OS-9 facilitates turnover of nonnative GRP94
marked by hyperglycosylation
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ABSTRACT The tight coupling of protein folding pathways with disposal mechanisms pro-
motes the efficacy of protein production in the endoplasmic reticulum (ER). It has been hy-
pothesized that the ER-resident molecular chaperone glucose-regulated protein 94 (GRP94)
is part of this quality control coupling because it supports folding of select client proteins yet
also robustly associates with the lectin osteosarcoma amplified 9 (OS-9), a component in-
volved in ER-associated degradation (ERAD). To explore this possibility, we investigated po-
tential functions for the GRP94/0S-9 complex in ER quality control. Unexpectedly, GRP94
does not collaborate with OS-9 in ERAD of misfolded substrates, nor is the chaperone re-
quired directly for OS-9 folding. Instead, OS-9 binds preferentially to a subpopulation of
GRP94 that is hyperglycosylated on cryptic N-linked glycan acceptor sites. Hyperglycosylated
GRP94 forms have nonnative conformations and are less active. As a result, these species are
degraded much faster than the major, monoglycosylated form of GRP94 in an OS-9-mediat-
ed, ERAD-independent, lysosomal-like mechanism. This study therefore clarifies the role of
the GRP94/0S-9 complex and describes a novel pathway by which glycosylation of cryptic
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acceptor sites influences the function and fate of an ER-resident chaperone.

INTRODUCTION

Protein quality control (QC) in the endoplasmic reticulum (ER) is de-
fined as the coordination of major pathways that have evolved to
fold nascent polypeptides and transport properly folded proteins to
their destinations. Molecular chaperones and QC enzymes contrib-
ute to protein maturation by binding to folding intermediates, pre-
venting aggregation, adding posttranslational modifications, and
inducing conformational changes (Braakman and Hebert, 2013;
Gidalevitz et al., 2013). Nonetheless, a significant percentage of
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proteins still fail to fold, owing to the complexity of folding path-
ways, molecular crowding in the ER, and protein-modifying muta-
tions and external factors such as cellular stress. Maturation-incom-
petent secretory proteins are routinely culled by ER-associated
degradation (ERAD), a remediation pathway that facilitates protein
retrotranslocation across the ER lipid bilayer to the cytosol, where
substrates are targeted for proteasomal degradation (Smith et al.,
2011; Brodsky, 2012; Olzmann et al., 2012). Although some signals
that can initiate ERAD are understood, such as the rate-limiting
mannose trimming of oligosaccharides on substrate proteins (Aebi
et al., 2010), the targeting of proteins from folding/maturation to
degradation pathways and the molecular components that oversee
such triage decisions remain enigmatic aspects of ER QC.

An intriguing link between protein folding and ERAD arose from
the report of a complex between glucose-regulated protein 94
(GRP94, gp%6, HSPP0B1) and osteosarcoma amplified 9 (OS-9;
Christianson et al., 2008). GRP?94 is an ER-resident, metazoan-spe-
cific member of the HSP90 family of ATP-dependent molecular
chaperones, as well as a major ER calcium buffer (Macer and Koch,
1988; Melnick et al., 1994; Randow and Seed, 2001; Biswas et al.,
2007; Yang et al., 2007). Unlike other ER chaperones, such as BiP,
calnexin, and calreticulin, GRP94 is required to assist in the folding
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of a select subset of client proteins that includes immunoglobulins
(Melnick et al., 1994), insulin-like growth factors (Wanderling et al.,
2007), some toll-like receptors (TLRs) and integrins (Randow and
Seed, 2001; Yang et al., 2007), and select members of the Wnt path-
way (Liu et al., 2013). However, little is known about how GRP%4
promotes folding of its clients, except that it is believed to bind late-
stage folding intermediates (Melnick et al., 1994), its ATPase activity
is essential (Ostrovsky et al., 2009), and it uses a C-terminal binding
region for the chaperoning of integrins and TLRs (Wu et al., 2012).

OS-9 is a more recently characterized ER-resident lectin that par-
ticipates in the substrate recognition and escort phases of ERAD
(Bernasconi et al., 2008, 2010; Christianson et al., 2008). OS-9 is
subject to alternative splicing, with at least two isoforms (OS-9.1 and
0S-9.2) detected at the protein level under normal growth condi-
tions (Bernasconi et al., 2008; Christianson et al., 2008). Two addi-
tional variants (0S-9.3 and OS-9.4) are also predicted, although it is
unclear whether or when these isoforms are expressed (Kimura
etal., 1998). OS-9 and a related lectin, XTP3-B/Erlectin, bind prefer-
entially to the trimmed forms of high-mannose oligosaccharides
found on many ERAD substrates through mannose-6-phosphate re-
ceptor homology (MRH) domains (Hosokawa et al., 2009, 2010;
Satoh et al., 2010). These lectins also recognize and bind substrates
in a glycan-independent manner (Bhamidipati et al., 2005; Bernas-
coni et al., 2008; Christianson et al., 2008), although how this is ac-
complished is poorly understood. OS-9 is able to assemble with the
ubiquitin ligase Hrd1, through the scaffolding protein SEL1L, to
form a complex central to mammalian ERAD (Christianson et al.,
2008, 2012; Hosokawa et al., 2008; Mueller et al., 2008).

Because GRP94 has been characterized primarily as a profolding
component of the ER, whereas OS-9's known activity is in protein
disposal, the biological implication of their association is not obvi-
ous. Given these roles, such a complex could have the following
possible functions: 1) OS-9 may be an obligate client of GRP%4; 2)
GRP94 may be degraded via OS-9; or 3) the complex could partici-
pate in a particular step of ER QC. Specifically, we wondered whether
GRP94 and OS-9 coordinate to identify proteins with stalled folding
pathways, perhaps by associating with substrates and assaying their
glycan-trimming status. Indeed, evidence exists for a mutual func-
tion of GRP94 and OS-9 in ERAD, since cells depleted of GRP94
exhibited an impairment in the disposal of a soluble glycoprotein,
the null Hong Kong mutant of a1-antitrypsin (NHK), similar to the
phenotype of OS-9 silencing (Christianson et al., 2008).

In this article, we provide a detailed functional analysis of the
GRP94/0S-9 complex, through which we show that OS-9 preferen-
tially associates with aberrant conformers of GRP94 marked by hy-
perglycosylation of cryptic N-linked glycan acceptor sites. These
species are subject to enhanced degradation in an OS-9-mediated,
ERAD-independent, lysosomal-like pathway. This work therefore
provides a clear example of regulated turnover of an ER-resident
chaperone and expands our limited knowledge of how the ER can
degrade not just misfolded secretory proteins, but also ER-resident
QC factors themselves.

RESULTS

GRP94 does not play a direct role in ERAD

A physical and functional interaction with OS-9 suggests that GRP?4
actively participates in ERAD (Christianson et al., 2008), yet any spe-
cific role that it may play remains poorly defined. GPR94's estab-
lished status as a molecular chaperone makes it an attractive candi-
date for the task of substrate recognition, in which it could identify,
bind, and transfer select misfolded protein intermediates to ERAD
machinery, including OS-9. To investigate such a role, we began by
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testing the interactions between GRP94, OS-9, and several model
ERAD substrates. To reflect the variety of proteins cleared through
ERAD, we used a diverse panel of misfolded a1-antitrypsin (o.1AT)
mutants, including the NHK truncation (Sifers et al., 1988; Liu et al.,
1997; Christianson et al., 2008), the aggregation-prone Pl Z mutant
(Lomas et al., 1992; Teckman and Perlmutter, 2000; Cabral et al.,
2002; Hidvegi et al., 2010), and an NHK variant in which all three
N-glycosylation acceptor sites were mutated to render it nonglyco-
sylated (AAA or QQQ; Cormier et al., 2009; Christianson et al.,
2012; Ushioda et al., 2013).

