The Grp170 nucleotide exchange factor
executes a key role during ERAD of cellular
misfolded clients
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ABSTRACT When a protein misfolds in the endoplasmic reticulum (ER), it retrotranslocates
to the cytosol and is degraded by the proteasome via a pathway called ER-associated degra-
dation (ERAD). To initiate ERAD, ADP-BIiP is often recruited to the misfolded client, rendering
it soluble and translocation competent. How the misfolded client is subsequently released
from BiP so that it undergoes retrotranslocation, however, remains enigmatic. Here we dem-
onstrate that the ER-resident nucleotide exchange factor (NEF) Grp170 plays an important
role during ERAD of the misfolded glycosylated client null Hong Kong (NHK). As a NEF,
Grp170 triggers nucleotide exchange of BiP to generate ATP-BiP. ATP-BiP disengages from
NHK, enabling it to retrotranslocate to the cytosol. We demonstrate that Grp170 binds to
Sel1L, an adapter of the transmembrane Hrd1 E3 ubiquitin ligase postulated to be the ret-
rotranslocon, and links this interaction to Grp170’s function during ERAD. More broadly,
Grp170 also promotes degradation of the nonglycosylated transthyretin (TTR) D18G mis-
folded client. Our findings thus establish a general function of Grp170 during ERAD and sug-
gest that positioning this client-release factor at the retrotranslocation site may afford a
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mechanism to couple client release from BiP and retrotranslocation.

INTRODUCTION

The endoplasmic reticulum (ER) is endowed with robust folding ma-
chineries, which ensure that nascent polypeptide chains fold and
mature properly before exiting this compartment. However, when a
client misfolds, it is cleared from the ER via a protein quality control
system called ER-associated degradation (ERAD; Smith et al., 2011;
Brodsky, 2012; Olzmann et al., 2013; Christianson and Ye, 2014,
Ruggiano et al., 2014). During initiation of ERAD, molecular chaper-
ones recognize and bind to exposed hydrophobic regions of a mis-
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folded client, preventing aggregation until the client is targeted to
the ERAD membrane machinery (Hirsch et al., 2009; Claessen et al.,
2012); this machinery’s central component is the Hrd1 E3 ubiquitin
ligase, which is postulated to serve as the retrotranslocon (Carvalho
et al., 2010; Stein et al., 2014). A misfolded client is typically cap-
tured by adapters of Hrd1, such as the transmembrane Sel1L pro-
tein and the luminal OS-9/XTP3-B lectins (Carvalho et al., 2006;
Denic et al., 2006; Christianson et al., 2008; Hosokawa et al., 2008,
2009; Bernasconi et al., 2010), before being transferred to Hrd1.
Once the client crosses the putative Hrd1 retrotranslocon and
emerges into the cytosol, it is ubiquitinated by the E3 ligase, dis-
charged into the cytosol, and finally degraded by the proteasome.

Within the ER lumen, the major Hsp70 chaperone BiP acts to
prevent aggregation of a misfolded client by binding to its exposed
hydrophobic patches until the client is delivered to the ERAD mem-
brane machinery (Brodsky et al., 1999; Nishikawa et al., 2001;
Kabani et al., 2003). BiP’s chaperone function is tightly regulated by
its ATP-ADP binding states (Kampinga and Craig, 2010): ATP-BiP
displays a low substrate-binding affinity, whereas ADP-BiP exhibits a
high substrate-binding affinity. Cycling between these two oppos-
ing states is regulated by ER-resident J-proteins and nucleotide ex-
change factors (NEFs). Specifically, a J-protein stimulates BiP’s
ATPase activity, converting ATP-BiP to ADP-BiP, which binds strongly
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to the substrate (Jin et al., 2008; Petrova et al., 2008). By contrast,
a NEF induces an exchange of ADP for ATP to generate ATP-BiP.
ATP-BiP in turn undergoes a conformational change that releases
the substrate. Whereas several J-proteins have been implicated in
ERAD (Nishikawa et al., 2001; Dong et al., 2008; Petrova et al.,
2008; Hagiwara et al., 2011; Massey et al., 2011; Williams et al.,
2013; Athanasiou et al., 2014), the role of NEFs in this quality control
process is less clear.

Grp170 and Sil1 are two established ER-resident NEFs (Brodsky
and Bracher, 2000; Kampinga and Craig, 2010; Behnke et al., 2015).
Although Grp170 is also a member of the Hsp70 protein family, it
represents an evolutionarily distinct form of canonical Hsp70 pro-
tein. One important distinction is that in addition to its recognized
nucleotide exchange activity, Grp170 can also function as an ATP-
independent chaperone/holdase—it binds to unfolded proteins
(Behnke and Hendershot, 2014) or prevents protein aggregation
(Easton et al., 2000; Park et al., 2003). In fact, the holdase but not
the nucleotide exchange activity of the yeast Grp170 homologue
LHS1, and Grp170, have been implicated in the ERAD of a mem-
brane protein (Buck et al., 2013). However, in yeast, deletion of SIL1
(Travers et al., 2000) but not LHS1 (Buck et al., 2013) only moder-
ately impaired the ERAD of the soluble misfolded substrate CPY*,
suggesting that Sil1 may have a potential role in ERAD in yeast.
However, whether this is due to Sil1's nucleotide exchange activity
or other undocumented functions remains unknown. Hence the pre-
cise source of nucleotide exchange activity required during ERAD
has yet to be clearly established.

In this context, our laboratory recently reported that the DNA
tumor virus SV40 hijacks Grp170’s nucleotide exchange activity to
promote its ER-to-cytosol membrane transport, a critical infection
step (Inoue and Tsai, 2015). Moreover, we also found that the nucle-
otide exchange activities of both Grp170 and Sil1 are used to drive
ER membrane transport of the bacterially secreted cholera toxin
(Williams et al., 2015). Because SV40 and cholera toxin are patho-
gens believed to disguise as misfolded proteins that co-opt
elements of the ERAD pathway during entry, these findings raise the
distinct possibility that Grp170 and Sil1 may play critical roles during
ERAD of cellular misfolded clients.

In this study, we report that Grp170 but not Sil1 acts as a NEF to
promote ERAD of the soluble cellular ERAD substrates glycosylated
NHK and nonglycosylated TTR D18G. We further demonstrate that
Grp170 binds to the Hrd1 adapter Sel1L and suggest that this inter-
action is critical for Grp170's action during ERAD.

