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Abstract Theiler’s murine encephalomyelitis virus
(TMEV) is a positive-sense RNA virus belonging to the
Cardiovirus genus in the family Picornaviridae. In addition
to other host cellular factors and pathways, picornaviruses
utilise heat shock proteins (Hsps) to facilitate their
propagation in cells. This study investigated the localisation
of Hsps 70 and 90 in TMEV-infected BHK-21 cells by
indirect immunofluorescence and confocal microscopy. The
effect of Hsp90 inhibitors novobiocin (Nov) and geldanamycin
(GA) on the development of cytopathic effect (CPE) induced
by infection was also examined. Hsp90 staining was uniformly
distributed in the cytoplasm of uninfected cells but was found
concentrated in the perinuclear region during late infection
where it overlapped with the signal for non-structural protein
2C within the viral replication complex. Hsp70 redistributed
into the vicinity of the viral replication complex during late
infection, but its distribution did not overlap with that of 2C.
Inhibition of Hsp90 by GA and Nov had a negative effect on
virus growth over a 48-h period as indicated by no observable

CPE in treated compared to untreated cells. 2Cwas detected by
Western analysis of GA-treated infected cell lysates at doses
between 0.01 and 0.125 μM, suggesting that processing of
viral precursors was not affected in the presence of this drug. In
contrast, 2C was absent in cell lysates of Nov-treated cells at
doses above 10 μM, although CPE was evident 48 hpi. This is
the first study describing the dynamic behaviour of Hsps 70
and 90 in TMEV-infected cells and to identify Hsp90 as an
important host factor in the life cycle of this virus.
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Abbreviations
ADP Adenosine diphosphate
ATP Adenosine triphosphate
CPE Cytopathic effect
DAPI 4’,6-Diamino-2-phenylindole dihydrochloride
DMEM Dulbecco’s modified Eagle Medium
DMSO Dimethyl sulphoxide
DTT Dithiothreitol
EDTA Ethylene diamine tetra-acetic acid
EMCV Encephalomyelitis virus
FMDV Foot-and-mouth disease virus
GA Geldanamycin
Hop Hsp70/Hsp90 organising protein
hpi Hours post-infection
Hsp Heat shock protein
MOI Multiplicity of infection
Nov Novobiocin
PMSF Phenyl methyl sulphonyl fluoride
PV Poliovirus
TMEV Theiler’s murine encephalomyelitis virus
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Introduction

Picornaviruses are a large family of non-enveloped RNA
viruses that includes highly significant human and animal
pathogens. Notable examples that are clinically important
in humans are poliovirus (PV), coxsakievirus A and B,
echovirus 71, human rhinovirus, hepatitis A virus, and
parechovirus. Animal pathogens of economic importance
are foot-and-mouth disease virus (FMDV) and swine
vesicular virus. TMEV and encephalomyelitis virus
(EMCV) are type species of the Cardiovirus genus, and
are pathogens of rodents. Picornaviruses possess a positive-
sense RNA genome that is similarly organised in all
members of the family. The RNA encodes a single
polyprotein which is cleaved co- and post-translationally
by viral proteinases into structural (P1) and non-structural
(P2–P3) domains. The capsid precursor P1 undergoes
further cleavages yielding 60 copies of VP1, VP3 and
VP0 which assemble to form the provirion capsid, while P2
and P3 regions yield the replicative polypeptides including
2BC, 2B, 2C, 3A, 3B, 3C and 3D (Fig. 1; for a review see
Racaniello 2001). The highly conserved 2C polypeptide has
received considerable attention due to its multiple roles in
virus replication, and has been shown to target the region of
the Golgi apparatus in picornavirus-infected cells (Knox et
al. 2005; Jauka et al. 2010).

Members of the Cardiovirus genus infect and replicate in
cells of the gastrointestinal tract of rodents causing mild or
asymptomatic enteric illness, but sometimes, infection can
lead to severe systemic disease (Brahic et al. 2005). TMEV
isolates differ in virulence: the GDVII and FA strains are
highly neurovirulent inducing acute fatal encephalitis in
mice, while BeAn and DA strains are less virulent and
induce a chronic demyelinating condition. The latter strains
have been extensively studied as a model for multiple
sclerosis (reviewed by Oleszak et al. 2004). Cardioviruses
have traditionally been associated with disease in rodents,
but new molecular approaches have led to an expanding list
of emerging human pathogens associated with gastrointes-

tinal and neurological diseases within this genus (Jones et
al. 2007; Abed and Boivin 2008; Chiu et al. 2008; Drexler
et al. 2008; Liang et al. 2008; Blinkova et al. 2009; Zoll et
al. 2009). Although their clinical significance remains
unclear, human cardioviruses are now the subject of
intensive scientific investigation.

Due to the limited coding capacity of their genomes,
viruses rely on an array of cellular factors and pathways to
complete their replication cycles, and picornaviruses are no
exception. Several lines of evidence suggest that molecular
chaperones, many of which are also known as Hsps, are
notable examples of host factors in this regard. Hsps are a
diverse group of proteins classified into different families
according to molecular size and play several vital roles in
cells including folding of nascent proteins, protein translo-
cation and degradation, prevention of aggregation and cell
stress responses (for reviews see Gething and Sambrook
1992; Hartl 1996; Frydman et al. 1994; Frydman 2001;
Young et al. 2004). There is substantial evidence to suggest
that a wide variety of DNA and RNA viruses differing in
host range and replication strategy require the assistance
of one or more chaperone pathways to facilitate entry,
genome replication and expression, and assembly (for
reviews see Sullivan and Pipas 2001; Xiao et al. 2010). In
the case of picornaviruses, Hsps 70 and 90 have been
found to be essential for the folding and assembly of
enteroviruses, as indicated by an association of these
chaperones with the capsid P1 precursor (Macejak and
Sarnow 1992; Geller et al. 2007).

