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The recognition of terminally misfolded proteins in the endo-
plasmic reticulum (ER) and the extraction of these proteins to
the cytoplasm for proteasomal degradation are determined by a
quality control mechanism in the ER. In yeast, Yos9p, an ER
lectin containing a mannose 6-phosphate receptor homology
(MRH) domain, enhances ER-associated degradation (ERAD) of
glycoproteins. We show here that human XTP3-B (hXTP3-B),
an ER lectin containing two MRH domains, has two transcrip-
tional variants, and both isoforms retard ERAD of the human
a;-antitrypsin variant null Hong Kong (NHK), a terminally mis-
folded glycoprotein. The hXTP3-B long isoform strongly inhib-
ited ERAD of NHK-QQQ, which lacks all of the N-glycosylation
sites of NHK, but the short transcriptional variant of hXTP3-B
had almost no effect. Examination of complex formation by
immunoprecipitation and by fractionation using sucrose den-
sity gradient centrifugation revealed that the hXTP3-B long iso-
form associates with the HRD1-SEL1L membrane-anchored
ubiquitin ligase complex and BiP, forming a 27 S ER quality
control scaffold complex. The hXTP3-B shortisoform, however,
is excluded from scaffold formation. Another MRH domain-
containing ER lectin, hOS-9, is incorporated into this large com-
plex, but gp78, another mammalian homolog of the yeast ubiq-
uitin ligase Hrd1p, is not. Based on these results, we propose
that this large ER quality control scaffold complex, containing
ER lectins, a chaperone, and a ubiquitin ligase, provides a plat-
form for the recognition and sorting of misfolded glycoproteins
as well as nonglycosylated proteins prior to retrotranslocation
into the cytoplasm for degradation.
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In the endoplasmic reticulum (ER)? quality control system,
an elaborate machinery regulates the recognition of terminally
misfolded proteins and the extraction of these proteins from
the ER into the cytoplasm for degradation by proteasomes.
Since most of the proteins synthesized in the ER are modified
with N-linked oligosaccharides upon entry into the ER, quality
control closely correlates with the processing of sugars on the
attached N-glycans, assisted by ER chaperones and lectins
(1-4). In yeast, Yos9p, an ER lectin, accelerates ER-associated
degradation (ERAD) of glycoproteins (5—8). Yos9p has a man-
nose 6-phosphate receptor homology (MRH) domain, charac-
terized by its homology to the sugar recognition domain of the
mannose 6-phosphate receptor (9). Recent studies investigat-
ing the role of Yos9p in glycoprotein ERAD have found that
Yos9p forms a complex that includes the ubiquitin ligase
Hrd1p/Der3p, Hrd3p, and Kar2p (10-12). Hrdlp is a mul-
timembrane-spanning E3 ubiquitin ligase with a RING domain
in the C-terminal cytoplasmic tail that forms a stable, stoichio-
metric association with Hrd3p (13, 14). HRD1/synoviolin (15,
16) and gp78/AMEFR (17) are the mammalian orthologs of
Hrd1p. The mammalian homolog of yeast Hrd3p, SEL1L (18),
possesses a large luminal domain and a type I transmembrane
segment. In addition, several MRH domain-containing pro-
teins of unknown function have been reported in higher
eukaryotes and may act as lectins that recognize N-glycans (9).

To understand how ER lectins with MRH domains contrib-
ute to ER quality control of glycoproteins in mammals, we have
focused on human XTP3-B (hXTP3-B), which has two MRH
domains of unknown function (19). We cloned two transcrip-
tional variants of hXTP3-B and examined their effects on
ERAD as well as complex formation with the HRD1-SEL1L
ubiquitin ligase complex. We propose that the long transcrip-

2The abbreviations used are: ER, endoplasmic reticulum; ERAD, ER-asso-
ciated degradation; hXTP3-B, human XTP3-B; NHK, «,-antitrypsin null
(Hong Kong); mRFP, monomeric red fluorescent protein; Endo H,
endoglycosidase H; PNGase F, peptide-N-glycosidase F; siRNA, small
interfering RNA; RNAi, RNA interference; MRH, mannose 6-phosphate
receptor homology; E3, ubiquitin-protein isopeptide ligase; HA,
hemagglutinin; MALDI, matrix-assisted laser desorption/ionization;
TOF, time-of-flight; GFP, green fluorescent protein; vi-v4, version 1-4,
respectively.
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tional variant of hXTP3-B forms a 27 S ER quality control scaf-
fold complex, providing a platform for the recognition and sort-
ing of misfolded glycoproteins and nonglycosylated proteins,
prior to retrotranslocation for degradation.

EXPERIMENTAL PROCEDURES

Antibodies—Antibodies against human SEL1L were gener-
ated by immunizing rabbits with a synthetic peptide
(APPQQEGPPEQQPPQ) conjugated to keyhole limpet hemo-
cyanin and were used for immunoprecipitation experiments.
Rabbit polyclonal antibodies against a;-antitrypsin were pur-
chased from DAKO, and rabbit polyclonal anti-DsRed antibod-
ies were purchased from Clontech. Mouse monoclonal (9E10)
and rabbit polyclonal anti-c-Myc antibodies, as well as goat and
rabbit polyclonal anti-HA-tag antibodies, were obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Mouse
monoclonal (M2) and rabbit polyclonal anti-FLAG antibodies
were purchased from Sigma. A monoclonal antibody against
human SEL1L for immunoblot analysis was obtained from
Lifespan Biosciences. Rabbit polyclonal anti-OS-9 was pur-
chased from the Protein Tech Group, mouse monoclonal anti-
BiP was obtained from BD Biosciences, and mouse monoclonal
anti-p97/VCP was obtained from Affinity Bioreagents. Rabbit
polyclonal anti-calnexin antibodies were purchased from
StressGen, and a mouse monoclonal anti-actin antibody was
obtained from Chemicon.