When these a1AT constructs were coexpressed with either S-
tagged BiP (S-BiP) or S-tagged GRP%4 (S-GRP94) in HEK293T cells,
affinity purifications (AP) with S-protein agarose revealed that the
o1AT variants associated poorly with GRP?4 (Figure 1A). In contrast,
BiP bound robustly to the a1AT substrates, with preference for the
misfolded species. This is in agreement with previous reports of
BiP's role in binding nonnative proteins, as well as with its role in
ERAD (Kabani et al., 2003; Ushioda et al., 2008, 2013).

Although GRP%94 bound misfolded o1AT mutants poorly, we
queried whether it was required to initiate or stabilize interactions
between OS-9 and ERAD substrates. In this scenario, a GRP94-in-
duced conformational change in OS-9 might facilitate association
with misfolded proteins. To test this, we investigated whether de-
pletion of endogenous GRP94 affected the ability of OS-9 to recog-
nize and bind substrates. The S-tagged OS-9 splice isoforms OS-9.1
and OS-9.2 were coexpressed with either NHK or QQQ in cells suf-
ficient or deficient for GRP94 (Eletto et al., 2012). Immunoblot analy-
sis revealed that both NHK and QQQ were still robustly copurified
with OS-9 via an interaction that occurred independently of GRP94
(Figure 1B). GRP94 coprecipitated with OS-9 in scrambled short
hairpin RNA (shRNA)-expressing cells (shCtrl), confirming the inter-
action between these ER proteins. OS-9 failed to coprecipitate BiP,
indicating that the GRP94 interaction is specific and does not occur
with any abundant ER-resident protein. Taken together, our data
show that GRP94 does not participate directly in binding to model
o 1AT ERAD substrates, nor does it affect OS-9's capacity to do so.

We next asked whether GRP94 was required for turnover of mis-
folded substrates by monitoring the degradation rates of transiently
expressed NHK or misfolded nonsecreted 1 immunoglobulin light
chain (NS1; Dul et al., 1992; Chillaron and Haas, 2000; Okuda-
Shimizu and Hendershot, 2007). Using HEK293T cells sufficient or
deficient for GRP94, pulse-chase analysis revealed that the absence
of GRP94 did not alter the rates of disposal for either the glycosy-
lated NHK (Figure 2, A and C) or the nonglycosylated NS1 substrate
(Supplemental Figure S1). These data are in contrast to a previous
study demonstrating that NHK degradation was impaired upon
silencing of GRP?4 (Christianson et al., 2008).

In an effort to resolve this discrepancy of functional participation
of GRP94 in ERAD, we asked whether GRP94 ablation could affect
ERAD indirectly. Up-regulation of BiP in response to either inhibition
or depletion of GRP%94 has been reported (Eletto et al., 2012), and
indeed, elevated BiP levels were observed with transient knock-
down of GRP%4 (Supplemental Figure S2A). In contrast, BiP up-reg-
ulation was minimal in our ERAD assays because cells had been
maintained under puromycin selection for several weeks after
GRP94 depletion, allowing BiP levels to return to baseline (Figure
2B). These data suggest that transient GRP94 knockdowns used in
previous studies would have likely resulted in elevated levels of BiP.
Because BiP binds nonnative proteins robustly (Figure 1A), high lev-
els of BiP could serve to stall substrate processing.

To ask directly whether BiP up-regulation altered the kinetics
of ERAD, we monitored NHK turnover in HEK293T cells transiently
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FIGURE 1: GRP94 binds poorly to ERAD substrates and is not required for OS-9/substrate
interactions. (A) HEK293T cells were cotransfected with either S-tagged GRP94 or S-tagged BiP
and a panel of untagged o.1-antitrypsin constructs: WT, Z, NHK, or a nonglycosylated form of
NHK, AAA. Cells were harvested 20 h posttransfection and lysed, and the postnuclear fraction
was subjected to affinity purification (AP) with S-protein agarose. Whole-cell lysate inputs and
AP bound fractions were examined by Western blot analysis to monitor the coprecipitation of
o1-antitrypsin proteins with GRP94 and BiP. 14-3-3 served as a cytosolic loading control and to
ensure stringency of the AP. (B) HEK293T cells were infected with lentivirus containing
scrambled shRNA (Ctrl) or shRNA targeting GRP94, followed by selection in puromycin. In shCtrl
and shGRP94 cells, S-tagged splice isoforms of OS-9 (0S-9.1 or OS-9.2, designated 1 or 2,
respectively) were cotransfected with either HA-tagged NHK or nonglycosylated QQQ. AP of
S-0S-9 was performed with S-protein agarose. Whole-cell lysate inputs and AP bound fractions
were examined via Western blot analysis to observe OS-9 interactions. N, NHK; Q, QQQ.

expressing increasing amounts of BiP. We observed an impairment
of substrate degradation that was proportional to the elevated
steady-state levels of BiP (Figure 2, D-F), recapitulating the initial
observation of inefficient NHK disposal in GRP94-depleted cells.
Thus the coordinate up-regulation of BiP responding to transient
loss of GRP94 may explain why impairment to NHK turnover was
misconstrued as a direct role for GRP94 in ERAD. It also underscores
the importance of considering compensatory cellular mechanisms
during gene silencing. Of importance, allowing BiP levels to relax to
baseline, as with our puromycin-selected cells, allowed us to dem-
onstrate that GRP94 does not participate directly in ERAD of either

obligate client.
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glycosylated or nonglycosylated misfolded
substrates.

Unique regions mediate the interaction
between OS-9 and GRP94

Because our data indicated that GRP?94 is
dispensable for ERAD, we examined and
mapped the physical association between
GRP94 and OS-9 in order to gain novel
functional insights. Both GRP94 and OS-9
have relatively few known interactions in the
ER lumen, and we reasoned that elucidating
the domains/surfaces necessary for complex
formation might shed light on a distinct
function.

To identify the region of GRP94 neces-
sary to bind OS-9, we designed a panel of
GRP94 truncation and deletion mutants to
include or exclude prominent structural fea-
tures (Figure 3A). Crystallographic studies
have demonstrated that individual domain
structures align closely with those of full-
length GRP%4 (Dollins et al., 2005, 2007),
indicating that the protein has a modular
fold and rationalizing the use of truncations
to probe interactions. Each FLAG-tagged
GRP94 mutant was evaluated for its ability
to associate with endogenous OS-9 in
HEK293T cells. Systematic analysis of the
truncation panel demonstrated that full-
length GRP94, as well as constructs contain-
ing the middle domain (MD), were sufficient
to coimmunoprecipitate OS-9 (summarized
in Figure 3A). Specifically, amino acids (aa)
356-456 within the MD of GRP94 were
required for OS-9 association (Figure 3B).
These residues form a small B-sheet and a
long, exposed a-helix within the N-terminal
half of the MD (Figure 3D, yellow).

One functional insight was provided by
the deletion of aa 635-656 in the C-terminal
domain of GRP?4, previously assigned as a
client binding site for at least TLRs and inte-
grins (Wu et al., 2012). Deletion of this re-
gion had no effect on the OS-9 interaction
(Figure 3C), suggesting that OS-9 does not
bind as a client to GRP%4. To confirm this,
we monitored OS-9 stability in cells de-
pleted for endogenous GRP94. Silencing of
GRP94 did not affect the steady-state levels
of OS-9 (Supplemental Figure S2A), nor did

it alter the kinetic turnover of individual OS-9 isoforms (Supplemen-
tal Figure S2B). These data reveal that OS-9 folding is not reliant on
GRP94 and that OS-9 does not interact with the chaperone as an

In parallel, we sought to identify the region of OS-9 required to
bind GRP?4. OS-9 can be readily detected at the protein level as
two prominent isoforms (OS-9.1 and OS-9.2; Figure 3, B and C).
Both isoforms were recovered in GRP94 immunoprecipitates at the
same ratio as their relative cellular expression (Figure 3, B and C),
indicating that neither isoform associates with GRP94 preferentially.
Additional isoforms (OS-9.3, OS-9.4) are detectable as transcripts
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FIGURE 2: GRP94 is not required for ERAD of NHK. (A) Untagged NHK was transiently expressed in HEK293T shCitrl
and shGRP94 cells. At 44 h posttransfection, cells were pulse labeled with [°S]methionine/cysteine and chased over the
indicated time course, as described in Materials and Methods. At each time point, cells were lysed and NHK isolated
with anti-o.1-antitrypsin and protein G Sepharose. Samples were separated by SDS-PAGE and the resulting gel scanned
by phosphorimager. (B) Western blot of lysates from A, showing depletion of endogenous GRP94. BiP levels in shGRP94
cells are only 1.2 times those of shCtrl cells. WCL, whole-cell lysate. (C) Quantification of three independent pulse-chase
experiments as described in A. Means and SDs are plotted. (D) Pulse-chase assays were carried out in parental HEK293T
cells cotransfected with NHK-HA and either 0, 1, or 3 ug of S-BiP plasmid. At each time point, NHK was isolated by
anti-HA-agarose. The arrow indicates S-BiP coimmunoprecipitating with NHK. (E) Western blot analysis of lysates from
D, probed for BiP. Total BiP refers to the entire amount of BiP in a sample relative to the level of endogenous BiP in each
sample. WCL, whole-cell lysate. (F) Quantification of two independent pulse-chase experiments as described in D.

