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ABSTRACT The initial folding of secreted proteins occurs in the ER lumen, which contains
specific chaperones and where posttranslational modifications may occur. Therefore lack of
translocation, regardless of entry route or protein identity, is a highly toxic event, as the
newly synthesized polypeptide is misfolded and can promiscuously interact with cytosolic
factors. Mislocalized proteins bearing a signal sequence that did not successfully translocate
through the translocon complex are subjected to a preemptive quality control (pQC) pathway
and are degraded by the ubiquitin-proteasome system (UPS). In contrast to UPS-mediated,
ER-associated degradation, few components involved in pQC have been identified. Here we
demonstrate that on specific translocation inhibition, a p97-AIRAPL complex directly binds
and regulates the efficient processing of polyubiquitinated pQC substrates by the UPS. We
also demonstrate p97’s role in pQC processing of preproinsulin in cases of naturally occurring
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mutations within the signal sequence of insulin.

INTRODUCTION

It is estimated that up to one-third of all newly synthesized polypep-
tides enter the endoplasmic reticulum (ER), the entry gate into the
secretory pathway (Wallin and von Heijne, 1998). Entry into the ER is
an elaborate and well-regulated process in order to ensure the effi-
cient entry of newly synthesized proteins into the correct folding
milieu (Shao and Hegde, 2011; Ast and Schuldiner, 2013). Failure to
properly translocate will result in a misfolded polypeptide, further
emphasizing the importance of proper and efficient translocation
into the ER. Recognition of mislocalized proteins, regardless of their
entry route into the ER, is achieved by cytosolic factors that deliver
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the mislocalized proteins for degradation (Rane et al., 2008;
Rodrigo-Brenni et al., 2014).

The main entry port into the ER lumen is the Secé1 translocon,
which provides an aqueous pore through the ER membrane for
polypeptides to enter the ER lumen (Deshaies and Schekman,
1987; Gorlich et al., 1992; Park and Rapoport, 2012). The conduct-
ing channel is the entry site for N-terminal signal sequence—bear-
ing polypeptides for both cotranslational and posttranslational in-
sertions. Whereas both modes of insertion require the Secé1
translocon, cotranslational insertion is mediated through the initial
recognition of the nascent chains emerging out of the ribosomal
exit tunnel by signal peptide recognition particle (SRP; Shan and
Walter, 2005). Translational pausing and ribosomal localization to
the SRP receptor-translocon complex ensures that the emerging
nascent chain is immediately inserted into the translocon. The
translocon channel enables either transition through the hydro-
phobic surrounding of the membrane or immediate lateral move-
ment of a hydrophobic segment into the ER membrane. Nascent
chains bearing a signal peptide can fail to be recognized by the
SRP due to features within the signal sequence itself (lower hydro-
phobicity; Ng et al., 1996) or early termination of translation
(70-80 amino acids), which will not enable SRP binding at the ribo-
somal exit site before translational termination (Schlenstedt et al.,
1992). In these cases of SRP-independent, Secé1-dependent ER
insertions, additional accessory factors are required to maintain
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ubiquitin, p97, and the 26S proteasome
(Yun et al., 2008; Glinka et al., 2014). RNA
interference of the Caenorhabditis elegans
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FIGURE 1: (A) VCAM1-HA was transfected into cells, and 48 h posttransfection, VCAM1
content was evaluated by HA immunoblots. Cell lysates were analyzed directly or after in vitro
PNGase or Usp2 treatment. Where indicated, cells were treated overnight with Velcade

(100 nM) and/or CAM741 (250 nM) as indicated. Asterisk marks an additional LMW band of
VCAM-1. Glycosylated VCAM-1 is labeled Glc-Nac-VCAM-1. (B) Cells expressing VCAM1 were
treated with Velcade in the presence or absence of CAM741 as indicated. Cell lysates were
evaluated directly (input) or subjected to a HA IP to evaluate Bagé and p97 interaction.

(C) VCAM-1 IP in the presence of CAM741 and Velcade as in B was subjected to an in vitro
deubiquitination by Usp2 as indicated. (D) Recombinant P97 was layered under a discontinuous
sucrose gradient in the absence of membranes (M) or presence of ribosome-stripped PK-RMs
or purified reconstituted trimeric Sec61-PLs. After centrifugation, fractions were collected from
top to bottom and immunoblotted against p97. The membrane binding of p97 is evident by its

flotation together with the membranes to the top of the gradient.

solubility and localization to the translocon (Plath and Rapoport,
2000).

Regardless of the insertion mode through the translocon, the
signal sequence is endoproteolyticaly processed by the signal pep-
tidase almost immediately upon entry to the ER lumen (Fujimoto
etal., 1984; Evans et al., 1986). ER entrance through the translocon
is a dynamic process, as it can be fine tuned to reduce translocation
during ER stress in a signal sequence-selective manner (Kang et al.,
2006). This quality control process has been termed preemptive
quality control (pQC) and can be therefore viewed as part of the
unfolded protein response (UPR) required for maintaining ER ho-
meostasis (Kang et al., 2006; Rane et al., 2008). Investigation of sev-
eral branches of the UPR, such as ER-associated degradation (ERAD;
Christianson and Ye, 2014), ER stress-triggered transcriptional and
translational reprograming (Ron and Walter, 2007), and ER stress—
triggered mRNA membrane release and cleavage (Hollien et al.,
2009), have identified many of the molecular components involved
in these quality control processes. In contrast to this situation, the
molecular entities and events governing ER homeostasis sensing by
the pQC process are poorly understood. In fact, only a subset of the
molecular components involved in pQC have been identified (Hessa
et al., 2011; Rodrigo-Brenni et al., 2014). We envision that many
mechanistic steps required for ERAD substrate processing by the
ubiquitin proteasome, such as recognition, ubiquitination, extrac-
tion, and proteasomal delivery, are also required in the pQC, yet the
identities of many of these components remain to be found.

