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Abstract

West Nile virus (WNV) is a member of the Flavivirus family and induces febrile illness, sporadic encephalitis, and paralysis. The cap-
sid (Cp) of WNV is thought to play a role in inducing these symptoms through caspase-3- and caspase-9-dependent apoptosis. Using
WNVCp as bait for a yeast two-hybrid assay, we identified that Hsp70 interacted with WNVCp. The interaction between Hsp70 and
WNVCp was further substantiated using purified proteins. Deletion analysis of Hsp70 indicated that WNVCp could bind to the sub-
strate binding domain of Hsp70. The presence of WNVCp in the Hsp70-dependent folding system inhibited the refolding of b-galacto-
sidase (b-gal), which showed that WNVCp might function as a negative regulator of Hsp70. Finally, the cytotoxic effect of WNVCp in
293T cells was prevented by ectopic Hsp70, suggesting a negative regulatory role of Hsp70 on WNVCp. Our findings suggest a possible
negative regulatory role of Hps70 in the pathway of WNV infection.
� 2006 Elsevier Inc. All rights reserved.
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Eukaryotic Hsp70s are highly abundant cytosolic and
nuclear molecular chaperones that play essential roles in
various aspects of protein homeostasis, including protein
synthesis, transportation, degradation, and folding [1].
Transient interactions between Hsp70 and unfolded poly-
peptides maintain its substrates in soluble, intermediate
folded states and prevent protein misfolding and aggrega-
tion. Moreover, the intermediate substrates are subse-
quently folded into their native forms by the machinery
of the Hsp70 chaperone [2–4]. This is accomplished, in
part, by the help of a subclass of proteins known as co-
chaperones, which modulate the chaperone function of
Hsp70 and its association with other partner proteins.

Hsp70 co-chaperones can mostly be classified into three
classes: the enhancers (Hsp40, GrpE, and Hip), which pos-
itively regulate Hsp70-dependent folding; the negative reg-
ulators (Bag-1, Scythe, and Chip), which inhibit the
chaperone function of Hsp70; and the coadapters (Hop
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and Hip), which connect Hsp70 with various other
co-chaperones and chaperones to form multimeric
chaperone complexes [2–13].

Hsp40, which couples the ATP hydrolyzing activity of
Hsp70 with its substrate interaction, is required for the
folding function of Hsp70 [2–4]. On the other hand,
Escherichia coli DnaK, a homologue of Hsp70, requires
the nucleotide exchange factor, GrpE, for full-folding
activity; DnaJ, a Hsp40 orthologue, is also required
[8,14]. These are essential partner proteins of Hsp70 that
enhance Hsp70-dependent folding. The tetratricopeptide
repeat (TPR) domains of Hop (p60) link the multi-complex
chaperone structures of Hsp70 and Hsp90; this linking
helps to maintain the proper conformations of progester-
one or estrogen aporeceptors prior to hormone binding
[7,11,15]. Bag1 and Scythe are negative regulators of
Hsp70-dependent folding processes [9,10,13]. They were
initially found to interact with the anti-apoptotic protein,
Bcl-2, and the apoptotic mediator, Reaper, respectively
[16]. Bag1 and Scythe share common structural features,
namely the carboxyl-terminal Bag-domain that interacts
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with Hsp70 and the amino-terminal ubiquitin-like motif,
the function of which is not well characterized [17].

West Nile virus (WNV) is part of the Flaviviridae family,
and it is capable of inducing febrile syndrome, meningitis,
encephalitis, hepatitis, flaccid paralysis, and death [18,19].
It contains single-stranded RNA, which encodes the capsid
(Cp), envelope, premembrane proteins, and 7 non-structural
proteins that have been implicated in viral replication
[20,21]. WNV has been found to induce cell death via the
Bax-dependent pathway in several cancer and brain cell
lines, as well as in mice [22,23]. It was first suggested that
the Cp of WNV (WNVCp) was able to induce caspase-
9- and caspase-3-mediated apoptosis [24]. Later, WNV
non-structural proteins 2B and 3 (NS2B-NS3) were found
to induce apoptosis through the activation of caspase-8
and caspase-3 [25]. However, the detailed mechanism of
the cytotoxic effects of WNV is not yet fully understood.