RESULTS
Grp170 is essential in degradation of the glycosylated NHK
ERAD-Ls substrate
To ascertain whether Grp170 regulates retrotranslocation of cellular
BiP-dependent ERAD clients, we chose a mutant form of o-1 anti-
trypsin called NHK as a model substrate. NHK is a soluble glycosyl-
ated ERAD client localized to the ER lumen and is therefore referred
to as an ERAD-Ls substrate (Bernasconi et al., 2010). BiP was previ-
ously shown to interact with NHK (Hagiwara et al., 2011). To confirm
this observation in our system, we lysed 293T cells transfected with
either an empty vector or C-terminally S-tagged NHK (NHK-S) and
subjected the resulting whole-cell extract (WCE) to affinity purifica-
tion with S-protein-conjugated beads to precipitate NHK-S. Immu-
noblotting of the isolated proteins showed that NHK specifically
coprecipitated BiP (Figure 1A, top, compare lane 2 to lane 1), dem-
onstrating that BiP engages NHK.

Because NHK interacts with BiP, we asked whether the two estab-
lished NEFs in the ER, Grp170 and Sil1, might regulate retrotranslo-
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cation of NHK that leads to its proteasomal degradation. To this end,
we knocked down Grp170 or Sil1 using two different small interfer-
ing RNAs (siRNAs) in cells expressing hemagglutinin (HA)-tagged
NHK (NHK-HA) and examined NHK's degradation rate using the
standard cycloheximide chase approach. Effective Grp170 and Sil1
knockdowns were achieved in these cells using their respective
siRNAs (Figure 1B, top, compare lanes 2 and 3 to lane 1, and second
from top, compare lanes 4 and 5 to lane 1), without inducing signifi-
cant BiP or PDI up-regulation (Figure 1B, bottom and next to bottom
). The lack of BiP and PDI up-regulation suggests that depleting
Grp170 or Sil1 did not significantly induce ER stress, consistent with
our recent reports demonstrating that silencing Grp170 or Sil1 did
not trigger XBP1 splicing (Inoue and Tsai, 2015; Williams et al., 2015).
Accordingly, we probed the fate of NHK under these knockdown
conditions. When compared with scrambled siRNA, Grp170 knock-
down (using either siRNA) markedly blocked NHK degradation
(Figure 1C, top; quantified in Supplemental Figure S1A, left), whereas
Sil1 knockdown by either siRNA had no effect (Figure 1C, bottom;
quantified in Supplemental Figure S1A, right). If Grp170’s nucleotide
exchange activity but not its holdase activity is responsible for pro-
moting NHK degradation, expression of the siRNA-resistant wild-
type (WT) Grp170-FLAG but not the nucleotide exchange—defective
G41L Grp170-FLAG (Inoue and Tsai, 2015) under the knockdown
condition should restore NHK degradation. To test this, we con-
structed Flp-In T-REx 293 cells stably expressing the siRNA-resistant
WT or G41L Grp170-FLAG under a tetracycline-inducible promoter
and subjected them to the cyclohexamide chase experiment. When
endogenous Grp170 was down-regulated by Grp170 siRNA #1 and
the siRNA-resistant WT Grp170-FLAG was expressed at near-endog-
enous level (Supplemental Figure S1B, top, compare lane 3 to lane
1), the degradation rate of NHK was recovered to the same extent as
the control (Figure 1D, top; quantified in Supplemental Figure S1C).
By contrast, expressing the siRNA-resistant G41L Grp170-FLAG
(Supplemental Figure S1B, top, compare lane 4 to lanes 3 and 1) had
no effect on the degradation rate, with NHK-HA remaining stabilized
(Figure 1D, top; quantified in Supplemental Figure S1C). These re-
sults are consistent with Grp170's role in SV40 infection, in which
expression of WT but not G41L Grp170 restored virus infection in
Grp170-depleted cells (Inoue and Tsai, 2015). Using Flp-In T-REx 293
cells stably expressing FLAG-Sil1 under a tetracycline-inducible pro-
moter, we also examined whether Sil1 overexpression might rescue
NHK stabilization caused by Grp170 knockdown. Although the ex-
pression level of exogenous FLAG-Sil1 was at least fivefold more
than that of endogenous Sil1 (Supplemental Figure S1D, middle
row), it did not restore the NHK degradation rate (Figure 1D, bottom;
quantified in Supplemental Figure S1E). These results are in line with
the observation that silencing Sil1 did not affect NHK degradation
(Figure 1C, bottom). Collectively these data indicate that the nucleo-
tide exchange activity inherent in Grp170 is specifically used during
retrotranslocation of the BiP-dependent ERAD substrate NHK.

Grp170’s nucleotide exchange activity triggers

NHK release from BiP

What might be a molecular explanation for why Grp170 plays a criti-
cal role during ERAD of NHK? The simplest explanation is that this
NEF promotes release of NHK from BiP by catalyzing BiP nucleotide
exchange. To directly test this, we asked whether adding recombi-
nant Grp170 to the isolated BiP-NHK complex causes NHK to dis-
engage from BiP. To this end, WT Grp170-FLAG, G41L Grp170-
FLAG, and green fluorescent protein (GFP)-FLAG were expressed in
and purified from 293T cells (Figure 2A). These recombinant proteins
were then individually added to the isolated BiP-NHK-S complex in
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FIGURE 1: Grp170 is essential in degradation of the glycosylated NHK ERAD-Ls substrate. (A) WCEs derived from
293T cells transfected with the indicated plasmid were incubated with S-protein—-conjugated beads and the isolated
proteins subjected to SDS-PAGE, followed by immunoblotting with anti-S-tag and BiP antibodies. Inputs were also
analyzed by immunoblotting with the same antibodies. AP, affinity purification. (B) Cells expressing NHK-HA were
transfected with the indicated siRNA and the resulting WCE analyzed by SDS-PAGE and immunoblotting with the
indicated antibodies. (C) Top, cells expressing NHK-HA and transfected with scrambled or Grp170 siRNA #1 or #2 in B
were treated with cycloheximide for the indicated time and harvested, and the resulting WCE was analyzed with an anti
HA antibody. Bottom, as for the top, except that cells were transfected with scrambled or Sil1 siRNA #1 or #2.

(D) Parental Flp-In T-REx 293 cells were transfected with either scrambled or Grp170 siRNA #1. Where indicated, cells
transfected with Grp170 siRNA #1 also stably expressed either siRNA-resistant Grp170-FLAG or G41L Grp170-FLAG.
After siRNA transfection, cells were transfected with NHK-HA, treated with cyclohexamide for the indicated time, and
harvested, and the resulting WCE was analyzed as in C. Bottom, as for the top, except that cells stably expressing

FLAG-Sil1 were used.

the presence or absence of ATP, followed by reisolation of this com-
plex using S-protein—conjugated beads. We found that only addi-
tion of WT Grp170 in the presence of ATP caused release of BiP
from NHK (Figure 2B, top, compare lane 4 to lanes 1-3 and 5-6; the
BiP level is quantified in the graph). Thus WT but not the NEF-de-
fective G41L Grp170 discharges NHK from BiP in an ATP-depen-
dent manner. We conclude that Grp170 relies on its nucleotide
exchange activity to release the misfolded client NHK from BiP; the
strict dependence of this reaction on ATP is consistent with Grp170’s
nucleotide exchange activity being ATP dependent (Steel et al.,
2004; de Keyzer et al., 2009).

