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Peptide:N-glycanase (PNGase) has been proposed to participate in
the proteasome-dependent glycoprotein degradation pathway.
The finding that yeast PNGase interacts with the 19S proteasome
subunit through the protein Rad23 supports this hypothesis. In this
report, we have used immunofluorescence, subcellular fraction-
ation, coimmunoprecipitation, and in vitro GST pull-down tech-
niques for detecting intracellular localization and interactions of
PNGase, HR23B, and S4 by using human (h) and mouse (m)
homologs. Immunofluorescence studies revealed that hPNGase,
hHR23B, and hS4 are present in close proximity to the endoplasmic
reticulum (ER) when calnexin was used as an ER marker in HeLa
cells. Subcellular fractionation suggests not only cytoplasmic but
also ER association of hPNGase in HeLa cells. Immunoprecipitation
analysis revealed the interaction of h�mPNGase with the 19S
proteasome subunit, hS4, through hHR23B. Using an in vitro GST
pull-down assay, we also have shown that recombinant mPNGase
requires its N terminus and middle domain for interaction with
mHR23B. Finally, using misfolded yeast carboxypeptidase Y and
chicken ovalbumin as glycoprotein substrates, we have established
that mHR23B acts as a receptor for deglycosylated proteins. Based
on this finding, we propose that after deglycosylation of misfolded
glycoproteins by PNGase, the aglyco forms of these proteins are
recognized by HR23B and targeted for degradation.

The proper folding and assembly of newly synthesized glyco-
proteins is vital for many cellular functions. Glycoproteins

that do not fold into their native state are processed for
proteolysis via the endoplasmic reticulum-associated degrada-
tion (ERAD) pathway (1–3). Misfolded N-linked glycoproteins
destined for degradation are recognized by a highly conserved
deglycosylating enzyme, peptide:N-glycanase (PNGase), impli-
cated in proteasomal degradation (4). Very recent findings
established that PNGase acts upstream of the proteasome and
facilitates subsequent degradation of misfolded N-linked glyco-
proteins by deglycosylating them (5, 6).

A yeast two-hybrid screen and biochemical studies detected the
interaction of cytoplasmic yeast PNGase (yPNGase) with yRpt1 (a
19S proteasome subunit) through yRad23 (a yeast nucleotide
excision repair protein), and this complex has been implicated in the
ERAD pathway (7). yRpt1 interacts with yRpt2 (8, 9), a protein that
has been shown to mediate gating of the proteasome by means of
its ATPase domain (10). yRpt1 and yRpt2 have been reported to
copurify and form a heterocomplex (11). Another component of
the base of 19S proteasome, yRpn1, has been identified as the
receptor for yRad23 (12). Moreover, it has been shown that the
ubiquitin-like (UBL) domain present at the N terminus in both
yRad23 and its mammalian homologs interacts with the proteasome
(13) and thereby acts as a shuttle factor by using its ubiquitin-
associated (UBA) domain present at its C terminus (14–16) to bind
proteins destined for degradation (17).

Mouse PNGase (mPNGase) also has been identified as inter-
acting with mouse HR23B (mHR23B) and mouse S4 (mS4), the
mouse homolog of yRpt2, by using both biochemical studies and
two-hybrid analysis (18). On the basis of these findings, the
existence of a degradation complex formed by mPNGase–

mHR23B–mS4 was postulated. Evidence for the presence of a
similar proteolytic complex has been provided by the finding of
an interaction between human (h) HR23 and S5a (human
homolog of yRpn10) (19). All these studies established the role
of Rad23 (and its mammalian homologs) and the 19S protea-
some subunits in the ERAD pathway. Thus, it is clear that in
both yeast and mammals there appears to be a tightly knitted
relationship among PNGase, Rad23, and the proteasome.

