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ABSTRACT

The nonenveloped simian polyomavirus (PyV) simian virus 40 (SV40) hijacks the endoplasmic reticulum (ER) quality control
machinery to penetrate the ER membrane and reach the cytosol, a critical infection step. During entry, SV40 traffics to the ER,
where host-induced conformational changes render the virus hydrophobic. The hydrophobic virus binds and integrates into the
ER lipid bilayer to initiate membrane penetration. However, prior to membrane transport, the hydrophobic SV40 recruits the
ER-resident Hsp70 BiP, which holds the virus in a transport-competent state until it is ready to cross the ER membrane. Here we
probed how BiP disengages from SV40 to enable the virus to penetrate the ER membrane. We found that nucleotide exchange
factor (NEF) Grp170 induces nucleotide exchange of BiP and releases SV40 from BiP. Importantly, this reaction promotes SV40
ER-to-cytosol transport and infection. The human BK PyV also relies on Grp170 for successful infection. Interestingly, SV40
mobilizes a pool of Grp170 into discrete puncta in the ER called foci. These foci, postulated to represent the ER membrane pene-
tration site, harbor ER components, including BiP, known to facilitate viral ER-to-cytosol transport. Our results thus identify a
nucleotide exchange activity essential for catalyzing the most proximal event before ER membrane penetration of PyVs.

IMPORTANCE

PyVs are known to cause debilitating human diseases. During entry, this virus family, including monkey SV40 and human BK
PyV, hijacks ER protein quality control machinery to breach the ER membrane and access the cytosol, a decisive infection step.
In this study, we pinpointed an ER-resident factor that executes a crucial role in promoting ER-to-cytosol membrane penetra-
tion of PyVs. Identifying a host factor that facilitates entry of the PyV family thus provides additional therapeutic targets to com-
bat PyV-induced diseases.

Pathogens hijack protein quality control pathways of host cells
to successfully cause infection. One pathway co-opted by

pathogens during entry is endoplasmic reticulum (ER)-associated
degradation (ERAD) (1–3). While ERAD is a surveillance system
normally dedicated to the removal of misfolded ER proteins to the
cytosol for proteasomal destruction, pathogens can co-opt ele-
ments of this pathway to gain entry into the host cytosol by dis-
guising themselves as misfolded ER proteins. A clearer picture of
the nature of this pathogen-host interaction is slowly emerging.

Entry of the nonenveloped polyomavirus (PyV) family, in-
cluding the simian virus 40 (SV40) and the human BK PyVs,
serves as a salient example of pathogens that co-opt the ERAD
pathway during infection (4–6). Structurally, SV40 is composed of
360 copies of the VP1 major coat protein arranged as 72 pentam-
ers, with each pentamer engaging either the VP2 or VP3 internal
hydrophobic minor coat protein. The pentamers are assembled as
a 45-nm-diameter icosahedral particle that in turn encapsulates
its viral DNA genome (7, 8). To infect cells, SV40 undergoes re-
ceptor-mediated endocytosis and is sorted to the ER (9–13). There
it co-opts components of the ERAD machinery to penetrate the
ER membrane and reach the cytosol (4, 6, 14). From the cytosol,
the virus enters the nucleus, where ensuing transcription and rep-
lication of the viral genome cause lytic infection or cell transfor-
mation.

In the ER, SV40 hijacks numerous ER chaperones that impart
conformational changes to the viral particle to expose its hydro-
phobic VP2 and VP3 proteins (4–6, 15). This enables the resulting
hydrophobic particle to integrate into and penetrate the ER mem-

brane (4, 15, 16). Exposure of viral hydrophobic regions is a gen-
eral principle observed during membrane penetration by many
nonenveloped viruses (13, 17). However, prior to ER membrane
transport, the ER-resident Hsp70 BiP forms a complex with the
hydrophobic SV40 particle (4, 5), presumably to prevent it from
aggregation by masking the exposed hydrophobic regions. When
poised for membrane transport, BiP must be released from the
hydrophobic SV40 so that the virus can bind to the ER membrane
and initiate membrane penetration. How BiP disengages from
SV40 is unclear.

BiP’s ability to interact with substrates is tightly regulated by its
ATP/ADP binding states (18): ATP-BiP displays a low affinity for
the substrate, while ADP-BiP possesses high substrate binding af-
finity. These two opposing states are coordinately controlled by
ER-resident J-proteins and nucleotide exchange factors (NEFs).
Specifically, J-proteins stimulate BiP’s ATPase activity, converting

Received 10 December 2014 Accepted 28 January 2015

Accepted manuscript posted online 4 February 2015

Citation Inoue T, Tsai B. 2015. A nucleotide exchange factor promotes
endoplasmic reticulum-to-cytosol membrane penetration of the nonenveloped
virus simian virus 40. J Virol 89:4069 – 4079. doi:10.1128/JVI.03552-14.

Editor: S. López

Address correspondence to Billy Tsai, btsai@umich.edu.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.03552-14

April 2015 Volume 89 Number 8 jvi.asm.org 4069Journal of Virology

http://dx.doi.org/10.1128/JVI.03552-14
http://dx.doi.org/10.1128/JVI.03552-14
http://jvi.asm.org


ATP-BiP to ADP-BiP. This reaction allows ADP-BiP to bind
strongly to the substrate, which is often delivered to BiP by the
J-proteins themselves (19, 20). NEFs recruited to the ADP-BiP-
substrate complex induce an exchange of ADP for ATP to generate
ATP-BiP. ATP-BiP in turn undergoes a conformational change
that releases the substrate. While a J-protein called ERdj3 has been
implicated in SV40 infection (5), NEFs have yet to be demon-
strated to be involved in this process. In fact, more generally, very
little is known regarding NEF functions during ERAD (21), in
contrast to J-protein functions (22–25).