Plasmid Construction—hXTP3-B and hOS-9 ¢cDNAs were
cloned by standard reverse transcription-PCR methods from
total RNA prepared from human 293 cells and HepG2 cells.
The coding regions of hXTP3-B and hOS-9 were amplified by
PCR and tagged with monomeric red fluorescent protein
(mRFP), HA, or FLAG at the C terminus by subcloning into the
mRFP (20), pMH (Roche Applied Science), or pCMV-Tag4
(Invitrogen) plasmids, respectively. A plasmid expressing
human SEL1L was kindly provided by Otsuka Pharmaceutical
Co. Ltd. (Tokushima, Japan). NHK-GFP was constructed by
amplification of the coding region of NHK from NHK/pREP9
(21) by PCR, followed by subcloning into pEGFP-N1 (Clon-
tech). ER-mCherry was constructed by replacing the enhanced
yellow fluorescent protein domain of enhanced yellow fluores-
cent protein-ER (Clontech) with mCherry (Clontech). NHK-
QQQ (22) and HRD1-Myc/gp78-Myc (23) were constructed as
described previously.

Small Interfering RNA (siRNA) Sequences—siRNAs targeting
hXTP3-B and SELIL were purchased from Invitrogen
(Stealth™ RNA interference (RNAi)). The targeted sequences
were as follows: XTP3B-1 (5'-3"), UAUGUGGGUUGUCCC-
AACAGUGAGC; XTP3B-2 (5'-3"), UUUCCCACUAUCCU-
UGUCCUCAUGG; XTP3B-3 (5'-3"), UUUCCAUGACAUA-
CUUCGUAAGUCC; SEL1L-1 (5'-3"), AUUCCAAGCCCAC-
UCUGUCCAACUG; SEL1L-2 (5'-3"), UUAACUUGAACUC-
CUCUCCCAUAGA; SEL1L-3 (5'-3"), AUCUGAUGUACAU-
UCAUCAUACUCC. Low GC and medium GC Stealth™
RNAIi duplexes were used as negative control siRNAs.

Cell Culture and Transfection—Human 293 cells were cul-
tured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum and antibiotics (100 units/ml pen-
icillin G and 0.2 mg/ml streptomycin). Plasmids were trans-
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fected using the FUGENES® transfection reagent (Roche Applied
Science) or Lipofectamine 2000 (Invitrogen) according to the
methods recommended by the manufacturers. Cells were met-
abolically labeled and/or harvested 24 —30 h after transfection.
For siRNA knockdown experiments, RNA was transfected
using Lipofectamine RNAIMAX (Invitrogen) according to the
manufacturer’s protocol ~24 h after plating the cells. Following
incubation for an additional 24 h, plasmids were transfected
using the FUGENES6 transfection reagent, and the cells were
metabolically labeled after 24 h.

Metabolic Labeling, Immunoprecipitation, and Western
Blotting— After incubation in medium lacking methionine/cys-
teine for 20 min, cells were pulse-labeled with 8.2 MBq/ml
[*°S]-Express protein labeling mixture (PerkinElmer Life Sci-
ences) for 15 min, and chased in normal growth medium con-
taining 30 mg/liter methionine and 63 mg/liter cystine-2HCI
for the indicated times. For overnight labeling, 6 mg/liter
methionine, 13 mg/liter cystine-2HCl, and 4.1 MBq/ml [**S]
labeling mixture were added to the medium.

Cells were solubilized in buffer (150 mm NaCl, 50 mm Tris-
HCI, pH 7.5) containing 1% Nonidet P-40 or 3% digitonin, sup-
plemented with protease inhibitors. After centrifugation at
12,000 rpm for 20 min at 4 °C, the supernatant was used for
immunoprecipitation or Western blotting, as described (24).
Radioactivity was quantified by exposing gels to a PhosphorIm-
ager (STORM; GE Healthcare) (21).

For Western blot analysis, supernatants were adjusted to 1 X
in Laemmli buffer and separated by 10% SDS-PAGE. After blot-
ting onto nitrocellulose, the membranes were blocked in Block-
ing-One solution (Nacalai Tesque, Japan). Antibodies were
diluted in phosphate-buffered saline containing 0.1% Tween 20
supplemented with 5% Blocking-One or in the Can Get Signal
buffer (TOYOBO) and detected by ECL (GE Healthcare). To
detect the multimembrane-spanning ubiquitin ligases HRD1
and gp78 after immunoprecipitation or by Western blotting,
samples were incubated in Laemmli buffer at 37 °C for 30 min
or 65 °C for 15 min, separated by SDS-PAGE, and processed for
quantification or for blotting as described above.