Our objective was to analyze the function of h�mPNGase in
association with h�mHR23B and h�mS4 in the ERAD pathway.
We used immunofluorescence, subcellular fractionation, coimmu-
noprecipitation, and GST-binding assays to analyze the localization
and interactions of these proteins. All three proteins were found in
close proximity to the ER by using human calnexin (hcalnexin) as
an ER marker in HeLa cells. Subcellular fractionation revealed that
only human PNGase (hPNGase) was associated with the ER in
HeLa cell lysates. mPNGase overexpressed in HeLa cells coimmu-
noprecipitated with endogenous hHR23B but not with human hS4.
However, endogenous hHR23B coimmunoprecipitated with both
endogenous hPNGase and hS4. We also found that mPNGase
requires not only the N-terminal extension containing the PUB
(peptide:N-glycanase�UBA or UBX-containing protein domain)
or PUG (peptide:N-glycanase and other putative nuclear UBA or
UBX domain) (21), but also the highly conserved middle domain
for its interaction with mHR23B. Finally, in vitro studies carried out
by using mHR23B and yeast carboxypeptidase Y (yCPY) or chicken
ovalbumin as glycoprotein substrates demonstrated that mHR23B
recognizes only the deglycosylated form of yCPY and chicken
ovalbumin. Therefore, we propose that misfolded protein sub-
strates are deglycosylated by ER-associated or free PNGase, iden-
tified by HR23B, and thereby targeted to the nearby proteasome for
degradation.

Materials and Methods
Antibodies and Chemicals. mPNGase antiserum (rabbit, polyclonal)
was a gift from Tadashi Suzuki (University of Osaka, Osaka). It was
affinity-purified by using an N-hydroxysuccinimide-activated col-
umn and coupling the N-terminal domain of mPNGase as antigen
according to the manufacturer’s protocol (Amersham Pharmacia).
Anti-CPY (rabbit, polyclonal) was a gift from Randy Schekman
(University of California, Berkeley). Monoclonal antibody to hcal-
nexin was purchased from Abcam (Cambridge, MA). Anti-
hHR23B (sheep, polyclonal) and anti-hS4 (rabbit, polyclonal) were
obtained from Affiniti (Nottingham, U.K.). Antibodies for second-
ary detection coupled with AlexaFluor-555, AlexaFluor-488, and
glutathione (GSH)-agarose beads were purchased from Molecular
Probes. Lipofectamine and normal goat serum were obtained from
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Invitrogen. DMEM, FBS, and PBS were obtained from GIBCO�
BRL. Paraformaldehyde was obtained from Sigma.

Mammalian Cell Culture and Transfection. HeLa cells were main-
tained in DMEM supplemented with 10% FBS, 100 units�ml
penicillin, and 100 mg�ml streptomycin in a 5% CO2�95% air
atmosphere at 37°C. Transfection of HeLa cells was performed
with pcDNA-3.1-mPNG1-(HA)3 [hemagglutinin epitope (HA)-
tagged-mPNGase] and pcDNA-3.1-mS4-(His)6 (His-tagged-
mS4) by using Lipofectamine (Invitrogen) according to the
manufacturer’s protocol.

Immunofluorescence. Cells were fixed in 3% paraformaldehyde
for 20 min at room temperature and permeabilized in 0.5%
Triton X-100 on ice for 7 min. The cells were washed in PBS plus
0.5% normal goat serum and incubated with one of the following
primary antibodies: mPNGase 1:200, hHR23B 1:100, hS4 1:100,
or hcalnexin 1:200. AlexaFluor-488- or AlexaFluor-555-
conjugated secondary antibodies were used as required. Nuclear
DNA was stained with 4�,6-diamidino-2-phenylindole (DAPI).
Cells were analyzed by using a confocal microscope (Zeiss) to
visualize the endogenous level of proteins under study.

Immunoprecipitation, Subcellular Fractionation, and Western Blot-
ting. Immunoprecipitations were conducted in Nonidet P-40
buffer (0.2% Nonidet P-40�150 mM KCl�1 mM EGTA�50 mM
Hepes, pH 7.5�5 mM MgCl2�50 mM NaF�1 mM Na3VO4�250
mM sucrose�1 mM PMSF) containing proteasome inhibitor
mixture (Pierce). Immunoprecipitation was performed in 500 �l
of cell lysate (2 � 107 cells) that was precleared by incubation
with protein A or G agarose beads for 1 h, and the resulting
supernatant was treated with the indicated antibody and cap-
tured on 30 �l of protein A or G agarose beads for 1 h, washed
three times, boiled in SDS sample buffer, and processed for
SDS�PAGE followed by immunoblotting.