There are two reported ER-resident NEFs, the Grp170 ATPase
and Sil1 (18, 26). In this report, we pinpoint the NEF activity of
Grp170 but not Sil1 as specifically releasing SV40 from BiP. This
step allows the hydrophobic virus to engage the ER membrane in
order to initiate ER membrane penetration. Grp170 not only plays
an important role during SV40 infection but also promotes BK
PyV infection. These findings thus provide strong evidence that
NEF activity performs a key role during ER-to-cytosol membrane
transport of members of a nonenvelope virus family.

MATERIALS AND METHODS
Materials. Polyclonal Hsp90 and SV40 large T-antigen antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA), polyclonal
BiP and monoclonal PDI antibodies from Abcam (Cambridge, MA), a
monoclonal BiP antibody from BD (Franklin, NJ), monoclonal Grp170
and polyclonal Sil1 antibodies from GeneTex (Los Angeles, CA), mono-
clonal FLAG antibody and luciferase from Sigma-Aldrich (St. Louis, MO),
monoclonal green fluorescent protein (GFP) antibody from Protein Tech
Group (Chicago, IL), and monoclonal BAP31 antibody from Thermo
Fisher Scientific (Waltham, MA). Monoclonal antibodies against SV40
VP1 were a generous gift from W. Scott (University of Miami). FLAG M2
antibody-conjugated agarose beads were purchased from Sigma-Aldrich
(St. Louis, MO), S-protein-conjugated agarose beads and digitonin from
EMD Millipore Chemicals (San Diego, CA), and protein G magnetic
beads from Life Technologies (Carlsbad, CA). Purified phosphatidyl-cho-
line, -ethanolamine, -serine, and -inositol were purchased from Avanti
Polar Lipids (Alabaster, AL). Purified BK PyV and pAb416 antibodies
against BK PyV large T-antigen were kindly provided by Michael Impe-
riale (University of Michigan).

DNA construction. Sil1, Grp170, and BiP cDNAs were amplified from
a 293T cDNA library. To generate FLAG-BiP, Grp170-FLAG, and FLAG-
Sil1, the FLAG tag sequence was attached to the indicated positions by
PCR, with the resulting PCR products inserted into pCDNA3.1(-). To
generate G41L Grp170-FLAG, the corresponding mutation was inserted
by overlapping PCR, with the resulting PCR product replacing the wild-
type (WT) Grp170 coding sequence. For the small interfering RNA
(siRNA)-resistant Grp170 constructs, the following silent mutations
were introduced into each construct by overlapping PCR: 2716-CTGAA
CAAAGCTAAATTC-2733 (where the underlines denote the introduced
silent mutations).

SV40 preparation, ER-to-cytosol transport, and infection assays.
SV40 preparation, ER-to-cytosol transport, and infection assays were per-
formed as described previously in reference 14, except that COS-7 cells
were semipermeabilized with 0.025% digitonin.

Purification of recombinant proteins. All recombinant proteins used
in this study were expressed in and isolated from HEK 293T cells trans-
fected with the indicated DNA constructs. FLAG-tagged recombinant
proteins were purified as described previously in reference 25 with minor
modifications. For FLAG-SiL1 and WT and mutant Grp170-FLAG exper-
iments, bound proteins on the beads were incubated in a buffer contain-
ing 20 mM HEPES (pH 7.5), 50 mM KCl, 0.1% Triton X-100, 2 mM ATP,
and 2 mM MgCl2, washed extensively, and eluted with FLAG peptide.

In vitro release of SV40 from BiP. ER-localized SV40 was isolated and
captured with protein G magnetic beads (Life Technology) as described in

reference 5, except that the Optiprep gradient centrifugation step was
omitted. The virus-bound beads were resuspended in a buffer containing
20 mM HEPES (pH 7.5), 50 mM KCl, and 0.1% Triton X-100 and incu-
bated with the indicated recombinant proteins in the presence or absence
of ATP at 37°C. The beads were washed extensively, and the bound pro-
teins were eluted with SDS sample buffer and separated by SDS-PAGE,
followed by silver staining.

Liposome binding assay. To form biotinylated liposomes, 32 �l of
phosphatidyl-choline (10 mg/ml), 5 �l of phosphatidyl-ethanolamine (10
mg/ml), 5 �l of N-biotinyl cap-phosphatidyl-ethanolamine, 4.8 �l of
phosphatidyl-inositol (10 mg/ml), and 1 �l of phosphatidyl-serine (10
mg/ml) (all dissolved in chloroform) were mixed. The mixture was dried
and resuspended in 50 �l of a buffer containing 20 mM HEPES (pH 7.6)
and 100 mM NaCl. The resuspended vesicles were sonicated in a water
sonicator bath for 30 min, incubated at 4°C overnight, and conjugated
with netravidin (Thermo Fisher Scientific) via the use of biotin. The virus-
bound beads were prepared as described above, incubated with or without
2 mM ATP in the presence of 2 mM MgCl2 at 25°C for 20 min, washed
extensively, and incubated with 20 �l of liposomes at 37°C for 30 min. The
beads were washed, the bound liposomes solubilized by 1% Triton X-100,
and the avidin-biotin complex recovered from the beads and analyzed by
silver staining. Following recovery of the avidin-biotin complex, the virus
were eluted from the beads by the use of SDS-sample buffer and analyzed
by immunoblotting. When BiP-less ER-localized S40 prepared with
Grp170-FLAG was used in the liposome binding assay, the virus-bound
magnetic beads were incubated with 5 �l of liposomes at 25°C for 10 min.

In vitro binding assay. Recombinant proteins were mixed, incubated
at 37°C for 30 min, and subjected to immunoprecipitation with an anti-
BiP antibody using 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.

XBP1 splicing. XBP1 splicing was performed as described in reference
27, except that CV-1 cells were used.

Knockdown of Grp170 and Sil1. The target sequences of the siRNAs
used in this study were as follows: for Grp170 no. 1 siRNA, 5=-GCUCAA
UAAGGCCAAGUUU-3= (Invitrogen); for Grp170 no. 2 siRNA, 5=-GCC
UUUAAAGUGAAGCCAU-3= (Invitrogen); for Sil1 no. 1 siRNA, 5=-GC
UGAUCAACAAGUUCAAU-3= (Invitrogen); and for Sil1 no. 2 siRNA,
5=-GCGCUCUUUGAUCUUGAAU-3= (Invitrogen).