Hsp90 has received considerable attention for its roles in
the regulation of cell growth and differentiation, folding of
nascent polypeptides and cell motility associated with
cancer metastasis (reviewed in Pratt and Toft 2003).
Hsp90 also displays client protein specificity and com-
plexes with Hsp70 and a variety of co-chaperones including
immunophilins, p23, Hop and Hsp40 to regulate protein
folding and trafficking in cells (Murphy et al. 2001; Picard
2002; Young et al. 2004; Terasawa et al. 2005). Constitu-
tively expressed Hsc70 and stress-inducible Hsp70 play

Fig. 1 Picornavirus polyprotein
processing. The genome is a
positive-sense RNA molecule
translated into a polyprotein that
is cleaved co- and post-
translationally into structural
(P1) proteins forming the viral
capsid and non-structural P2–P3
replicative polypeptides. 2C
is highly conserved and
plays multiple roles in virus
replication
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vital roles in preventing protein aggregation and misfolding
in cells, but also function in an ATP-dependent manner to
assist the folding of nascent proteins and to guide them
from their site of synthesis across organellar membranes
(reviewed by Bukau and Horwich 1998; Young et al. 2004).

Pertinent to this study is the growing body of evidence
that many viruses have evolved to make use of Hsp90 at
different stages of their life cycles including genome
replication, (Hu et al. 1997; Hung et al. 2002; Beck and
Nassal 2003; Stahl et al. 2007; Smith et al. 2010), viral
polymerase localisation and activity (Momose et al. 2002;
Burch and Weller 2005; Kampmueller and Miller 2005;
Castorena et al. 2007; Connor et al. 2007; Ujino et al. 2009;
Smith et al. 2010) and assembly (Macejak and Sarnow
1992; Geller et al. 2007; Naito et al. 2007). The
involvement of Hsp90 in the replication cycles of diverse
virus species has raised the possibility of developing non-toxic
Hsp90 inhibitors as broad-spectrum antiviral agents against a
variety of human and animal pathogens.

Although many studies have revealed a role for Hsps 70
and 90 in virus activities, there is little information
regarding their distribution in virus-infected cells. In this
report, confocal analysis was used to examine the local-
isation of Hsps 70 and 90 in BHK-21 cells during TMEV
infection. In addition, the effect of Hsp90 inhibitors
novobiocin and geldanamycin on the development of CPE
and production of non-structural protein 2C was monitored
over a 48-h period. The results suggest that these
chaperones play an important role in the life cycle of
TMEV.

Materials and methods

Cells, viruses and infections

BHK-21 cells (kindly provided by M. Ryan, University of
St Andrews, UK) were cultured in buffered Dulbecco’s
modified Eagle Medium (DMEM, Lonza Group Ltd, Basel,
Switzerland) supplemented with 10% heat-inactivated
foetal calf serum, 100 U penicillin ml−1, 10 mg streptomy-
cin ml−1 and 25 μg fungizone ml−1 at 37°C with 10% CO2.
TMEV strain GDVII (GenBank accession no: M20562)
was used to infect cells in all experiments. Virus stocks
were prepared and titred using BHK-21 cells as described
previously (Murray et al. 2009). For localisation experi-
ments, cells were infected at a multiplicity of infection
(MOI) of 50.

Antibodies and reagents

Rabbit antibodies against non-structural protein 2C were
used at a concentration of 1:10,000 for Western analysis,

and 1:1,000 for indirect immunofluorescence, and have
been described (Jauka et al. 2010). Antibodies recognising
Hsp90α and β isoforms (SC-13119) were from Santa Cruz
Biotech, Santa Cruz, USA and used at 1:100. Anti-Hsp70/
Hsc70 (SMC-104) were from StressMarq, BC, Canada and
used at a dilution of 1:500. Species-specific Alexa Fluor
488 and 546-conjugated secondary antibodies (1:500) were
from Molecular probes (through Invitrogen, Paisley, UK).
Novobiocin (final concentration 250 μM) and geldanamycin
(final concentration 0.125 μM) were purchased from Sigma
Aldrich, St Louis, USA and resuspended in sterile water and
DMSO, respectively.

Nov and GA treatments

Cells were sub-cultured into four six-well plates and grown
to 100% confluency. Tenfold dilutions of virus stock (titre:
1×108 pfu/ml) were prepared in serum-free DMEM. Spent
medium was aspirated and 1 ml of virus dilutions 10−5 and
10−9 added to duplicate wells of each plate. Two wells of
each plate received no virus. Plates were incubated for 1 h
with shaking at 37°C to allow virus adsorption. Virus was
aspirated and the cells rinsed with sterile phosphate-
buffered saline (PBS) before addition of serum-free DMEM
containing Nov or GA at final concentrations indicated
above. Cells infected in the two untreated plates received
either serum-free DMEM alone or serum-free DMEM
containing DMSO. Plates were incubated at 37°C and
monitored over a 48-h period for the development of CPE.
Images were captured 24 and 48 h post-treatment using a
Nikon CoolPix 990 light microscope. Controls included
virus with no drugs; no virus and no drugs; and no virus
and drug only. At the 48-h time point, cells in each plate
were collected and lysed, then analysed by sodium dodecyl
sulphate–polyacrylamide gel electrophoresis (SDS–PAGE)
and Western analysis using anti-TMEV 2C antibodies as
described below. For dose–response analysis, experiments
were conducted as above except that Nov was used at final
concentrations of 1, 10, 100 and 1,000 μM, and GA at final
concentrations of 0.01, 0.1 and 1 μM. At the 24-h time
point, images were captured and cells collected and
analysed as described above.