Subcellular fractionation was performed on a sucrose gradient
with 108 HeLa cells after lysing in lysis buffer as described (22).
The ER membranes sedimenting at the interphase of 1.2 and 1.5
M sucrose were collected, suspended in SDS�PAGE sample
buffer, resolved by SDS�PAGE, and transferred to nitrocellu-
lose membranes. Blots were incubated with 1:2,000 dilution of
anti-mPNGase, 1:2,000 dilution of anti-hS4, 1:1,000 dilution of
anti-hHR23B antibody, or 1:3,000 dilution of anti-hcalnexin
antibody followed by 1:3,000 dilution of horseradish peroxidase-
conjugated secondary antibody (Roche Diagnostics). Gels were
visualized by using chemiluminiscence after exposure to medical
x-ray film (Fuji).

In Vitro Binding Assays. A set of deletion constructs of mPNGase
was prepared. BL21(DE3)pLysS cells were transformed by using
the following plasmids: pET28a-mPNG1(1–651), pET28a-
mPNG1(1–171), pET28a-mPNG1(1– 470), pET28a-
mPNG1(171–470), pET28a-mPNG1(171–651), and pET28a-
mPNG1(470–651) [with (His)6 tag at the N terminus]. pGEX-
mHR23B and pGEX-mS4 (containing the GST tag at the N
terminus) were transformed into DH5� cells. Expression of
mPNGase constructs, mHR23B, and GST proteins was carried
out as described (18). Proteins were extracted in buffer A (1�
PBS, pH 7.2�1% Triton X-100�5 mM DTT�1 mM PMSF�
protease inhibitor mix). All of the protein extracts were analyzed
on SDS�10% PAGE and used for GST-binding assay as de-
scribed (18). In brief, GST alone or GST-mHR23B fusion
protein extracts (1 ml) in buffer A were incubated with 30 �l (bed
volume) of GSH-agarose beads for 1 h, washed five times with
buffer A, and incubated with the required cell lysates (1 ml) for
2 h at 4°C. The beads were washed five times with buffer A,
followed by elution of the bound proteins in SDS�PAGE sample
buffer and immunoblotting with monoclonal anti-His or anti-

GST antibody. Similar experiments were performed to detect
the binding of yCPY or chicken ovalbumin to mHR23B. yCPY
(Roche Diagnostics) or chicken ovalbumin (Sigma) (20 �g�ml)
was denatured and deglycosylated with Endo H (New England
Biolabs) according to the manufacturer’s protocol. Samples of
native yCPY or chicken ovalbumin (500 �l of 20 �g�ml) and
denatured and deglycosylated yCPY or chicken ovalbumin (500
�l of 20 �g�ml) were then incubated with GSH-agarose beads
containing GST-mHR23B or GST alone in buffer B (20 mM
sodium phosphate, pH 7.2�500 mM NaCl�5 mM DTT�1%
Triton X-100�1 mM PMSF). The beads were washed five times
in buffer B, and the bound proteins were eluted in SDS sample
buffer, resolved by SDS�PAGE, and immunoblotted with anti-
GST, anti-CPY, and anti-ovalbumin antibodies.

Results
Endogenous hPNGase, hHR23B, and hS4 Reside Around the Periphery
of the ER. mPNGase and its interacting partners, mHR23B
and mS4, have been implicated in the proteasome-dependent
degradation pathway (18). mPNGase, mHR23B, and mS4 pro-
teins exhibit high conservancy with the primary sequence of
hPNGase, hHR23B, and hS4, respectively. Therefore, we studied
the localization patterns of endogenous hPNGase, hHR23B, and
hS4 in HeLa cells to shed light on the role of these proteins in
the ERAD pathway. Antibodies against mPNGase, hHR23B,
and hS4 specifically detected the corresponding proteins in
HeLa cells (see Supporting Text and Fig. 6, which are published
as supporting information on the PNAS web site). Localization
of these proteins also was studied in three other cell lines: Cos1,
NIH 3T3, and HT1080. The results for HeLa cells are shown in
Fig. 1; similar results were obtained with the other cell lines (S.K.
and W.J.L., unpublished data). No labeling was seen after
treatment with secondary antibodies alone or after competition
of the primary antibody with an excess of the recombinant
mPNGase, mHR23B, and mS4 (data not shown).