Sucrose Density Gradient Centrifugation—Cells were solubi-
lized in 3% digitonin and centrifuged at 12,000 rpm for 20 min.
Supernatants (0.25 ml) were applied to a 10 —40% linear sucrose
gradient on a 60% sucrose cushion. Centrifugation was per-
formed at 36,000 rpm in a swinging bucket rotor (RPS55; Hita-
chi, Japan) at 4 °C for 16 h, and 0.25-ml fractions were collected
from the top. Aliquots of each fraction (10% of total volume)
were separated by SDS-PAGE, followed by Western blotting. A
high molecular weight calibration kit for native electrophoresis
(GE Healthcare) was used to estimate the molecular weights.
The proteins and sedimentation coefficients were as follows:
bovine serum albumin (66 kDa), 4.6 S; bovine heart lactate
dehydrogenase (140 kDa), 7.7 S; bovine liver catalase (232 kDa),
11.4 S; porcine thyroid thyroglobulin (669 kDa), 19 S. To detect
protein interactions in fractions separated by sucrose density
gradient centrifugation, the fractions were diluted 2.5-fold with
3% digitonin lysis buffer and immunoprecipitated with various
antibodies. Immunoprecipitates were separated by SDS-PAGE,
and co-immunoprecipitated proteins were detected by West-
ern blot analysis.
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RESULTS

ER Localization of hXTP3-B—To
examine the function of hXTP3-B,
we cloned two transcriptional vari-
ants of hXTP3-B from cultured
human cells by reverse transcrip-
tion-PCR (Fig. 1A). These two tran-
scripts are reported in the expressed
sequence tag data base and differ in
the distance between the two MRH
domains. The hXTP3-B-short iso-
form also lacks part of the N termi-
nus of MRH domain 2, including
one of the six conserved cysteines
within the MRH domain (9). A

150 =
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50=

37 =

hydrophobic  predicted  signal
sequence is present at the N termi-
nus of both isoforms. To determine
the subcellular localization, hXTP3-
B-mRFP was co-transfected with
NHK-GFP, a luminal ERAD sub-
strate. Microscopic observations
revealed that hXTP3-B was distrib-
uted in a fine reticular network in
the cytoplasm around the nucleus
that co-localized with the distribu-
tion of NHK-GFP, indicating its

- hOS-9(v1)-FLAG

-
¥ hXTP3B-short-HA

lane 1

Mass Spectrometric Analysis—Mass spectrometric identifi-
cation of proteins was performed as previously described (25).
Briefly, after SDS-PAGE, proteins were visualized by silver
staining, excised from the gel, and subjected to in-gel digestion
overnight at 37 °C with trypsin (Promega) in buffer containing
50 mM ammonium bicarbonate (pH 8.0) and 2% acetonitrile.
Molecular mass analysis of tryptic peptides was performed by
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry using an Ultraflex TOF/
TOF instrument (Bruker Daltonics). Proteins were identified
by comparison of the molecular weights determined by
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FIGURE 1. Intracellular localization of transfected hXTP3-B. A, domain organization of hXTP3-B-long and
-short isoforms. B, fluorescence microscopy of 293 cells co-transfected with hXTP3-B-short-mRFP and NHK-
GFP. After fixing cells with 4% paraformaldehyde at room temperature, mRFP and GFP signals were detected
by confocal microscopy (Carl Zeiss). C, Endo H and PNGase F digestion of hXTP3-B and hOS-9. Cultures of 293
cells were transfected with HA-tagged hXTP3-B-long or -short or a FLAG-tagged hOS-9 v1, immunoprecipi-
tated with the appropriate epitope tag antibody, and incubated at 37 °C with Endo H for 3 h or with PNGase F
for 1.5 h. The thick arrows indicate the nonglycosylated forms of hXTP3-B, and the dotted arrows show the
N-glycosylated forms. The arrowhead corresponds to N-glycosylated hOS-9, and the thin arrow shows nongly-
cosylated hOS-9. The asterisk indicates a band that binds to Protein G-Sepharose beads nonspecifically.

localization in the ER (Fig. 1B). The
intracellular distribution was fur-
ther examined by testing the sensi-
tivity of the hXTP3-B N-linked gly-
cans to Endo H digestion. hXTP3-B
has one consensus sequence for
N-glycosylation, and the transfected
long and short isoforms were both
partially N-glycosylated, as indi-
cated by the appearance of doublet bands (Fig. 1C, lanes 1, 3, 7,
and 9). The hXTP3-B N-glycan was sensitive to Endo H diges-
tion (Fig. 1C, compare lane 1 with lane 2 and lane 3 with lane 4),
confirming its distribution in the ER.

Effect of hXTP3-B on ER Quality Control—To investigate the
involvement of hXTP3-B in ER quality control, we transfected
293 cells with hXTP3-B and examined the effect on the degra-
dation of NHK, a terminally misfolded variant of the human
a,-antitrypsin glycoprotein (21, 26, 27). hXTP3-B retarded
NHK degradation, and the effect was more prominent in the
presence of the hXTP3-B long form transcriptional variant
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FIGURE 2. Effect of hXTP3-B on ERAD. A, effect of hXTP3-B on the terminally misfolded glycoprotein NHK. NHK
degradation in transfected 293 cells was examined by immunoprecipitation (IP) of cell lysates pulse-labeled with
[*>SImethionine/cysteine. Immunoprecipitates were separated by 10% SDS-PAGE. The positions of the molecular
weight standards are shown on the left. Quantitative analysis by phosphorimaging is shown on the right; error bars indi-
cate SEE. (n = 3). The C terminus of hXTP3-B was tagged with mRFP. ER-mCherry, which expresses mCherry in the ER,
was transfected as a control. B, effect of hXTP3-B on nonglycosylated NHK-QQQ degradation. NHK-QQQ degrada-
tion was examined asin A. C, secretion and intracellular transport of wild-type «,-antitrypsin. Quantitative analysis of
a typical experiment is shown on the right. Disappearance of the ER form (upper graph), detection of the Golgi form
(in cell lysate fractions, gray arrow in the left panel), and secretion into the medium (lower graph) are shown.

