods. The change in migration
of H2a bands after chase is due to mannose trimming (Frenkel and
Lederkremer, unpublished results). (B) Quotients of phosphorim-
ager quantitation of H2a precursor bands in the left panel in (A)
(Sec6b1-associated H2a) over those on the right panel (total H2a)
were plotted for each treatment after pulse-labeling (white bars) or
after 5 h chase (black bars).

We investigated the distribution of the ER chaperones BiP,
PDI, calnexin, and calreticulin after treatment of cells with
proteasome inhibitors. While all these proteins showed a scat-
tered ER pattern under normal conditions, treatment with lac-
tacystin caused only calnexin and calreticulin to concentrate
dramatically to a region near the centrosome, probably the QC
compartment (Figure 9, ], K, M, and N). The relocalization of
Sec61 and the 2 chaperones must be a response to the accumu-
lation of proteins on the way to degradation. On the other
hand, UDPGlc:glycoprotein glucosyltransferase, (the enzyme
in charge of reglucosylation of misfolded glycoproteins [Lab-
riola et al., 1995]) did not redistribute upon incubation of the
cells with lactacystin (Figure 9, I and L).

DISCUSSION

Some substrates of the ER/proteasomal pathway had been
found in the cytosol before degradation occurs, e.g., TCR-a

Molecular Biology of the Cell



Figure 8. Misfolded unassembled MHC
class I heavy chains accumulate in a compart-
ment, next to the Golgi and the ERGIC. (A)
Triple label immunofluorescence on fixed and
permeabilized A505 cells was done with sec-
ondary goat-antirabbit IgG conjugated to Cy3
with rabbit antimouse MHC class I free heavy
chain antibodies (HC) (panels A, C, D, F, G,
I-M, T, V) and anti-Cab45 (O, P, R, S). FITC-
conjugated goat-antimouse IgG was used
with anti-B-COP (B, C, E, F, H, I-M) and
mouse antibodies against conformed assem-
bled MHC class I H2K® complexes (Y3) (N, P,
Q, S, U, V). Nuclei were stained with DAPI in
C, F, I, V. Cells in G-M and Q-V were incu-
bated for 5 h with 25 uM lactacystin before
fixation and immunofluorescence. Bars = 10
pm. (W) A505 cells were metabolically la-
beled with [3°S] Met for 30 min and chased
with complete medium in the absence or
presence of 30 uM MG-132. Cells were then
homogenized and fractionated, as detailed in

MATERIALS AND METHODS. Lysates of (xg)
each fraction pellet (P) or supernatant (SN) h h
were immunoprecipitated with antifree 'C“‘ Gas1%£ )

heavy chain antibodies. Immunoprecipitates
were analyzed by SDS-PAGE followed by flu-
orography. The bands corresponding to
heavy chains (HC), deglycosylated heavy
chains (deglyc HC) and a possible degrada-
tion product (*) are indicated.

(Huppa and Ploegh, 1997; Yu et al., 1997). The fact that we
cannot detect H2a in the cytosol or on the cytosolic side of
the membranes is probably the result of very rapid degra-
dation after retrotranslocation. Deglycosylated cytosolic in-
termediates had been found during the degradation of other
proteins from the ER (Yu et al., 1997). We did not observe
deglycosylation of H2a (Figure 1), which is consistent with
the fact that we cannot find molecules transported to the
cytosol. Movement of a protein from the ER to the cytosol
for degradation was seen for a few proteins (Hiller et al.,
1996; Wiertz et al., 1996b; Yu et al., 1997; de Virgilio et al.,
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1998) and not for others (Chillaron and Haas, 2000; Fisher et
al., 1997; McGee et al., 1996; Schubert et al., 1998). In the case
of free class  MHC heavy chains, we can see a small amount
in the cytosol when blocking degradation, although most are
confined to a membrane-bound compartment (Figure 8). To
unify the differing results with different proteins we could
envisage a mechanism of reverse translocation that is cou-
pled to the ubiquitin/proteasome degradation, as has re-
cently been hypothesized (Hirsch and Ploegh, 2000). This
coupling is sometimes so tight that it does not allow detec-
tion of the protein substrate in the cytosol before degrada-
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Calnexin