To corroborate this in vitro observation, we asked whether
Grp170 regulates BiP-NHK interaction in intact cells. We reasoned
that, if Grp170 catalyzes the release of NHK from BiP, depleting this
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NEF should trap NHK on BiP. Indeed, in Grp170-depleted cells,
precipitation of S-tagged BiP (BiP-S) pulled down more NHK-HA
than in control cells (Figure 2C, top, compare lane 2 to lane 1). This
finding supports the idea that Grp170 is responsible for inducing
NHK release from BiP, a step essential for NHK retrotranslocation
leading to its proteasomal degradation.

Enzymatically active Grp170 binds to the Hrd1

adapter Sel1L

Because we previously found that an ER lumenal J-protein (i.e.,
ERdj5) complexes with the ERAD machinery via binding to Sell1lL
(Williams et al., 2013) and that it has also been reported that NHK is
recruited to Sel1L in a J-protein—dependent manner (Ushioda et al.,
2013), we asked whether Grp170 might be positioned to this
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FIGURE 2: Grp170’s nucleotide exchange activity triggers NHK release from BiP. (A) Coomassie staining of purified
C-terminally FLAG-tagged GFP (GFP-FLAG), N-terminally FLAG-tagged WT Grp170 (WT Grp170-FLAG), and G41L
Grp170 (G41L Grp170-FLAG) (B) Top, the BiP-NHK-S (10 nM) complex was incubated without ATP or with ATP (0.1 uM)
for 10 min along with the indicated recombinant protein (125 nM). NHK-S was then reprecipitated and subjected to
SDS-PAGE, followed by immunoblotting with anti-S-tag and BiP antibodies. Bottom, the BiP band intensity was
quantified with ImageJ (National Institutes of Health, Bethesda, MD). Data represent mean + SD of at least four
independent experiments. (C) Cells expressing NHK-HA and BiP-S were transfected with scrambled or Grp170 #1
siRNA, the resulting WCEs were incubated with S-protein—conjugated beads, and the isolated proteins were subjected
to SDS-PAGE, followed by immunoblotting with anti-S-tag and HA antibodies. Input WCEs were also analyzed by

immunoblotting with an anti-HA antibody.

machinery by interacting with Sel1L. Indeed, when endogenous
Sel1L was immunoprecipitated, endogenous Grp170 was detected
in the precipitated material (Figure 3A, top, compare lane 2 to lane
1). We then performed the reverse immunoprecipitation experi-
ment. Because antibodies against endogenous Grp170 did not ef-
ficiently pull down Grp170, we used FLAG-tagged WT Grp170 (i.e.,
WT Grp170-FLAG) instead. When WT Grp170-FLAG was immuno-
precipitated by FLAG antibody—conjugated agarose beads, endog-
enous SellL was precipitated (Figure 3B, top, compare lane 4 to
lane 3). These results suggest that Grp170 is targeted to the ERAD
membrane machinery by associating with Sel1L.

Next we used purified recombinant proteins to evaluate whether
Grp170 binds directly to Sell1L. To facilitate Sell1L purification, we
deleted the transmembrane domain from S- and histidine (His)-
tagged Sel1L (S/His-Sel1L) and fused a FLAG tag to its C-terminus,
generating S/His(ATM) Sel1L-FLAG. To purify Grp170, we con-
structed C-terminally HA- and His-tagged WT Grp170 to create WT
Grp170-HA/His. S/His(ATM) Sel1L-FLAG and Grp170-HA/His, as
well as the control GFP-FLAG, were expressed in and purified from
293T cells (Figure 3C). Of importance, when Grp170-HA/His was
incubated with either S/His(ATM) Sel1L-FLAG or GFP-FLAG and
the samples subjected to precipitation with an HA antibody, only
S/His(ATM) Sel1L-FLAG but not GFP-FLAG coprecipitated with
Grp170-HA/His (Figure 3D, top, compare lanes 3 and 4). This result
demonstrates that Grp170 binds directly to Sel1L.

To determine whether the Grp170 bound to SellL is enzymati-
cally active, we isolated the Grp170-Sel1L complex using a tandem
affinity purification approach and interrogated whether this complex
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harbors a nucleotide exchange activity. Cells were cotransfected with
WT Grp170-FLAG and S/His-Sel1L. S/His-Sel1L was first isolated
from the resulting cell extract by using a nickel column. After elution
of S/His-Sel1L, the eluted material was subjected to precipitation by
using FLAG antibody—conjugated agarose beads. The bound mate-
rial was then eluted with a FLAG peptide in order to generate the
WT Grp170-FLAG:S/His-Sel1L complex (Figure 3E). The S/His-Sel1L
level appeared less than that of WT Grp170-FLAG, perhaps due to
partial dissociation of the complex during purification. Next we used
a nucleotide exchange assay (Inoue and Tsai, 2015) in which radiola-
beled ADP-BiP was incubated with or without the WT Grp170-
FLAG:S/His-Sel1L complex and assessed the extent of ADP release
from BiP. To generate radiolabeled ADP-BiP, FLAG-BiP was pre-
loaded with [0-32P]JATP and incubated to covert ATP-BiP into ADP-
BiP. This sample was subjected to an initial round of spin column gel
filtration to remove most of the excess radiolabeled ATP. Radiola-
beled ADP-BiP was subsequently incubated with FLAG-GFP or WT
Grp170-FLAG:S/His-Sel1L complex and then with unlabeled ATP to
induce nucleotide exchange. The sample was then subjected to a
second round of spin column gel filtration to remove the released
nucleotides. Any radiolabeled ADP that stayed bound to BiP was
detected by TLC.