In these studies, we have shown that WNVCp was able
to bind to Hps70 and to function as a negative regulator of
Hsp70. Furthermore, WNVCp was able to induce cell cycle
arrest in 293T cells. This cytotoxic effect was prevented
when Hsp70 was overexpressed, which suggests that, as a
molecular chaperone, Hsp70 might have a protective effect
against WNV infection. These findings are expected to con-
tribute to the identification of the infectious pathway
induced by WNVCp.
Materials and methods

Plasmids. pGBK-T7-WNVCp, a bait plasmid for yeast two-hybrid
screening, was created by cloning an EcoRI–XhoI fragment from
pcDNA3-His-WNVCp into pGBK-T7 (Clontech). pcDNA3-HA-WNVCp

and pET28a-His-WNVCp were prepared by subcloning an EcoRI–XhoI
fragment from pcDNA3-his-WNVCp into pcDNA3-HA and pET28a-His
(Invitrogen). The bacterial expression plasmids for Hsp70 and
Hsp70AAAA were used as described previously [2]. Hsp70 mammalian
expression vector, pcDNA/HA-Hsp70, was used as described previously
(Nollen et al. [10]). pcDNA3.1/Luciferase was obtained from pGL3
(Promega) using XbaI and HindIII restriction, and was subcloned into
plasmid pcDNA3.1 (Invitrogen). All DNA constructs were produced by
PCR and sequenced.

Yeast two-hybrid screening. Yeast two-hybrid screening was performed
according to the instructions of the manufacturer using the pretrans-
formed MATCHMAKER human brain cDNA library (Clontech). In
brief, pGBK-T7-WNVCp was transformed into yeast strain AH109. The
transformants containing bait plasmid were mated with the pre-trans-
formed human brain cDNA library. Candidates for two-hybrid interac-
tion were initially selected on SD (-His, -Leu, -Trp) medium and further
confirmed on SD (-Ade, -His, -Leu, -Trp) medium containing X-gal. The
plasmid DNA was isolated from the positive clones and sequenced
according to the instructions of the manufacturer. To further confirm the
interaction between WNVCp and Jab1, Y187 and AH109, each of which
contained pGAD-T7-Jab1 and pGBK-T7-WNVCp, respectively, were
mated and tested using SD (-Ade, -His, -Leu, -Trp) medium containing
X-gal.

Cell biology. A human cancer cell line, 293T (kidney carcinoma),
was maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (Hyclone) and 1% penicillin/
streptomycin (Invitrogen). Transient transfections were performed using
Lipofectamine plus reagent (Invitrogen) or Welfect (Wellgene) according
to the recommendations of the manufacturers. Immunoprecipitation (IP)
and Western blot analysis were carried out as described previously [17].
Biochemical analyses. Recombinant Hsp40, Hsp70, ATPase domain,
SBD, and Hsp70AAAA were expressed and purified as described previ-
ously [2,26]. His-WNVCp was prepared according to the instructions of
the manufacturer (Invitrogen). In brief, BL21 cells, which were trans-
formed with pET28a-His-wnvcp or pET28a-His-P5/8A, were treated with
IPTG (1 mM) at 25 �C. The crude extract was prepared using lysozyme
(Sigma). The extract was resolved over the Resource Q (35 ml, Pharmacia-
LKB), His-bind resin (20 ml, Novagen), and DEAE column (50 ml,
Pharmacia-LKB). Fractions containing His-WNVCp was concentrated
using a Centriprep-30 (Millipore). Concentrations of proteins were
determined using the bicinchoninic acid (BCA) protein assay (Pierce, IL)
relative to standard BSA (Pierce, IL). Folding assays of guanidine–HCl
denatured b-galactosidase and luciferase (Sigma, MO) followed existing
protocols [2,26]. The pull-down experiment was carried out as described
previously [17]. Immunofluorescence staining was carried out as follows.
Cells were plated in six-well plates with coverslips; transfections were
performed using lipofectamine reagent. After 24 h, cells were fixed with
4% paraformaldehyde solution for 15 min at room temperature, washed
with PBS (Invitrogen), and permeabilized with 0.5% Triton X-100 in PBS
for 15 min. The cells were then blocked with 5% bovine serum albumin
(Santa Cruz) in PBS for 30 min and incubated overnight with specific
primary antibody at room temperature. The samples were incubated with
Alexa Fluor 488 anti-mouse or Alexa 594 anti-rabbit antibodies (each
diluted at 1:400) for 1 h at room temperature. The cells were stained with
DAPI (4,6-diamidino-2-phenylindole, Sigma) for 5 min. The slides were
analyzed using confocal or immunofluorescent microscopes (Carl Zeiss
Vision, LSM510 and 5203 Axiophot, respectively, Oberkochen).