Means and SDs are plotted.

but have yet to be fully characterized (Kimura et al., 1998; Supple-
mental Figure S3; diagrammed in Figure 4A). OS-9.1 and OS-9.2
bind SEL1L and GRP%4 through interactions that appear to be mu-
tually exclusive (Christianson et al., 2008). We observed that while
SEL1L was coprecipitated equally by all isoforms, GRP94 was bound
only by 0S-9.1 and OS-9.2 but not by OS-9.3 or OS-9.4 (Figure 4B).
The loss of GRP94 binding that resulted from the excision of 15 aa
(A456-470, in OS-9.3 and 0S-9.4) suggested this OS-9 segment
contributes directly to the interaction. Further, a naturally occurring
somatic mutation (P446L; Vigneron et al., 2002) and a reported sin-
gle-nucleotide polymorphism (S454L) in this vicinity lead to dimin-
ished GRP94 binding as well (Figure 4B), indicating a region sensi-
tive to structural perturbations.

To define more precisely this GRP?4-binding region, we gener-
ated a sliding window series of S-tagged truncations of OS-9.1 and
monitored coprecipitation of endogenous GRP94 (summarized in
Figure 4A). The analysis identified a minimal OS-9 region (aa 443-
507) that was both necessary and sufficient for GRP94 interaction at
levels comparable to those of full-length OS-9.1 (Figure 4, C and D).
This region has been designated the GRP94-binding region (94BR).
Secondary structure algorithms (Jpred [Cuff and Barton, 2000]; and
PsiPred [Jones, 1999]) predict two extended o-helices within the
94BR (aa 448-471, 485-502) linked by a short, unstructured seg-
ment. Fragments bisecting the 94BR through the short linker (e.g.,
0S-9.1249.497, OS-9.1443.447) failed to support GRP94 binding
(Figure 4C). The inability to bisect, mutate, or reduce the 94BR with-
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out compromising interaction argues for the mutual contribution of
these two helices to form the surface needed to support GRP94
binding. Although the 94BR was sufficient to coprecipitate GRP%4,
it was not able to bind NHK (Figure 4D). This observation strongly
suggests that OS-9 has multiple sites of interaction and indicates
that OS-9 recognizes GRP94 and ERAD substrates via distinct re-
gions. Together these data identify the 94BR as the OS-9 region
responsible for binding GRP%4 (but not for NHK) and raise the pos-
sibility that alternative splicing could alter the interaction profile and
function of OS-9.

0OS-9 does not require its lectin activity to bind GRP94

A prominent feature of OS-9 is its MRH domain, through which
OS-9 selectively recognizes trimmed oligosaccharides during
ERAD (Szathmary et al., 2005; Hosokawa et al., 2009; Satoh et al.,
2010). Given that GRP%4 is itself a glycoprotein, we asked whether
the MRH domain contributed to the formation or stabilization of
the OS-9/GRP94 complex. Mutating conserved residues in the
MRH domain (e.g., R188) abolishes oligosaccharide binding by
OS-9 (Hosokawa et al., 2009; Satoh et al., 2010). The persistence
of GRP94 interaction with OS-9g1gga demonstrated that the MRH
domain is not required for complex formation (Figure 4E). Conse-
quently, OS-9 recognizes the GRP94 polypeptide in a manner that
is not dependent on binding to oligosaccharides. This is consistent
with reports of GRP94's typical glycan structure being mannoseg
(Lewis et al., 1985), a form poorly recognized by the OS-9 MRH
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The OS-9-binding site is located in the middle domain of GRP94. (A) Scheme of the domain architecture
of GRP94 and the truncation and deletion mutants created to test the OS-9 interaction. OS-9 binding is indicated
with a plus or minus sign to the right of each construct. The shaded vertical box refers to residues 356-456 in the
middle domain of GRP94, which are common to all the truncations that interact with OS-9 and form the OS-9-binding
region. NTD, N-terminal domain; LD, acidic linker domain; MD, middle domain; CTD, C-terminal domain.
(B) Coimmunoprecipitation of endogenous OS-9 with the indicated FLAG-tagged GRP94 truncation mutants transiently
expressed in HEK293T cells. Samples were harvested and lysed 20 h posttransfection, and GRP%4 truncations were
immunoprecipitated by anti-FLAG M1 agarose. Whole-cell lysate inputs and the immunoprecipitate bound fractions
were examined via immunoblot analysis. 14-3-3, cytosolic control to ensure stringency of immunoprecipitation. Gel lanes
were removed in this panel to show relevant samples. (C) FLAG-tagged WT GRP94 or the indicated deletion mutants of
GRP94 were expressed in HEK293T cells, and coimmunoprecipitations were conducted as in B. (D) The OS-9-binding
surface, indicated in yellow, contains a small B-sheet and a long a-helix in the MD. One GRP94 monomer is shown in
ribbon diagram (red/yellow) and one in stick diagram (green); adapted from crystal structure 201U.

domain (Hosokawa et al., 2009). The ability of OS-9 to coprecipi-
tate nonglycosylated ERAD substrates (e.g., QQQ; Figure 1B) and
the association of OS-9g1gga with NHK (Figure 4E) clearly demon-
strate a polypeptide-binding capacity for OS-9 (Bernasconi et al.,
2008), but one that is likely to be distinct from its interaction with
GRP94.
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0S-9 preferentially binds to hyperglycosylated forms

of GRP%94

During our investigation, we consistently observed that OS-9 pull
downs were enriched in higher-molecular weight forms of endog-
enous GRP94 (Figures 1B and 4E). Detection of these species
was dependent on the sensitivity of immunoblotting, as well as on
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sufficient electrophoretic resolution. Owing to the ~3- to 12-kDa
shifts of these forms, we hypothesized that they represented a mi-
nor cellular population of hyperglycosylated GRP94 (hgGRP9%4).
Mammalian GRP94 contains six canonical N-glycan acceptor sites
(N41, N86, N196, N424, N460, N481; residue number starting from
the first amino acid after the signal sequence) but is predominantly
monoglycosylated at N196 (mngGRP94; Qu et al., 1994). Treatment
of GRP?4 coprecipitated by S-tagged OS-9 with either endoglycosi-
dase H (EndoH) or peptide-N-glycosidase F (PNGase F) caused the
higher-molecular weight species to collapse into a single band cor-
responding to the unglycosylated form (Figure 5A). This confirms
that a small population of endogenous GRP?4 is hyperglycosylated
under normal growth conditions and can be distinguished by pref-
erential binding to OS-9. Because OS-9g1gga still bound robustly to
hgGRP94 species (Figure 4E), enrichment of these forms cannot be
attributed simply to an increase in available glycans binding more
molecules of OS-9. Although the band shifts of GRP94 appeared
different between pull downs with OS-9.1 and OS-9.2 (Figures 1B
and 4E), we ascribe this to the fact that S-OS-9.1 runs at the same
mobility as GRP94 species and alters their apparent size (Supple-
mental Figure S4). The faster mobility of S-OS-9.2 in SDS-PAGE per-
mits resolution of the true size shifts of hgGRP?4.