As shown in Fig. 1 A, colocalization studies using antibody to
the ER marker, hcalnexin, revealed that hPNGase, hHR23B,
and hS4 are detectable in the cytosol but are more concentrated
around the ER (Fig. 1 A). However, colocalization of hPNGase
and hS4 with hcalnexin was observed, whereas a lesser degree of
colocalization was observed for hHR23B with hcalnexin. Local-
ization of these proteins around the ER periphery indicates that
they could be involved in the ERAD process (23). PNGase has
been reported to be present in the ER (24), microsomes (25), and
the cytosol (26). Some studies using immunofluorescence sug-
gest the association of proteasomes with the cytosolic face of ER
membrane both in mammalian cells (27, 28) and in yeast (29, 30).
We found that in HeLa cells, hHR23B was detected in the
nucleus (Fig. 1 A) as well as in the cytoplasm, but there was more
intense staining around the ER. Nuclear localization of hHR23B
is expected, because its function in DNA repair during the cell
cycle is well established (31, 32).

Subcellular Fractionation Reveals Association of hPNGase with the ER
Membrane. Because the immunof luorescence studies suggested
that hPNGase, hHR23B, and�or hS4 might be associated with
or anchored to the ER membrane, we carried out subcellular
fractionation of a HeLa cell lysate as described in Materials and
Methods. The ER membrane protein hcalnexin was used as a
marker for the ER. In Fig. 1B, the distribution of hcalnexin,
hPNGase, hHR23B, and hS4 after subcellular fraction is
shown. Lane 1 shows the endogenous level of all of the proteins
in the total cell lysate of HeLa cells (105 cells). Cell lysate (2
ml) obtained from 108 HeLa cells was then processed for
subcellular fractionation and three subfractions, i.e., micro-
some-free cytosol (�1.75 ml), microsome-rich membrane pel-
let (�200 �l), and purified rough ER (RER) (�50 �l) were
obtained. As expected, hcalnexin was not detected in the
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membrane-free cytoplasmic fraction, whereas hPNGase and
hS4 were found in this fraction (lane 2). However, hHR23B
could not be detected in this fraction, possibly because of a
dilution factor. In addition to hcalnexin, hPNGase was de-
tected in the microsome-rich pellet (lane 3). RER purified by
density gradient fractionation also showed the presence of
hcalnexin and hPNGase (lane 4). In contrast, neither hHR23B
nor hS4 was identified in the microsome-rich pellet or in the
RER fraction. These subcellular fractions were not quantified,
so the exact protein amount in each fraction could not be
estimated. In any case, of the three proteins under study, only
hPNGase appears to be associated with the ER. This finding
also suggests that although both hHR23B and hS4 may reside
near the ER, they are not directly bound to it.

h�mPNGase Interacts with HR23B and S4. Our immunofluorescence
studies clearly showed that hPNGase and its partners reside
around the ER. In an earlier paper (18), direct interaction of
mPNGase with mHR23B was confirmed by GST-binding assays.
Moreover, S4 was also found to copurify with PNGase by using

gel filtration with mammalian cell lysates obtained from COS1
cells (18). As an extension of this work, we identified in vivo and
in vitro interactions among h�mPNGase, h�mHR23B, and
h�mS4 by using immunoprecipitation and GST pull-down ex-
periments. After transfection of HeLa cells with HA-tagged-
mPNGase, we carried out immunoprecipitation from the HeLa
cell lysate by using monoclonal anti-HA antibody. Then, to
identify the proteins in the coimmunoprecipitate, SDS�PAGE
followed by immunoblotting was carried out with anti-mPNGase,
anti-hS4, or anti-hHR23B antibodies (Fig. 2A). The total cell
lysate before immunoprecipitation showed the presence of the
three proteins under study (Fig. 2 A, lane 1). The supernatant
obtained after immunoprecipitation with monoclonal anti-HA
antibody and protein G-agarose beads was analyzed. Analysis of
immune complex that bound to protein G-agarose beads re-
vealed an enrichment of mPNGase as expected. Moreover,
hHR23B, but not hS4, was found to coimmunoprecipitate with
mPNGase (Fig. 2 A, lane 2). The failure to detect interaction
between overexpressed mPNGase and hS4 by using coimmuno-
precipitation could be explained in three ways. (i) Perhaps hS4
dissociates under the conditions used. (ii) Alternatively, the
relative abundance of overexpressed mPNGase and hS4 might
differ to such a large extent that hS4 could not be detected on
the immunoblot. (iii) As a component of 19S proteasome
complex, hS4 may interact with another subunit of the protea-
some with higher affinity; consequently, it did not coimmuno-
precipitate with hPNGase.