FACS analysis. For FACS analysis, 293T cells were transfected with
pcDNA3-HA-WNVCp, with or without pcDNA/HA-Hsp70. At 48 h after
transfection, the cells were harvested using trypsin and were subsequently
fixed with 70% EtOH. After washing three times with PBS, the fixed cells
were incubated with RNase A (1 lg/ml) at 37 �C for 1 h, followed by
treatment with propidium iodide (PI) (50 lg/ml) for 30 min. Stained cells
were detected by flow cytometric analysis (Becton–Dickinson). Data were
analyzed using CellQuest Pro software (Becton–Dickinson).

Antibodies and chemicals. Hsp70 (SPA810) was purchased from
Stressgen. Luciferase (L0159) and Flag (M2) antibodies were purchased
from Sigma. Alexa Fluor 488 anti-mouse and Alexa 594 anti-rabbit
antibodies were obtained from Alexa.
Results and discussion

WNVCp could bind to Hsp70 independently of ATP

WNVCp is known to induce apoptosis by inducing mito-
chondrial dysfunction and caspase-9 activation in tissue cul-
ture (24). Furthermore, when its gene is delivered to mouse
brain or skeletal muscle, it can cause cell death and inflam-
mation in vivo (24). To further identify the functional role
of WNVCp, we carried out a yeast two-hybrid assay using
the entire region of WNVCp as bait. The result showed that
several chaperones, including Hsp70, were able to bind to
WNVCp. To confirm the binding ability of Hsp70 to
WNVCp, recombinant Hsp70 and His-WNVCp were puri-
fied (Fig. 1A). The interaction between purified recombinant
proteins was tested using a Ni+–agarose pull-down assay
(Fig. 1B). The results indicated that Hsp70 was able to bind
to WNVCp (Fig. 1B, lanes 1 and 2). ATP was added to the
reaction system to exclude the possibility of denatured
WNVCp binding to Hsp70 as an unfolded substrate
(Fig. 1B, lanes 3 and 4). As a control, recombinant Hsp70
was shown not to bind to Ni+–agarose non-specifically
(Fig. 1B, lanes 5 and 6). It is known that the presence of



Fig. 1. WNVCp forms a complex with Hsp70. (A) Recombinant proteins, Hsp70, His-WNVCp, Hsp40, ATPase domain, and SBD, were purified and
analyzed by SDS–PAGE and visualized with Coomassie blue. (B) Reaction mixtures containing Hsp70 (0.5 lM) + His-WNVCp (4 lM) (lanes 1–4) or
Hsp70 (1 lM) alone (lanes 5 and 6) were incubated (T: total, lanes 1, 3, and 5) in the absence (lanes 1, 2, 5, and 6) or presence (lanes 3 and 4) of ATP, and
protein complexes were precipitated (P: precipitated, lanes 2, 4, and 6) by Ni2+–agarose. Precipitated proteins were analyzed by SDS–PAGE followed by
Coomassie blue staining. (C) Reaction mixtures containing Hsp70 (0.5 lM) and luciferase that had been chemically denatured by guanidium–HCl
(0.5 lM) (lanes 1–4) were incubated (T: total, lanes 1 and 3) in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of ATP, and protein complexes were
precipitated (P: precipitated, lanes 2, 4, and 6) by Hsp70 antibody (5a5). Precipitated proteins were analyzed by SDS–PAGE followed by Western blotting
using mono-Hsp70 mouse (5a5) and poly-luciferase rabbit (L0159) antibodies. (D) The plasmid expressing HA-WNVCp was transfected into 293T cells.
The cell lysates were immunoprecipitated using anti-HA mouse antibodies. The whole cell extract (WCE) and immunoprecipitates (IP) were detected using
anti-HA rabbit and anti-Hsp70 mouse antibodies.
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ATP facilitates the release of unfolded substrate from Hsp70
[1]. As a control, we carried out an interaction between
Hsp70 and chemically denatured luciferase in the presence
or absence of ATP (Fig. 1C). The data indicated that, in
the presence of ATP, the denatured substrates did not bind
to Hsp70 (Fig. 1C, lanes 3 and 4). The immunoprecipitation
assays of ectopic WNVCp overexpressed in a human kidney
tumor cell line, 293T, with endogenous Hsp70 showed that
the WNVCp and Hsp70 bind in cells, indicating physiologi-
cally viable interaction between the two proteins (Fig. 1C).
Overall, the interaction between Hsp70 and WNVCp was
not affected, which suggests that WNVCp could bind to
Hsp70 as a binding partner rather than binding to unfolded
substrates. Furthermore, Hsp70 could directly bind to
WNVCp independently of ATP.