Indirect immunofluorescence and confocal microscopy

Cells grown on sterile 13-mm glass coverslips to 100%
confluency in six-well plates containing complete medium
were washed twice with serum-free DMEM before infec-
tion with TMEV (MOI of 50). Control cells were mock-
infected with serum-free DMEM. At 6.5 hpi, cells were
collected by trypsinisation and washed with PBS before
fixation with 4% paraformaldehyde for 20 min at room
temperature (RT). For staining, cells were permeabilised in
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PB (10% sucrose, 1% Triton X-100 in PBS), blocked in PB
containing 2% BSA for 30 min at RT and incubated with
primary antibodies for 1 h with shaking. Cells were washed
with PBS containing 0.1% Tween-20, and incubated with
species-specific Alexa Fluor 488-conjugated and/or Alexa
Fluor 546-conjugated secondary antibodies for 30 min,
followed by three washes. To stain the nucleus, 4’,6-
diamino-2-phenylindole dihydrochloride (DAPI, Sigma, St
Louis, USA) was added at a concentration of 0.8 μg/ml in
the second wash step. Cells were mounted using Dako
fluorescence mounting medium (Dako Inc, CA, USA) and
stored at 4°C. For time course experiments to monitor the
distribution of Hsp90, cells were fixed at 4, 6 and 8 h post-
infection and stained as above. Cells were visualised using
an inverted LSM 510-Meta confocal laser scanning
microscope (Carl Zeiss, Germany) using the ×63 oil
immersion objective lens. The helium/neon and argon
lasers at wavelengths 405, 488 and 543 nm were used to
excite DAPI, Alexa-fluor 488 and Alexa-fluor 546,
respectively. Images were analysed and processed using
the Axiovision LE/SE freeware software (Carl Zeiss,
Germany).

Preparation of infected cell lysate for Western analysis

For Western analysis, cells were collected by centrifugation
at 1,000×g and lysed in 100 μl lysis buffer [50 mM Tris–
HCl, (pH 7.5), 150 mM NaCl, 2% Triton X, 1 mM PMSF,
1 mM DTT, 1× EDTA-free protease inhibitor cocktail

(Roche, Mannheim, Germany)] on ice for 30 min with
vigorous vortexing every 5 min. Proteins were denatured
and resolved by 12% SDS–PAGE before transfer onto
nitrocellulose membrane for Western analysis using anti-
TMEV 2C antibodies. The BM Chemiluminescence
Western Blotting kit (Roche, Mannheim, Germany) was
used to detect viral protein according to manufacturers’
instructions.

Results

Hsp90 redistributes into the perinuclear region
during TMEV infection

To examine the effect of virus infection on Hsp90 local-
isation, cells were infected with TMEV, fixed at 6.5 hpi,
and co-stained with anti-Hsp90 and anti-TMEV 2C anti-
bodies (Fig. 2). 2C is a non-structural protein with multiple
roles in virus replication. We have recently shown that the
protein is present in TMEV-infected cells at 4 hpi and is
targeted to the Golgi region where it participates in the
formation of the viral replication complex (Jauka et al.
2010; Murray et al. 2009). In the majority of uninfected
cells, the signal for Hsp90 was distributed uniformly in the
cytoplasm with faint nuclear staining (Fig. 2a). In most of
the TMEV-infected cells examined (Fig. 2b), there was still
significant cytoplasmic staining, but also redistribution of
the Hsp90 signal into the perinuclear region where it

Fig. 2 Hsp90 distribution in
uninfected cells and at 6.5 hpi.
Cells were infected with TMEV,
fixed with paraformaldehyde at
0 hpi (a) or 6.5 hpi (b, c) and
co-stained with antibodies
against 2C and Hsp90. Primary
antibodies were detected
with species-specific Alexa
Fluor 488- or Alexa Fluor
546-conjugated secondary
antibodies. In b, letters E and
L indicate cells in early and later
stages of infection, respectively
(see text for explanation). In
the magnified image, note the
concentration of Hsp90 in the
perinuclear region where it
overlaps with the 2C signal
(arrows; c). Scale bar=20 μm
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overlapped with 2C. This observation is highlighted in the
panel by indicating a cell in the early stage of infection (E)
and a cell in a later stage of infection (L). In magnified
images of infected cells (Fig. 2c, arrows), this redistribution
was prominent, and there was also evidence of Hsp90
staining in the nucleus. To examine the distribution of
Hsp90 over time, infected cells were fixed at 4, 6 and 8 hpi
and stained as above. As shown in Fig. 3, the redistribution
of Hsp90 is clearly time-dependent. At 4 hpi, when there
was faint 2C staining representative of early infection
(panel a), Hsp90 was localised uniformly in the cytoplasm
with negligible nuclear staining. At 6 hpi, when 2C was
prominent in the perinuclear region, the Hsp90 signal was
still distributed in the cytoplasm but was also concentrated
in the perinuclear region in most of the cells where it
overlapped with 2C (panel b). At the 8-h time point, the
viral replication complex was clearly visible, and some of
the Hsp90 signal was found overlapping with 2C and was
also present in the nucleus (panel c).

Hsp70 redistributes to the vicinity of the viral replication
complex in TMEV-infected cells

The next experiment investigated the distribution of Hsp70
at 6.5 hpi. Cells were infected or not with TMEV, fixed and
co-stained with anti-Hsp/Hsc70 and anti-TMEV 2C anti-
bodies. Figure 4a shows the signal for Hsp70 in punctate
structures which are distributed throughout the cytoplasm
of uninfected cells. At 6.5 hpi, 2C staining was clearly
visible in some of the cells in a large juxta-nuclear structure
representing the viral replication complex (panel b). The
Hsp70 signal was still punctate but concentrated in the

vicinity of the replication complex in most of the cells
examined. This observation is highlighted in panel b by
indicating a cell in the early stage of infection (E) and a cell
in a later stage of infection (L). In contrast to Hsp90, there
was no significant overlap between the Hsp70 and 2C
signals and little evidence of Hsp70 nuclear staining
(Fig. 4c).