Previously we showed that arsenite-inducible, RNA-associated
protein-like (AIRAPL) is an ER membrane protein that binds
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to mislocalized vascular cell
adhesion molecule 1
To evaluate the possible interaction be-
tween the p97-AIRAPL complex and a mis-
localized protein that is subjected to the
pQC pathway, we used CAM741, a previ-
ously characterized selective ER transloca-
tional inhibitor of vascular cell adhesion mol-
ecule 1 (VCAM-1; Besemer et al., 2005).
VCAM-1 is usually detected as a high-mole-
cular weight (HMW) glycosylated protein
(compare to the migration of the untreated
and PNGase F-treated sample; Figure 1A).
Although no impairment in HMW migration
was noted upon in vitro deubiquitination of
the sample (Figure 1A, Usp2) or upon proteasomal inhibition (Figure
1A, Velcade), proteasomal inhibition enabled the detection of two
additional low—-molecular weight (LMW) bands. Upon CAM741 treat-
ment, HMW glycosylated VCAM-1 was completely undetectable,
attesting to the lack of ER translocation, whereas a faint LMW band
was detected (Figure 1A, CAM741). This species could be readily
detected upon addition of a proteasome inhibitor (Figure 1A,
CAM741 + Velcade). Thus the VCAM-1 CAM741 system enables
rerouting of VCAM-1 into the pQC pathway (Besemer et al., 2005).
To evaluate whether p97 interaction could be detected and
whether this interaction is selective to nontranslocated VCAM-1, we
immunoprecipitated VCAM-1 (VCAM-1 [P) from control and
CAM741-treated cells. As a positive control for selective interaction
of mislocalized VCAM-1 with a pQC component, we used Bagé,
which was shown previously to interact directly with a pQC substrate
(Hessa et al., 2011). As seen in Figure 1B, CAM741 treatment readily
inhibited VCAM-1 glycosylation, and copurification of Bagé and
p97 could be detected only with the mislocalized species of VCAM-
1. This result implies a selective recruitment of both Bagé and p97
to a mislocalized protein. Bagé is considered a holdase, as it has
been reported to engage the exposed hydrophobic segments of a
mislocalized substrate (both in ERAD and in pQC; Hessa et al.,
2011; Wang et al., 2011) in order to increase substrate solubility in
the cytosol. Because mislocalized VCAM-1 is readily degraded by
the 26S proteasome (Besemer et al., 2005; Figure 1A), we hypoth-
esized that its targeting to the proteasome is ubiquitin dependent
and requires an ER membrane-localized ubiquitin-binding protein
and a recruitment cofactor for p97. This hypothesis is based on the

bottom
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FIGURE 2: (A) lllustration of VCAM-1 containing the Flag signal
sequence (F-SS), the glycosylation sites, transmembrane domain (TM),
and C-terminus HA tag. (B) Cells expressing the Flag-SS VCAM-1 and
the indicated p97 were treated with Velcade and CAM741 as
indicated, and VCAM-1 content was evaluated by Flag and HA IB.
Cellular expression levels of p97 are indicated, as well as Rpt6 levels
serving as a loading control. Glycosylated VCAM-1 is labeled
Glc-Nac-VCAM-1, signal peptide-bearing VCAM-1 is labeled
SP-VCAM-1, and signal peptide—bearing glycosylated VCAM-1 is
labeled Glc-Nac-SP-VCAM-1. VCAM-1 that does not contain a signal
peptide is labeled as VCAM-1.

fact that mislocalized VCAM-1 is initially still ER membrane localized
to the Secé1 translocon channel, the binding site for CAM741 and
the signal peptide (Besemer et al., 2005). This hypothesis would
also predict that p97 interaction with VCAM-1 is after polyubiquiti-
nation, whereas Bagé interaction is independent of the ubiquitina-
tion status of VCAM-1. Repeating the purification of mislocalized
VCAM-1 in the presence or absence of a deubiquitinating enzyme
indicated the complete dependence of p97 recruitment on VCAM-1
polyubiquitination, as opposed to the marginal effect this treatment
had on Bagé interaction (Figure 1C).

To evaluate the ability of p97 to interact with microsomal mem-
brane fractions, we used an in vitro binding flotation assay and eval-
uated the ability of p?7 to float with the membrane fractions above
a dense sucrose cushion. To this end, recombinant p97 was mixed
with ribosome-stripped dog pancreatic rough microsomes (PK-RMs)
or purified reconstituted trimeric Sec61 complex proteoliposomes
(Sec61-PLs). After a short incubation, samples were equilibrated to
2.1 M sucrose and layered beneath a discontinuous sucrose gradi-
ent. Samples were centrifuged, and p97 localization throughout the
gradient was evaluated. As seen in Figure 1D, p97 was able to bind
ribosome-stripped PK-RMs or purified reconstituted trimeric Sec61-
PLs, as evident from its redistribution into the top fractions. This
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redistribution was not apparent if no microsomes were present (-M).
Thus p97 can directly interact with components of the protein trans-
location channel in pQC sites.