Using this assay, we found that the WT Grp170-FLAG:S/His-
Sel1L complex (but not the control GFP-FLAG) triggered release of
ADP from radiolabeled ADP-BiP (Figure 3F, compare lane 3 to
lane 2). Of note, a low radiolabeled ATP level was observed in the
sample treated with the WT Grp170-FLAG:S/His-Sel1L complex.
This was caused by the residual radiolabeled ATP (after the initial
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FIGURE 3: Enzymatically active Grp170 binds to the Hrd1 adapter Sel1L. (A) Cells were incubated with the DSP
cross-linker (1 mM) for 30 min, quenched, and semipermeabilized with digitonin, and the resulting pellet fraction was
treated with Triton X-100. The resulting lysate was incubated with either a control immunoglobulin G or Sel1L-specific
antibody, followed by protein G-agarose beads. The precipitated samples were analyzed by SDS-PAGE and
immunoblotted with the indicated antibodies. (B) WCEs derived from Flp-In T-Rex-293 parental cells and cells stably
expressing WT Grp170-FLAG were subjected to precipitation using FLAG antibody-conjugated agarose beads. The
isolated proteins were analyzed by SDS-PAGE and immunoblotted with the indicated antibodies. Input WCEs were also
analyzed by immunoblotting with the indicated antibodies. (C) Coomassie staining of purified C-terminally FLAG-tagged
GFP (GFP-FLAG), C-terminally HA- and His-tagged WT Grp170 (WT Grp170-HA/His), and N-terminally S-/His-tagged,
C-terminally FLAG-tagged transmembrane-deleted Sel1L [S/His(ATM) Sel1L-FLAG]. (D) WT Grp170-HA/His (150 nM)
was incubated with either S/His(ATM) Sel1L-FLAG (150 nM) or GFP-FLAG (150 nM), and the samples were
immunoprecipitated using an anti-HA antibody. The immunoprecipitates were subjected to SDS-PAGE, followed by
immunoblotting with an anti-FLAG antibody. The input samples were also analyzed by immunoblotting with an anti-HA
antibody. (E) Silver stain of the WT Grp170-FLAG:S/His-Sel1L complex. Asterisk denotes degraded WT Grp170-FLAG.
(F) FLAG-BiP was incubated with [0-32P]ATP to form the radiolabeled ADP-BiP complex. The ADP-BiP complex was
then incubated with GFP-FLAG or the isolated Grp170-Sel1L complex indicated in the absence or presence of
unlabeled ATP. ADP release form BiP was analyzed by TLC. (G) Coomassie staining of purified, N-terminally FLAG-
tagged, transmembrane-deleted Sel1L (FLAG-(ATM)Sel1L). (H) As in Figure 2B, except that the Grp170-FLAG was
preincubated with or without FLAG-(ATM)Sel1L at 37°C for 30 min before being added to the BiP-NHK-S complex. The
black line indicates that intervening lanes in the same immunoblot have been spliced out.
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were also analyzed with an anti-Sel1L antibody. (B) Cells expressing NHK-FLAG and BiP-S were transfected with
scrambled siRNA or Grp170 siRNA #1, treated with cycloheximide and MG132 for 4 h, and harvested. The resulting
WCEs were subjected to immunoprecipitation using FLAG antibody—conjugated beads. The bound proteins were
eluted with FLAG peptide and separated with SDS-PAGE, followed by immunoblotting with the indicated antibodies.
Input WCEs were also analyzed. In addition, the eluted protein samples were further incubated with the S-protein-
conjugated beads to pull down BiP-S, and the isolated proteins were analyzed by immunoblotting with the indicated

antibodies.

spin column gel filtration) that bound to Grp170, as reported
previously (Inoue and Tsai, 2015). The nucleotide release activity in
the WT Grp170-FLAG:S/His-Sel1L complex is due to WT Grp170
(but not contaminating factors) because the mutant G41L Grp170-
FLAG:S/His-Sel1L complex (Supplemental Figure S2A) did not
trigger ADP release from radiolabeled ADP-BiP (Supplemental
Figure S2B). Thus enzymatically active Grp170 is recruited to Sel1L,
where it presumably executes a nucleotide exchange reaction.

The Grp170-Sel1L interaction might stimulate Grp170’s nucleo-
tide exchange activity, thereby enhancing substrate release from
BiP. However, in a titration experiment, we found that inclusion of
the recombinant FLAG-tagged Sel1L (ATM) protein (Figure 3G) did
not enhance the concentration-dependent, Grp170-mediated NHK
release from BiP (Figure 3H), indicating that Sel1L did not stimulate
Grp170's nucleotide exchange function. These results suggest that
Sel1L serves as a scaffold to recruit enzymatically active Grp170
proximal to the retrotranslocation site.

Depleting Grp170 traps the NHK-BiP complex on Sel1L

We performed three independent experiments to evaluate the
functional link between Grp170's interaction with Sel1L and its role
during ERAD. First, we envisioned that when BiP captures a mis-
folded client in the ER lumen, it targets the client to the ERAD
membrane machinery, in part due to BiP’s ability to bind to Sel1lL
(Denic et al., 2006; Hosokawa et al., 2008). Our present study sug-
gests that Grp170 is also recruited to this machinery via association
with Sel1L. This would potentially allow Grp170 to trigger client
release from BiP at the retrotranslocation site. In this scenario, not
only should depleting Grp170 prevent client release from BiP (as
observed in Figure 2C), but the resulting client-BiP complex should
now be trapped on Sel1L. To initially test whether downregulating
Grp170 traps NHK on Selll, we immunoprecipitated NHK-HA
from control or Grp170-depleted cells, and analyzed the precipi-
tate for the presence of endogenous SellL. Indeed, immunopre-
cipitation of NHK-HA pulled down an increased level of SelllL
when Grp170 was depleted (Figure 4A, top, compare lane 2 to
lane 1), indicating that NHK is trapped on Sel1L in the absence of
Grp170. To further evaluate whether it is the NHK-BiP complex
(and not simply NHK) that becomes trapped on Sel1L in Grp170's
absence, we performed a sequential pulldown experiment. In the
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first precipitation, NHK-FLAG was pulled down and the precipi-
tated material eluted (with a FLAG peptide). Next the eluted mate-
rial was subjected to a second round of precipitation by S-affinity
purification to isolate BiP-S from the eluted sample, and the pre-
cipitated material was subjected to immunoblotting. We found low
BiP (Figure 4B, middle, lane 3), Sel1L (Figure 4B, top, lane 3) and
NHK (Figure 4B, bottom, lane 3) levels using this method. Thus the
NHK precipitated material contains BiP: when this pool of BiP was
precipitated, it also pulled down Sel1l. These findings suggest
that the NHK-BiP complex associates with Sel1L. Of importance,
depleting Grp170 significantly increased the level of BiP-S that can
be isolated from the initial NHK precipitated/eluted material
(Figure 4B, middle, compare lane 4 to lane 3), consistent with the
observation that downregulating Grp170 stimulated NHK-BiP in-
teraction (Figure 2C). Not surprisingly, precipitating this increased
BiP level also led to enhanced coprecipitation of Sel1L (Figure 4B,
top, compare lane 4 to lane 3) and NHK (Figure 4B, bottom, com-
pare lane 4 to lane 3). Collectively these data demonstrate that in
the absence of Grp170, the NHK-BiP complex is trapped on Sel1L.
These results also support the notion that Grp170 executes its role
proximal to the Sel1L-Hrd1 complex, in line with the finding that
Grp170 is physically localized to Sel1L (Figure 3).