Duplex siRNA (10 nM) was reverse transfected into cells using Lipo-
fectamine RNAiMAX (Life Technologies) according to the manufactur-
er’s protocol. Allstar negative-control siRNA (Qiagen, Hilden, Germany)
was used as a scrambled siRNA control.

SV40 infection under FLAG-tagged protein expression. For a rescue
experiment, approximately 2 � 105 CV-1 cells transfected with siRNA
were further transfected with various DNA constructs using Fugene HD
(Promega, Madison, WI), incubated for 24 h, and infected with SV40.
Samples were processed using an immunofluorescence method as de-
scribed previously in reference 14, except that cells were subjected to dou-
ble staining with anti-T-antigen and FLAG antibodies; only T-antigen-
positive nuclei in FLAG signal-positive cells were scored. For other
experiments, cells were processed as described above except that siRNA
transfection was omitted.

Luciferase aggregation assay. Luciferase (1.4 �M) was incubated with
bovine serum albumin (BSA), Grp170-FLAG, or G41L Grp170-FLAG
(2.5 �M each) in a buffer containing 20 mM HEPES (pH 7.5), 50 mM
KCl, 0.1% Triton X-100, and 1 mM dithiothreitol (DTT) at 42°C for 30
min and subjected to centrifugation at 16,000 � g for 10 min. The result-
ing supernatant and pellet fractions were subjected to SDS-PAGE and
analyzed by Coomassie blue staining.

Nucleotide exchange assay. A modified version of a nucleotide ex-
change assay was developed based on two published protocols (28, 29).
Purified FLAG-BiP (5 �M) was incubated with 50 �Ci of [�-32P]ATP
(PerkinElmer) (3,000 Ci/mmol) in a final volume of 25 �l (50 �Ci is
equivalent to 0.66 �M ATP in this reaction) at 37°C for 30 min to form
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[�-32P]ADP FLAG-BiP, and the sample was subjected to a spin gel filtra-
tion column (GE Healthcare) to remove the free nucleotides. [�-32P]ADP
FLAG-BiP (0.3 �M) was incubated with the indicated recombinant pro-
teins (1 �M) in 23 �l of a buffer containing 20 mM HEPES (pH 7.5), 50
mM KCl, and 0.1% Triton X-100 at 23°C for 20 min. Following incuba-
tion, each reaction mixture was combined with unlabeled ATP (0.3 �M)
and MgCl2 (2 mM) and further incubated at 23°C for 1 min. After removal
of free nucleotides using another spin gel filtration column, 2 �l of the
reaction was spotted onto a polyethyleneimine (PEI) cellulose plate
(Sigma) and developed in 0.6 M KH2PO4 (pH 3.4) by the thin-layer chro-
matography (TLC) method.

Calculation of the number of BiP molecules bound to a SV40 parti-
cle. ER-localized SV40 isolated from virus-infected cells is described
above. Defined amounts of purified SV40 and FLAG-BiP used for stan-
dards were separated by SDS-PAGE. The bands were visualized by Coo-
massie staining for VP1 and silver staining for BiP. The VP1 and BiP bands
in the ER-localized SV40 sample were quantified with ImageJ (NIH), and
their levels were determined based on the standard VP1 and BiP bands,
respectively. The number of BiP molecules per viral particle was calcu-
lated from the obtained protein amounts using 40 kDa and 78 kDa as the
molecular masses for VP1 and BiP, respectively.

Visualization of SV40-induced focus formation. Approximately 1 �
105 CV-1 cells transfected with the indicate DNA construct using Fugene
HD were infected with SV40 (multiplicity of infection [MOI] � �50) for
16 h, fixed, and processed by the immunofluorescence method as de-
scribed above, except that anti-FLAG and BAP31 antibodies were used.

RESULTS
Release of BiP from SV40 promotes viral membrane binding in
vitro. Our laboratory and those of others previously demonstrated
that BiP is recruited to SV40 in the ER (4, 5), likely because the
viral particle is rendered hydrophobic due to ER factor-induced
conformational changes (4, 15, 30). We hypothesize that BiP re-
cruitment shields the hydrophobic virus until it is ready to engage
the ER membrane to initiate the penetration process. To test this
idea, we asked if BiP-less SV40 preferentially binds to liposomes.
We took advantage of our previously established semipermeabi-
lized system and isolated ER-localized SV40 from virus-infected
CV-1 cells (5, 14). As expected, BiP copurified with ER-localized
SV40 (i.e., BiP-bound SV40) after immunopurification of the vi-
ral particles (Fig. 1A, top and bottom panels, lane 1). Quantifica-
tion of the VP1 and BiP bands in the ER-localized virus based on
comparisons to defined amounts of purified SV40 and BiP re-
vealed that approximately 37 BiP molecules associated with each
viral particle (see Materials and Methods). When a high (2 mM)
ATP concentration was added to the isolated SV40-BiP complex
followed by reimmunopurification of the virus and silver staining,
BiP did not coprecipitate with the virus (i.e., BiP-less SV40) (Fig.
1B, top panel; compare lane 2 to lane 1). This finding demon-
strates that a sufficiently high ATP concentration can cause release
of SV40 from BiP, likely because ADP-BiP, which normally en-
gages SV40, displayed a reduced affinity for the substrate once it
was converted to the ATP-bound state.

If BiP masks hydrophobic regions of ER-localized SV40, re-
lease of SV40 from BiP should allow the viral particle to bind to
membranes. Indeed, when BiP-bound or BiP-less ER-localized
SV40 was incubated with liposomes (labeled with avidin via a
biotinylated phospholipid) followed by reprecipitation, BiP-less
SV40 but not BiP-bound SV40 pulled down the liposomes, as
reflected by presence of the biotin-avidin complex (Fig. 1C, top
panel; compare lane 2 to lane 1). This finding indicates that BiP
release is essential for SV40 to interact with membranes because its

hydrophobic regions are exposed. More importantly, it raises the
issue of how BiP might be normally released from SV40 for effi-
cient ER membrane penetration in cells.