P97 role in processing mislocalized VCAM-1

Although our results confirmed the proteasomal degradation of
mislocalized VCAM-1 upon CAM741 treatment, we could also
detect the appearance of another LMW species upon proteasomal
inhibition treatment (Figure 1A, asterisk; previously described in
Garrison et al., 2005). We reasoned that an additional discriminating
feature between ER-localized and -mislocalized VCAM-1 pQC sub-
strate could be the presence of the signal sequence. This feature
would also discriminate between VCAM-1 as an ERAD or pQC sub-
strate. To this end, we inserted a Flag tag into the 5" end of the
VCAM-1 signal sequence (see illustration in Figure 2A) and noted
that this insertion did not perturb the ability of VCAM-1 to translo-
cate into the ER or the ability of CAM741 to inhibit this translocation
(Figure 2B). First we evaluated VCAM-1 status by immunoblotting
(IB) against the C-terminal epitope hemagglutinin (HA; as in
Figure 1A) and toward the signal sequence Flag epitope (Figure 2B).
In the presence of wild-type p97-untreated cells, we could detect
the glycosylated isoform of VCAM-1 only using the C-terminal tag,
whereas the signal sequence tag could barely be detected, as ex-
pected from an efficient translocation and signal-sequence removal
event (Figure 2B, lane 1, HA and Flag IB). CAM741 treatment elimi-
nated the presence of VCAM-1 in both IBs (Figure 2B, lane 2), and
Velcade treatment in the presence of CAM741 dramatically in-
creased the reactivity of both HA and Flag IBs (Figure 2B, lane 3).
Whereas proteasomal inhibition induced the accumulation of two
LMW species (Figure 2B, lane 3, HA IB), only the slower-migrating
form seemed to contain the signal sequence, as evident from the
Flag IB (Figure 2B, lane 3, Flag IB). We assume that the LMW band
represents a small fraction of VCAM-1 that was able to translocate
into the ER and was subjected to proteasomal degradation through
the ERAD pathway, thus explaining the Velcade sensitivity and the
lack of signal sequence reactivity in the Flag IBs. We performed the
same experiments in the presence of a p?7 mutant that retains sub-
strate binding but cannot hydrolyze ATP, thus functioning as a domi-
nant negative (097QQ; Ye et al., 2003). We noted that p97QQ ex-
pression by itself stabilized the nontranslocated form of VCAM-1
and had hardly any effect on the mislocalized VCAM-1 that could be
observed upon Velcade addition (Figure 2B, lanes 5 and 6 vs. lanes
2 and 3). This result confirms a role for p97 in processing of VCAM-1
as a pQC substrate and implies a role for p97 in pQC proteasomal
degradation, as observed in ERAD substrates.

Ubiquitin-dependent binding of AIRAPL

to mislocalized VCAM-1

Mislocalized proteins often expose hydrophobic segments due to
lack of membrane insertion. Therefore one of the earliest events
required for processing a pQC substrate is the ability to maintain it
in a soluble form in order to be processed by the ubiquitin protea-
some system (Hessa et al., 2011; Wang et al., 2011). Furthermore,
previous reports demonstrated the role of hydrophobic segments
as elements required in-cis for targeting mislocalized proteins for
proteasomal degradation (Hessa et al., 2011). Bagé is one of the few
identified components required for efficient pQC processing, and
our data indicated the lack of ubiquitin dependence in this interac-
tion (Figure 1C). We reasoned that AIRAPL binding to a pQC sub-
strate should enable copurification with Bagé. If this association is
mediated by the polyubiquitinated pQC substrate, then this interac-
tion should be dependent on the ability of AIRAPL to bind ubiquitin.

p97 role in pQC substrate degradation | 3721
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FIGURE 3: (A) Left, cellular lysates of CAM741- and Velcade-treated cells expressing VCAM-1
and AIRAPL WT or UIM mutant were subjected to an AIRAPL IP. Copurification of VCAM-1 is
observed to be UIM dependent, whereas p97 copurification is not UIM dependent. Right,
AIRAPL IP was performed from cellular lysates of cells treated with Velcade or usp2 as indicated.
Bagé and ubiquitin copurification was evaluated by the indicated immunoblots. (B) Cells
expressing AIRAPL and the indicated Bagé were treated with CAM741 with or without Velcade
(as indicated), and cellular lysates were subjected to an AIRAPL IP. Copurification of Bagé and
VCAM-1 was evaluated by immunoblots, and increased levels of VCAM-1 upon Bagé 88-387
expression are noted (input). Note the reactive band at the size of the Bagé mutant that
appears even in the absence of Bagé mutant expression, indicating a nonspecific or partial Bagé
product expressed at this molecular weight. Nevertheless, the reduced amount of Bagé mutant
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We therefore expressed wild-type (WT) and
ubiquitin-binding mutant forms of AIRAPL
(UIM mut), treated cells with CAM741 and
Velcade (to stabilize nontranslocated
VCAM-1), and evaluated the ability of Al-
RAPL to bind the pQC substrate. As seen in
Figure 3A (left), AIRAPL copurified with
VCAM-1 in a functional ubiquitin-interacting
motif (UIM)-dependent manner and highly
enriched a HMW polyubiquitinated form of
the pQC substrate. This HMW band com-
pletely disappeared upon incubation with a
deubiquitinating enzyme (Usp2), and a dis-
crete LMW band corresponding to VCAM-1
was enhanced upon this treatment (Supple-
mental Figure S1). This result confirms the
identity of the HMW VCAM-1 band as a
polyubiquitinated form of the protein. Fur-
thermore, the binding of AIRAPL to p97 did
not show any dependence on UIM function-
ality or deubiquitination treatment (Glinka
etal., 2014).