Hsp90 inhibitors Nov and GA inhibit the onset
of CPE in TMEV-infected cells

To investigate the effect of Hsp90 inhibitors on the
development of CPE, cells grown to confluency in six-
well plates were infected or mock-infected with TMEV in
the presence or absence of 250 μM Nov or 0.125 μM GA
and examined at 24 and 48 hpi. CPE in these experiments
was defined as disruption of the confluent monolayer,
detachment of opaque cells from the growth surface, and
formation of cell aggregates. Figure 5a depicts light
microscopy images of cells subjected to various treatments
as indicated, captured at 48 hpi. CPE was not well-
developed at the 24-h time point in infected cells (data
not shown). At 48 hpi, CPE was clearly observed in
TMEV-infected but not mock-infected cells in the absence
of drugs (Fig. 5a, upper panels). In infected cells treated
with Nov or GA (Fig. 5a, middle and lower panels
respectively), rounding up and detachment of cells occurred
at this time point, but typical CPE indicative of virus
infection was not evident, and cells were translucent rather
than opaque. Interestingly, cell detachment was more severe
in Nov- compared to GA-treated cells at 48 hpi (compare
middle and lower panels of Fig. 5a). To test for the presence

Fig. 3 Hsp90 distribution in
TMEV-infected cells is depen-
dent on stage of infection. Cells
were infected with TMEV, fixed
at 4, 6 and 8 hpi with parafor-
maldehyde and co-stained with
antibodies against 2C and
Hsp90. Primary antibodies were
detected with species-specific
Alexa Fluor 488- or Alexa Fluor
546-conjugated secondary
antibodies. The Hsp90 signal
appears to concentrate in the
perinuclear region during
infection (compare top and
middle panels). During late
infection, Hsp90 is also clearly
present in the nucleus (lower
panels). Scale bar=20 μm
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Fig. 4 Hsp70 redistributes to
the vicinity of the replication
complex in TMEV-infected
cells. Cells were infected with
TMEV, fixed with paraformal-
dehyde at 0 hpi (a) or 6.5 hpi
(b, c), and co-stained with
antibodies against 2C and
Hsp70. Primary antibodies were
detected with species-specific
Alexa Fluor 488- or Alexa Fluor
546-conjugated secondary
antibodies. In b, letters E and L
indicate cells in early and later
stages of infection, respectively
(see text for explanation). In the
magnified images, note the
concentration of Hsp70 in the
vicinity of the viral replication
complex containing the 2C
signal (arrows; c). Scale
bar=20 μm

Fig. 5 Effect of Hsp90 inhib-
itors on TMEV infection by
indirect immunofluorescence
and Western analysis at 48 hpi.
a Cells were infected or
mock-infected with TMEV, and
monitored for the development
of CPE in the absence (upper
panels) or presence (lower
panels) of 250 μM Nov or
0.125 μM GA. Images were
captured using a Nikon CoolPix
990 light microscope at ×2
magnification. b Immunoblot-
ting (IB) of mock-infected and
infected cell lysates in the
presence or absence of either
Nov or GA using anti-TMEV
2C antibodies. Note the absence
of the 2C signal in the
Nov-treated sample
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of virus, cells were collected from each well, lysed at the
48-h time point and subjected to SDS–PAGE and Western
analysis using anti-TMEV 2C antibodies (Fig. 5b). As
expected, 2C was not detected in mock-infected lysates
either in the absence or presence of drugs. Also expected
was a clear 2C signal in infected, untreated lysates.
Interestingly, a prominent signal for 2C was present in
infected lysates treated with GA, but not in Nov-treated
samples at the dose used.

Dose response experiments with Nov and GA

To further investigate the effects of Hsp90 inhibitors on
virus infection, dose–response experiments were performed
using 10−5 and 10−9 TMEV-infected cells (Fig. 6a, b).
Rounding up and detachment of cells were observed in GA-
and Nov-treated cells at the 48-h time period in previous
experiments (see Fig. 5a), an effect likely to be exacerbated
by higher doses of these drugs. For this reason, cells were
imaged and collected for lysis and Western analysis at
24 hpi. The first signs of CPE were evident in TMEV-

infected cells, particularly at the 10−5 virus dilution as seen
by opaque, detached cells (Fig. 6a, arrows in top panels).
CPE was not observed in infected cells treated with 0.01 or
0.1 μM GA (Fig. 6a, middle panels). At the 1 μM GA dose,
CPE was not also observed, although rounding up and
detachment of cells occurred at this time point even in
mock-infected cells (Fig. 6a, arrows in lower panels). When
lysates were probed with anti-TMEV 2C antibodies, 2C
protein was not present in either mock-infected or virus-
infected cells treated with 1 μM GA. A signal for 2C was
detected in infected cells treated with 0.01 and 0.1 μM GA
at the lower TMEV dilution of 10−5 only (Fig. 6a).

Similar experiments were conducted using various
doses of Nov (Fig. 6b). Obvious signs of CPE were
evident in some cells at the early time point of 24 hpi. Nov
doses of 100 and 1,000 μM induced morphological
changes in cells that did not resemble CPE (Fig. 6b, lower
panels). Probing of infected cell lysates with anti-TMEV
2C antibodies revealed signals for the protein in 10−5 (but
not 10−9) TMEV-infected cells at Nov doses below
100 μM (Fig. 6b).