tion occurs. Consistent with this coupling model, it was seen
that inhibition of ubiquitination blocked the retrotransloca-
tion of mutant cpy to the cytosol in yeast (Biederer et al.,
1997) and of mutant ribophorin I and TCR-« in mammalian
cells (de Virgilio et al., 1998; Yu and Kopito, 1999), whereas
proteasomal inhibition prevented the dislocation of a mem-
brane chimeric protein to the cytosol in yeast (Mayer ef al.,
1998). Our results show that in mammalian cells, after inhi-
bition of ubiquitination or of proteasomal activity, neither
the membrane-bound precursor nor the soluble ectodomain
fragment of H2a are transported to the cytosol. Thus, the
retrotranslocation depends on the process of degradation.
One possibility is that the proteasomes responsible for this
degradation are located at the cytosolic surface of the mem-
brane of the quality control compartment. This is consistent
with the fact that, like this compartment, proteasomes are
also found near the centrosome (Wigley ef al., 1999). Protea-

1720

Figure 9. Calnexin, calreticulin, and also partially
Sec61-B accumulate next to the centrosome in the
presence of lactacystin. Triple-label immunofluores-
cence (as in Figure 5) was performed on 3T3 cells
expressing H2a preincubated without (A-C and G-I)
or with 25 uM lactacystin (D-F and J-L), with the use
of DAPI, FITC-conjugated goat antimouse IgG with
anti-y-tubulin, and Cy3-conjugated goat antirabbit
IgG with anti-Sec61-B8 (A, D), anti-BiP (B, E), anti-
PDI (C, F), anticalnexin (G, J), anticalreticulin (H, K),
and anti-UDPGlIc:glycoprotein glucosyltransferase
(GT) (I, L). Bar = 10 um. The yellow arrows point
out the location of the centrosomes. Single label im-
munofluorescence is shown in the bottom panels for
calnexin (M) and calreticulin (N) in cells incubated
with lactacystin.

somes are also on the cytosolic side of the ER membrane
(Enenkel et al., 1998; Rivett, 1998; Hori et al., 1999), and there
is evidence that degradation of other proteins (e.g., CFTR)
starts before dislocation to the cytosol, presumably by pro-
teasomes recruited to the membrane (Xiong et al., 1999).
The QC compartment is characterized by a juxtanuclear
concentration of the substrates for ER/proteasomal degra-
dation upon inhibition of the proteasomes or of ubiquitina-
tion (Figures 2-5, 8). The existence of cells that show the
same type of juxtanuclear protein accumulation without any
treatment (Figures 4C and 8F) suggests that this process
occurs naturally. Cells that show this accumulation without
treatment may be expressing higher levels of the proteins or
alternatively may be degrading them more slowly. The con-
centration of Sec61, calreticulin, and calnexin in the region of
the QC compartment in the presence of proteasome inhibitor
(Figure 9) suggests that it could be a subcompartment of the
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ER. However, in contrast to the bulk of the ER, it is depen-
dent on microtubules (sensitive to nocodazole, Figure 50). It
might therefore be a separate compartment/organelle, and
future work should address this interesting possibility. The
insensitivity to brefeldin A (Figure 5Q) suggests that protein
accumulation in the QC compartment is an ARF-indepen-
dent process. Raposo ef al. had observed that free human
class I MHC HCs localize (without proteasomal inhibition)
to a region of the cell that was interpreted as an expanded
ERGIC (Raposo et al., 1995). The QC compartment is, in fact,
in an ERGIC-adjacent region, but it does not overlap with
B-COP. On the other hand, B-COP shows extensive overlap
with the ERGIC marker p58 (rodent homologue of ERGIC-
53) (Figure 5K). No overlap of the QC compartment with
B-COP was seen even after incubation of cells at 15°C (our
unpublished results), which is known to cause protein ac-
cumulation in the ERGIC. The segregation between the bio-
synthetic ERGIC and Golgi compartments and the QC com-
partment can be seen most interestingly with the same
protein in 2 different states, when visualizing the localiza-
tion of conformed class I complexes that are concentrated in
the ERGIC and Golgi on the way to the plasma membrane in
comparison to the localization of free class I HC, possibly on
the way to the proteasomes (Figure 8, P-R).