To evaluate AIRAPL association with
Bagé and its dependence on pQC substrate
ubiquitination status, we affinity purified Al-
RAPL in the presence of Velcade or in the
presence of a deubiquitinating enzyme
(Usp2). As seen in Figure 3A (right), we were
able to copurify Bagé with AIRAPL, and this
copurification was responsive to Velcade
and usp2 treatments, thus demonstrating
that it is a polyubiquitin-mediated interac-
tion. Previous analysis demonstrated that
the ubl domain of Bagé is not required for
substrate interaction but is for E3 recruit-
ment and substrate ubiquitination (Hessa
etal., 2011; Rodrigo-Brenni et al., 2014) and
that further deletion of the Bagé ZF and C-
term PR domains (Bagé 88-387) reduces the
ability of Bagé to form a hexamer (Xu et al.,
2013). Because Bagé mutant 88-387 can
still bind the pQC substrate, it acts as a
dominant negative, as noted from the ele-
vated VCAM-1 levels (Figure 3B, input). Un-
like Velcade treatment, VCAM-1 accumula-
tion upon Bagé mutant expression did not
include a polyubiquitin HMW form, as it

copurified upon AIRAPL IP (compare to WT)
implies a role for additional Bagé-mediated
processes in AIRAPL binding. Long exposures
of cellular input content reveal the reduced
levels of HMW VCAM-1 upon Bagé mutant
expression. (C) Cells treated with CAM741
and Velcade expressing the indicated AIRAPL
isoform were subjected to an AIRAPL IP, and
VCAM-1, Bagé, ubiquitin, and p97 interaction
was evaluated. Longer exposure of VCAM-1
content in the AIRAPL IP reveals the
presence of a HMW VCAM-1 isoform in the
WT and VIM mutants of AIRAPL (bottom,
long exp.).

Molecular Biology of the Cell
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FIGURE 4: (A) Cells expressing VCAM-1 and the indicated p97
isoform were treated with CAM741 alone or with Velcade as
indicated. Cellular lysate content was evaluated directly (input) or
subjected to a Rpté IP to evaluate proteasomal association (Rpn11) of
VCAM-1 and p97. The asterisk represents a nonspecific band in the
Rpté IP. (B) VCAM-1 and p97 expressing cells were treated with
CAM741 or Velcade as indicated. Cellular lysates were fractionated
into supernatant and pellet and VCAM-1, and proteasomal (PSMAT1)
content distribution was evaluated by IB. Secé1 immunoblot serves as
a positive marker for ER membrane distribution.

cannot support pQC substrate ubiquitination (Figure 3B, long expo-
sure). The reduced HMW form of VCAM-1 upon Bagé mutant ex-
pression is not explained by increased proteasomal turnover, as a
short-lived proteasomal substrate (ATF4) was found to be elevated
(and not reduced) upon Bagé mutant expression (Supplemental
Figure S2). Furthermore, the Bagé mutant reduced the association
of AIRAPL with Bagé (Figure 3B, AIRAPL IP). Thus we conclude that
Bagé functionality is required for AIRAPL association and efficient
turnover of VCAM-1 upon mislocalization.

Our previous characterization of AIRAPL identified a UIM re-
quired for polyubiquitin binding, a VCP-interacting motif (VIM) re-
quired for p97 interaction, and a CAAX domain required for ER
membrane localization (Yun et al., 2008; Glinka et al., 2014). To ad-
dress the requirement of all of these AIRAPL domains for pQC sub-
strate interaction, we affinity purified AIRAPL (WT or the indicated
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mutant) from CAM741 and Velcade-treated cells and monitored
the binding of VCAM-1, Bagé, p97, and ubiquitin. As seen from
Figure 3C, AIRAPL association with VCAM-1 and Bagé was mainly
dependent on a functional UIM and decreased upon SAAX muta-
tion, whereas no impairment was observed in a VIM mutation. This
result indicates the ability of AIRAPL to bind the pQC substrate di-
rectly without p97 assistance and the partial ability of a mislocalized
pQC substrate to interact also with a cytosolic form of AIRAPL, im-
plying a possible rerouting of the pQC substrate to the cytosol
(Figure 4). Furthermore, the cytosolic mutant form of AIRAPL (SAAX
mutant) was preferentially impaired for Bagé interaction and less
impaired for substrate and ubiquitin interaction (Figure 3C; compare
Bagé6 to ubiquitin and VCAM-1 IB of SAAX), implying a role for
Bag6-AIRAPL interaction occurring mainly on the ER membrane,
presumably at initial substrate mislocalization. Longer exposure
also indicated the enrichment of HMW isoforms of VCAM-1 upon
AIRAPL WT and VIM mutant purifications, most likely polyubiquiti-
nated VCAM-1 (Figure 3C, long exposure).