Fig. 6 Effect of various doses of Hsp90 inhibitors on TMEV infection
by indirect immunofluorescence and Western analysis at 48 hpi. Cells
were infected or mock-infected with TMEV, and monitored for the
development of CPE in the absence (upper panels) or presence
(middle and lower panels) of 0.01, 0.1 and 1 μM GA (a) or 1, 10, 100
and 1000 μM Nov (b). Images were captured using a Nikon CoolPix

990 light microscope at ×2 magnification. Immunoblotting of cell
lysates using anti-TMEV 2C antibodies in the presence or absence of
GA and Nov is shown below the image data in a and b, respectively.
In Fig. 6a, note the opaque, rounded cells undergoing CPE (black
arrows, upper panels) and translucent, rounded appearance of cells
treated with GA (white arrows, lower panel)
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Discussion

The experiments described herein indicate through indirect
immunofluorescence, observation of CPE and Western
analysis that Hsps 70 and 90 are host factors that play a
role in productive TMEV infection. This is not surprising
given the wealth of information reporting an involvement
of these chaperone families in the life cycle of not only
picornaviruses, but also a wide variety of RNA viruses (see
for example, Macejak and Sarnow 1992; Vasconcelos et al.
1998; Guerrero et al. 2002; Momose et al. 2002; Tomita et
al. 2003; Kampmueller and Miller 2005; Kumar and Mitra
2005; Geller et al. 2007; Connor et al. 2007; Naito et al.
2007; Smith et al. 2010). To our knowledge, however, this
is the first study reporting the dynamic behaviour of Hsps
70 and 90 in picornavirus-infected cells. Firstly, immuno-
fluorescence analysis of infected cells demonstrated a
redistribution of Hsp90 into the perinuclear region and
nucleus of TMEV-infected cells in a manner that was
clearly dependent on stage of infection. This observation
was confirmed by imaging over a hundred 2C-positive cells
at each time point post-infection (data not shown). It is
important to note that the antibodies used for detection in
these experiments recognise both alpha and beta Hsp90
isoforms. It will be interesting, therefore, to explore the
possibility that one or other Hsp90 is responding uniquely
to the viral infection by performing similar experiments
with isoform-specific antibodies.

In contrast to Hsp90, rather than sorting to the nucleus,
Hsp70 was found concentrated around the 2C-containing
viral replication complex during late infection. The dynamic
intracellular reorganisation of Hsp90/70 under conditions of
cellular stress was reported years ago and is well documented.
Both chaperones, for example, are sorted to the nucleus upon
heat stress and reappear in the cytoplasm during cell recovery
where they possibly participate in protection and repair of the
cellular organelle structure following stress events (Pelham
1984; Collier and Schlesinger 1986; reviewed by Snoeckx et
al. 2001). Although the biological significance of the
observations in this study are unclear at this stage, Hsp70
has been reported to form a stable association with the P1
capsid precursor in PV- and coxsakievirus B1-infected cells,
and is proposed to play a role in virus assembly (Macejak
and Sarnow 1992). More recently, the picornavirus P1
precursor was identified as a folding substrate of Hsp90,
and a model proposed whereby the P1 precursor was bound
by Hsp90 and folded with the assistance of co-factors such
as Hsp70 and p23 into a conformation conducive for
maturational cleavage by the viral 3C protease (Geller et
al. 2007). An interesting question arising from the present
study is why Hsp70 is not translocated into the nucleus as is
observed during cell stress situations. Perhaps, as suggested
by Macejak and Sarnow (1992), Hsp70 is sequestered by

nascent P1 in the cytoplasm where it not only facilitates
folding of the capsid precursor into a particular conformation
required for productive cleavage but also mimics its natural
role in the cell by accompanying nascent proteins from the
site of synthesis to membranes (Bukau and Horwich 1998),
in this case those of the replication complex.

Confocal analysis of TMEV-infected cells revealed that
although a significant proportion of the Hsp90 signal
remained in the cytoplasm, it became concentrated in the
region of the viral replication complex over time. The
biological significance of this localisation pattern is unclear
at this stage, but it suggests that Hsp90 is required in the
late stages of TMEV infection. Hsp90 has been identified as
an essential folding factor for the capsid precursors of three
major picornavirus pathogens, and given the highly
conserved nature of this virus family, it is likely that a
requirement for Hsp90 during virion assembly extends to
other genera. Movement of Hsp90 into the nucleus of
infected cells during infection was also observed in this
study. Geller and co-workers (Geller et al. 2007) proposed a
model whereby cleavage of PV P1 precursors into mature
capsid proteins is accompanied by release of Hsp90 into the
cytoplasm. It is tempting to speculate, therefore, that an
involvement of Hsp90 in TMEV infection, if it exists, is
transient and dynamic permitting much of the protein to
perform “normal” stress-related functions in the cell.
Additionally, Hsp90 is ubiquitous and abundant in cells,
and it is possible that only a proportion of the total pool is
recruited to participate in viral activities.

To further understand the role of Hsp90 in TMEV
infection, the development of CPE in the presence and
absence of well-known Hsp90 inhibitors was examined. In
the absence of drugs, CPE was well developed in cells at
48 hpi but was less evident during early infection at the
24-h time point, especially at the 10−9 virus dilution. At
doses of 0.125 and 250 μM, respectively, GA and Nov
prevented the onset of CPE in TMEV-infected cells over a
48-h period. GA, a naturally occurring antibiotic, binds to a
hydrophobic pocket within the N-terminal ATP-binding
domain of Hsp90 locking it into an ADP-dependent
configuration unable to bind co-chaperone p23 (Schneider
et al. 1996; Grenert et al. 1997; Stebbins et al. 1997;
Sullivan et al. 1997). Consequently, progression through
the ATP-driven maturation and folding reaction is inhibited,
leading to accumulation of intermediate Hsp90 complexes
and proteasome-mediated degradation of substrates. Our
observations are consistent with studies showing that GA
impairs the replication and assembly of RNA viruses by
inhibiting Hsp90 function (Geller et al. 2007; Chase et al.
2008; Connor et al. 2007; Kampmueller and Miller 2005;
Smith et al. 2010). In the case of picornaviruses, abrogation
of the p23–P1 interaction by GA was proposed to block
progression through the Hsp90 folding pathway and
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decrease the production of mature virus capsids by
targeting P1 for degradation (Geller et al. 2007). The
presence of a prominent signal for 2C detected by Western
analysis of TMEV-infected cells treated with 0.125 μM GA
indicated that early, post-entry stages of TMEV-infection
were not affected. This is consistent with the finding that
GA treatment did not affect translation or replication of a
poliovirus replicon, or the processing and maturation of P2-
and P3-derived polypeptides in poliovirus-infected cells
(Geller et al. 2007). Based on these observations, the
production of 2C was monitored in cells treated with
varying doses of GA. A post-infection time point of 24 h
was chosen in order to collect cells for 2C analysis prior to
cell detachment and possible lysis due to toxic effects of the
drug. At this early time point, CPE was not well developed
although the first signs were apparent in 10−5 TMEV-
infected cells. The presence of a 2C signal in GA-treated
cells at doses of 0.01 and 0.1 μM at the 10−5 TMEV
dilution is consistent with previous experiments and
indicates, once again, that this drug does not affect early
post-entry events. Interestingly, no signal for 2C was
observed in infected lysates treated with 1 μM GA. The
biological significance of this result requires further
investigation but may relate to toxicity effects at this dose,
which is well above that used in similar experiments (Geller
et al. 2007).