The conformation-specific, monoclonal antibody 9G10 recog-
nizes an epitope within the first acidic domain of GRP%4 (aa 290-
350; Edwards et al., 1984; Vogen et al., 2002). Of note, detection of
OS-9-bound GRP%4 by ?G10 increased dramatically when samples
were treated with either EndoH or PNGase F (Figure 5A), suggest-
ing that one or more N-linked glycans sterically hinder access of the
antibody to the GRP94 epitope. To explore this, we expressed S-
tagged GRP94 (S-GRP?4) in HEK293T cells and probed the result-
ing Western blot with the 9G10 antibody. Two bands corresponding
to GRP94 were detected: endogenous mgGRP94 and exogenous
monoglycosylated S-GRP94 (Figure 5B, red channel). Probing the
same membrane with anti-S-tag revealed the presence of monogly-
cosylated S-GRP%4, as well as a significant population of hypergly-
cosylated S-GRP94 (Figure 5B, green channel). Thus, even though
9G10 can recognize hgGRP94 (Figures 1B and 4E), it is far more
effective in detecting mgGR?4. Because 9G10 is widely used to
detect GRP94, the minor population of hgGRP?4 may have often
been overlooked in other studies.

A significant fraction of ectopically expressed GRP94 exists as hy-
perglycosylated forms (Figure 5B), which are observed regardless of
the epitope tag's type or location (unpublished data). Two hgGRP?%4
bands are typically resolved by SDS-PAGE, but treatment with kifun-
ensine, a mannosidase | inhibitor, distinguishes them into three clear
species, ~9-15 kDa larger than mgGRP94, which corresponds to
GRP94 glycosylated on three to five sites (Supplemental Figure S5).
Like the endogenous hgGRP%4, these species are sensitive to
EndoH (Figure 5C). Of importance, these species are not formed due
to disrupted ER homeostasis (Supplemental Figure S6, A and B). In
addition, ectopic expression does not result in gross overexpression
of the chaperone, as exogenous GRP%4 is expressed less than en-
dogenous GRP%4 at all expression conditions tested (Supplemental
Figure S6B). These levels are well within the normal range of GRP94
induction during the unfolded protein response (UPR). To determine
whether excessive synthesis induces the formation or stabilization of
hgGRP?4, we treated HEK293T cells with thapsigargin overnight to
activate the UPR and induce transcription and translation of endog-
enous GRP94. Indeed, EndoH-sensitive hgGRP?4 species were
formed during the response to ER stress (Figure 5D). Together these
data reveal that small populations of GRP94 containing more than
one N-linked glycan are present during normal growth conditions
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but are also created or stabilized when excess GRP%4 is produced or
when the ER environment is disturbed.

Because OS-9 preferentially binds hgGRP?4 forms, yet does so
independently of its MRH domain, we hypothesized that glycosyla-
tion of GRP94 alters its polypeptide conformation to expose the
binding site for OS-9. If this is the case, a nonglycosylated GRP94
should be poorly recognized by OS-9, and in fact, treatment with
the glycosylation inhibitor tunicamycin markedly reduced coimmu-
noprecipitation of OS-9 with GRP94 (Figure 5E). This was not due to
UPR induction per se, because other ER stress inducers, such as
thapsigargin and dithiothreitol (DTT), did not have the same effect.
Tunicamycin also prevented glycosylation of OS-9 (N177), however,
which could be contributing to complex formation. To rule this out,
we expressed S-OS-9 and FLAG-GRP94 separately in HEK293T
cells, treated the latter with or without tunicamycin, mixed the re-
sulting lysates in vitro, and affinity purified complexes via OS-9.
Whereas GRP94 from untreated cell lysates bound robustly to OS-9
(principally as hyperglycosylated forms), nonglycosylated GRP94
could not be coprecipitated (Figure 5F).

In contrast to the effects of tunicamycin, which completely inhib-
its glycosylation, treatment of cells with the mannosidase inhibitor
kifunensine did not prevent the GRP94/0OS-9 interaction (Supple-
mental Figure S7A). In fact, more hgGRP94 species were coprecipi-
tated by OS-9, presumably because more molecules of OS-9 were
available to sequester GRP?4 in the absence of timmed glycans on
other substrates and ERAD components. Conversely, kifunensine
reduced the interaction of OS-9 with its substrate NHK (Supplemen-
tal Figure S7B), further confirming that OS-9 recognizes substrates
and GRP94 in fundamentally distinct manners. Collectively these
data support a model in which glycosylation of GRP94 causes a
surface in the MD to be exposed, which can then be recognized and
bound by the 94BR of OS-9.

hgGRP94 species have altered conformations and
decreased ATP binding

N-linked glycans are large, hydrophilic moieties that can facilitate
protein folding through chaperone interactions (Michalak et al.,
2009), promoting hydrophobic collapse (Jitsuhara et al., 2002), and
preventing off-target folding pathways (Gidalevitz et al., 2013). How-
ever, oligosaccharides placed in regions of amino acid packing or
within active sites can disrupt protein conformation and activity.
Based on the crystal structure of GRP94 (Supplemental Figure S8;
Dollins et al., 2007), only N424 and the constitutively modified N196
map to loop regions, the preferred location for oligosaccharide at-
tachment (Zielinska et al., 2010). Other visible glycan acceptor sites
map to o-helices, with one site (N86) clearly predicted to disrupt the
ATP-binding pocket. This suggested that hgGRP94 forms might rep-
resent a pool of nonnative and possibly nonfunctional molecules.

In results described earlier, we observed reduced reactivity of hg-
GRP94 with 9G10 (Figure 5B), an antibody whose binding reflects the
state of the linker domain of GRP94 and its coordination with the N-
terminal, nucleotide-binding domain (Vogen et al., 2002). To gain fur-
ther evidence for abnormal hgGRP4 conformations, we performed
limited trypsin proteolysis of lysates containing S-tagged GRP%4.
Bands corresponding to hgGRP94 were preferentially digested dur-
ing a 1 h time course (Figure 6A), reflected by a decrease in the ratio
of hg:total GRP94 determined from quantification of hgGRP%4 and
mgGRP?4 band intensities (Figure 6B). This result suggests that hg-
GRP94 forms are folded less compactly than mgGRP94 in solution.

The structural changes apparent in the hgGRP94 population
prompted the question of whether hgGRP94 and mgGRP%4 bound
ATP with different capacities. Because ATP binding and hydrolysis are
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essential for activity (Ostrovsky et al., 2009), differential ATP binding
would reflect altered functionality. We monitored the hg:total GRP94
ratio in S-GRP94—containing lysates and in the fraction bound to y-
phosphate-linked ATP resin (Haystead et al., 1993; Hughes et al.,
2012). Though not completely excluded, hgGRP?4 was preferentially
lost during the enrichment of active mgGRP94 bound to ATP (Figure
6C). This suggests that hgGRP94 adopts the proper ATP-binding
conformation less than half as well as mgGRP%4 (Figure 6D). More-
over, the most heavily glycosylated form failed to bind ATP at all and
likely represents a species of hgGRP?4 modified at the N86 glycan
acceptor site in the ATP-binding pocket. The fact that GRP94 func-
tions as a dimer must also be considered, as the residual hgGRP?4
bound to ATP may do so indirectly through a mgGRP94 partner.