Proteasomal recruitment of mislocalized VCAM-1
Previously we demonstrated the direct recruitment of p97 to the
26S proteasome upon protein degradation impairment (Isakov and
Stanhill, 2011). Our results (Figure 2) imply a role for p97 in the pro-
cessing of a pQC substrate, but it remains to be established whether
the observed impairment in pQC processing in the p97QQ cells is
due to lack of efficient relocalization of the pQC substrate from the
ER membrane or impairment in substrate release from p97 to the
proteasome that may occur in the cytosol or on the ER membrane
itself (Kalies et al., 2005). To address this point, we evaluated the
proteasomal recruitment status of VCAM-1 upon mislocalization by
affinity purifying proteasomes (Rpt6 IP) and evaluating VCAM-1 con-
tent (Figure 4A). As noted, p97QQ increased steady-state levels of
VCAM-1 upon CAM741 treatment (Figure 4A, input). We could not
observe any impairment in proteasomal recruitment of VCAM-1
(Rpté IP) and in fact observed elevated purification of the pQC sub-
strate, probably reflecting the increase in the steady-state levels of
VCAM-1 upon p97QQ expression. Thus p?7QQ does not perturb
proteasomal recruitment and functions upstream to proteasomal
degradation. The timely release of VCAM-1 from p97 occurring on
the proteasome seems to be impaired in the p97QQ cells.
Although membrane extraction of ERAD substrates may largely
depend on p97 activity (Ye et al., 2003), it is possible that mislocal-
ized proteins that are more loosely bound to the membrane do not
require extraction or may occur in a p97-independent manner. We
further evaluated the localization of VCAM-1 and its accumulation
upon p97QQ expression or Velcade treatment, using a biochemical
fractionation assay. As seen in Figure 4B, glycosylated VCAM-1 en-
tirely partitioned into the microsomal pellet fraction. However,
upon CAM741 treatment, it was found mainly in the cytosolic su-
pernatant fraction, indicating relocalization of VCAM-1 from the
microsomal pellet. The relocalization of VCAM-1 to the cytosolic
fraction in the p?7QQ cells indicates that relocalization only par-
tially requires p97 activity (Figure 4B). Furthermore, our analysis of
proteasomal localization (Figure 4B, PSMAT IB) revealed an in-
crease in proteasomal association with the microsomal pellet upon
CAM741 treatment, in accordance with the reported direct binding
of the proteasome and translocon complexes (Kalies et al., 2005).
We do not attribute the increased proteasomal VCAM-1 associa-
tion in the p97QQ cells (Figure 4A, Rpt6 IP) to the increase in pro-
teasomal microsomal recruitment upon CAM741 treatment (Figure
4B, PSMA1 IB), as p97QQ expression was still able to relocalize
VCAM-1 to the supernatant fractions (Figure 4B, VCAM-1 IB). Our

p97 role in pQC substrate degradation | 3723
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isoforms. Velcade treatment and p97 expression were performed as
in A. PNGaseF treatment was performed on cellular lysate, and
PSMA1 content served as a loading control for cell lysates.

R6C

data support a scenario in which the increased association of
VCAM-1 with proteasomes is due to impaired release of the pQC
substrate from p97QQ, an event that occurs on the proteasome it-
self (Figure 4A) mainly in the cytosol (Figure 4B). This scenario is
further supported by the findings that the main interaction of p97
with mislocalized VCAM-1 is cytosolic (supernatant fraction), and
only a small amount is membrane localized (microsomal pellet frac-
tion, Supplemental Figure S3).

pQC proteasomal degradation of insulin bearing a signal
peptide mutant
Our data until now relied on pharmacological impairment in ER
translocation imposed artificially by CAM741. pQC processes have
been implicated in various pathological conditions (Rane et al.,
2008). Therefore we wanted to expand our observations to include
a natural variant that is largely subjected to pQC processing. It is
worth noting that whereas VCAM-1 translocation is an efficient pro-
cess, a small fraction is naturally mislocalized, as evident from accu-
mulated VCAM-1 in Velcade-treated cells (Besemer et al., 2005;
Garrison et al., 2005; Figure 1A).