WNVCp could function as a negative regulator of Hsp70 by

binding to its substrate binding domain (SBD)

To further confirm the interaction between Hsp70 and
WNVCp, we carried out refolding assays using purified
Hsp70 and Hdj1 as folding mediators and b-gal and lucifer-
ase that had been chemically denatured by guanidium–HCl
as substrates. This assay allows us to examine whether
WNVCp could still bind to Hsp70 in the presence of its
co-chaperone, Hsp40, and whether it could still function
as a regulator of Hsp70. The data indicated that WNVCp
was able to suppress 50% of the b-gal folding activities of
Hsp70 when the ratio of WNVCp and Hsp70 was 1:1. When
the ratio of Hsp70 and WNVCp was 1:2, the folding of b-
gal was almost completely suppressed, indicating that
WNVCp could function as a potent inhibitor of Hsp70
inhibitor (Fig. 2A). Similar results were obtained using
luciferase as unfolded substrate (Fig. 2B).

The regulation of Hsp70 by the Hsp70 partner proteins
could take place through their binding to ATPase domain
or SBD of Hsp70. For example, Hop, SGT, and TPR are
individually known to interact with Hsp70 through its
conserved carboxyl-terminal EEVD regulatory motif, while
Bag1 and Hip interact with the ATPase domain
[5–9,11,18,26]. To examine the domain of Hsp70
responsible for binding with WNVCp, we purified the
recombinant ATPase domain or SBD of Hsp70
(Fig. 1A). The data indicated that the SBD was responsible
for the interaction between Hsp70 and WNVCp (Fig. 3A).
Because WNVCp binds to the SBD, we further tested
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Fig. 2. WNVCp inhibits Hsp70-dependent folding. (A) The folding of b-gal (40 nM) that had been chemically denatured by guanidium–HCl was
measured in the presence of BSA (3.2 lM) (n), Hsp70 (1.6 lM) + Hsp40 (3.2 lM) (�), Hsp70 (1.6 lM) + Hsp40 (3.2 lM) + His-WNVCp (0.8 lM) (j),
Hsp70 (1.6 lM) + Hsp40 (3.2 lM) + His-WNVCp (1.6 lM) (m), and Hsp70 (1.6 lM) + Hsp40 (3.2 lM) + His-WNVCp (3.2 lM) (h). (B) The folding of
chemically denatured luciferase (2 lM) was measured in the presence of BSA (3.2 lM) (n), Hsp70 (1.6 lM) + Hsp40 (3.2 lM) (�), Hsp70
(1.6 lM) + Hsp40 (3.2 lM) + His-WNVCp (1.6 lM) (m), and Hsp70 (1.6 lM) + Hsp40 (3.2 lM) + His-WNVCp (3.2 lM) (h).

Fig. 3. WNVCp binds to the substrate binding domain of Hsp70. (A) Reaction mixtures containing Hsp70 (0.5 lM) + His-WNVCp (4 lM) (lanes 1 and
2), ATPase (1 lM) + His-WNVCp (4 lM) (lanes 3 and 4), and SBD (1 lM) + His-WNVCp (4 lM) (lanes 5 and 6) were incubated (T: lanes 1, 3, and 5),
and protein complexes were precipitated (P: lanes 2, 4, and 6) by Ni2+–agarose. (B) Reaction mixtures containing Hsp70 (1 lM) + His-WNVCp (5 lM)
(lanes 1 and 2) and Hsp70AAAA (1 lM) + His-WNVCp (5 lM) (lanes 3 and 4) were incubated (T: lanes 1 and 3), and protein complexes were precipitated
(P: lanes 2 and 4) by Ni2+–agarose. Precipitated proteins were analyzed as described in Fig. 1B.
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whether the carboxyl-terminal EEVD motif was required
for the interaction between the two proteins. The EEVD
motif is considered to be important for its role in linking
the SBD and ATPase domain of Hsp70, which enables
the crosstalk between the two domains [2]. Furthermore,
this motif is considered important for the refolding activi-
ties of Hsp70, since the lack of this motif terminates the
refolding activities of Hsp70 [2]. To identify the role of
EEVD motif in the interaction between Hsp70 and
WNVCp, we employed the HSP70AAAA mutant. In this
mutant, the four amino acids, EEVD, of the C-terminus
are changed to AAAA [2]. When this mutant was purified
as a recombinant protein, it was easily degraded to the
ATPase domain and SBD [2]. Thus, the purified proteins
displayed both full-length Hsp70AAAA and ATPase
domain (Fig. 3B). The data showed that this mutant was
not able to bind to WNVCp, which suggested that the
C-terminus might function as a motif for the interaction
with WNVCp (Fig. 3B).