In a second experiment, we asked whether hHR23B associates
with hPNGase and hS4 in HeLa cells at the endogenous level.
After immunoprecipitation using the hHR23B antibody, we
determined whether hPNGase and hS4 were in the immunopre-

Fig. 1. Localization of hPNGase, hHR23B, and hS4 in HeLa cells analyzed by
immunofluorescence and subcellular fractionation. (A) Localization patterns
of hPNGase, hHR23B, and hS4 in HeLa cells. (Top) Colocalization of hPNGase
with hcalnexin: hPNGase staining (red), hcalnexin staining (green), and merge
of hPNGase and hcalnexin (yellow shows the colocalization of two proteins).
(Middle) Colocalization of hHR23B with hcalnexin: hHR23B staining (red),
hcalnexin staining (green), and merge of hHR23B and hcalnexin (yellow shows
the colocalization of two proteins). (Bottom) Colocalization of hS4 with
hcalnexin: hS4 staining (red), hcalnexin staining (green), and merge of hS4 and
hcalnexin (yellow shows the colocalization of two proteins). 4�,6-Diamidino-
2-phenylindole (blue) shows the nucleus. (B) Subcellular fractionation of HeLa
cells. Shown are HeLa cell lysate (lane 1), cytoplasmic fraction (lane 2), micro-
some-rich pellet (lane 3), and rough ER fraction (lane 4). Shown are immuno-
blots (IB) with hcalnexin antibody, mPNGase antibody, hHR23B antibody, or
hS4 antibody. Nonspecific bands with anti-hS4 were sometimes seen but were
distinct from the authentic hS4 band.

Fig. 2. In vivo and in vitro interactions among h�m PNGase, h�mHR23B, and
h�mS4. (A) Immunoprecipitation (IP) of transiently transfected HeLa cells with
HA-tagged-mPNGase expression construct by using monoclonal anti-HA an-
tibody and immunoblotting (IB) with anti-mPNGase, anti-hS4, and anti-
hHR23B antibodies. Shown are total cell lysate (lane 1), protein G-agarose
beads obtained after immunoprecipitation using mono-HA antibody (lane 2),
and protein A-agarose beads obtained after immunoprecipitation using
hHR23B antibody (lane 3). (B) In vitro GST-binding assay for interaction
between GST-mHR23B and full-length mPNGase. Escherichia coli DH5� cells
expressing GST or GST-mHR23B were lysed and subjected to GSH-agarose
beads. E. coli BL21(DE3) cell lysates expressing full-length mPNGase with (His)6

tag at the N terminus were used for in vitro binding followed by SDS�PAGE
and immunoblotting with anti-His and anti-GST antibodies. Shown are GSH
beads carrying GST alone and mPNGase (lane 1) and GSH beads carrying
GST-mHR23B and mPNGase (lane 2).
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cipitate from the HeLa cell lysate by SDS�PAGE and immu-
noblotting. Both proteins were found to be associated with
hHR23B (Fig. 2 A, lane 3). We confirmed this finding in the
reverse coimmunoprecipitation experiment, in which immuno-
precipitations were performed with anti-mPNGase or anti-hS4
antibody and immunoblotting was done with anti-hHR23B
antibody (data not shown). Based on the immunoprecipitation
data, we speculate that hPNGase associates tightly with hHR23B
but not with hS4. Perhaps hS4 is more tightly associated with the
other subunits of proteasome and therefore could not be de-
tected in the hPNGase–hHR23B complex. Association of
hHR23B with both hPNGase and hS4 suggests that hHR23B
functions as a bridge between hPNGase and hS4. However, at
this point, it is not clear whether the interaction of hHR23B with
hS4 is direct or mediated by human S7. In yeast, the interaction
of yRad23 with yRpt1 (yeast homolog of human S7) has already
been confirmed (7). Moreover, yRpt1 has been shown to form
a complex with yRpt2 (8, 9, 11).