than the short form variant (Fig. 24). We also examined the
effect of hXTP3-B on the degradation of a nonglycosylated
ERAD substrate, NHK-QQQ), which lacks all three NHK N-gly-
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cosylation sites (22). Unexpectedly,
the hXTP3-B-long isoform greatly
delayed NHK-QQQ degradation,
whereas the hXTP3-B-short iso-
form only marginally affected deg-
radation  (Fig. 2B).  Neither
hXTP3-B variant affected the secre-
tion or intracellular transport of
wild-type a,-antitrypsin (Fig. 2C).
These data suggest that the ER lec-
tin XTP3-B-long is involved not
only in glycoprotein ERAD but also
in quality control of misfolded non-
glycosylated proteins.

Association of SEL1L with HRDI
and BiP—To investigate the role of
XTP3-B in ER quality control, we
first analyzed formation of com-
plexes between SELIL and the
membrane-embedded  ubiquitin
ligases HRD1 and gp78, which are
both orthologs of yeast Hrdlp.
HRD1-SELIL complex formation
was detected in cells solubilized
with 3% digitonin buffer (Fig. 34,
lanes 6-9), as previously reported
(28). In contrast, gp78 did not asso-
ciate with SEL1L (Fig. 3A, lanes
10-13). The interaction between
SEL1L and HRDI1 was disrupted
when the cells were extracted in
buffer containing 1% Nonidet P-40
(supplemental Fig. 1), indicating an
intramembrane or a weak interac-
tion between the two proteins. The
association of BiP with the HRD1-
SEL1L complex was also observed
only when cells were extracted with
3% digitonin and not with 1% Non-
idet P-40 (Fig. 3A, supplemental Fig.
1), suggesting a weak interaction.
The previously reported stable
binding of gp78 and p97/VCP (17),
which is resistant to 1% Nonidet
P-40, was confirmed (Fig. 34, lanes
11 and 13, and supplemental Fig. 1;
also see Fig. 3C). SEL1L should
migrate with a molecular mass of
~100 kDa on SDS-PAGE, and three
bands near the 100-kDa molecular
weight standard were detected in
immunoprecipitates probed with
anti-SEL1L (Fig. 3A, even-num-
bered lanes). To discriminate
between SEL1L and proteins tightly

associated with SEL1L, immunoprecipitates were digested with
Endo H or PNGase F, since human SEL1L has five putative
N-glycosylation sites. The electrophoretic mobility of the mid-
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FIGURE 3. HRD1-SEL1L complex formation. A, HRD1-SEL1L complex forma-
tion in 3% digitonin lysis buffer. Cultures of 293 cells were transfected with
mock, SEL1L, and/or HRD1-Myc/gp78-Myc. After metabolic labeling for 3 h,
cell lysates were immunoprecipitated with the indicated specific antibodies.
The asterisk indicates a band nonspecifically detected by Protein G-Sepha-
rose beads. non-imm, nonimmune rabbit serum. B, Endo H and PNGase F
digestion of SEL1L and HRD1-Myc. N-Glycosidase digestion was performed as
described in the legend to Fig. 1B. The results of two independent experi-
ments are shown in the upper (lanes 1-12) and lower (lanes 13-16) panels.*, as
in A. C, identification of endogenous SEL1L, BiP, and p97/VCP by immunopre-
cipitation. Cells transfected with the indicated plasmids were labeled with
[*>SImethionine/cysteine for 3 h and extracted with 3% digitonin. The elec-
trophoretic mobilities of proteins immunoprecipitated with the indicated
antibodies (/P) are compared.

dle band (Fig. 3B, lanes 1, 3, 7, and 9, thin black arrows)
increased substantially with glycosidase digestion (Fig. 3B, gray
arrows; compare lane 1 with lane 2, lane 3 with lane 4, lane 7
with lane 8, lane 9 with lane 10, lane 13 with lane 14, and lane
15 with lane 16). The electrophoretic mobilities of the other
two proteins did not change significantly. Hence, the middle
band at ~100 kDa was identified as SEL1L. HRD1-Myc was not
glycosylated, as previously reported (Fig. 3B, compare lane 5
with lane 6 and lane 11 with lane 12) (16).

Identification of proteins that co-immunoprecipitated with
SEL1L, HRD1, and gp78 was verified using specific antibodies
and sensitivity to Endo H or PNGase F digestion (Fig. 3, B and
C). Cells transfected with the indicated plasmids were metabol-
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FIGURE 4. Association of hXTP3-B with the membrane-anchored ubiqg-
uitin ligase complex. A, co-immunoprecipitation of hXTP3-B-long and -short
with SEL1L. Cells mock-transfected or transfected with HA-tagged hXTP3-B or
mouse EDEM1 (mEDEM1) were metabolically labeled for 16 h prior to extrac-
tion with 3% digitonin. non-imm, nonimmune rabbit serum. B, comparison of
complex formation by hXTP3-B-long and HRD1 in lysis buffer containing 3%
digitonin or 1% Nonidet P-40. Cells were labeled for 16 h.

ically labeled and extracted with 3% digitonin. Co-immunopre-
cipitation of gp78-Myc with p97/VCP was confirmed using
antibodies against c-Myc (Fig. 3C, lane 16) and p97/VCP (lane
17). The ~75-kDa protein that co-immunoprecipitated with
SEL1L was identified as BiP, since its electrophoretic mobility
was the same as in immunoprecipitates probed with anti-BiP
(Fig. 3C, lane 4 versus lane 5 and lane 12 versus lane 13). BiP is
not a glycoprotein, and the ~75-kDa protein was also resistant
to glycosidase digestion (Fig. 3B, compare adjacent lanes with
or without glycosidase digestion). Thus, SEL1L forms a com-
plex with HRD1 but does not associate with gp78.