Grp170 overexpression stimulates NHK degradation

and increases Grp170-Sel1L interaction

Second, using Flp-In T-REx 293 parental cells or cells stably express-
ing WT Grp170-FLAG (Figure 5A, panel, lanes 1 and 2), we found
that overexpressing WT Grp170-FLAG stimulated NHK degradation
(Figure 5, B, quantified in C). In these cells, pull-down studies re-
vealed that more Grp170 was recruited to Sel1L when WT Grp170-
FLAG was overexpressed (Figure 5D, top, compare lane 2 to lane 1).
The correlation between enhanced NHK degradation and increased
Grp170 binding to Sel1L further strengthens the importance of the
Grp170-Sel1L interaction during Grp170’s function in ERAD.

Grp170 overexpression cannot bypass Sel1L depletion
during NHK degradation

Third, we asked whether overexpressing Grp170 might bypass
Sel1l's requirement during NHK degradation. As a control, we
initially found that whereas the simultaneous depletion of the
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FIGURE 5: Grp170 overexpression stimulates NHK degradation and increases the Grp170-
Se11L interaction. (A) Flp-In T-REx 293 cells or cells overexpressing WT Grp170-FLAG were
transfected with NHK-HA, and the resulting WCEs were analyzed by the indicated antibodies.
(B) Cells in A were treated with cycloheximide for the indicated time and harvested, and the
resulting WCE was analyzed with an anti-HA antibody. (C) The NHK-HA band intensity in B was
quantified with ImageJ. Data represent the mean + SD of at least three independent
experiments. (D) Flp-In T-REx 293 cells or cells overexpressing WT Grp170-FLAG were

processed as in Figure 3A.

OS-9/XTP3-B lectins (Figure 6A, lane 2) impaired NHK degradation
(Figure 6, B, quantified in C), overexpressing Grp170 under this con-
dition (Figure 6A, lane 3) restored degradation of NHK (Figure 6, B,
quantified in C). When Sel1L was knocked down (Figure 6D, lane 2),
NHK degradation was similarly disrupted (Figure 6, E, quantified
in F). However, overexpressing Grp170 in the Sel1l-depleted cells
did not rescue NHK degradation (Figure 6, E, quantified in F). These
experiments suggest a stringent requirement for Sel1L during the
Grp170-dependent ERAD pathway, consistent with the idea that
Grp170's interaction with Sel1L is crucial to this NEF's mechanism of
action.

Grp170 promotes degradation of a nonglycosylated
ERAD-Ls substrate

Because NHK is a glycosylated ERAD-Ls substrate, we tested
whether the mutant nonglycosylated ERAD-Ls substrate TTR
D18G (Christianson et al., 2012) might also require Grp170. Similar
to the fate of NHK, depleting Grp170 (using either siRNA) blocked
TTR D18G degradation (Figure 7, A, quantified in B), whereas
knocking down Sil1 (using either siRNA) exerted no effect (Figure
6, A, quantified in C). Furthermore, in a knockdown-rescue experi-
ment, reexpressing (siRNA-resistant) WT but not the NEF-defec-
tive G41L Grp170 mutant in Grp170-depleted cells restored TTR
D18G degradation (Figure 7D, top), indicating that Grp170's
nucleotide exchange activity is essential in driving this client’s deg-
radation. By contrast, overexpressing Sil1 in Grp170-depleted
cells did not rescue degradation of TTR D18G (Figure 7D, bot-
tom), in line with the observation that down-regulating Sil1 did not
affect ERAD of this client (Figure 7A). Of importance, degradation
of the Sel1L-independent ERAD-Lm client CD3§ (Bernasconi et al.,
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The Grp170 nucleotide exchange
activity promotes degradation of
ERAD-Ls substrates

Using a cycloheximide chase approach in
the context of a knockdown-rescue strat-
egy in cells, our analyses pinpoint the nu-
cleotide exchange activity of Grp170 but
not Sil1 as crucial in promoting ERAD of
NHK and TTR D18G. Additional cell-based
studies revealed that depleting Grp170
prevented NHK release from BiP, indicating that Grp170 uses its
nucleotide exchange function to disengage the client from BiP.
These observations are further supported by in vitro analyses dem-
onstrating that recombinant Grp170 is capable of inducing NHK
release from BiP. What might account for the selective use of
Grp170 but not Sil1 in regulating ERAD of NHK and TTR D18G?
Because Grp170 and Sil1 bind to substrate-free BiP with a similar
efficiency in vitro (Inoue and Tsai, 2015), it is unlikely that their af-
finity for BiP per se dictates the specificity. This is in agreement
with observations that both NEFs convert substrate-free ADP-BiP
to ATP-BiP with similar efficiency (Steel et al., 2004; Weitzmann
et al., 2007). Instead, because BiP has been reported to recipro-
cally stimulate Grp170's ATPase activity (Steel et al., 2004), this
reaction may increase Grp170’s affinity for substrates. Grp170 also
harbors a unique holdase domain that interacts with hydrophobic
proteins (Park et al., 2003), which is absent in Sil1. These proper-
ties found in Grp170 might support a more stable Grp170-client-
BiP complex required for the subsequent Grp170-dependent cli-
ent release step. Our proposed role of Grp170 during ERAD is
hinted at by previous observations that Grp170/Lhs1p in yeast
(Travers et al., 2000) and in mammalian cells (Christianson et al.,
2012) is up-regulated during ER stress, a condition in which maxi-
mal ERAD efficiency is essential to clear the buildup of misfolded
ER clients. Of interest, SV40 also selectively uses Grp170 but not
Sil1 to undergo ER membrane penetration (Inoue and Tsai, 2015),
whereas cholera toxin is more promiscuous, using both NEFs dur-
ing its ER membrane translocation (Williams et al., 2015). Further
experiments are needed to clarify why cholera toxin, in contrast to
NHK/TTR D18G and SV40, can use either NEF during its cellular
entry.
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FIGURE 6: Grp170 overexpression cannot bypass Sel1L depletion during NHK degradation. (A) After gene knockdown

using the indicated siRNAs, cells were further transfected with NHK-HA an

d either a vector control or WT Grp170-

FLAG, and the cells were subjected to cell lysis or total RNA extraction. The resulting WCEs were analyzed by
immunoblotting with the indicated antibodies (top three panels), and the resulting total RNA samples were subjected to

RT-PCR using primer sets specific for XTP3-B or GAPDH (bottom two pane

Is). XTP3-B mRNA but not its protein level

was examined due to the poor quality of the XTP3-B antibody. (B) Cells in A were treated with cyclohexamide for the
indicated time and harvested, and the resulting WCE was analyzed by immunoblotting with an anti-HA antibody. (C) The
NHK-HA band intensity in B was quantified as in Figure 5C. (D) As in A, except that an siRNA against Sel1L was used.
(E) Cells in D were subjected to a cyclohexamide chase analysis as in B. (F) The NHK-HA band intensity in E was

quantified as in Figure 5C.