Immunoprecipitation experiments detected hPNGase and
hHR23B in a complex. Interaction between these proteins was
further confirmed by GST-binding assay using recombinant
His-mPNGase and GST-mHR23B. Full-length mPNGase was
found to interact with mHR23B detected by immunoblotting
with anti-His and anti-GST antibodies (Fig. 2B, lane 2). No
interaction was observed with GST alone; this result served as a
negative control (Fig. 2B, lane 1). GST-binding assay using
GST-mS4 and His-mPNGase did not yield reproducible results.

mPNGase Requires the N Terminus and Middle Domains for the
Interaction with mHR23B. To identify the region of mPNGase
required for interaction with mHR23B, deletion constructs of
mPNGase, with His-tag at the N terminus, were prepared (Fig.
3A). To test for a physical interaction between mPNGase
constructs and GST-mHR23B, we used a GST pull-down assay.
The N terminus of mPNGase contains a PUB�PUG domain
implicated in protein–protein interactions; therefore, we ex-
pected that only the PUB�PUG domain or the N terminus
(1–171aa) containing this domain would be sufficient for pro-
tein–protein interactions. In Fig. 3B, the immunoblots with
anti-His and anti-GST antibodies are shown. In lane 1, the E. coli
cell lysate expressing construct 1–171aa is shown. Lane 2 shows
the interaction of GST alone as a control, and lane 3 shows the
interaction with GST-mHR23B. No interaction with GST-
mHR23B was observed with the 1–171aa construct of mPNGase.
We next tested a construct containing the N and the M (middle)
domains (1–470aa). The middle domain contains the transglu-
taminase domain with the catalytic residues, cysteine, histidine,
and aspartic acid (33). Lane 4 shows the E. coli cell lysate of
mPNGase construct containing 1–470aa, and lane 5 shows the
binding with GST alone as a control. The 1–470aa construct of
mPNGase showed interaction with GST-mHR23B (lane 6). In
contrast, when the mPNGase construct containing only the
middle domain (171–470aa, lane 7), the most conserved domain
of PNGase in all eukaryotes, was used, no interaction between
the two proteins was detected (Fig. 3B, lane 9). These results
suggest that neither the N-terminal extension (1–171aa) nor the
middle domain alone was sufficient for this interaction. As
expected, the other two mouse constructs that contained the
middle and the C terminus (171–651aa) or the C terminus alone
(470–651aa) failed to show any interaction between mPNGase
and mHR23B (data not shown).

mHR23B Interacts with Deglycosylated Protein Substrates. Rad23
and its mammalian homologs (hHR23B and mHR23B) contain
a UBL domain that can interact with the proteasome (7, 13, 19).
Rad23 and its homologs also contain two UBA domains that
interact with ubiquitin (14–16, 34), multiubiquitin chains, and
ubiquitinated protein substrates (35). These findings suggest that

proteins that contain both UBL and UBA domains represent a
previously unrecognized class of proteolytic regulators. Recent
findings have provided evidence that Rad23 specifically interacts
with multiubiquitin chains in vivo (34) and promotes the target-
ing of proteolytic substrates to the proteasome (17).

Based on these findings, we asked whether mHR23B could act
as a receptor for misfolded, deglycosylated protein substrates
and translocate them to the proteasome for degradation. There-
fore, we analyzed in vitro binding of two glycoprotein substrates,
yCPY and chicken ovalbumin, to mHR23B by using a GST-
binding assay. GST-mHR23B and GST (control) were overex-
pressed in E. coli, and the resulting cell lysates were bound on
GSH beads. In Fig. 4, lanes 1 and 2 (anti-GST blot) show the
GST-mHR23B and GST cell lysates. Native and denatured
yCPY or ovalbumin (lanes 3 and 4, anti-CPY and anti-ovalbumin
blots) were subjected to deglycosylation with Endo H and tested
for their ability to bind to the GSH beads bound to either
GST-mHR23B or GST alone. Neither native yCPY nor native
ovalbumin treated with Endo H was bound to GSH beads
containing GST-mHR23B (Fig. 4, lane 5), whereas denatured
yCPY or denatured ovalbumin that would be deglycosylated with
Endo H was bound to GSH beads containing GST-mHR23B
(Fig. 4, lane 6). As expected, neither native nor denatured yCPY
nor ovalbumin treated with Endo H was detected on GSH beads
containing GST alone (Fig. 4, lanes 7 and 8). These findings
demonstrate that mHR23B specifically binds to deglycosylated
yCPY or to chicken ovalbumin. This finding also suggests that
mHR23B acts downstream of PNGase in targeting deglycosy-
lated protein substrates to the proteasome. In contrast, mS4,
which is involved in the gating of the proteasome, did not bind