Grp170 induces nucleotide-dependent release of ER-local-
ized SV40 from BiP in vitro. Grp170 and Sil1 are two ER-resident
NEFs known to induce nucleotide exchange in the presence of BiP
(28, 31–35). To analyze the mechanism by which SV40 is released
from BiP, we first asked whether addition of recombinant Grp170
or Sil1 to the isolated SV40-BiP complex would promote release of
the virus from BiP. Isolated SV40-BiP complex was incubated
with a low (0.2 �M) ATP concentration and FLAG-tagged Grp170
(Grp170-FLAG), Sil1 (FLAG-Sil1), or the control GFP (GFP-
FLAG) purified from mammalian cells (Fig. 2A), followed by re-
precipitation of the virus and silver staining. We found that
Grp170-FLAG but not GFP-FLAG or FLAG-Sil1 caused SV40 to
disengage from BiP under this condition (Fig. 2B; compare lane 3
to lanes 2 and 4); in contrast, in the absence of ATP, Grp170 did
not release SV40 from BiP (Fig. 2C; compare lane 3 to lane 2).
These findings demonstrate that Grp170 but not Sil1 induces
SV40 release from BiP and that the release reaction is ATP depen-

FIG 1 Release of BiP from SV40 promotes viral membrane binding in vitro.
(A) ER-localized SV40 immunoprecipitated from infected CV-1 cells, along
with the indicated amounts of purified SV40 (100, 200, and 300 ng of VP1) and
purified recombinant BiP (5, 10, 20, and 30 ng), was separated by SDS-PAGE.
The BiP band was visualized by silver staining and the VP1 band by Coomassie
staining. The amounts of VP1 and BiP in ER-localized SV40 were quantified
with ImageJ (NIH) using purified SV40 and BiP as standards in order to cal-
culate the numbers of BiP molecules per viral particle. (B) ER-localized SV40
processed as described for panel A was incubated without ATP (i.e., BiP-
bound SV40) or with ATP (2 mM) to generate BiP-less SV40. Following re-
precipitation of the virus, the samples were subjected to SDS-PAGE and silver
staining. (C) BiP-bound or BiP-less SV40 processed as described for panel B
was incubated with liposomes labeled with avidin via a biotinylated phospho-
lipid. Following reprecipitation of the virus, the samples were subjected to
SDS-PAGE and analyzed by silver staining for the biotin-avidin complex and
by immunoblotting with anti-VP1 antibodies.
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FIG 2 Grp170 induces release of ER-localized SV40 from BiP in vitro. (A) Coomassie staining of C-terminally FLAG-tagged GFP (GFP-FLAG),
C-terminally FLAG-tagged Grp170 (Grp170-FLAG), and N-terminally FLAG-tagged Sil1 (FLAG-Sil1) purified from 293T cells. (B) ER-localized SV40
immunoprecipitated from infected CV-1 cells was incubated without ATP or with ATP (0.2 �M) and the indicated recombinant protein (250 nM).
Following reprecipitation of the virus, the samples were subjected to SDS-PAGE and silver staining. The black line indicates that intervening lanes have
been spliced out. (C) The experiment was performed as described for panel B, except the immunoprecipitate was incubated with Grp170-FLAG in the
absence of ATP where indicated. (D) Coomassie staining of purified C-terminally FLAG-tagged BiP (BiP-FLAG). (E) BiP-FLAG (300 nM) was incubated
with the indicated recombinant protein (300 nM) and immunoprecipitated with an anti-BiP antibody. The immunoprecipitates were subjected to
SDS-PAGE followed by immunoblotting with an anti-FLAG antibody. Input samples were also analyzed by immunoblotting with an anti-FLAG antibody.
(F) Coomassie staining of purified N-terminally FLAG-tagged BiP (FLAG-BiP). (G) FLAG-BiP was incubated with [�-32P]ATP to form the radiolabeled
ADP-BiP complex. The ADP-BiP complex was then incubated with the indicated proteins in the absence or presence of unlabeled ATP. ADP release from
BiP was analyzed by TLC. (H) BiP-less ER-localized SV40 was prepared as described for panel B. The ability of BiP-bound or BiP-less ER-localized SV40
to bind to liposomes was assessed as described for Fig. 1C.
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dent, consistent with a previous report demonstrating that
Grp170’s NEF function requires ATP binding (36).

We performed control experiments to assess the integrity of
the recombinant NEFs used in our assay. First, as Grp170 and Sil1
must bind to BiP to execute their NEF activities against BiP, we
asked whether recombinant Grp170 and Sil1 interact with BiP and
found that Grp170-FLAG and FLAG-Sil1 bind to purified BiP-
FLAG (Fig. 2D) with similar affinities (Fig. 2E; compare lane 5 to
lane 6).

Second, we tested whether recombinant Grp170 and Sil1 re-
tained their nucleotide exchange activities. Purified FLAG-BiP
(Fig. 2F) was preloaded with [�-32P]-radiolabeled ATP and incu-
bated for 30 min to allow conversion of ATP-BiP to ADP-BiP. The
sample was subjected to an initial spin column gel filtration to
remove the majority of the excess radiolabeled ATP. Radiolabeled
ADP-BiP was then incubated with GFP-FLAG, Grp170-FLAG, or
FLAG-Sil1 in the presence or absence of unlabeled ATP (0.3 �M)
to induce nucleotide exchange. Samples were subjected to a sec-
ond round of spin column gel filtration to remove released nucle-
otides. The level of radiolabeled ADP that remained bound to
FLAG-BiP was monitored by thin-layer chromatography (TLC).
Using this assay, we found that both Grp170-FLAG and FLAG-
Sil1 but not GFP-FLAG promoted ADP release from BiP (Fig. 2G;
compare lanes 3 and 4 to lane 2), demonstrating that Grp170 and
Sil1 retain their nucleotide exchange activities. Hence, Sil1’s in-
ability to induce SV40 release from BiP is not a consequence of
Sil1’s being enzymatically inactive, and the results demonstrate
that recombinant Sil1 was folded properly.