Association of hXTP3-B-long with the HRD1-SEL1L Complex
and BiP—W e next examined the interaction between hXTP3-B
and the HRD1-SEL1L ubiquitin ligase complex after extracting
the cells with 3% digitonin. Remarkably, the hXTP3-B-long iso-
form co-immunoprecipitated with SEL1L and BiP, whereas the
short form variant did not interact with either protein (Fig. 44,
compare lane 4 with lane 6). Additionally, EDEM1, which
accelerates glycoprotein ERAD (21), did not interact with the
HRD1-SEL1L complex (lanes 8 and 9). hXTP3-B-long co-im-
munoprecipitated with SEL1L in both digitonin and Nonidet
P-40 lysis buffers (Fig. 4B, lanes 4 and 11), whereas the interac-
tion between hXTP3-B-long and HRD1 was disrupted in the
presence of 1% Nonidet P-40 (Fig. 4B, compare lane 6 with lane
13), suggesting that hXTP3-B-long binds directly to SEL1L,
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FIGURE 5. Complex formation by hXTP3-Band HRD1. A,immunoblot of 293
cells co-transfected with hXTP3-B-long-HA and HRD1-Myc/gp78-Myc. Cells
were solubilized with 3% digitonin, and immunoprecipitates of hXTP3-B (HA-
tagged) were separated and blotted with anti-c-Myc or anti-HA antibodies
(lanes 4-6). Aliquots of the lysates (10% of the total volume) used for immu-
noprecipitation (/IP) were loaded as input controls (lanes 1-3). Partially
degraded fragments of HRD1-Myc were detected (lane 2), but only full-length
HRD1-Myc co-immunoprecipitated with hXTP3-B (lane 5). B, indirect associa-
tion of hXTP3-B and HRD1. Cells transfected with FLAG-tagged hXTP3-B and
HRD1-Myc were extracted in either 3% digitonin (left) or 1% Nonidet P-40
(right) and subjected to immunoprecipitation followed by Western blotting.

whereas its association with HRD1 is indirect. The interaction
between hXTP3-B-long and HRD1 was further assessed by
immunoprecipitation followed by Western blotting. In immu-
noprecipitates of hXTP3-B-long-HA, HRD1-Myc was recov-
ered (Fig. 5A, lane 5), but gp78-Myc was not (lane 6). Thus,
hXTP3-B-long forms a complex with HRD1 but not with gp78.
Although partially degraded HRD1-Myc was detected with
anti-c-Myc in the cell extract (Fig. 54, lane 2), only full-length
HRD1-Myc co-immunoprecipitated with hXTP3-B-long
(compare lanes 2 and 5), suggesting that the N-terminal trans-
membrane segment of HRD1 is important for the interaction
between these proteins. Although reciprocal co-immunopre-
cipitation of hXTP3-B-long and HRD1 was detected when cells
were lysed in 3% digitonin lysis buffer (Fig. 5B, lanes 6 and 9),
these proteins were dissociated by extraction in 1% Nonidet
P-40 (Fig. 5B, compare lane 6 with lane 15 and lane 9 with lane
18). Therefore, hXTP3-B-long, but not hXTP3-B-short, inter-
acts with SEL1L to form a complex containing the HRD1-
SEL1L ubiquitin ligase.

Incorporation of hXTP3-B-long in a 27 S Complex—To fur-
ther characterize the complex formed by hXTP3-B-long,
HRD1-SEI1L, and BiP, cell extracts were subjected to sucrose
density gradient centrifugation. The hXTP3-B-long isoform
fractionated into two distinct peaks (Fig. 6, third panel, brack-
ets), whereas the hXTP3-B-short isoform sedimented only in
the lighter fractions (Fig. 6, second panel). Thus, hXTP3-B-long
is incorporated into a high molecular weight complex, and the
sedimentation coefficient of this complex was estimated to be
~27 S by comparison with the sedimentation of protein stand-
ards (see “Experimental Procedures”). We also compared the
distribution of transfected EDEM1, which migrated more
broadly with a peak at 11 S, suggesting that EDEM1 primarily
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FIGURE 6. Fractionation of hXTP3-B and mouse EDEM1 (mEDEM1) by
sucrose density gradient centrifugation. Cells transfected with hXTP3-B or
mouse EDEM1 were extracted with 3% digitonin and fractionated using a
10-40% sucrose density gradient. Fractions were Western blotted with anti-
FLAG (for hXTP3-B-short and -long) or anti-HA (for mouse EDEM1) antibodies
to determine the sedimentation profiles of hXTP3-B-short and -long and
mouse EDEM1. The brackets indicate the two separate regions of the gradient
where hXTP3-B-long was detected. Fractions containing high molecular
weight calibration proteins are indicated at the bottom by their estimated
sedimentation coefficients (arrows). The positions of molecular weight stand-
ards for SDS-PAGE are shown on the left.

segregates into complexes that do not contain hXTP3-B (Fig. 6,
bottom panel).