Fig. 3. Deletion constructs of mPNGase and in vitro GST-binding assay for
interaction with GST-mHR23B. (A) Various deletion constructs of mPNGase. (B)
E. coli DH5� cells expressing GST or GST-mHR23B were lysed and subjected to
GSH-agarose beads. E. coli. BL21(DE3) cell lysates expressing mPNGase con-
structs with a (His)6 tag at the N terminus were used for in vitro binding
followed by SDS�PAGE and immunoblotting with anti-His and anti-GST anti-
bodies. Shown are cell lysate mPNGase-1–171aa (lane 1), GSH beads carrying
GST alone and mPNGase-1–171aa (lane 2), GSH beads carrying GST-mHR23B
and mPNGase-1–171aa (lane 3), cell lysate mPNGase-1–470aa (lane 4), GSH
beads carrying GST alone and mPNGase-1–470aa (lane 5), GSH beads carrying
GST-mHR23B and mPNGase-1–470aa (lane 6), cell lysate mPNGase-171–470aa
(lane 7), GSH beads carrying GST alone and mPNGase-171–470aa (lane 8), and
GSH beads carrying GST-mHR23B and mPNGase-171–470aa (lane 9).

Katiyar et al. PNAS � September 21, 2004 � vol. 101 � no. 38 � 13777

BI
O

CH
EM

IS
TR

Y



to deglycosylated yCPY or ovalbumin directly (data not shown).
This analysis supports the idea that the interaction between
mHR23B and deglycosylated proteins is specific and not merely
because of the hydrophobicity of the misfolded protein. In
another study in US11 cells, association of deglycosylated class
I MHC heavy chains with Derlin-1 has been reported (36).
However, this pathway may be required by a subset of ERAD
pathway substrates. This speculation is consistent with the idea
that multiple pathways operate to clear misfolded proteins and
glycoproteins from the ER.

Discussion
The current study has established that hPNGase is associated
with the ER, based on both biochemical and immunofluores-
cence analysis. However, in another study using a different cell
line, the enzyme activity was found only in the cytoplasmic
fraction (6). Recently, PNGase interaction with the ubiquitin
complex was detected by two-hybrid analysis (18). Immunopre-
cipitation and GST-binding assays using two interacting part-
ners, HR23B and S4, revealed that the most likely association of
PNGase with S4 is through HR23B. These proteins are present
in the cytoplasm but seem to be more concentrated around the
ER. Misfolded proteins targeted for proteolysis via the ERAD
pathway would be expected to accumulate around the ER.
Previous analysis using electron microscopy determined that
14% of the cytoplasmic proteasome is associated with the ER
(27, 37), whereas subcellular fractionation methods estimate that
only 1% of proteasome is bound to the ER (38). This discrepancy
may be due to disruption of the ER–proteasome interaction
during subcellular fractionation. Similarly, we presume that
during fractionation, the interaction of hHR23B and hS4 with

the microsome-bound PNGase is disrupted. Localization of
hPNGase and hS4 around the ER supports the hypothesis that
deglycosylation and degradation are coupled processes and may
occur in close association with the ER for a subset of ERAD
pathway substrates.

Mammalian PNGase (mouse and human homologs) exhibits
several structural features that differentiate it from yPNGase.
First, mPNGase and hPNGase have extended domains at their
N and C termini; as a result, mPNGase and hPNGase have a
mass that is almost 2-fold greater than that of yPNGase. Second,
the N termini of mPNGase and hPNGase contain the PUB�
PUG domain, which is conserved among many eukaryotes (20,
21) and has been implicated in protein–protein interactions.
However, in this study, we found that the N-terminal domain of
mPNGase that contains the PUB�PUG domain is not sufficient
to mediate interaction of this enzyme with the proteasome.
Instead, both the N terminus and the middle domains are
required.

Rad23 and its mammalian homologs already have been
shown to play a role in the targeting of ubiquitinated protein
substrates to the proteasome (17). Therefore, we asked
whether Rad23 also could act as a receptor for misfolded
proteins after their deglycosylation. Using an in vitro GST-
binding assay, we found that mHR23B specifically binds to two
misfolded glycoproteins, yCPY and chicken ovalbumin, but
only after they were deglycosylated.