WNVCp has been known to localize to the nucleoli
when expressed alone [24]. Thus, we next tested whether
the expression of Hsp70 could affect the localization of
WNVCp. When both proteins were expressed, we found
that WNVCp, usually localized to the nucleoli, was dis-
persed into the cytoplasm (Fig. 4). These results indicate
that WNVCp could interact with Hsp70 in the cells.
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Furthermore, the interaction seems to affect the cellular
localization of WNVCp from the nucleoli to the cytoplasm.
It is not certain, however, whether Hsp70 participates in
the nuclear export of WNVCp or inhibits its localization
of WNVCp into the nucleoli. Taken together, WNVCp
was able to bind to the substrate domain of Hsp70 and
inhibited its folding activities. Conversely, Hsp70 seems
to be able to induce the cytoplasmic localization of
WNVCp through direct interaction.

Hsp70 has a protective role against the cytotoxic effect of

WNVCp

Various viral proteins have been known to localize to
the nucleoli, which could strategically aid in the propaga-
tion of many viruses. These proteins usually participate
in the disruption of cytokinesis of mammalian cells, as seen
in the N protein of the coronavirus and the capsid of
human hepatitis B virus [27,28]. It is also likely that the
WNVCp might have disruptive activities against mammali-
an cells by localizing to the nucleoli. Moreover, the preven-
tion of the nucleolus localization of WNVCp by Hsp70
might protect cells from the cytotoxic effect of WNVCp
(Fig. 4). To examine the cellular effect of WNVCp, we
transfected the plasmid expressing WNVCp into the 293T
cells and observed the cell cycle in the 293T cells. The data
showed that WNVCp-induced G2 arrest in 293T cells
(Fig. 5A and B, lane 2). When Hsp70 was co-expressed,
the cytotoxic effect of WNVCp was extinguished, which
indicates that Hsp70 has a protective role against WNVCp
(Fig. 5A and B, lane 4). It is assumed that, by forming a
complex, Hsp70 inhibited the localization of WNVCp to
HA-Hsp70
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the nucleoli and prevented the cytotoxic effect of the viral
protein. We cannot, however, exclude the possibility that
Hsp70 is able to indirectly protect the cells from cytotoxic
effects imposed by WNVCp, since Hsp70 generally func-
tions against various stresses exerted on cells [1].

Our findings suggest that WNVCp could function as a
negative regulator of Hsp70 chaperone activities by bind-
ing to the substrate binding domain of Hsp70 (Fig. 2).
At the same time, the cellular stresses imposed by
WNVCp could be protected against by the ectopic
expression of Hsp70 (Fig. 5). WNVCp does not seem
to bind to Hsp70 as an unfolded substrate, which could
prevent its chaperoning of other substrates, as ATP did
not have any effects on the binding abilities of Hsp70
and WNVCp (Fig. 1). Thus, it is possible that Hsp70
might function as a negative regulatory protein of
WNVCp, which weakened the cytotoxic effects of
WNVCp. However, it is still not clear from these studies
whether the toxic effect of WNV itself could be prevent-
ed by the overexpression of Hsp70. Furthermore, it has
not yet been determined whether infection with WNV
induced the expression of Hsp70, which, in turn, might
function to protect cells from WNV-induced death. How-
ever, our studies suggest the possible role of Hsp70 as a
protector of the cell against infection with WNV through
the suppression of one of the toxic proteins of WNV.
Although further studies are required to determine the
detailed mechanistic pathways involved in the relation-
ship between Hsp70 and WNV infection, this is a novel
finding that suggests how WNV protein could be nega-
tively controlled by the proteins of host cells. We expect
that this finding will aid investigators in identifying the
mechanistic pathway of how mammalian cells adjust to
the WNV infection.
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