Late onset of diabetes type | is found in individuals bearing mu-
tations within the INS gene (Boesgaard et al., 2010; Meur et al.,
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2010) leading to beta-cell destruction and is therefore viewed as a
protein-misfolding disease. A specific R6C mutation within the insu-
lin signal sequence impairs insulin’s initial ER translocation (Guo
et al., 2014). To address a possible role for the UPS and p%7 in cor-
rect processing of insulin R6C as a pQC substrate, we evaluated the
steady-state levels of WT and R6C insulin in control and Velcade-
treated cells (Figure 5A). Using a C-peptide antibody that detects
only preproinsulin (untranslocated, bearing the signal sequence) or
proinsulin (ER/Golgi localized insulin lacking the signal sequence)
indicated that whereas insulin WT is not subjected to UPS process-
ing, as evident from the lack of any effect of Velcade on the proinsu-
lin product, the R6C insulin mutant can only be detected as a prep-
roinsulin upon Velcade treatment (Figure 5, compare lanes 1 and 2
to lanes 5 and 6é). Furthermore, the expression of p97QQ together
with the insulin R6C mutant led to accumulation of preproinsulin
even without Velcade treatment (Figure 5A, lane 7). This situation
resembled our results obtained with VCAM-1 upon CAM741 treat-
ment (Figure 2). The apparent increase of proinsulin R6C only upon
p97QQ expression and not Velcade treatment (Figure 5A, lanes 6
and 7) is compatible with the partial and not complete impairment
of insulin R6C translocation (Guo et al., 2014) and with the role of
autophagy in insulin quality control processing of translocated insu-
lin (Gil Leibowitz, personal communication). This is further evident
from the accumulation of WT proinsulin in the p97QQ cells (Figure
5A, lanes 3 and 4).

To demonstrate further the selective role of proteasomal deg-
radation with regard to nontranslocated preproinsulin, we inserted
into the C-peptide region of insulin an N-glycosylation site to en-
able discrimination between ER and nontranslocated proinsulin.
As seen in Figure 5B, both insulin WT and R6C mutant appear in a
HMW glycosylated form that is PNGaseF sensitive. However, the
R6C mutant appeared as an additional band that is not sensitive to
PNGaseF (unpublished data) and accumulates in response to both
Velcade and p?7QQ (Figure 5B), whereas the WT isoform did not
accumulate upon Velcade treatment, thus demonstrating that it is
the nontranslocated preproinsulin that is subjected to protea-
somal degradation in a p?7-dependent manner. Furthermore, in-
sulin R6C degradation was substantially impaired upon Bagé
knockdown (Supplemental Figure S4), providing further evidence
for the involvement of pQC components in insulin turnover upon
ER mislocalization.

DISCUSSION

Surveillance mechanisms toward polypeptides that were desig-
nated to enter the secretory pathway ensure that mislocalized pro-
teins will not perturb cytosolic homeostasis. This is achieved by re-
routing mislocalized proteins for proteasomal degradation (Kang
et al., 2006). Components that ensure solubility and ubiquitinate
mislocalized proteins are essential components in such surveillance
systems. The roles of two such components, Bagé and RNF126,
have been demonstrated (Hessa et al., 2011; Rodrigo-Brenni et al.,
2014), whereas the identity and role of additional components in
this quality control process remain to be discovered. In this article,
we demonstrate the direct binding of p?7 and its ubiquitin-binding
adaptor, AIRAPL, to the pQC substrate VCAM-1. Our data indicate
that Bagé binding to the pQC substrate is independent of the sub-
strate’s ubiquitination status (Figure 1), consistent with the ability of
Bagé to directly bind hydrophobic segments of a pQC substrate
(Hessa et al.,, 2011). In contrast to this situation, AIRAPL and p97
binding is dependent on substrate ubiquitination (Figures 1 and 3).
This result implies the required activity of an E3 ligase before p97
binding. This requirement in turn suggests the recruitment of p97 by
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a ubiquitin-binding protein (AIRAPL) at stages in which the sub-
strate’s fate (translocation vs. degradation) has already been deter-
mined, consistent with the binding of AIRAPL to proteasomes and
polyubiquitin chains (Yun et al., 2008). In contrast to this situation,
Bagé binding is required due to biophysical hydrophobic features of
the substrate and does not necessarily indicate the substrate’s fate.
This scenario resembles the role of Bagé in the ER translocation of
tail-anchored proteins in which Bagé binding is required for solubil-
ity regardless of its final fate (Leznicki et al., 2010; Mariappan et al.,
2010; Lee and Ye, 2013). One possible scenario is the initial recruit-
ment of Bagé to the mislocalized protein and subsequent recruit-
ment of AIRAPL and p97 postubiquitination. Additional time-
resolved analysis would be required to further test this scenario.
Numerous p97 cofactors have been identified (Alexandru et al.,
2008; Yeung et al., 2008), and a selective combination of p97 with
AIRAPL has been identified (Glinka et al., 2014), including Npl4-
Ufd1 and Ubxd8 (an ER membrane-bound Bagé interactor; Xu
et al., 2013). The wide range of p97 adaptors and the fact that p97
is a hexamer enable a wide range of adaptor combinations, but a
complex hierarchy is apparent (Alexandru et al., 2008). The fact that
Bagbé is also a hexamer (Xu et al., 2013) with several identified co-
factors (Lee and Ye, 2013) increases the range of possible p97-Bagé
cofactors combinations. Furthermore, it is possible that p97 interac-
tion with Bagé in several cellular scenarios (ribbosome, ERAD, and
pQC) will give rise to several different combinations of adaptor pro-
teins. Our findings regarding AIRAPL interaction with Bagé and
p97, as well as the previous identification of Ubxd8 as an additional
ER membrane-bound protein that binds both hexameric proteins
(Bagé and p97; Alexandru et al., 2008; Xu et al., 2013), enable the
following complex scenario (Figure 6): the mislocalization of a pQC
substrate on the ER membrane will first recruit the Bagé complex to
exposed hydrophobic segments, which will enable the binding of
Ubxd8 via the Ubl domain of Bagé and the UBA domain within
Ubxd8 (Xu et al., 2013). After ubiquitination by an E3 ligase, an
event that is Bag6 ubl domain dependent (Figure 3B; Rodrigo-
Brenni et al., 2014), AIRAPL will bind the ubiquitinated pQC sub-
strate and recruit p97, which can also bind its additional adaptor
Ubxd8. This sequence of events is consistent with the ability of a
Bagé mutant that does not enable Ubl-mediated interaction (Bagé
88-387; Figure 3B) to stabilize the pQC substrate and impair its in-
teraction with AIRAPL and also with the ability of an AIRAPL mutant
that fails to bind p97 to bind the pQC substrate (Figure 3C).