Interestingly, radiolabeled ATP was detected when Grp170-
FLAG but not FLAG-Sil1 was used to induce ADP release from BiP
(Fig. 2G; compare lanes 3 and 4). This signal is likely due to the
presence of the residual free radiolabeled ATP (after the initial
spin column filtration) that bound to Grp170, which is an ATPase,
but not to Sil1, which, in contrast, is not an ATPase. While a low
concentration of unlabeled ATP (0.3 �M) was used in the assay to
prevent spontaneous ADP release from BiP, this ATP concentra-
tion was not sufficient to compete with the radiolabeled ATP and
cause its removal from Grp170. Regardless, we conclude that
Grp170 but not Sil1 directly triggers the release of ER-localized
SV40 from BiP by converting ADP-BiP to ATP-BiP in vitro. Not
surprisingly, Grp170-dependent release of BiP from SV40 also
promoted association of the viral particle with liposomes, as the
BiP-less ER-localized SV40 (generated by incubation with
Grp170-FLAG) pulled down more avidin-labeled liposomes than
the BiP-bound ER-localized SV40 (Fig. 2H, top panel; compare
lane 2 to lane 1). Collectively, these data raise the possibilities that
Grp170 might play a role in facilitating SV40 ER-to-cytosol mem-
brane transport and that the observed substrate specificity of
Grp170 and Sil1 might exist in cells.

Grp170 promotes SV40 ER-to-cytosol membrane transport.
To ascertain whether Grp170 and Sil1 perform any role in SV40
ER-to-cytosol membrane transport in cells, we silenced Grp170
and Sil1 in virus-infected CV-1 cells using two different siRNA
oligonucleotides for each protein and monitored SV40 arrival to
the cytosol from the ER using a cell-based ER-to-cytosol mem-
brane transport assay established previously (14). A similar assay
has also been reported (4). Briefly, SV40-infected cells transfected
with a control siRNA (scrambled) and siRNAs directed against
Grp170 (Grp170 siRNA no. 1 and no. 2) or Sil1 (Sil1 siRNA no. 1
and no. 2) were treated with a low concentration of digitonin to

permeabilize the plasma membrane without damaging internal
membranes. Cells were centrifuged to generate two fractions, a
supernatant fraction that contains cytosolic proteins and virus
that reaches the cytosol (i.e., cytosol) and a pellet fraction that
harbors membranes that include the ER along with virus that are
retained in membranes (i.e., membrane). ER-localized SV40 can
be further isolated from the pellet by treating it with the detergent
Triton X-100 and extracting the detergent-soluble material (i.e.,
Triton X-100). This is because SV40 normally recognizes its gan-
glioside GM1 receptor on the cell surface and remains bound to it
until the virus-receptor complex reaches the ER, where the virus
dissociates from the receptor. Because the receptor is highly con-
centrated in lipid rafts, SV40 remains associated with lipid rafts
until it arrives to the ER. As lipid rafts are largely resistant to Triton
X-100 extraction whereas ER lumenal components can be ex-
tracted by this detergent, SV40 extracted from a pellet by Triton
X-100 thus represents virus that reaches the ER and is released into
the lumen (37).

Immunoblot analyses revealed that Grp170 and Sil1 in the Tri-
ton X-100 fraction were effectively downregulated by their respec-
tive siRNAs compared to the results seen with scrambled siRNA
(Fig. 3A, Triton X-100 fraction, first and second panels). VP1 in
this fraction remained largely unperturbed when Grp170 or Sil1
was silenced (Fig. 3A, Triton X-100 fraction, fourth panel), indi-
cating that Grp170 and Sil1 knockdown did not significantly affect
SV40 ER arrival. Importantly, under this knockdown condition,
cytosol-localized VP1 levels decreased markedly when Grp170 but
not Sil1 was downregulated (Fig. 3A, cytosol fraction, top panel).
Quantification of the cytosol-localized VP1 band intensity re-
vealed that Grp170 siRNA no. 1 and no. 2 decreased VP1 by 75%
and 50%, respectively, while Sil1 siRNA no. 1 and no. 2 produced
a marginal effect, reducing VP1 levels by approximately 15% us-
ing either siRNA (Fig. 3B). Neither induction of BiP (Fig. 3A,
Triton X-100 fraction, third panel) nor XBP-1 splicing (Fig. 3C)
was observed when these NEFs were knocked down, suggesting
that decreasing the levels of these factors did not induce massive
ER stress. Thus, consistent with the in vitro results, the findings
from our cell-based transport assay support the idea that Grp170
but not Sil1 promotes SV40 ER-to-cytosol membrane transport
by releasing the virus from BiP. They also suggest that Grp170 and
Sil1 have distinct substrate specificities in cells.

Since Grp170 induces release of SV40 from BiP to promote
SV40 ER-to-cytosol transport, we hypothesize that downregulat-
ing Grp170 should stabilize the SV40-BiP interaction. To test this,
cells expressing S-tagged BiP (BiP-S) and transfected with scram-
bled or Grp170 no. 1 siRNA were infected with SV40 and sub-
jected to S-tag affinity purification. As expected, Grp170 knock-
down increased the level of VP1 that coprecipitated with BiP-S
(Fig. 3D, top panel), demonstrating that Grp170 normally triggers
release of SV40 from BiP to allow viral transport from the ER to
the cytosol.