Mass spectrometric analysis of FLAG-tagged hXTP3-B-long
revealed that hXTP3-B-long associates with SEL1L, HRD1, and
another MRH domain-containing protein, hOS-9 (29-32),
which is a human homolog of yeast Yos9p and has one MRH
domain. Four transcriptional variants (vl-v4) have been
reported in the expressed sequence tag data base (see Fig. 84),
but the function of hOS-9 in ER quality control has not been
reported. We probed sucrose density gradient fractions with
antibodies against hOS-9 and SEL1L. Endogenous hOS-9 and
SEL1L were distributed in two separate peaks and co-sedi-
mented with the 27 S high molecular weight complex contain-
ing FLAG-tagged XTP3-B-long (Fig. 7A, rightmost panels,
brackets). Examination of membrane-embedded ubiquitin
ligases revealed that gp78 sedimented separately from SEL1L
and hXTP3-B-long (Fig. 7B, rightmost panels), whereas HRD1
was more broadly distributed than fractions enriched for
SEL1L, suggesting that HRD1 forms complexes in addition to
the HRD1-SEL1L complex (Fig. 7B, third row of panels). Thus,
we conclude that hXTP3-B-long co-sediments with HRD1-
SEL1L and hOS-9 but not with gp78 or EDEM1.

Co-immunoprecipitation of hOS-9 with SEL1L and BiP—We
next examined the incorporation of hOS-9 into the 27 S high
molecular weight complex by binding to SEL1L. We cloned the
four transcriptional variants of hOS-9 (v1-v4) by reverse tran-
scription-PCR from HepG2 and 293 cells (Fig. 84). These tran-
scriptional variants have alternatively spliced regions near the
C terminus. HepG2 cells expressed v1 and v2 mRNA, whereas
293 cells expressed all four transcripts. In cells extracted with 1%
Nonidet P-40, hOS-9 v1 and v2 co-immunoprecipitated with
endogenous SEL1L (Fig. 8B, compare lane 4 with lane 5 and lane 6
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FIGURE 7. High molecular weight complex formation by hXTP3-B-long. A, co-fractionation of endogenous hOS-9 and SEL1L with hXTP3-B-long. Lysates of
cells transfected with hXTP3-B with or without HRD1-Myc/gp78-Myc were fractionated by sucrose density gradient centrifugation as in Fig. 6 and were
subjected toimmunoblotting with anti-FLAG to detect hXTP3-B-long or with antibodies against endogenous proteins. The position of SEL1L isindicated by the
arrowheads, and the two hOS-9 variants are indicated by arrows. The high molecular weight fractions containing hXTP3-B-long are indicated by the brackets.
The asterisks denote nonspecific signals detected by the anti-OS-9 antibody. B, distribution of HRD1 and gp78. Fractions were probed with antibodies against
the epitope tags (FLAG for hXTP3-B and c-Myc for HRD1 and gp78) or endogenous proteins (0S-9, SEL1L, and p97/VCP). The arrows and arrowheads are as in
A. gp78-Myc is indicated by the gray arrowhead.
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FIGURE 8. Co-immunoprecipitation of hOS-9 with SEL1L and BiP. A, domain organization of hOS-9 variants
1 and 2. Variants lacking the 15-amino acid region indicated by the arrow in variants 1 and 2 correspond to
variants 3 and 4, respectively. B, complex formation by hOS-9 and SEL1L. Cells were transfected with FLAG-
tagged hOS-9 v1 or v2, labeled for 3 h, and extracted with 1% Nonidet P-40 (left) or 3% digitonin (right). The
extracts were analyzed by immunoprecipitation (/P) with specific antibodies. non-imm, nonimmune rabbit IgG.
The asterisk indicates a nonspecific signal detected by Protein G-Sepharose beads.

with lane 7). Co-immunoprecipitation of BiP was also detected in
cells solubilized with 3% digitonin. These data suggest that the two
human MRH domain-containing proteins, hOS-9 and hXTP3-B-

20920 JOURNAL OF BIOLOGICAL CHEMISTRY

long, are incorporated into the 27 S
complex through their interactions
with SEL1L.

Physical Association of SELIL,
HRDI, and hXTP3-B-long—Al-
though the association of SELIL,
HRD1, and hXTP3B-long was consis-
tently detected by immunoprecipita-
tion followed by Western blotting
(Fig. 5) and by co-immunoprecipita-
tion of radiolabeled proteins (Figs. 3
and 4), additional unidentified
radiolabeled proteins were detected
in the co-precipitates when cells
were labeled for 3-16 h (Figs. 3 and
4). To more clearly assess the phys-
ical association of SEL1L, HRDI,
and hXTP3-B-long, we performed
immunoprecipitations using pooled
fractions from sucrose density gra-
dient fractionations. Reciprocal co-
immunoprecipitations of SELIL,
HRD1, and hXTP3-B-long were
obtained from the pooled fractions
14-17 in which the 27 S high
molecular weight complex sedi-
mented (Fig. 94), suggesting a phys-