ER lumen
N\ r
cytosol
Bagb
p97
Ubxd8
AIRAPL

FIGURE 6: Based on the presented data, a plausible scenario can be
drawn in which a mislocalized protein (MLP) that has not translocated
into the ER is bound to the ER membrane by virtue of hydrophobic
segments of its transmembrane (TM) domain and/or hydrophobic
segments within its signal sequence (SS). Bagé interaction with
hydrophobic segments within the MLP would then enable recruitment
of the p97 adaptor Ubxd8 (via its UBA domain). Polyubiquitination of
the MLP (by virtue of the ribosome quality control ligase LTN1,
RNF126, or another E3 ligase) would enable recruitment of AIRAPL,
an additional p97 adaptor to the polyubiquitinated MLP.
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Furthermore, the selective reduction in AIRAPL SAAX mutant ability
to bind Bagé but not VCAM-1 (Figure 3C) may also indicate that,
after p97 recruitment, Bagé may not be required for complete es-
cort to the proteasome as long as p97-substrate engagement is in
place. Further kinetic experiments are required in order to establish
the relationship between Bagé and p?7 in pQC substrate protea-
somal processing.

Both p97 and Bagé hexameric solubilizing complexes will retain
the pQC UPS substrate in a soluble proteasome-accessible form in
order to facilitate its degradation. Our findings with the p97QQ mu-
tant clearly indicate the functional role of p97 in pQC substrate deg-
radation by the proteasome (Figures 2, 4, and 5) but indicate no
impairment in pQC substrate recruitment to the proteasome
(Figure 4A). This result fits well with previous results indicating the
enhanced recruitment of p97 to the 26S proteasome upon UPS im-
pairment (Isakov and Stanhill, 2011) and implies that the substrate
relay between p97 and the 26S proteasome requires both ATPase
hydrolysis by p?7 (Figure 4A) and catalytic activity of the protea-
some (Isakov and Stanhill, 2011). In spite of the increase in protea-
somal recruitment to microsomal fractions observed upon CAM741
treatment (Figure 4B), we still conclude that enhanced proteasomal
recruitment of VCAM-1 upon p97QQ expression is not due the re-
localization of proteasomes (Figure 4B), as CAM741 treatment by
itself enhances VCAM-1 levels only in the supernatant fraction and
not in the microsomal pellet fractions (Figure 4B, VCAM-1 B), thus
excluding proteasomal recruitment as the sole explanation for the
enhanced recruitment of VCAM-1 to the proteasome. Furthermore,
close examination of VCAM-1 in p97QQ and Velcade-expressing
cells indicates a HMW smear in the pellet membrane fractions that
is absent from the cytosolic supernatant fractions (Figure 4B). This
observation is consistent with the initial recruitment of p97 to the
polyubiquitinated pQC substrate that occurs on the membrane
(pellet fractions). The stabilization of the pQC substrate in the
p97QQ or Velcade-treated cells occurs on the proteasome itself
(Figure 4A), in close proximity to proteasomal deubiquitinating en-
zymes. Further analysis is required to evaluate the exact relay steps
of mislocalized membrane substrates to the 26S proteasome.

We also addressed the role of p97 in a physiological pQC sub-
strate and identified preproinsulin R6C mutant as a pQC substrate
(Figure 5), implying a role for p97 in late onset of diabetes type I. This
role of p97 in insulin processing is probably not restricted to prepro-
insulin as a pQC substrate because even translocated proinsulin is
dependent on proper activity of p97 (Figure 5A); however, only the
preproinsulin was sensitive to proteasomal inhibition (Figure 5A,
lanes 1 and 2 vs. lanes 5 and 6). These observations are consistent
with a role for p97 in autophagy (Ju et al., 2009; Dargemont and
Ossareh-Nazari, 2012) and a role for autophagy in proinsulin homeo-
stasis (Gil Leibowitz, personal communication). Whereas mutations
within the signal sequence of a1 anti-trypsin and pre—proparathyroid
hormone have also been observed in emphysema and hypoparathy-
roidism (Arnold et al., 1990; Gooptu et al., 2009), systematic identi-
fication of pQC substrates and their role in p97 related pathologies
remains to be addressed.