Grp170 interaction with Sel1L: a potential mechanism to
couple substrate release from BiP and retrotranslocation?
How do BiP-dependent ERAD substrates avoid repeated futile cy-
cles of reengaging BiP once they are released from BiP? A possible
scenario to overcome this nonproductive cycle is to juxtapose
Grp170 to the membrane-bound ERAD machinery. In this scenario,
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substrates that are released from BiP would be efficiently trans-
ported across the ER membrane without interference from BiP. This
is reminiscent of the cytosolic Bag1 NEF, which couples release of
substrates from cytosolic Hsp70 family proteins and ubiquitin-de-
pendent proteasomal degradation by binding to the proteasome
itself (Luders et al., 2000).
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FIGURE 7: Grp170 promotes degradation of a nonglycosylated ERAD-Ls substrate. (A) Cells expressing TTR D18G-HA
and transfected with scrambled,Grp170 siRNA (#1 or #2), or Sil1 siRNA (#1 or #2) were treated with cycloheximide for

the indicated time and harvested, and the resulting WCE analyzed with an

anti-HA antibody. (B, C) The TTR D18G-HA

band intensity in A was quantified as in Figure 5C. (D) Top, parental Flp-In T-REx 293 cells were transfected with either
scrambled or Grp170 siRNA #1. Where indicated, cells transfected with Grp170 siRNA #1 also stably expressed either
siRNA-resistant WT Grp170-FLAG or G41L Grp170-FLAG. After siRNA transfection, cells were transfected with TTR
D18G-HA, treated with cyclohexamide for the indicated time, and harvested, and the resulting WCE was analyzed as in
A. Bottom, as for the top, except that cells stably expressing FLAG-Sil1 were used. (E) As in A, except that CD3d-YFP

was used.

This postulated scenario led us to identify Sell1l of the ERAD
membrane complex as a Grp170-binding partner. This interaction
may not be surprising because Grp170’s N-terminal domain is simi-
lar to BiP, which has already been documented to bind to SellL
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(Denic et al., 2006; Hosokawa et al., 2009), although it is unclear
whether BiP and Grp170 bind to the same site on Sel1L (see later dis-
cussion). Because Sel1L can engage a misfolded substrate (Mueller
et al, 2006), this raises the possibility that Grp170 may be a
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FIGURE 8. Model depicting the role of the Grp170 nucleotide exchange factor during ERAD.
During retrotranslocation of an ERAD-Ls client, the BiP—client complex is delivered to the Sel1L-
Hrd1 membrane complex. When Grp170 is recruited to Sel1L, this nucleotide exchange factor
triggers client release from BiP by converting ADP-BiP to ATP-BiP. This reaction enables the
client to cross the postulated Hrd1 retrotranslocon, where it is extracted into the cytosol and
targeted to the proteasome for degradation. An alternative scenario is possible in which Grp170

is first recruited to Sel1L, where it awaits the BiP—client complex.

substrate rather than a binding partner of Sel1L. To rule out this pos-
sibility, we isolated the Grp170-Sel1L complex and found that enzy-
matically active Grp170 associated with Selll, indicating that
Grp170 bound to Sel1L is not misfolded and is likely a binding part-
ner instead. At steady state, the Grp170-Sel1L interaction is likely
weak or transient because only a low level of interaction between
the two endogenous components was detected. This might explain
why Grp170 was not identified as a Sell1l-interacting protein in a
previous proteomics study (Christianson et al., 2012). Despite this,
we hypothesize that the Grp170-SellL interaction is crucial for
Grp170's function during retrotranslocation of misfolded clients.
This proposal is supported by the findings that the NHK-BiP com-
plex is trapped on Sell1L in the absence of Grp170 and that over-
expressing Grp170 stimulated NHK degradation, which is concomi-
tant with increased localization of Grp170 to SelllL. In addition,
Grp170 overexpression can only bypass the loss of OS-9/XTB3-B
but not Sel1L during NHK degradation, demonstrating a strict Sel1L
requirement during the Grp170-dependent ERAD pathway. We
do not know why overexpressing Grp170 compensates for the
loss of OS-9 and XTB3-B. Because these lectins also bind to Sel1L
(Christianson et al., 2008; Hosokawa et al., 2008, 2009), one possi-
bility is that they help to stabilize the client-BiP complex interaction
with Sel1L. When these lectins are depleted, the client-BiP complex
would dissociate from Sel1L, thereby preventing the client from be-
ing released into the retrotranslocation channel. With increased lo-
calization of Grp170 to Sel1L, the client might be efficiently released
from BiP and delivered successfully into the channel before dissoci-
ating from Sel1L. We note that the previous reports that ERAD of
NHK (Bernasconi et al., 2010) and TTR D18G (Christianson et al.,
2012) rely on the Sel1lLxHrd1 complex are in complete agreement
with our present study demonstrating that retrotranslocation of
these misfolded clients also depends on Grp170, which is physically
linked to Sel1L, and by extension Hrd1.

Given that our results suggest that Grp170 localization to Sel1L is
critical for promoting efficient NHK degradation, we were surprised
to find that overexpressing Grp170 stimulated degradation of this
misfolded substrate since a significant fraction of the overexpressed
Grp170 is expected to not bind to Sel1L and instead remain as a free
pool. This free Grp170 is likely to lead to nonproductive NHK release
from BiP at a site distal to the retrotranslocation site. To reconcile this
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observation, it is possible that by inducing

o NHK release from BiP, the free pool of
\ Grp170 might in fact promote the released
NHK to exit the futile chaperone cycle and
enter into the productive cycle in which NHK
is captured preferentially by BiP located at
the retrotranslocation site. In this scenario, a
J-protein—which stimulates BiP to capture
its substrates—would need to be positioned
at the retrotranslocation site. This possibility
is consistent with our previous report dem-
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prote;somal onstrating that the J-protein ERdj5 binds to
degradation SellL (Williams et al., 2013). In addition,

there is also evidence that the J-protein
ERdj4 interacts with Derlin-1 (Lai et al.,
2012), a membrane component of the core
Hrd1-Sel1L retrotranslocation machinery.