GRP94 glycosylation state influences its rate of degradation
Because aberrant glycosylation alters both GRP94 conformation
and ATP-binding activity, we hypothesized that hgGRP?4 species
may be subject to increased turnover in cells. We first examined
the disposal of endogenous GRP%4 after pretreatment with thapsi-
gargin or vehicle control (dimethyl sulfoxide [DMSO]). hgGRP%4
species were synthesized only after the thapsigargin treatment
and were rapidly cleared from the cells, whereas mgGRP94 in both
conditions was much longer lived (Figure 7A). In addition, we mon-
itored the turnover of S-tagged GRP94 in HEK293T cells under no
external stress. Whereas mgGRP94 was very stable, with ~90%
remaining after a 30 h chase, the hgGRP?4 forms (quantified
together) were degraded more rapidly, with half-life t;,, < 20 h
(Figure 7, B and C). The difference in half-life of endogenous and
exogenous hgGRP9%4 is likely due to indirect effects of ER stress in
Figure 7A, but in both cases hgGRP94 species were degraded sig-
nificantly faster than mgGRP%4. To explore differential cellular
fates further, we examined S-GRP94 transiently expressed in
HEK293T cells over 5 d. hgGRP94 forms accumulated during the
first 2 d of expression but were selectively degraded as the expres-
sion plasmid was lost/silenced. In contrast, levels of exogenous
mgGRP94 remained stable for the duration of the assay (Figure
7D). These data highlight the differential turnover of GRP94 popu-
lations and demonstrate that atypical glycosylation marks mole-
cules with decreased biological stability.

hgGRP94 is degraded via OS-9 in a lysosomal-like pathway

Disposal of a less stable hgGRP94 population from the ER lumen
could occur via the proteasome-dependent ERAD process or
through an autophagy/lysosomal pathway. Given OS-9's established
role in ERAD, we first measured hgGRP94 stability in cells treated
with the proteasome inhibitor MG-132 or expressing a dominant-
negative form of the ubiquitin ligase Hrd1 (Hrd1c94a). Neither

condition was sufficient to stabilize the hgGRP94 population, sug-
gesting that ERAD was not responsible for their clearance (Figure
7E; unpublished data). Because OS-9 does not interact with GRP94
and ERAD substrates through the same region (Figure 4D), this re-
sult is not entirely unexpected. In contrast, cells treated with the
vacuolar-type H*-ATPase inhibitor bafilomycin A1 exhibited signifi-
cantly higher steady-state levels of hgGRP?4, as well as an increased
hg:total GRP%4 ratio (Figure 7F). These data point toward the clear-
ance of hgGRP?4 from cells in a proteasome-independent manner,
through bafilomycin Al-sensitive acidic compartments.

Finally, we asked whether the turnover of hgGRP94 was depen-
dent on OS-9. Using HEK293 cells stably depleted for OS-9 by a 3
untranslated region-targeted shRNA (shOS-9; Bernasconi et al.,
2008), we monitored clearance of S-tagged GRP94. When S-OS-9.2
was recomplemented in these cells, hgGRP?4 turnover was mark-
edly enhanced (Figure 7, G-l). In fact, certain glycosylated species
(Figure 7G, black arrowhead) were chased with similar kinetics to
OS-9 itself. We conclude that OS-9 does not simply sequester hg-
GRP9%4 species but can also facilitate their disposal.

DISCUSSION

To investigate the links between protein folding and disposal in the
ER, we examined in detail the complex formed between GRP?94 and
OS-9. Despite the many potential roles for this interaction, our data
demonstrate that OS-9 sequesters and degrades a hyperglycosy-
lated population of nonnative GRP94 molecules.

GRP94-depleted cells were shown previously to be impaired in
their ability to degrade the misfolded substrate NHK (Christianson
etal., 2008), implicating GRP94 in ERAD. However, our analysis now
shows that this observation cannot be attributed to GRP%4 directly,
since GRP94-deficient cells are able to degrade glycosylated NHK
and nonglycosylated NS1 with the same kinetics as GRP94-sufficient
cells. The likely explanation for the previous findings is that transient
depletion of GRP94 induced the expression of BiP, which we show
here can trap NHK in the ER and delay its degradation.

If it does not function in ERAD, what purpose would a GRP94/
OS-9 complex serve? In considering alternative roles, we demon-
strated that GRP%4 binds OS-9 at a region distinct from its TLR and
integrin-binding site (Yang et al., 2007) and that OS-9 half-life,
steady-state levels, and substrate binding are all unaffected by the
loss of GRP94. Thus OS-9 is not reliant upon GRP?4 for its own fold-
ing, nor is GRP94 required for OS-9 recognition of ERAD substrates.
Several lines of evidence suggest that the uniqueness of the interac-
tion between GRP94 and OS-9 may underlie an alternative function
for the complex.

First, the N-terminal half of the GRP94 MD is essential for interac-
tion with OS-9. Little is known about the MD of GRP%4, except that

FIGURE 4: OS-9 binds GRP94 through a region distinct from its MRH domain. (A) Scheme of the known architecture of
0S-9, including its splice isoforms (OS-9.1-9.4) and the truncations used to identify the GRP94-binding site. GRP94
binding is indicated with a plus or minus sign to the right of each construct. The shaded vertical box demarcates the
GRP94-binding region (94BR, aa 443-507). (B) Western blot analysis monitoring coprecipitation of endogenous GRP94
and SEL1L with OS-9 isoforms and point mutants (P446L, S454L). Each S-tagged OS-9 construct was expressed in
HEK293 cells for 20 h, and samples were lysed and subjected to affinity purification by S-protein agarose. Whole-cell
lysate inputs and AP-bound fractions were examined by immunoblotting. The blots were developed separately at the
indicated lines. JNK, cytosolic control to ensure stringency of the AP. (C) Western blot monitoring coprecipitation of
GRP94 with the OS-9 truncations; complexes were isolated and detected as in B. (D) Coprecipitation of NHK-HA and
GRP94 by the indicated OS-9 splice isoforms and 94BR (aa 443-507). HEK293 cells were cotransfected with NHK-HA
and the indicated S-OS-9 constructs, followed by AP with S-protein agarose and immunoblot analysis. Arrow, 94BR.
(E) Coprecipitation of NHK and endogenous GRP94 by WT or MRH-domain mutants (R188A) of S-tagged OS-9

isoforms. AP and analysis as in D.
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0OS-9 preferentially associates with hyperglycosylated forms of GRP94. (A) HEK293T cells expressing
$-0S-9.1 or S-0S-9.2 were harvested 20 h posttransfection and lysed, and complexes were affinity purified with
S-protein agarose. Samples were split equally and treated with or without EndoH or PNGase F as described in Materials
and Methods. Whole-cell lysates and AP-bound fractions were analyzed via immunoblotting to examine the
coprecipitating endogenous GRP94 and visualized with the 9G10 anti-GRP94 antibody. (B) Differential detection of
mgGRP94 and hgGRP94 by the monoclonal 9G10 antibody. Lysates from untransfected HEK293T cells or cells
expressing S-tagged GRP94 were subjected to immunoblotting with the 9G10 antibody (red) and anti-S-tag (green).
hg exog, hyperglycosylated S-GRP94; mg exog, monoglycosylated S-GRP94; mg-endog, monoglycosylated
endogenous GRP%4. Lanes were removed from this blot to show relevant samples. (C) Whole-cell lysates from cells
expressing S-GRP94 were subjected to EndoH (or mock) treatment to observe the size shift of both mgGRP94 and
hgGRP94 species. (D) Formation of endogenous hgGRP94 forms (black arrows) in HEK293T cells treated with
thapsigargin (0.3 uM, 19 h) with the 9G10 monoclonal anti-GRP%4 antibody. Cell lysates from untreated and
thapsigargin-treated cells were subjected to EndoH treatment to observe size shifts of both mgGRP94 and hgGRP94
species. (E) FLAG-GRP94 was transiently expressed in HEK293T cells, which were left untreated or treated with
tunicamycin (10 pg/ml, 20 h), thapsigargin (3 uM, 20 h), or DTT (1 mM, 1 h). Cells were harvested and lysed, and equal
protein amounts were immunoprecipitated by anti-FLAG M1 agarose. Coprecipitating endogenous OS-9 was examined
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binding, yet OS-9's MRH domain is dispens-
able. The resolution of this apparent para-
dox comes from the notion that oligosac-
charide-induced conformation changes in
the GRP94 polypeptide are necessary for
OS-9 recognition.

Third, although its MRH domain is not
required for GRP?94 binding, OS-9 preferen-
tially associates with a minor population of
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FIGURE 6: hgGRP9%4 species exhibit altered conformation and lower ATP-binding activity.