Grp170 supports polyomavirus infection. Upon reaching the
cytosol, SV40 transports to the nucleus to cause infection. Accord-
ingly, we examined whether Grp170 or Sil1 regulates SV40 infec-
tion. CV-1 cells transfected with scrambled, Grp170 no. 1, Grp170
no. 2, Sil1 no. 1, or Sil1 no. 2 siRNA were infected with SV40, and
the cells were stained for presence of the virally encoded large
T-antigen in the host nucleus; large T-antigen expression is a hall-
mark of successful SV40 infection. In comparisons to scrambled
siRNA, we found that Grp170 siRNA no. 1 and Grp170 siRNA no.
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2 blocked SV40 infection by 75% and 50%, respectively, while
neither Sil1 no. 1 siRNA nor Sil1 no. 2 siRNA exerted any statisti-
cally significant effect (Fig. 4A, black bars). Thus, in line with the
in vitro virus release and cell-based ER-to-cytosol membrane
transport assays, Grp170 but not Sil1 promoted SV40 infection.
Grp170 but not Sil1 was required for infection of the human BK
PyV, with a trend similar to that seen with SV40 (Fig. 4A, white
bars), suggesting that Grp170 generally regulates PyV infection.

Grp170 functions not only as an ATPase-dependent NEF for
BiP but also as an ATPase-independent holdase (29, 38). Interest-
ingly, this holdase but not NEF activity was recently implicated in
ERAD of the epithelial sodium channel � subunit, a BiP-indepen-
dent ERAD substrate (39). Although recombinant Grp170-FLAG
promoted release of the ER-localized SV40 from BiP in a nucle-
otide-dependent manner in vitro, whether Grp170 promotes
SV40 infection by using its inherent nucleotide exchange or hol-
dase activities in cells is unclear. To clarify these possibilities, we
conducted a rescue experiment in which endogenous Grp170 si-
lenced by Grp170 no. 1 siRNA was rescued by readdition of
siRNA-resistant WT or mutant Grp170 or WT Sil1.

We performed a series of experiments to generate and charac-
terize a NEF-defective Grp170 mutant. To this end, we took ad-
vantage of a previous study that mutated G28 in the Lhs1p yeast
Grp170 homolog to leucine, generating the G28L mutant (36).
This mutant cannot bind to ATP due to the presence of the bulky
leucine side chain in the nucleotide binding pocket and fails to
display any NEF activity. When the corresponding residue in hu-
man Grp170, G41, was mutated to leucine to generate G41L
Grp170 (G41L Grp170-FLAG), we found that this purified pro-
tein (Fig. 4B, lane 1) did not induce ADP release from BiP (Fig. 4B;
compare lanes 5 to 4). Additionally, G41L Grp170-FLAG did not
trigger nucleotide-dependent release of SV40 from BiP (not
shown). In cells expressing Grp170-FLAG or G41L Grp170-
FLAG, endogenous BiP coprecipitated with Grp170-FLAG but
not with G41L Grp170-FLAG (Fig. 4C, top panel; compare lanes 1
and 2). This finding indicates that Grp170 but not G41L Grp170
binds to BiP, consistent with a previous report demonstrating that
nucleotide binding to Lhs1p is required for efficient Kar2p (yeast
BiP homolog) interaction (36). We used a luciferase aggregation
assay to further evaluate whether G41L Grp170’s ATP-indepen-

FIG 3 Grp170 promotes SV40 ER-to-cytosol membrane transport. (A) Infected CV-1 cells transfected with the indicated siRNA were harvested and were
subjected to the ER-to-cytosol membrane transport assay as described by Inoue and Tsai (14). Cytosol, membrane, and Triton X-100 fractions were subjected to
SDS-PAGE followed by immunoblotting with the indicated antibodies. (B) The VP1 band intensity in the cytosolic fraction represented in panel A was quantified
with ImageJ (NIH). Data represent means � standard deviations (SD) of the results of at least 3 independent experiments. (C) Reverse transcription-PCR
(RT-PCR) analysis of the unspliced (u) and spliced (s) forms of the XBP1 mRNA from cells transfected with the indicated siRNA or treated with DTT. (D) CV-1
cells initially transfected with scrambled or Grp170 siRNA no. 1 were subsequently transfected with BiP-S, infected with SV40 for 18 h, and harvested. Whole-cell
extracts (WCEs) were incubated with S-protein-conjugated beads, and the isolated proteins subjected to SDS–PAGE followed by immunoblotting with anti-VP1
and anti-BiP antibodies. AP, affinity purification.
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FIG 4 Grp170 supports polyomavirus infection. (A) Large T-antigen-positive nuclei were scored in SV40- or human BK PyV-infected CV-1 cells transfected
with the indicated siRNA. Data represent means � SD of the results of at least 3 independent experiments. A Student two-tailed t test was used for the SV40
infection data. (B) The experiment was performed as described for Fig. 2G, except that G41L Grp170-FLAG was used. Purified G41L Grp170-FLAG results are
also shown. (C) Grp170-FLAG or G41L Grp170-FLAG was immunoprecipitated (IP), and the samples were subjected to immunoblotting with the indicated
antibodies. (D) Luciferase was incubated with BSA, Grp170-FLAG, or G41L Grp170-FLAG at 42°C for 30 min and centrifuged. The resulting supernatant and
pellet fractions were subjected to SDS-PAGE and analyzed by Coomassie staining. The black line indicates that intervening lanes have been spliced out. (E) CV-1
cells initially transfected with scrambled or Grp170 siRNA no. 1 were subsequently transfected with GFP-FLAG, Grp170-FLAG, G41L Grp170-FLAG, or
FLAG-Sil1. Cells were then infected with SV40 and subjected to immunofluorescence analyses using anti-FLAG and anti-T-antigen antibodies. FLAG and
T-antigen doubly positive cells were counted and analyzed as described for panel A. Data represent means � SD of the results of at least 3 independent
experiments. A Student two-tailed t test was used. (F) WCEs derived from cells processed as described for panel E were analyzed by SDS-PAGE and immuno-
blotted with the indicated antibodies. (G) COS-7 cells transfected with the indicated DNA construct were infected with SV40 for 12 h and subjected to the
ER-to-cytosol membrane transport assay as described for Fig. 3A. The cytosol fraction was subjected to SDS-PAGE, followed by immunoblotting with the
indicated antibodies.
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dent holdase activity remained intact. Luciferase aggregates at
42°C due to thermal instability and, upon centrifugation, parti-
tions to the pellet but not the supernatant fraction. Whereas lucif-
erase pelleted in the presence of the control protein BSA (Fig. 4D;
compare lanes 4 to 1), it remained in the supernatant when incu-
bated with either Grp170-FLAG or G41L Grp170-FLAG (Fig. 4D;
compare lanes 2 and 3 to lanes 5 and 6). Thus, G41L Grp170 lacks
a NEF activity but retains its holdase function.