MATERIALS AND METHODS
Cell culture, transfection, lysis, and protein purification
HEK293 cells were cultured in complete medium composed of
DMEM supplemented with 1% penicillin-streptomycin solution,
5 uM B-mercaptoethanol, 1% nonessential amino acids solution,
and 10% heat-inactivated fetal bovine serum. Plasmids expressing
human VCAM-1 with a C-terminal HA tag were constructed by
subcloning the human VCAM-1 cDNA (using as a template an
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expression vector kindly provided by Novartis; Besemer et al.,
2005) into pCDNA3.1 with a C-terminus HA tag. The N-terminus
Flag tag was inserted into the foregoing plasmid by PCR. All con-
structs were verified by sequencing. Expression constructs of p97
and AIRAPL, WT, and mutant forms have been previously de-
scribed (Glinka et al., 2014). Expression constructs of human Inulin
WT and R6C were kindly provided by Ming Liu (University of
Michigan Medical School, Ann Arbor, MI; Guo et al., 2014), and
N-glycosylation-site insertion into the foregoing plasmids was
performed by overlapping PCR. Where indicated, cells were
treated with Velcade (100 nM) and/or CAM741 (250 nM) over-
night, and cell lysis was performed in TNH buffer (20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES], pH 7.9,
100 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1.5 mM MgCl,,
1 mM dithiothreitol [DTT], and protease inhibitors) and clarified at
20,000 x g for 10 min. Where indicated, cell lysates were directly
incubated with PNGase F (NEB [Ipswich, MA] P0704) or Usp-2
(Baker et al., 2005). Transient transfections were performed using
the calcium phosphate precipitation method, and protein im-
munopurifications were performed using the indicated antibodies.
For direct proteasome purifications, cell lysates were immunopuri-
fied against Rpté in the presence of 1 mM ATP. Immunopurified
material was extensively washed with lysis buffer and subsequently
eluted with Laemmli buffer. Cellular fractionation was performed
as previously described. Briefly, cells (2 x 10%) were resuspended in
100 pl of 0.01% digitonin in HCN buffer (50 mM HEPES, pH 7.5,
150 mM NaCl, 2 mM CaCly, and protease inhibitors), incubated on
ice for 10 min, and centrifuged at 16,000 x g for 10 min. Micro-
somal pellet fraction content was extracted by resuspension in
TNH buffer.

Antibodies and Western blots

Rpn11 polyclonal antiserum was produced by immunizing rats
against the full-length human Rpn11. GFP, p97, and AIRAPL poly-
clonal rabbit antisera were previously described (Yun et al., 2008;
Isakov and Stanhill, 2011; Glinka et al., 2014), Bagé polyclonal se-
rum was a kind gift from Yihong Ye (National Institute of Diabetes
and Digestive and Kidney Diseases, National Institutes of Health,
Bethesda, MD; Wang et al., 2011), and Rpté hybridoma cell line
was a kind gift from Shigeo Murata (University of Tokyo, Tokyo,
Japan; Kaneko et al., 2009). Secé61 was detected with peptide-
specific antibody against the C-terminus (Gorlich et al., 1992). The
commercial sources for antibodies were as follows: ubiquitin
(Zymed-Invitrogen, Waltham, MA), Flag M2 (Sigma-Aldrich, St.
Louis, MO), HA (Covance, Princeton, NJ), p97 in flotation assays
(PROGEN Biotechnik, Germany), and insulin C-peptide (GNID4 hy-
bridoma supernatant from the Developmental Studies Hybridoma
Bank, Department of Biology, University of lowa, lowa City, IA). IBs
toward insulin were performed using tricine-SDS-PAGE urea gels
(Schagger, 2006), and all other separations were performed on
standard glycine SDS-PAGE.

Membranes and flotation assay

Dog pancreas microsomes stripped of ribosomes by a treatment
with puromycin and high salt (PK-RMs) were prepared as in Gorlich
et al. (1992). Proteoliposomes (PLs) containing the purified Secé1
complex were prepared as previously described (Kalies et al., 1994).
The Secé1p complex was purified on the basis of an immunoisola-
tion procedure, starting with ribosome-stripped microsomes and
using an antibody directed against the B-subunit of the Secé61 com-
plex (Gorlich and Rapoport, 1993). The His-tagged recombinant
p97 was a kind gift of Tom A. Rapoport (Harvard Medical School,
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Boston, MA). P97 binding assays were performed essentially as pre-
viously described (Kalies et al., 2005). Briefly, ribosome-stripped mi-
crosomes (PK-RMs) or proteoliposomes containing the purified
Sec61 complex corresponding to 17 equivalents (for definition, see
Walter and Blobel, 1983) of the original rough microsomes were
mixed with 5 pmol of p97 in a final volume of 30 pl of binding buffer
(120 mM potassium acetate, 5 mM magnesium acetate, 20 mM
HEPES/KOH, pH 7.5, 1 mM DTT, 5 mM ATP, and 250 mM sucrose).
Samples were incubated for 20 min at 0°C and 10 min at room tem-
perature and mixed with 270 pl of the same buffer containing 2.3 M
sucrose and ammonium acetate instead of potassium acetate. Sam-
ples were layered under a 800 pl of 1.8 M sucrose cushion in the
same buffer and overlaid with 200 pl of binding buffer. After cen-
trifugation in a TLS-55 rotor for 1 h at 4°C at 55,000 rpm, 130-pl
fractions were collected from the top and analyzed by SDS-PAGE
and immunoblotting.
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