(A) S-GRP94—containing cell lysate was treated with dilute trypsin (1:25,000) for the indicated
time course and then subjected to SDS-PAGE and immunoblotting with the anti-S-tag antibody.
hg, hyperglycosylated S-GRP94; mg, monoglycosylated S-GRP94. (B) Quantification of three
independent limited proteolysis experiments as in A. Bands corresponding to hgGRP94 were
quantified as a fraction of total GRP94 and plotted over the 1-h time course. Means and SDs
are plotted. (C) Affinity purification of S-ERp72 and S-GRP94 by y-phosphate-linked ATP resin.
Whole-cell lysate inputs and ATP-bound fractions were separated by SDS-PAGE and the
resulting immunoblots probed with anti-S-tag. S-ERp72 was used as a control to ensure the
ATP resin was specific for ATPases. (D) Quantification of three independent affinity purification
experiments as in C; the hgGRP94 bands were quantified as a fraction of the total GRP%4.

Means and SDs are plotted.

its alignment with the N-terminal domain (NTD) is required for for-
mation of the split ATPase-active site (Meyer et al., 2003; Chu et al.,
2006; Dollins et al., 2007). The corresponding MD of the cytosolic
HSP90 paralogue contains multiple client- and cofactor-binding
sites, including one for the cofactor Aha1l, which accelerates the
ATPase activity of HSP90 (Lotz et al., 2003; Meyer et al., 2003). How-
ever, since OS-9 shares no homology with Aha1, their modes of in-
teraction are likely to differ. The only known cofactor of GRP94 is
CNPY3, which binds to its NTD (Liu et al., 2010). Thus OS-9 is the
first protein known to bind GRP94 via the MD.

Second, a region in the C-terminal portion of OS-9, which we
designated the 94BR, is both necessary and sufficient for associa-
tion with GRP94. Of note, this region is disrupted in two OS-9 splice
variants that fail to bind GRP?94, suggesting that alternative splicing
may alter the functionality and specificity of OS-9. The 94BR is not
sufficient to bind NHK, indicating that OS-9 does not bind GRP%4 as
an ERAD substrate. Glycosylation of GRP?4 is required for OS-9

0
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trypsin incubation (minutes)

Lysate

endogenous hyperglycosylated ~GRP94.
Whereas the majority of GRP94 is monogly-
cosylated, hgGRP94 species are observed
with N-glycans on additional one to four
cryptic acceptor sites. An analysis of the po-
tential glycan acceptor sites on the crystal
structure of GRP94 hinted that extraneous
glycans would disrupt its conformation (Zie-
linska et al., 2010). Indeed, hgGRP%4 spe-
cies are more sensitive to trypsin proteolysis,
have a lower avidity to a conformation-spe-
cific antibody, and have impaired binding to
ATP, all indications that these species are
nonnative. Their altered structure enhances
association with OS-9 and leads to a clear
cellular fate: hgGRP?94 forms are degraded
much more rapidly than mgGRP94.
hgGRP94 species have been observed in
both mammalian and insect cells (Mazzarella
and Green, 1987; Kang and Welch, 1991;
Qu et al., 1994, Feldweg and Srivastava,
1995), although it was not clear whether this
was solely an overexpression artifact. More
recently, Yang et al. (2007) showed that hg-
GRP94 forms exist endogenously and asso-
ciate with clients TLR4 and TLR?. Clearly,
whereas improper glycosylation may affect
certain activities of GRP94, the C-terminal
TLR-binding site appears to be unaffected by conformational
changes elsewhere in the molecule. Note that the altered conforma-
tion of hgGRP94 might interfere with proper ATP hydrolysis, trap-
ping complexes with a subset of the client pool. Such interactions
would be unproductive for folding of clients and thus highlight the
importance of clearing a malfolded chaperone from the ER.

How do hgGRP%4 species form? Their presence at low abun-
dance in unstressed cells demonstrates that these species are syn-
thesized constitutively. However, even minor overproduction of
GRP9%4 (via either the UPR or ectopic expression) can lead to an in-
creased fraction of hyperglycosylated forms. Because cells have the
ability to monitor the activity (rather than quantity) of GRP94 (Eletto
etal., 2012), excess GRP94 could be regulated in an active process.
However, production of correctly folded GRP94 could also depend
on QC factors acting on the folding process of GRP?4 itself. For in-
stance, in addition to acting coordinately on clients (Melnick et al.,
1994), BiP association may contribute to the fidelity of GRP%4 folding

Bound,
ATP resin

via Western blot analysis. 14-3-3, control to ensure stringency of the immunoprecipitation. hg, hyperglycosylated
FLAG-GRP94; mg, monoglycosylated FLAG-GRP%4. (F) In vitro coprecipitation of GRP94 by OS-9 from mixed lysates.
S-0S-9.1, S-0S-9.2, and FLAG-GRP94 were individually expressed in separate plates of HEK293T cells. FLAG-GRP94—
expressing cells were left untreated or treated with tunicamycin (1 pg/ml, 20 h) to prevent glycosylation. S-0S-9.1 and
S-0S-9.2 lysates were each mixed with equal amounts of total protein from each FLAG-GRP9%4 lysate (untreated or
tunicamycin treated), and the resulting complexes were affinity purified by S-protein agarose. GRP94 and OS-9 were

detected by immunoblot with anti-FLAG and anti-S-tag, respectively.
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FIGURE 7: Hyperglycosylated GRP94 is subject to enhanced turnover via OS-9. (A) Pulse-chase analysis of endogenous
GRP94 from untreated HEK293T cells or cells pretreated with thapsigargin (0.3 pM, 14 h). The 9G10 anti-GRP94
antibody was used to isolate GRP94 at the indicated time points. hg, hyperglycosylated GRP94; mg, monoglycosylated
GRP94. (B) Pulse-chase analysis of S-GRP94 expressed in HEK293T cells. S-protein agarose was used to isolate GRP%4 at
the indicated time points. hg, hyperglycosylated S-GRP94; mg, monoglycosylated S-GRP94. (C) Quantification of
hgGRP94 species (collectively) from three independent experiments as described in B. Means and SDs are plotted.

(D) Western blot analysis of transiently expressed S-GRP94 in HEK293Ts over 5 d. hgGRP94 and mgGRP94 forms were
detected by anti-S-tag, and the hg:total GRP94 percentage was calculated for each sample (indicated at bottom of
blot). Increasing amounts of lysates were loaded for each sample due to cell growth. (E) S-GRP94—expressing HEK293T
cells were treated with either DMSO or MG-132 (1 uM, 24 h). S-GRP94 levels were monitored and quantified via
Western blot analysis. The percentage of hg:total GRP94 was calculated and is labeled under the respective lanes.
Irrelevant gel lanes were digitally removed at the vertical line. To confirm proteasomal inhibition, NHK-HA-expressing
cells were treated with DMSO or MG-132 (1 uM, 18 h), and lysates were evaluated for NHK levels by immunoblot. NHK
was normalized to the JNK loading control. (F) HEK293T cells expressing S-GRP94 were treated with either DMSO or
bafilomycin A1 (50 nM, 17 h). Samples were lysed and subjected to SDS-PAGE and immunoblot analysis for
determination of GRP94 levels, as in E. The percentage of hg:total GRP94 was calculated and is indicated under the

2230 |

D. Dersh et al.

Molecular Biology of the Cell



active GRP94
mgGRP94

hgGRP94 / misfolding

cytosol

lysosomal-like
degradation

disposal
factor Y

@ sequestration

FIGURE 8: Model for the formation and disposal of hgGRP94. Our data support a model in which the glycosylation fate
of GRP94 is determined as the chaperone enters the ER lumen. If folded properly, the NTD of GRP%4 receives a single
oligosaccharide at N196 and enters the pool of active chaperone (mgGRP94). However, if the folding factors acting on
GRP94 (e.g., BiP) are exhausted or if the NTD spontaneously misfolds, aberrant glycosylation on cryptic acceptor sites
can result, leading to the production of hgGRP%4 species. Modification of these cryptic sites subsequently alters both
the conformation and activity of GRP94. The hgGRP?4 pool is preferentially sequestered by the ER-resident lectin OS-9
through a specialized polypeptide recognition domain (94BR) and not direct oligosaccharide binding. GRP94 is cleared
by OS-9 through an ERAD-independent, lysosomal-like process. Because hgGRP94 species form endogenously under
normal growth conditions, this is a constitutive process; however, it is enhanced when GRP94 synthesis is induced

ectopically or via the UPR.

as it enters the ER lumen, perhaps by associating with the NTD while
the C-terminus of GRP?4 is being synthesized (Melnick et al., 1992;
Molinari and Helenius, 2000). More recently, cyclophilin B was shown
to bind GRP94. This interaction may be mediated via the acidic linker
domain of GRP?4 and could assist in the isomerization of proline resi-
dues (Jansen et al., 2012). Such resources may become overwhelmed
at times of increased protein load or decreased fidelity, leading to
improper folding of GRP94 and exposure of cryptic glycosylation
sites.