To perform the rescue experiments, cells initially transfected
with scrambled or Grp170 no. 1 siRNA were subsequently trans-
fected with FLAG-GFP, the siRNA-resistant WT or G41L Grp170-
FLAG, or FLAG-Sil1. Cells were then infected with SV40, fixed,
and probed with antibodies directed against large T-antigen and
FLAG. Only T-antigen-positive nuclei expressed in FLAG-posi-
tive cells (i.e., rescued cells) were scored. Compared to expression
of control GFP-FLAG, only reexpression of Grp170-FLAG but not
G41L Grp170-FLAG or FLAG-Sil1 under the Grp170 knockdown
condition rescued SV40 infection (Fig. 4E). The reexpressed levels
of Grp170-FLAG and G41L Grp170-FLAG were similar to that of
endogenous Grp170 (Fig. 4F, top panel), while the reexpressed
FLAG-Sil1 level was higher than the level seen with endogenous
Sil1 (Fig. 4F, second panel). Consistent with this observation,
overexpression of Grp170-FLAG but not G41L Grp170-FLAG
in the CV-1-derived COS-7 cells in the context of the ER-to-
cytosol transport assay increased the VP1 level in the cytosol
fraction (Fig. 4G, top panel; compare lane 2 to lanes 3 and 1).
(COS-7 cells were used in this experiment because they support
the high transfection efficiency necessary for this study.) Thus,
the NEF activity of Grp170 but not Sil1 is specifically required
to promote the SV40 ER-to-cytosol transport that leads to suc-
cessful infection, likely by inducing virus release from BiP via
converting this chaperone to the low-affinity ATP-bound state.

SV40 triggers Grp170 to reorganize into foci in the ER. Our
laboratory and another group previously reported that SV40 in-
duces ER lumenal proteins (e.g., BiP) and membrane proteins
(e.g., BAP31) essential for viral infection to reorganize into dis-
crete puncta (called foci) in the ER membrane (4, 40). To assess
whether Grp170 moves into these foci upon SV40 infection, cells
expressing FLAG-BiP or Grp170-FLAG were incubated with or
without (mock treatment) SV40 for 16 h, fixed, and subjected to
immunofluorescence staining. Positive focus formation can be
visualized by staining for the endogenous ER membrane protein
BAP31. Consistent with a previous report examining endogenous
BiP (4), FLAG-BiP can be found to move into the BAP31-contain-
ing foci upon SV40 infection (Fig. 5A; compare second to first
row). Importantly, a pool of Grp170-FLAG also mobilizes into
BAP31-positive foci upon SV40 infection (Fig. 5B; compare sec-
ond to first row). Interestingly, when Grp170 was knocked down,
SV40 induced a larger amount of prominent BiP and BAP31 dou-
bly positive foci than the scrambled control (Fig. 5C; compare
second to first row). As Grp170 knockdown stabilized the BiP-
SV40 interaction (Fig. 3D, top panel), this observation suggests
that depletion of Grp170 causes the accumulation of BiP-bound
SV40 to occur in the foci. Our finding that SV40 can trigger
Grp170 to reorganize into the foci, similarly to the fate of other ER
components involved in SV40 ER membrane transport, provides
further independent evidence of this NEF’s involvement during
the virus ER-to-cytosol penetration process.

DISCUSSION

Our studies identified the NEF activity of Grp170 but not Sil1 as
crucial in facilitating host cell entry of PyVs, including SV40 and
BK PyV. Specifically, our in vitro and coimmunoprecipitation
binding experiments demonstrated that the NEF activity of
Grp170 but not Sil1 induces SV40 release from BiP in the ER
lumen. This step enables the hydrophobic virus to engage the ER
membrane to initiate membrane penetration. Next, using cell-
based assays, we found that Grp170 but not Sil1 promotes SV40
ER-to-cytosol transport and infection, consistent with results
from the binding experiments. Grp170 but not Sil1 also supports
BK PyV infection, suggesting that the PyV family generally uses
this ER NEF activity to cross the ER membrane. Finally, imaging
studies revealed that SV40 induces Grp170 to move to discrete foci
in the ER, which is known to contain specific host components
(including BiP) responsible for mediating viral ER-to-cytosol
transport. This finding further strengthens the idea of the role of
Grp170 in ER membrane transport of PyVs.

Grp170 and Sil1 are two established ER-resident NEFs. Al-
though Grp170 is also a member of the Hsp70 protein family, it
represents an evolutionarily distinct form of canonical Hsp70
proteins that harbor intrinsic ATPase activity. The ATPase activity
of yeast Grp170 homolog Lhs1p controls its NEF activity against
yeast BiP homolog Kar2p (36). Our data demonstrating that a
Grp170 mutant which cannot bind to ATP is NEF defective, can-
not stimulate virus ER-to-cytosol transport, and fails to restore
SV40 infection in Grp170 knocked-down cells are in line with the
notion that Grp170’s ATPase activity is essential for its NEF func-
tion—this NEF activity is in turn required to release SV40 from
BiP prior to viral ER membrane penetration leading to successful
infection.

In addition to its recognized NEF activity, Grp170 can also act
as an ATP-independent holdase to prevent protein aggregation
(38, 41). In fact, Grp170’s holdase but not NEF activity was impli-
cated in ERAD in mammalian cells (39). In contrast, in part be-
cause it is not an ATPase, Sil1’s NEF activity likely operates differ-
ently from that of Grp170. Biochemical and structural analyses of
the yeast Sil1-Kar2p complex (42) indicate that Sil1 binding to
ADP-Kar2p triggers a conformational change in Kar2p that re-
leases ADP; whether this binding reaction is sufficient to induce
substrate release from Kar2p, or requires subsequent ATP bind-
ing, is not clear. Note that deletion of SIL1 (21) but not LHS1 (39)
resulted in a moderate ERAD phenotype, suggesting that Sil1 may
exert a potential role in ERAD in yeast.