N-linked glycoproteins that are not in their native conformation
are deglycosylated and undergo proteasomal degradation in the

Fig. 5. A working model for the PNGase cascade. As shown, properly folded
proteins enter the Golgi complex for further maturation, whereas misfolded
glycoproteins exit the ER by means of the retrotranslocon. PNGase, which is
associated with the ER surface by an unknown mechanism, deglycosylates a
subset of misfolded glycoproteins (free cytosolic PNGase that may be required
by another set of glycoproteins also is present). As shown, PNGase interacts
with HR23B that, in turn, interacts with the S4 subunit of the 19S proteasome.
HR23B binds the deglycosylated (D) protein (CPY and ovalbumin in this study)
and delivers it to the proteasome for degradation. The timing of ubiquitin-
ation (Ubn) in relation to the deglycosylation process is not clear.

Fig. 4. mHR23B binds to deglycosylated proteins yCPY and ovalbumin
detected by GST-binding assay. E. coli DH5� cells expressing GST or GST-
mHR23B were lysed and subjected to GSH-agarose beads. Native (n) yCPY or
chicken ovalbumin treated with Endo H and denatured (d) yCPY or chicken
ovalbumin treated with Endo H was used for in vitro binding followed by
SDS�PAGE and immunoblotting with anti-GST, anti-CPY, or anti-ovalbumin
antibodies. Shown are GST-mHR23B cell lysate (lane 1), GST cell lysate (lane 2),
nyCPY or ovalbumin (lane 3), dyCPY or ovalbumin (lane 4), nyCPY or ovalbu-
min treated with Endo H and bound on GSH beads carrying GST-mHR23B (lane
5), dyCPY or ovalbumin treated with Endo H and bound on GSH beads carrying
GST-mHR23B (lane 6), nyCPY or ovalbumin treated with Endo H and bound on
GSH beads carrying GST alone (lane 7), and dyCPY or ovalbumin treated with
Endo H and bound on GSH beads carrying GST alone (lane 8). In the case of
ovalbumin, all other components were added as shown. �CHO and �CHO,
proteins with and without carbohydrate, respectively.
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cytosol. Currently, two models have been proposed for the degly-
cosylation of misfolded glycoproteins by PNGase (39). In the first
model, N-glycanase is present in the cytosol and acts after the
translocation (39). In the second model, PNGase is situtated in the
membrane and cleaves the glycopeptide bond in a coretrotranslo-
cational manner as it emerges from the ER (39). An increasing
number of reports suggest that the N-glycanase is located in or on
ER membrane because, in the presence of proteasome inhibitors,
the glycosylated protein and deglycosylated intermediates are ei-
ther exclusively or predominantly associated with the ER rather
than with the cytosol (39). This model is supported by various
studies using diverse glycoproteins as substrates, e.g., Ig subunits
(40), class I MHC heavy chains (41) a ribophorin-I variant (42), cog
thyroglobulin mutant (1), cystic fibrosis transmembrane regulator
(43), and T cell receptor �-subunit (44). These findings also suggests
that N-deglycosylation and proteasome-mediated degradation of
proteins may be coupled events. However, PNGase is unlikely to be
present in the lumen of the ER; if this had been the case, CPY* in
a mutant sec61 strain that cannot retrotranslocate misfolded pro-
tein from the ER lumen to the cytosol would have been deglyco-
sylated (45).

Our current findings support a model in which PNGase is
associated with the ER membrane as shown in Fig. 5. This is a
working model for the participation of PNGase in the ERAD

pathway in mammals. Although the sequence and location of
these proteins in the ERAD pathway may vary for different
proteins and in different cell types, we propose that PNGase is
associated with the surface of the ER and deglycosylates mis-
folded glycoproteins as they are dislocated into the cytosol (free
cytosolic PNGase that could act upon a subset of misfolded
glycoproteins also is present). Misfolded deglycosylated protein
substrates would then be recognized by HR23B and targeted to
the proteasome for degradation. This model prompts several
questions for future study. (i) How is PNGase associated with the
ER? No hydrophobic domain has been predicted in the primary
structure of PNGase that might facilitate its anchoring to the
surface of the ER membrane. (ii) Does deglycosylation of
misfolded N-glycoprotein occur coretrotranslocationally or after
the glycoprotein has completely exited into the cytosol? (iii)
After deglycosylation, does the misfolded glycoprotein become
ubiquitinated, or does it first bind to HR23B and then become
ubiquitinated? (iv) Is this proposed model used by only a subset
of ERAD pathway substrates?
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