From our study, we cannot unequivocally distinguish whether ab-
errant glycosylation of hgGRP94 occurs cotranslationally or post-
translationally. However, it has been demonstrated that the STT3B
isoform of the oligosaccharyltransferase (OST) complex is used to
posttranslationally glycosylate proteins containing acceptor sites
within the ~55 most-C-terminal residues (Shrimal et al., 2013).
Because GRP94's last acceptor site lies >300 residues from the
C-terminus, STT3B-mediated posttranslational glycosylation is not
predicted. In addition, because hgGRP94 species are observed
immediately after pulse labeling, we favor the interpretation that
excessive glycosylation of GRP94 occurs cotranslationally.

We envision a model in which the folding of the NTD dictates the
fate of each GRP94 molecule (Figure 8). In unpublished observations,
we confirmed the results of Qu et al. (1994), which demonstrate that
alterations to the NTD of GRP94 force the use of downstream glycan
acceptor sites, underlying the importance of this early domain to
proper regulation of glycosylation. As GRP?4 is inserted into the ER

lumen during translation, proper folding of the NTD would result in
the addition of a single glycan at N196, perhaps due to interactions
with folding factors such as BiP. This monoglycosylated form is an
active chaperone and represents the vast majority of GRP94 in the
ER. Alternatively, the NTD of GRP94 may be inefficiently glycosy-
lated at alternate positions or the NTD in a small percentage of
molecules may misfold, exposing downstream cryptic glycosylation
sites. Addition of extra glycans may be a stochastic process, gov-
erned principally by the accessibility and orientation of downstream
acceptor sites to the OST complex. Once the aberrant modifications
occur, hgGRP?4 forms are then subject to specialized recognition by
0OS-9. OS-9 may sequester these species away from client proteins,
perhaps by removing them toward the ERQC compartment, where
OS-9 is reportedly localized (Leitman et al., 2014). OS-9 then facili-
tates the disposal of the hgGRP%4 species, although our model does
not exclude the possibility that other factors may also contribute.

Degradation of hgGRP94 occurs within acidic compartments
and not by proteasomes via ERAD. Although autophagy could
explain these observations, hgGRP%4 clearance may also be medi-
ated via ERAD tuning vesicles, the route of degradation for OS-9,
SEL1L, and EDEM1 (Bernasconi et al., 2012). hgGRP%4 preferen-
tially associates with OS-9, and so these species may be packaged
into vesicles together. Analysis of the cellular localization of GRP94
and OS-9 is required for further evidence of this hypothesis.

Protein glycosylation is clearly a useful mechanism for cellular
control of protein structure, function, and fate. Oligosaccharides

respective lanes. (G) HEK293 cells stably depleted of OS-9 (shOS-9) were transiently transfected with either S-GRP94
alone or with S-GRP94 and S-OS-9.2. The rate of degradation of GRP94 was determined by pulse-chase analysis; GRP94
was isolated at each time point with S-protein agarose. Black arrowhead, two hgGRP%4 species with enhanced
degradation upon OS-9 complementation. Note that OS-9.2 is also isolated at each time point because it shares the
same S-tag epitope as GRP?4. (H) Immunoblot of lysates from the cells used in G, showing the increase in OS-9 protein
levels upon S-0S-9.2 expression. (I) Quantification of two independent experiments as in G (other than G). Total

hgGRP?94 is plotted relative to the pulse. Means and SDs are plotted.
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mediate chaperone interactions and can be beneficial for the bio-
physics of protein folding (Jitsuhara et al., 2002; Michalak et al.,
2009; Gidalevitz et al., 2013). In addition, trimming of glycans pro-
vides key signals for the initiation and timing of ERAD (Tokunaga
et al., 2000). Recently it was shown that posttranslational glycosyla-
tion of the transthyretin mutant D18G routed it to ERAD (Sato et al.,
2012). Here we show that when GRP9%4 is synthesized in abundance,
extraneous glycans are added to signal for faster degradation by a
non-ERAD pathway. Thus hyperglycosylation of cryptic acceptor
sites can be used to control protein function and turnover, in particu-
lar of a long-lived ER-resident chaperone.

MATERIALS AND METHODS

Chemicals and antibodies

The following chemicals were used: thapsigargin (MP Biomedicals,
Santa Ana, CA), tunicamycin and kifunensine (Calbiochem, Billerica,
MA), puromycin (InvivoGen, San Diego, CA), and bafilomycin A1,
MG-132, and DTT (Sigma-Aldrich, St. Louis, MO). For Western blot
analyses, the following antibodies were used: anti-FLAG M1 and
anti-tubulin (Sigma-Aldrich), anti-o1-antitrypsin (Dako, Glostrup,
Denmark), anti-14-3-3¢ and anti-SEL1L (Santa Cruz Biotechnology,
Dallas, TX), anti-S-tag and anti-OS-9 (Abcam, Cambridge, England),
anti-GRP94 9G10 and anti-KDEL (Enzo, Farmingdale, NY), anti-
GRP%4 (provided by Ineke Braakman, Utrecht University, Utrecht,
Netherlands), anti-HA (Covance, Princeton, NJ), anti-BiP (BD Biosci-
ences, San Jose, CA), and anti-PERK and anti-JNK (Cell Signaling
Technologies, Danvers, MA). Secondary antibodies were obtained
from LI-COR (IRDye 680 and 800 nm, for use with the LI-COR
Odyssey system [Lincoln, NE]) and Santa Cruz Biotechnology
(horseradish peroxidase conjugated).

Plasmids and cloning

Untagged ou1-antitrypsin constructs (WT, NHK, PIZ, and AAA) were
gifts from Daniel Hebert (University of Massachusetts, Amherst, MA),
and Oscar Burrone (International Centre for Genetic Engineering
and Biotechnology, Trieste, Italy) kindly provided V5-tagged NS1. S-
tagged isoforms of OS-9 and NHK-hemagglutinin (HA) were pro-
vided by Ron Kopito (Stanford University, Stanford, CA) and were
described previously (Christianson et al., 2008). Site-directed muta-
genesis (QuikChange; Stratagene, La Jolla, CA) was used to gener-
ate all point mutants described. For the nonglycosylated version of
NHK, the QQQ variant of a.1-antitrypsin was created by mutating the
three glycan acceptor Asn residues with GIn, whereas the AAA con-
struct was provided by retaining the Asn but mutating the third
amino acid in the N-X-S/T sequence to alanine. S-BiP and S-GRP%4
were generated by subcloning the chaperones’ mature sequences
(amplified from Hela cells by reverse transcriptase [RT]-PCR) into the
S-0S-9.1 vector, digested with Agel and Xbal, containing the bovine
preprolactin signal sequence followed by the S-tag. All S-tagged
OS-9 truncations were created by PCR amplification of the indicated
sequences and inserted into the S-OS-9.1 vector digested with Agel
and Xbal. FLAG-tagged GRP%4 was constructed from a murine an-
ionic-trypsin Il signal sequence, followed by the FLAG peptide and
the mature WT murine GRP?94 sequence, cloned into the pcDNA3.1(+)
Zeo vector (Invitrogen, Carlsbad, CA) using Nhel and Notl restriction
sites. This plasmid was modified to be resistant to shRNA as previ-
ously described (Eletto et al., 2012). FLAG-tagged GRP94 trunca-
tions were constructed by PCR amplification of restriction sites
appended to the respective N- and C-terminal residues for each mu-
tant and cloned into the WT FLAG-GRP%4 vector digested with
BamHI and Notl. GRP?4 truncations lacking the natural C-terminus
were engineered with the KDEL ER-retrieval sequence. Deletion
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mutants of FLAG-GRP%4 were created by site-directed mutagenesis,
which introduced two Agel sites at either side of the sequence to be
excised. Plasmids were then digested with Agel and religated to re-
move the indicated regions.