ical association between the proteins.
Next, we knocked down endogenous proteins using RNAi
and analyzed the association of SEL1L, HRD1, and hXTP3-B-
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FIGURE 9. Physical interaction between SEL1L, HRD1, and hXTP3-B. A, co-immunoprecipitation of SEL1L,
HRD1, and hXTP3-B-long from fractions separated by sucrose density gradient centrifugation. Lysates of cells
transfected with mock or hXTP3B-long-FLAG + HRD1-Myc were separated by 10-40% sucrose density gradi-
ent centrifugation as in Fig. 6, and fractions containing the 27 S high molecular weight complex (fractions
14-17) were pooled and subjected to immunoprecipitation followed by Western blot analysis. Input control
lanes (lanes 1 and 2) contained aliquots (10% of the total volume) of the pooled fractions. Since hXTP3-B-long
migrates close to the immunoglobulin heavy chains used forimmunoprecipitation, short and long exposures
of the FLAG blot are shown to allow visualization of FLAG-tagged proteins. B, effect of XTP3-B RNAi on complex
formation. Cell cultures were incubated with the indicated siRNA (30 nm) and after 24 h, HRD1-Myc was trans-
fected. After 48 h of RNAI treatment, cells were metabolically labeled for 3 h and then extracted with 3%
digitonin. Complex formation was analyzed by immunoprecipitation (/P) with specific antibodies. Two nega-
tive control siRNAs (Control-1, low GC content; Control-2, medium GC content) and two specific siRNAs were
used. The asterisk denotes a nonspecific band detected by Protein G-Sepharose beads. Calnexin (CNX) immu-
noprecipitation served as a loading control. C, effect of SEL1L RNAi on complex formation; the same as B, with

cate that the 27 S complex is
involved in ERAD pathways for
both glycosylated and nonglycosy-
lated proteins.

Effects of Co-expression of
hXTP3-B and EDEMI1 on NHK
Degradation—Since EDEM pro-
teins (EDEM1, -2, and -3) are
involved in glycoprotein ERAD by
accelerating NHK degradation (21,
22, 33, 34), we examined the effect
of co-expressing XTP3-B and
EDEMI1. Indeed, hXTP3-B-short
partially reversed the effect of
EDEM1 (Fig. 11A). Similar results
were obtained with hXTP3-B-long
and EDEM1 (data not shown).
These data suggest that EDEM1 and
hXTP3-B actin the same pathway of
NHK degradation.

DISCUSSION

In the present study, we analyzed
the function of the human MRH
domain-containing lectin hXTP3-B
and demonstrated its involvement
in ER quality control. Based on the
current data, we propose a model
for mammalian ERAD in which a
large 27 S ER quality control scaffold

the exception that hXTP3-B-long-HA was co-transfected with HRD1-Myc.

long by immunoprecipitation. We confirmed the knockdown
of transfected hXTP3-B and endogenous SEL1L by Western
blot analysis. The knockdown efficiency was greater than 80%,
with the exception of the SEL1L-1 siRNA (supplemental Fig. 2
and Fig. 9C). Because the XTP3B-1 and SEL1L-1 siRNAs inhib-
ited cell proliferation, we used the XTP3B-2 and -3 and
SEL1L-2 and -3 siRNAs for further analysis. Although the
XTP3B-2 and -3 siRNAs knocked down both the hXTP3-B-
long and hXTP3-B-short isoforms efficiently (supplemental
Fig. 2A), co-immunoprecipitation of SEL1L and HRD1 was not
affected (Fig. 9B). In contrast, co-immunoprecipitation of
HRD1 with hXTP3B-long was greatly impaired by knockdown
of SEL1L (Fig. 9C, compare lanes 9 and 10 and lanes 11 and 12).
Co-immunoprecipitation of HRD1 and BiP with SEL1L was
also reduced by SEL1L RNA:I (Fig. 9C, lanes 1-4). Collectively,
these data suggest that SEL1L directly interacts with HRD1,
whereas hXTP3-B-long associates with HRD1 through an
interaction with SEL1L in the 27 S complex.

Effects of hXTP3-B and SEL1L Knockdown on ERAD—To elu-
cidate the role of the 27 S complex in ERAD, we knocked down
hXTP3-B and SEL1L by siRNA and analyzed the kinetics of
ERAD substrate degradation in pulse-chase experiments.
Although the intracellular degradation of both NHK and NHK-
QQQ was largely unaffected by XTP3-B RNAi (Fig. 10, A and
B), knockdown of SEL1L strongly inhibited the degradation of
both NHK and NHK-QQQ (Fig. 10, C and D). These data indi-
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complex, containing the HRDI1