Interestingly, in yeast, Sil1 and Grp170/Lhs1 have been impli-
cated in protein forward translocation, consistent with BiP’s role
in this process (31, 33, 34). In this context, the phenotypes caused
by loss of either one of the NEFs can be rescued by overexpression
of the other, suggesting that the activities of Sil1 and Grp170/Lhs1
are interchangeable, at least under certain circumstances (34, 43,
44). Nevertheless, this interchangeability was not observed in ER-
to-cytosol transport of PyVs, even when Sil1 was exogenously
overexpressed in Grp170-depleted cells. What then might account
for this NEF specificity for PyV infection? Because Grp170 and
Sil1 bind to substrate-free BiP with similar efficiencies in vitro, it is
unlikely that their affinity for BiP per se dictates the specificity.
This is consistent with previous observations that the two NEFs
convert substrate-free ADP-BiP to ATP-BiP with similar efficien-
cies (29, 35). Instead, because BiP can reciprocally stimulate
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Grp170’s ATPase activity (29), this reaction may increase
Grp170’s affinity for substrates. As indicated, Grp170 also harbors
a unique holdase domain that interacts with hydrophobic pro-
teins which is absent in Sil1. These properties observed in Grp170

might support the more stable Grp170-PyV-BiP complex neces-
sary for the subsequent Grp170-triggered nucleotide exchange
and substrate release reactions. We note that cytosolic NEF
Hsp110 promotes dissociation of the clathrin basket from Hsc70

FIG 5 SV40 triggers Grp170 to reorganize into foci in the ER. (A) Cells transfected with FLAG-BiP were mock infected or infected with SV40 for 16 h, fixed, and
subjected to immunofluorescence staining with anti-FLAG and BAP31 antibodies. The bar represents 20 �m. (B) Cells were processed as described for panel A,
except Grp170-FLAG was used. (C) Cells transfected with scrambled or Grp170 siRNA no. 1 were processed as described for panel A, except endogenous (endo)
BiP antibodies were used.
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more efficiently than another cytosolic NEF, Bag1, in vitro (45).
Thus, there is precedence for substrate discrimination during
NEF-mediated cellular reactions.

An important issue is why BiP binding to and release from
ER-localized SV40 are essential for viral ER-to-cytosol transport
and infection. Because BiP recognizes hydrophobic moieties, it
likely binds directly to the exposed hydrophobic regions of the
VP2 and VP3 minor coat proteins. As there are 72 VP1 pentamers
within each viral particle and as each pentamer harbors either a
hydrophobic VP2 or VP3, we suspect that all of the minor coat
proteins can be potentially exposed by conformational changes
that SV40 experiences in the ER. Because our calculation estimates
that 37 BiP molecules bind to one virion, it might be reasonable to
assume that one BiP molecule recognizes and masks each hydro-
phobic segment in VP2/VP3. Alternatively, BiP may bind to the
minor proteins via interaction with the VP1 pentamers. Regard-
less, the transient BiP interaction likely prevents the hydrophobic
viral particle from nonspecifically engaging other hydrophobic
proteins in the ER (or binding to each other), leading to massive
aggregation. We envision that when the SV40-BiP complex
reaches the proper membrane penetration site in the ER, BiP is
fully released from SV40 to enable membrane penetration. In this
case, it remains possible that BiP’s presence on SV40 may simply
serve to limit membrane association without fully preventing viral
binding to membranes— complete release of BiP from the virus is
necessary for translocation across the ER membrane. As stated
above, BiP’s ability to bind to and be released from SV40 is ulti-
mately dictated by BiP’s ATP/ADP states, which in turn are con-
trolled by BiP’s cochaperones, a J-protein and the Grp170 NEF.
Hence, the efficiency with which a J-protein and Grp170 coordi-
nately act on BiP to regulate its substrate binding determines the
dynamic nature of this chaperone’s association with SV40.

Finally, our analyses also revealed that Grp170 mobilizes into
foci in the ER upon SV40 infection. Because the foci selectively
harbor ER components known to promote ER-to-cytosol trans-
port of SV40 (4, 40), reorganization of this NEF into the foci
further supports the idea of its role in facilitating viral ER mem-
brane penetration. This reorganization of Grp170 into the foci
might clarify how SV40, upon release from BiP, is able to fully
interact with the ER lipid bilayer to initiate membrane penetration
and how it avoids repeated cycles of reengaging BiP. By concen-
trating this NEF into the foci, SV40 released from BiP is likely to
bind to ER membrane components (which are also concentrated
in the foci) that assist the virus in engaging the ER lipid bilayer. As
these foci have been postulated to represent the actual site from
where PyVs exit the ER to enter the cytosol (4, 40), additional
experiments are required to clarify how PyVs released from BiP
are mechanistically coupled to its ER membrane penetration in a
step presumably aided by a membrane component(s) that initi-
ates retrotranslocation within the foci.

Viral pathogens are known to hijack fundamental cellular pro-
cesses in order to facilitate their entry, replication, and assembly.
Emerging findings demonstrate that viruses use the host ER to
promote each of these steps (17). The mechanism by which SV40
interacts with elements of the ER protein quality control pathway
called ERAD elegantly illustrates how a virus uses the ER during
entry. In addition to viruses, bacterial toxins such as cholera and
Shiga toxin, as well as the plant toxin ricin, also co-opt ERAD
during entry (37). Interestingly, while the BiP chaperone cycle
promotes ER-to-cytosol transport of cholera and Shiga toxin (25,

46, 47), it appears to antagonize ricin’s ER membrane transport
(48). Whether the mechanism by which Grp170 exerts its role
during PyV ER membrane penetration also operates on toxin
membrane transport awaits further investigations.
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