Although the anti-viral effect of Nov was reported
years ago (Franke and Margolin 1981; Landini and
Baldassarri 1982; Sumiyoshi et al. 1983), to date, no
studies have described its effect on picornavirus infection.
Novobiocin, a member of the coumarin group of anti-
biotics, exhibits potent activity against Gram-positive
bacteria by inhibiting ATP hydrolysis (Reece and Maxwell
1991). Studies have revealed that Nov competes with ATP
for binding to a region on Hsp90 overlapping the
carboxyl-terminal dimerisation domain, leading to disrup-
tion of Hsp90 multi-chaperone complexes and subsequent
client protein degradation (Marcu et al. 2000a, b; Yun et
al. 2004; reviewed by Donnelly and Blagg 2008). As
observed for GA, cells infected with TMEV monitored
over a 48-h period in the presence of Nov did not display
signs of virus-induced CPE, indicating that it has an
inhibitory effect on virus replication and/or assembly.
Interesting, however, was the observation that in three
independent experiments, 2C was not detected by Western
analysis of Nov-treated infected cell lysates when the drug
was used at a concentration of 250 μM. This was also the
case in dose–response experiments where Nov was present
at concentrations of 100 and 1,000 μM. These results
contrasted with those obtained for GA and may be a
consequence of the different mechanisms of Hsp90
inhibition involved. GA, for example, causes the accumu-
lation of intermediate Hsp90 complexes by preventing

formation of the “closed clamp” Hsp90 conformation
(Grenert et al. 1997). Nov-mediated inhibition, on the
other hand, is thought to promote disassembly of late
Hsp90 multi-protein complexes leading to client protein
release and degradation (Yun et al. 2004). It should be
noted, however, that treatment of cells with Nov, even in
the absence of virus, led to detachment from the growth
surface at the 48-h time point at a dose of 250 μM, and at
24 hpi at doses of 100 and 1,000 μM. The Nov doses
chosen for these provisional experiments were based on
previous studies of this kind where a similar range of
concentrations was used in various cells types (Landini
and Baldassarri 1982; Sumiyoshi et al. 1983; Lührmann et
al. 1998; Singh et al. 2005). The results presented here
indicate that BHK-21 cells may be more susceptible to the
effects of Nov than are other cell lines, and therefore not
able to support translation and processing of viral non-
structural proteins at the doses used. A second explanation
for the apparent sensitivity of the cells to Nov in the
presence and absence of virus infection, and for the
absence of a 2C signal, could be related to the anti-
topoisomerase activity of novobiocin which is well
documented (Reece and Maxwell 1991; Robinson et al.
1993; reviewed by Larsen et al. 2003). Perhaps, this
property of Nov influences cellular processes which are
required for production and processing of viral non-structural
proteins including 2C. Investigating this possibility was
beyond the scope of this study, but it will be interesting in
future studies to use alternative anti-topoisomerases in order
to examine the effects of novobiocin that are not related to
Hsp90 inhibition. Finally, although there is no evidence that
2C associates with Hsp90 in infected cells, it is tempting to
speculate that Nov-induced destabilisation of late Hsp90
multi-protein complexes causes its degradation in infected
cells. In addition to its canonical roles in virus replication and
membrane proliferation, for instance, the multi-functional 2C
polypeptide is also implicated in encapsidation of viral RNA
during the final stages of virion assembly (Vance et al. 1997).
Future studies will address these possibilities by conducting
dose response experiments in Nov-treated cells, and moni-
toring the presence of 2C at various stages post-infection.

The mechanism of action of Hsps 70 and 90 during
TMEV infection remains to be determined. However, the
confocal data in this report indicate a redistribution of these
chaperones in a manner which, in the case of Hsp90, is
clearly dependent on stage of infection. One interesting
question arising from these experiments is whether pre-
existing or newly synthesised Hsps are redistributed as a
result of viral infection. The focus of future studies will
involve monitoring levels of Hsp90 and Hsp70 expression
in infected cells at various time points post-infection, and
correlating these with changes in distribution during the
course of infection. A second interesting question is
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whether the signals for Hsp90 and Hsp70 co-localise upon
redistribution. Both proteins, for example, have very different
distribution patterns in uninfected cells, yet they concentrate
in the vicinity of the 2C-containing replication complex
during later infection. It will be interesting to investigate the
possibility of co-localisation within or at the periphery of the
replication complex which would suggest that both proteins
are acting synergistically to enhance viral activities.

Western analysis of infected cells lysates showed the
presence of 2C in GA-treated cells supporting the model
proposed by Geller and co-workers (Geller et al. 2007), and
suggesting a role for Hsp90 during late stages of TMEV
infection. It is clear from the present experiments that Nov
(at the doses used) inhibits the development of CPE in
infected cells. However, the absence of a signal for 2C in
Nov-treated cell lysates at doses of 100 μM and above is
interesting and may be indicative of an additional role for
Hsp90 in virus activities. Future experiments will build on
these data by investigating the effect of Nov on viral
protein production and localisation by immunofluorescence
analysis of infected cells.