ubiquitin ligase, SEL1L, BiP, and the
ER lectins hXTP3-B-long and hOS-9, is formed (Fig. 11B).
Importantly, this complex provides a scaffold for ERAD path-
ways for terminally misfolded nonglycosylated proteins as well
as improperly folded glycoproteins. The components of this
complex are similar to the complex reported in yeast (10-12),
suggesting a conserved machinery from yeast to mammals. The
degradation of terminally misfolded NHK is prevented by over-
expression of hXTP3-B-long, probably due to increased dock-
ing on the scaffold complex, which traps misfolded proteins
prior to sorting to the retrotranslocation machinery. Interest-
ingly, the hXTP3-B-short variant is excluded from the quality
control complex, as indicated by both co-immunoprecipitation
and co-sedimentation analyses. The absence of the conserved
cysteine in the N-terminal MRH domain 2 and/or the distance
between the two MRH domains in the hXTP3-B-short isoform
may provide the structural basis for these results, but this
hypothesis remains to be demonstrated. The binding of
hXTP3-B to nonglycosylated NHK-QQQ was detected by
immunoprecipitation (Fig. 2B), consistent with the observation
in yeast that Yos9 binds to misfolded CPY* lacking all N-glycans
(6), although binding of Yos9p to N-linked oligosaccharides has
been demonstrated (8). Since BiP binds to NHK-QQQ), but not
NHK (supplemental Fig. 3), we hypothesize that BiP recruits
nonglycosylated NHK-QQQ to the quality control scaffold.
Alternatively, hXTP3-B may provide the primary binding inter-
face for NHK-QQQ.
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FIGURE 10. Effects of hXTP3-B and SEL1L knock-down on ERAD. A, NHK degradation following XTP3-8  further confirmed that most of the
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pulse-chased 48 h after RNAI, as described in the legend to Fig. 2. One representative result is shown on
the left, and quantitative analysis is shown on the right, with error bars indicating the S.E. (n = 3).

24 h after RNAJ, and cells were  hXTP3-B was productively folded
(supplemental Fig. 4).

B, NHK-QQQ degradation following XTP3-B siRNA; the same as in A, with the exception that NHK-QQQ was Inhibition of both NHK and NHK-

transfected instead of NHK. C, NHK degradation following SEL1L siRNA. D,
ing SEL1L siRNA.

The MRH domain-containing lectins hXTP3-B and hOS-9
are both incorporated into the quality control complex. Knock-
down of XTP3-B by RNAI did not affect the degradation kinet-
ics of NHK (Fig. 10A), suggesting that these lectins are func-
tionally redundant in ERAD. However, overexpression of
hOS-9 v1 or v2 had little effect on NHK degradation (data not
shown). Thus, the functional differences between hXTP3-B
and hOS-9 are not clear at present. The reported intracellular
localization of hOS-9, a cytosolic distribution as well as associ-
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NHK-QQQ degradation follow-  QQQ degradation by SEL1L knock-
down (Fig. 10, C and D) strongly sug-
gests the involvement of the 27 S
quality control scaffold complex in ERAD. Overexpression of
SELI1L did not affect the ERAD of NHK or NHK-QQQ (data not
shown), further suggesting the importance of the SEL1L-contain-
ing complex in ERAD. Since several other proteins co-immuno-
precipitated with SEL1L (Fig. 3), it is possible that these as yet
unidentified proteins are also incorporated into the 27 S quality
control complex. Additionally, the stoichiometry of each protein
in this large complex is not clear at present. It will be important to
address these issues in future experiments.
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HRD1-SEL1L ubiquitin ligase com-
plex and that XTP3-B recognizes
both glycosylated and nonglycosy-
lated proteins as ERAD substrates,
presumably as long as they are mis-
folded. However, our conclusions
do not agree with theirs in several
respects. First, based on our analy-
ses of the two transcriptional vari-
ants of hXTP3-B, we hypothesized
that the region of the protein lack-
ing in the short variant is responsi-
ble for complex formation with
SEL1L. In contrast, Christianson
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protein

i -

association of the ER-resident
HSP70 homolog BiP (the ortholog

cytosol

@ —

p97/
VCP

FIGURE 11. Involvement of hXTP3-B and EDEM1 in the mammalian ER quality-control pathway. A, effect
of co-expression of hXTP3-B and EDEM1 on NHK ERAD. NHK degradation was examined by pulse-chase in cells
co-transfected with hXTP3-B-short and EDEM1. Quantitative analysis is shown on the right, with error bars
indicating the S.E. (n = 3). B, a model for the mammalian ER quality control scaffold. Only the components
analyzed in this study are shown. Both misfolded glycoproteins and nonglycosylated proteins are recruited to
the scaffold assembled on the HRD1-SEL 1L ubiquitin ligase complex, which also includes hXTP3-B-long, hOS-9,

and BiP.

Accelerated degradation of NHK by EDEM1 was partially
reversed by co-expression of hXTP3-B, although EDEM1 is not
a component of the quality control complex. Htm1p/Mnllp,
the yeast homolog of mammalian EDEM proteins (36, 37), and
EDEM1 are predicted to act as lectins, because they lack
a-mannosidase activity (21, 36); however, the lectin activity of
EDEM has not yet been verified. Since Yos9p recognizes
MangGlcNAc, and Man GlcNAc, glycans on misfolded CPY*
(8), identification of the N-glycan structures that the human ER
lectins recognize will clarify the roles of the components of the
27 S complex as well as the EDEM proteins in sorting ERAD
substrates to the retrotranslocation machinery.

While this manuscript was in revision, Christianson et al.
(38) reported that OS9 and GRP94 deliver NHK to the SEL1L-
HRD1 complex for ERAD. Consistent with our study here, they
also showed that both OS-9 and XTP3-B associate with the
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(fing) of yeast Kar2p) in the HRD1-SEL1L
cue complex, and our results indicate a
possible contribution of BiP in the

\p'%?F’; ERAD of nonglycosylated proteins

within the context of the large qual-
ity control complex. Although
Christianson et al. (38) also detected
the association of BiP with XTP3-B
and OS-9, their study concentrated
on the interaction between OS-9
and GRP94. Thus, further analyses
will be required to provide a better
understanding of the molecular mechanism of mammalian
ERAD.
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