The accumulation of calnexin and calreticulin upon pro-
teasomal inhibition in a subcellular region that is probably
the QC compartment (Figure 9) is consistent with the pro-
posed role of these chaperones in protein quality control
from the ER (Hammond and Helenius, 1995). We also
showed extended association of H2a to calnexin (Shenkman
et al., 1997). Interestingly, calnexin concentration seems to be
reduced and the glucosyltransferase enhanced in ER exit
sites (Cannon and Helenius, 1999), the opposite of what we
found in the QC compartment. It was reported that Sec61
was found in the ERGIC, in addition to the ER (Greenfield
and High, 1999). The change in the pattern of Sec61 local-
ization that we see in the presence of lactacystin (Figure 9)
could reflect a partial redistribution to the QC compartment.

Association of H2a to Sec61 increased progressively with
time after synthesis (Figure 7), suggesting a reassociation
event as occurs with class I MHC in the presence of cyto-
megalovirus proteins (Wiertz ef al., 1996b). The fact that the
fraction of H2a associated with Sec61 increases with time
while total H2a decreases because of degradation suggests
that interaction with Sec61 could be the rate-limiting step
during retrotranslocation. We cannot rule out that, instead
of a reassociation event, a fraction of H2a remains associated
to Sec61 from its initial translocation. However, to explain
the results with this alternative would require that the asso-
ciated fraction be very stable and not be degraded over time,
an unlikely scenario. In the case of the degradation of a
mutant carboxypeptidase Y in yeast, it was shown that
indeed there is reassociation to Sec61 and not a persistence
after import (Plemper et al., 1999). The soluble H2a ectodo-
main fragment was not found in association with Sec61
(Figure 7A). We could speculate that, if the soluble fragment
is degraded by a mechanism similar to that followed by the
membrane-bound precursor, interaction with Sec61 might
take place through a membrane-bound mediator like caln-
exin. The ternary complex H2a ectodomain fragment/medi-
ator/sec61 might not survive after cell lysis.
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The proteasomal degradation of H2a is not determined by
misfolding or aggregation as in the case of many mutant
proteins. We did not find H2a accumulated upon proteaso-
mal inhibition to be aggregated (Figure 6), and we do not see
a global misfolding of H2a (Shenkman et al., 1997; Ayalon-
Soffer et al., 1999a). The recognition of membrane-bound
H?2a precursor for ER retention is determined by a pentapep-
tide on the luminal side of its membrane span (Shenkman et
al., 1997). Degradation follows after a certain lag period if
retained precursor molecules fail to be cleaved. This step is
modulated by sugar trimming events (Ayalon-Soffer et al.,
1999b). As for cleaved ectodomain molecules that fail to be
secreted, it is less clear how the recognition for proteasomal
degradation occurs. However, inhibition of the proteasomal
machinery allows cleavage of H2a precursor molecules and
rescue of cleaved ectodomain fragment molecules that are
then secreted, essentially reaching completion (Figure 1).
This suggests a competition between cleavage and secretion
on the one hand and signaling for proteasomal disposal on
the other.

The similar localization of H2a, MHC class I (Figure 8),
and CFTR (Johnston et al., 1998) upon proteasomal inhibi-
tion could be explained as follows. The proteins could first
be transported to the QC compartment. Subsequently, there
could be retrotranslocation for proteasomal degradation to
occur. Three alternatives would exist when proteasomal
degradation is insufficient or inhibited, depending on how
tight the coupling between the retrotranslocation and the
degradation is. The protein may be transported to the cyto-
solic side of the membranes to a small degree, as for MHC
class I, or to a large degree, where it may form large aggre-
gates as in the case of CFTR aggresomes (Johnston et al.,
1998), or it may remain in the QC compartment as occurs for
H2a. Notably, the action of the proteasome inhibitors leads
to an important increase in secretion of H2a ectodomain
fragment and of Golgi-processing of membrane-bound H2b,
implying that the QC compartment must be connected to the
secretory pathway. Therefore, the QC compartment could be
a sort of purgatory, where the fate of a protein is decided—
between its rescue and its demise.
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