Acknowledgements We gratefully acknowledge T. Michiels for pro-
viding TMEV GDVII cDNA used for preparation of virus. This work was
supported by a National Research Foundation grant (NRF, South Africa)
and Joint Research Council funding (Rhodes University, South Africa).

References

Abed Y, Boivin G (2008) New Saffold cardioviruses in 3 children,
Canada. Emerg Infect Dis 14:834–836

Beck R, Nassal M (2003) Efficient Hsp-90-independent in vitro
activation by Hsc70 and Hsp40 of duck hepatitis B virus reverse
transcriptase, an assumed Hsp90 client protein. J Biol Chem
278:36128–36138

Blinkova O, Kapoor A, Victoria J, Wolfe N, Naeem A, Shaukat S,
Sharif S, Alam MM, Angez M, Zaidi S, Delwart EL (2009)
Cardioviruses are genetically diverse and common enteric
infections in South Asian children. J Virol 83:4631–4641

Brahic M, Bureau J, Michiels T (2005) The genetics of the persistent
infection caused by Theiler’s virus. Ann RevMicrobiol 59:279–298

Bukau B, Horwich AL (1998) The Hsp70 and Hsp60 chaperone
machines. Cell 92:351–366

Burch AD, Weller SK (2005) Herpes simplex virus type 1 DNA
polymerase requires the mammalian chaperone hsp90 for proper
localization to the nucleus. J Virol 79(16):10740–10749

Castorena KM, Weeks SA, Stapleford KA, Cadwallader AM, Miller
DJ (2007) A functional heat shock protein 90 chaperone is
essential for efficient flock house virus RNA polymerase
synthesis in Drosophila cells. J Virol 81(16):8412–8420

Chase G, Deng T, Fodor E, Wah Leung B, Mayer D, Schwemmle M,
Brownlee G (2008) Hsp90 inhibitors reduce influenza virus
replication in cell culture. Virology 377:431–439

Chiu ChY, Greninger AL, Kanada K, Kwok T, Fischer KF, Runkel C,
Louie JK, Glaser CA, Yagi S, Schnuur DP, Haggerty TD,
Parsonnet J, Ganem D, DeRisi JL (2008) Identification of
cardioviruses related to Theiler’s murine encephalomyelitis virus
in human infections. PNAS 105:14124–14129

Collier NC, Schlesinger MJ (1986) The dynamic state of heat shock
proteins in chicken embryo fibroblasts. J Cell Biol 103:1495–1507

Connor JH, McKenzie MO, Parks GD, Lyles DS (2007) Antiviral
activity and RNA polymerase degradation following Hsp90
inhibition in a range of negative strand viruses. Virology
362:109–119

Donnelly A, Blagg BSJ (2008) Novobiocin and additional inhibitors
of the Hsp90 C-terminal nucleotide-binding pocket. Curr Med
Chem 15:2702–2717

Drexler JF, de Souza Luna LK, Stocker A, Almeida PS, Ribeiro TCM,
Petersen N, Herzog P, Pedroso C, Huppertz HI, da Costra RH,
Baumgarte S, Drosten C (2008) Circulation of three lineages of a
novel Saffold cardiovirus in humans. Emerg Infect Dis 14:1398–1405

Franke B, Margolin J (1981) Effect of novobiocin and other gyrase
inhibitors on virus replication and DNA synthesis in Herpes Simplex
virus type 1-infected BHK-21 cells. J Gen Virol 52:401–404

Frydman J (2001) Folding of newly translated proteins in vivo: the
role of molecular chaperones. Annu Rev Biochem 70:603–647

Frydman J, Nimmesgern E, Ohtsuka K, Hartl FU (1994) Folding of
nascent polypeptide chains in a high molecular mass assembly
with molecular chaperones. Nature 370:111–117

Geller R, Vignuzzi M, Adino P, Freedman J (2007) Evolutionary
constraints on chaperone-mediated folding provide an antiviral
approach refractory to development of drug resistance. Genes
Dev 21:195–205

Gething MJ, Sambrook J (1992) Protein folding in the cell. Nature
355:33–45

Grenert JP, Sullival WP, Faddan P, Haystead TAJ, Clark J, Mimnaugh
E, Krutzsch H, Ochel H-J, Schultz TW, Sausville E, Neckers LM,
Toft DO (1997) The amino-terminal domain of heat shock
protein 90 (hsp90) that binds geldanamycin is an ATP/ADP
switch domain that regulates hsp90 conformation. J Biol Chem
272:23843–23850

Guerrero CA, Bouyssounade D, Zarate S, Isa P, Lǒpez T, Espinosa R,
Romero P, Mĕndez E, Lǒpez S, Aras CF (2002) Heat shock
cognate protein 70 is involved in rotavirus cell entry. J Virol
76:4096–4102

Hartl F (1996) Molecular chaperones in cellular folding. Nature
381:571–579

Hu J, Toft DO, Seeger C (1997) Hepadnavirus assembly and reverse
transcription require a multi-component chaperone complex
which is incorporated into nucleocapsids. EMBO J 16(1):59–68

Hung JJ, Chung CS, Chang W (2002) Molecular chaperone Hsp90 is
important for vaccinia virus growth in cells. J Virol 76(3):1379–1390

Jauka TI, Mutsvuguma L, Boshoff A, Edkins AL, Knox C (2010)
Localisation of Theiler’s Murine Encephalomyelitis virus protein
2C to the Golgi apparatus using antibodies generated against a
peptide region. J Virol Methods 168:162–169

Jones MS, Lukashov VV, Ganac RD, Schnurr DP (2007) Discovery of
a novel human picornavirus in a stool sample from a pediatric
patient presenting with fever of unknown origin. J Clin Microbiol
45:2144–2150