In summary, our cumulative findings lead
us to propose the following model describ-
ing how Grp170 participates in ERAD, as
depicted in Figure 8. Because BiP/Kar2p
binds to Sel1L (Denic et al., 2006; Hosokawa
etal., 2008), we envision that the client-BiP complex is first recruited
to Sel1L. Subsequent recruitment of Grp170 to Sel1L enables this
NEF to trigger client release from BiP at the retrotranslocation site,
thus coupling client release with retrotranslocation. However, it is
possible that the sequence of events is reversed: Grp170 s first re-
cruited to Sel1l, where it awaits the client-BiP complex. These two
possibilities may not be mutually exclusive, with one possibility po-
tentially favored over the other, depending on changes in cellular
conditions. In either of these scenarios, a single Sell1L should ac-
commodate both Grp170 and the client-BiP complex. If so, this
would suggest that Grp170 and BiP are targeted to different sites on
Sel1L in order to avoid competition. Because Sel1L harbors multiple
Sel1L repeats similar to tetratricopeptide (TPR) protein—protein in-
teraction domains, it is conceivable that a different combination of
these TPR domains is used to engage Grp170 and BiP. Future inves-
tigations are clearly needed to clarify the precise nature of the
Grp170-versus BiP-Sel1L interactions.

MATERIALS AND METHODS

Materials

We used polyclonal OS-9, S-tag, and Sel1L and monoclonal PDI
antibodies from Abcam (Cambridge, MA), a monoclonal BiP anti-
body from BD (Franklin, NJ), monoclonal Grp170 and polyclonal
Sil1 antibodies from GeneTex (Los Angeles, CA), polyclonal Sel1L
antibodies and monoclonal FLAG antibody from Sigma-Aldrich
(St. Louis, MO), monoclonal GFP and polyclonal HA antibodies from
Protein Tech Group (Chicago, IL), and monoclonal HA antibody
from Covance (Princeton, NJ). FLAG M2 antibody-conjugated aga-
rose beads and FLAG and 3X FLAG peptides were purchased from
Sigma-Aldrich, and S-protein conjugated agarose beads and digi-
tonin were from EMD Millipore Chemicals (San Diego, CA). The
12CA5 HA monoclonal antibody was isolated from the hybridoma
culture supernatant.

DNA constructs

The plasmids encoding HA-tagged NHK and TTR D18G were gen-
erous gifts from R. Kopito (Stanford University, Stanford, CA). To
generate the S tagged-protein expression vectors, each cDNA was
inserted into pCDNA3.1(-) in frame with the S tag sequence by
standard cloning methods. To generate S/His-Sel1l, Sel1L cDNA
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was amplified by PCR and replaced with the Sel1L (1-372) coding
sequence in the plasmid expressing S/His-Sel1L (1-372) (Williams
et al., 2013). Note that only Sel1L coding sequence lacking amino
acids 114-134 was successfully obtained without mutation during
cloning, likely due to the full-length Sel1l sequence being unstable
or toxic to Escherichia coli. Because these omitted sequences par-
tially overlap with the fibronectin domain that was reported to be
dispensable for ERAD (Ninagawa et al., 2011), we used Sel1L se-
quence lacking the amino acids 114-134 as wild type in this study.
To generate S/His(ATM) Sel1L-FLAG or FLAG-(ATM) Sel1L, the cod-
ing sequence was amplified by PCR with a primer containing the
FLAG-tag sequence, and the resulting PCR product was subcloned
in pPCDNA3.1 (-).

siRNA-mediated gene knockdown
The target sequences of the siRNAs used in this study were as
follows:

Grp170 #1 siRNA: (5-GCUCAAUAAGGCCAAGUUUTT-3")
Grp170 #2 siRNA: (5-GCCUUUAAAGUGAAGCCAUTT-3')
Sil1 #1 siRNA: (5-GCUGAUCAACAAGUUCAAUTT-3')

Sil1 #2 siRNA; (5"-GCGCUCUUUGAUCUUGAAUTT-3')

Sel1L siRNA: (5-GCUCAGUAGUACAGAGAAUUU-3')

0S-9.1 siRNA: (5-AUCCCUGAGUUGUUGAGCCCAAU-3')
0S-9.2 siRNA: (5-UAACAAACUGGACAGCAGCGUUUCC-3)
XTP3-B siRNA: (5-GGACAAGGAUAGUGGGAAAUU-3')

Duplex siRNA (10 nM) was reverse transfected into cells using
Lipofectamine RNAIMAX (Thermo Fisher Scientific, Waltham, MA)
according to the manufacturer’s protocol. Allstar negative control
siRNA (Qiagen, Hilden, Germany) was used as a scrambled siRNA.
The efficacy of the siRNA against XTP3-B was confirmed by reverse
transcription (RT)-PCR using the primer set forward, 5-CACTGC-
CAGGATCTCCATTT-3’, and reverse, 5-CAGTGAGCACTGGCT-
GAGAG-3". The glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA level was analyzed by using the primer set forward,
5-GATTCCACCCATGGCAAATTC-3’, and reverse, 5-GTCATGA-
GTCCTTCCACGATAC-3’, and its level served as a loading control.

Cycloheximide chase experiment

Cells were reverse transfected with duplex siRNA (10 or 30 nM) us-
ing Lipofectamine RNAIMAX (Thermo Fisher Scientific) according to
the manufacturer’s protocol and plated. At 24 h after siRNA trans-
fection, cells were further transfected with the indicated ERAD sub-
strates using polyethylenimine (PEIl; Polysciences, Warrington, PA).
At 24 h after DNA transfection, cells were incubated in the presence
of 100 pg/ml cycloheximide, harvested at the indicated time, and
lysed in a buffer containing 50 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES; pH 7.5), 150 mM NaCl, 1% Triton
X-100, and 1 mM phenylmethylsulfonyl fluoride (PMSF). The result-
ing WCEs were subjected to SDS-PAGE, followed by immunoblot-
ting with the appropriate antibodies.