Cell culture and immunoblotting

Stable shOS-9 HEK293 cells were a kind gift of Maurizio Molinari
(Institute for Research in Biomedicine, Bellinzona, Switzerland).
HEK293T, HEK293, HEK293 shOS-9, and NIH3T3 cells were main-
tained in DMEM (Life Technologies, Carlsbad, CA and Lonza, Basel,
Switzerland) supplemented with PSG (100 U/ml penicillin, 100 ug/ml
streptomycin, 2.92 mg/ml L-glutamine, Life Technologies), and 10%
fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA) at 37°C
in a 5% CO; incubator. shRNAs (Sigma-Aldrich) were packaged into
lentivirus in HEK293T cells, and infections were carried out as de-
scribed previously (Eletto et al., 2012). Transient transfection experi-
ments were conducted when cells reached 70-90% confluency, us-
ing Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Cells were generally harvested 20 h posttransfection for
immunoblot analysis. Briefly, cells were washed in phosphate-buff-
ered saline (PBS) and lysed in lysis buffer (50 mM Tris, pH 8, 150 mM
NaCl, 5 mM KCI, 5 mM MgCly, 1% NP-40) supplemented with pro-
tease inhibitors (Roche, Basel, Switzerland) and 20 mM iodoacet-
amide (Sigma-Aldrich). After 20 min on ice, samples were spun at
13,000 x g, and postnuclear supernatant fractions were further ana-
lyzed. Protein concentration was determined using the Pierce bicin-
choninic acid (BCA) assay (Thermo, Waltham, MA) and quantified on
a Synergy HT plate reader (Bio-Tek, Winooski, VT). Samples were di-
luted in reducing Laemmli buffer and run on acrylamide gels. To ob-
serve the small size differences of hgGRP?4 species, 7 or 8% acrylam-
ide gels were typically used. Separated proteins were transferred to
nitrocellulose or polyvinylidene fluoride membranes (Bio-Rad, Hercu-
les, CA) and blocked in 5% nonfat milk in Tris-buffered saline (TBS).
Primary antibodies were diluted in 1% nonfat milk in TBS plus 0.1%
Tween (TBST) and incubated with membranes overnight. Secondary
antibodies were diluted 1:10,000 in 5% nonfat milk in TBST. Mem-
branes were either probed with ECL reagent (Pierce) and exposed to
film or scanned directly using the Odyssey scanner (LI-COR).

Pulse-chase and immunoprecipitation assays
Coprecipitation studies and pulse-chase analyses were conducted
using the following purification reagents: anti—-FLAG M1 agarose
(Sigma-Aldrich), S-protein agarose (Novagen, Billerica, MA), anti—
HA agarose (Sigma-Aldrich), anti-V5 agarose (Sigma-Aldrich), or
protein G Sepharose (Invitrogen) for other antibodies. For coprecipi-
tation experiments, lysates were incubated with the respective puri-
fication reagent and buffer TNNB (50 mM Tris, pH 7.5, 250 mM
NaCl, 0.5% NP-40, 0.1% bovine serum albumin [BSA]) for 3-5 h.
Beads were spun for 30 s at 1200 rpm, washed in buffer TNN (TNNB
without BSA) four times, and finally resuspended in reducing
Laemmli buffer. For samples treated with EndoH or PNGase F (New
England Biolabs, lpswich, MA), beads were instead resuspended in
water and denaturing buffer or water and buffer G7, respectively,
and treated according to the manufacturer’s protocol. Samples were
separated by SDS-PAGE, and Western blot analysis was performed
as described. For consistency between figures, in some panels the
immunoprecipitate bound fractions were digitally moved to the left
side of the panel, with whole-cell lysate inputs shown on the right.
Other digital alterations, such as the removal of irrelevant lanes, are
indicated in the respective legends.

For pulse-chase experiments, 60-mm plates of cells were
transiently transfected at 70-90% confluency with the plasmid(s) of
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interest. At 20 h posttransfection, cells were split to poly-b-lysine—
coated plates. One day later, cells were washed with Hank’s buffered
saline solution (Life Technologies) and starved in labeling medium
(DMEM  without  L-glutamine/t-methionine/L-cystine  [Corning,
Corning, NY] supplemented with 100 U/ml penicillin, 100 pg/ml
streptomycin, 2.92 mg/ml L-glutamine (Life Technologies), 10 mM
HEPES, 1 mM sodium pyruvate [Mediatech, Corning, NY], and 3%
dialyzed Hyclone [Little Chalfont, United Kingdom] serum) for 20 min.
Cells were labeled for 20-30 min with [3*S]methionine/cysteine di-
luted into labeling medium at ~88 pCi/ml (Environmental Health and
Radiation Safety, University of Pennsylvania, Philadelphia, PA). After
labeling, cells were washed in ice-cold PBS supplemented with
5 mM each of methionine and cysteine (Calbiochem), followed by
chase medium (growth medium with 5 mM methionine/cysteine),
and finally incubated with fresh chase medium for the indicated
times. At each time point, cells were harvested using the lysis proce-
dure described. Labeled proteins of interest were isolated from
lysates using the reagents described for 20 h, washed twice in TNN
buffer, and resuspended in reducing Laemmli buffer. Samples were
separated by SDS-PAGE with autoradiography of the dried gels car-
ried out on a Typhoon 9200 (Amersham Biosciences, Little Chalfont,
United Kingdom). Quantification was performed using ImageQuant
software (GE Healthcare, Little Chalfont, United Kingdom).

RT-PCR

For the identification of OS-9 splicing isoforms, total RNA was ex-
tracted from cell pellets via an RNA extraction kit (Qiagen, Venlo,
Netherlands). RNA concentration was determined by spectropho-
tometer and the quality assessed by conventional agarose gel elec-
trophoresis. cDNA was synthesized using 1 pg of total RNA, Reverse
Transcriptase AMV (Roche), and random hexamers p[dN]4 (Roche).
Semiquantitative PCR was performed using KAPA2G Fast PCR Kit
(Kapa Biosystems, Wilmington, MA). PCR products were separated
by electrophoresis on a 1.5% agarose gel. Standard PCRs of indi-
vidual OS-9-containing vectors were carried out as a direct com-
parison of band size. Primer sequences were as follows: forward,
5-AGCCCGACCAAGGATGATACAGTAAG-3, and reverse,
5-AGTCAGCCAACGTGCACCCTC-3".

RT-PCR of XBP-1 was conducted on RNA samples extracted by
TRIzol (Life Technologies). cDNA was synthesized with SuperScript I
Reverse Transcriptase (Life Technologies) using the manufacturer’s
protocol. XBP-1 was amplified with the following primers: forward,
5-AAACAGAGTAGCAGCTCAGACTGC-3’, and reverse, 5- TCCT-
TCTGGGTAGACCTCTGGGAG-3'. PCR products were separated
by electrophoresis on a 2% agarose gel, and band intensities cor-
responding to spliced and unspliced XBP-1 were quantified using
ImageJ (National Institutes of Health, Bethesda, MD).

Determination of GRP94 conformation and activity

Limited proteolysis of S-GRP94-containing lysates was conducted
as follows: lysates were prepared in lysis buffer without protease
inhibitors and quantified via BCA assay. Equal amounts of lysate
were aliquoted and subject to 1:25,000 dilution of trypsin
(trypsin:lysate; Promega, Madison, WI) in triplicate. Samples were
quenched with reducing Laemmli buffer at the indicated time
points and subjected to SDS-PAGE and immunoblotting as de-
scribed. To determine binding of GRP94 to ATP, S-ERp72- or S-
GRP94—containing lysates were incubated with y-phosphate—
linked ATP resin (a kind gift of Timothy Haystead, Duke University,
Durham, NC) as described previously (Hughes et al., 2012).
Samples were then subjected to SDS-PAGE and immunoblotting
procedures as described.
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