Precipitation of S-tagged proteins with
S-protein-conjugated beads

The 293T cells transfected with the indicated plasmid were har-
vested and lysed in a buffer containing 50 mM HEPES (pH 7.5),
150 mM NaCl, 1% Triton X-100, and 1 mM PMSF. After centrifuga-
tion, the resulting lysates were incubated with S-protein-conjugated
beads (EMB Millipore, Darmstadt, Germany) at 4°C for 2 h. The
bound proteins were washed, eluted by SDS sample buffer, and sub-
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jected to SDS-PAGE, followed by immunoblotting with the appro-
priate antibodies. For sequential FLAG/S affinity purification, 293T
cells transfected with the indicated siRNAs and DNA constructs were
harvested and lysed in a buffer containing 50 mM HEPES (pH 7.5),
150 mM NaCl, 1% Triton X-100, and 1 mM PMSF. After centrifuga-
tion, the resulting lysates were incubated with FLAG antibody-con-
jugated beads at 4°C for 2 h. The bound proteins were washed and
eluted with a buffer containing 50 mM HEPES (pH 7.5), 150 mM
NaCl, 1% Triton X-100, and 0.1 mg/ml FLAG peptide. The eluted
material was then incubated with S-protein-conjugated beads.

Purification of recombinant proteins

All recombinant proteins used in this study were expressed in and
isolated from HEK 293T cells transfected with the indicated DNA
constructs. FLAG-tagged recombinant proteins were purified as de-
scribed previously (Inoue and Tsai, 2015). To purify S/His(ATM) Sel1L-
FLAG, 293T cells transfected with the DNA construct were harvested
at 24 h posttransfection, semipermeabilized in a buffer containing
50 mM HEPES (pH 7.5), 150 mM NaCl, 0.02% digitonin, and 1 mM
PMSF, and centrifuged at 16,100 x g for 10 min. The resulting pellet
fraction was further lysed with a buffer containing 50 mM HEPES
(pH 7.5), 150 mM NaCl, 1% Triton X-100, and 1 mM PMSF and cen-
trifuged at 16,100 x g for 10 min. The supernatant fraction was incu-
bated with 2 mM ATP and 2 mM MgCl; for 30 min, mixed with 0.5 M
imidazole solution and 5 M NaCl to generate a final 30 mM imidaz-
ole and 500 mM NaCl sample solution, and applied to a HisTrap HP
column (GE HealthCare, Chicago, IL) in a fast-performance liquid
chromatography system (Bio-Rad, Hercules, CA). After the column
was extensively washed with a buffer containing 50 mM HEPES (pH
7.5), 500 mM NaCl, 0.1% Triton X-100, and 30 mM imidazole, bound
proteins were eluted with a 30-500 mM imidazole gradient. The
peak fractions of S/His(ATM) Sel1L-FLAG were pooled and incu-
bated with FLAG M2 agarose beads. The S/His(ATM) Sel1L-FLAG
bound to beads was extensively washed with a buffer containing 50
mM HEPES (pH 7.5), 150 mM NaCl, and 0.1% Triton X-100 and
eluted with 0.1 mg/ml FLAG peptide. For purification of the Grp170-
FLAG:S/His-Sel1L  complex, cells expressing S/His-Sel1lL and
Grp170-FLAG were processed as described for the purification of S/
His(ATM) Sel1L-FLAG, except that a 20-500 mM imidazole gradient
was used. The peak fractions of S/His (ATM) Sel1L were pooled and
incubated with FLAG M2 agarose beads. The beads were exten-
sively washed with a buffer containing 20 mM HEPES (pH 7.5), 50
mM KCI, and 0.1% Triton X-100 and incubated with 2 mM ATP and
2 mM MgCl, After the beads were washed with the buffer, the
Grp170-FLAG:S/His-Sel1L complex was eluted with 0.1 mg/ml
3xFLAG peptide. To purify FLAG-(ATM) Sel1, 293T cells transfected
with the DNA construct were processed as described for the purifi-
cation of S/His(ATM) Sel1L-FLAG, except that the resulting cell lysate
was directly incubated with FLAG M2 agarose beads. After extensive
washing of the beads, FLAG-(ATM) Sel1 was eluted with 0.1 mg/ml
FLAG peptide.

In vitro release of NHK from BiP

NHK-S was isolated from the DNA-transfected 293T cells using
S-protein—conjugated beads. The NHK-S bound beads were sus-
pended in a buffer containing 20 mM HEPES (pH 7.5), 50 mM KCl,
and 0.1% Triton X-100 and incubated with the indicated recombi-
nant proteins in the presence or absence of ATP at 30 °C for
10 min. After incubation, the beads were washed extensively, and
the bound proteins were eluted with SDS sample buffer and sepa-
rated by SDS-PAGE, followed by immunoblotting with anti-S-tag
and BiP antibodies.

Molecular Biology of the Cell



In vitro binding assay

Recombinant proteins were mixed and incubated at 37°C for 30 min
and subjected to immunoprecipitation with an anti-HA antibody us-
ing Protein G magnetic beads. The immune complexes were
washed, eluted by SDS sample buffer, and subjected to SDS-PAGE,
followed by immunoblotting with the appropriate antibodies.

Generating stable cell lines

Flpo-In T-Rex-293 cells (Thermo Fisher Scientific) were cotransfected
with pOG44 and either pPCDNAS5/FRT/TO encoding RNA interfer-
ence-resistant WT, mutant Grp170-FLAG, or FLAG-Sil1 using Lipo-
fectamine 2000 (Life Technologies). At 24 h posttransfection, cells
were split and cultured in DMEM medium plus 100 pg/ml hygromy-
cin and 5 pg/ml blasticidin for 10-15 d. Hygromycin-resistant colo-
nies were cloned.

Nucleotide exchange assay

The detailed method of this assay was described previously (Inoue
and Tsai, 2015). To test the nucleotide exchange activity of the
Grp170-Sel1L complex, FLAG-BiP (3 pM) was first incubated with
50 pCi of [0-32P]ATP (3000 Ci/mmol) in a final volume of 11 ul (50 pCi
is equivalent to 1.5 uM ATP in this reaction) at 37 °C for 2 h to gener-
ate [0-32PJADP FLAG-BiP, and the reaction was subjected to an
initial spin gel filtration column to remove the free nucleotides.
Despite this step to remove free nucleotides, a small residual
amount of [0-32P]ATP was still present in the resulting [0-*2P]JADP
FLAG-BiP sample. Next the Grp170-Sel1 complex (20 nM) was
added to [0-32P]JADP FLAG-BIP (20 nM) at 23°C for 20 min and then
further incubated with cold ATP (4 nM) and MgCl; (2 mM) for 1 min
to release [0-32P]JADP from BiP. Note that the residual free [0-32P]ATP
in the [0-2PJADP FLAG-BiP sample can be incorporated into
WT Grp170 during this incubation step. After removal of the free
nucleotides, the reaction was spotted onto a PEI cellulose plate and
analyzed via TLC.
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