Kampmueller KM, Miller DJ (2005) The cellular chaperone heat
shock protein 90 facilitates flock house virus RNA replication in
Drosophila cells. J Virol 79:6827–6837

Knox C, Moffat K, Ali S, Ryan MD, Wileman T (2005) Foot and
Mouth Disease Virus replication sites form next to the nucleus
and close to the Golgi apparatus but exclude marker proteins
associated with host membrane compartments. J Gen Virol
86:687–696

Kumar M, Mitra D (2005) Heat shock protein 40 is necessary for
human immunodeficiency virus-1 Nef-mediated enhancement of
viral gene expression and replication. J Biol Chem 280:40041–
40050

Landini MP, Baldassarri B (1982) Early inhibition of cytomegalovirus
replication by novobiocin. J Antimicrob Chemother 10:533–537

514 L.Z. Mutsvunguma et al.



Larsen AK, Escargueil AE, Skladanowski A (2003) Catalytic top-
oisomerase II inhibitors in cancer therapy. Pharmacol Ther
99:167–181

Liang Z, Manoj Kumar AS, Jones MS, Knowles NJ, Lipton HL (2008)
Phylogenetic analysis of the species Theilovirus: emerging murine
and human pathogens. J Virol 82:11545–11554

Lührmann A, Thölke J, Behn I, Schumann J, Tiegs G, Hauschildt S
(1998) Immunomodulating properties of the antibiotic novobiocin
in humanmonocytes. Antimicrob Agents Chemother 42:1911–1916

Macejak DG, Sarnow P (1992) Association of heat shock protein 70
with enterovirus capsid precursor P1 in infected human cells. J
Virol 66:1520–1527

Marcu MG, Chadli A, Bouhouche I, Catelli M, Neckers LM (2000a)
The heat shock protein 90 antagonist novobiocin interacts with a
previously unrecognised ATP-binding domain in the carboxyl
terminus of the chaperone. J Biol Chem 275:37181–37186

Marcu MG, Schulte TW, Neckers L (2000b) Novobiocin and related
coumarins and depletion of heat shock protein 90-dependent
signalling proteins. J Natl Cancer Inst 92:242–248

Momose F, Naito T, Yano K, Sugimoto S, Morikawa Y, Nagata K
(2002) Identification of Hsp90 as a stimulatory host factor
involved in influenza virus RNA synthesis. J Biol Chem 277
(47):45306–45314

Murphy PJM, Kanelakis KC, Galigniana MD, Morishima Y, Pratt WB
(2001) Stoichiometry, abundance, and functional significance of
the hsp90/hsp70-based multiprotein chaperone machinery in
reticulocyte lysate. J Biol Chem 276:30092–30098

Murray L, Luke GA, Ryan MD, Wileman T, Knox C (2009) Amino
acid substitutions in the 2C coding sequence of Theiler’s murine
encephalomyelitis virus affect virus growth and alter protein
distribution. Virus Res 144:74–82

Naito T, Momose F, Kawaguchi A, Nagata K (2007) Involvement of
Hsp90 in assembly and nuclear import of influenza virus RNA
polymerase subunits. J Virol 81:1339–1349

Oleszak EL, Chang JR, Friedman H, Katsetos CD, Platsoucas CD
(2004) Theiler’s virus infection: a model for multiple sclerosis.
Clin Microbiol Rev 17:174–207

Pelham HRB (1984) Hsp70 accelerates the recovery of nucleolar
morphology after heat shock. EMBO J 3:3095–3100

Picard D (2002) Heat-shock protein 90, a chaperone for folding and
regulation. Cell Mol Life Sci 59:1640–1648

Pratt WB, Toft DO (2003) Regulation of signaling protein function
and trafficking by the hsp90/hsp70-based chaperone machinery.
Exp Biol Med 228:111–133

Racaniello VR (2001) Picornaviridae: the viruses and their replication.
In: Knipe DM, Howley PM, Griffin DE, Lamb RA, Martin MA,
Roizman B, Straus SE (eds) Fields virology, 4th edn. Lippincott
Williams and Wilkins Publishers, Philadelphia, pp 685–722

Reece RJ, Maxwell A (1991) DNA gyrase: structure and function. Crit
Rev Biochem Mol Biol 26:335–375

Robinson MJ, Corbett AH, Osheroff N (1993) Effects of topoisomerase
II-targeted drugs on enzyme-mediated DNA cleavage and ATP
hydrolysis: evidence for distinct drug interaction domains on
topoisomerase II. Biochemistry 32:3638–3643

Schneider C, Sepp-Lorenzino L, Nimmesgern E, Ouerfelli O,
Danishefsky S, Rosen N, Hartl FU (1996) Pharmacologic
shifting of a balance between protein refolding and degradation

mediated by Hsp90. Proc Natl Acad Sci USA 93(25):14536–
14540

Singh GK, Jayanarayan G, Dey CS (2005) Novobiocin induces
apoptosis-like cell death in topoisomerase II over-expressing
arsenite resistant Leishmania donovani. Mol Biochem Parasitol
141:57–69

Smith DR, McCarthya S, Chroviana A, Olingera G, Stossela A,
Geisbertb TW, Hensleya LE, Connor JH (2010) Inhibition of
heat-shock protein 90 reduces Ebola virus replication. Antivir
Res 87:187–194

Snoeckx L, Cornelussen RN, Van Nieuwenhoven FA, Reneman RS,
Van der Vusse GJ (2001) Heat shock proteins and cardiovascular
pathophysiology. Physiol Rev 81:1461–1497

Stahl M, Retziaff M, Nassal M, Beck J (2007) Chaperone activation of
the hepadnaviral reverse transcriptase for template RNA binding
is established by the Hsp70 and stimulated by the Hsp90 system.
Nucleic Acids Res 35(18):6124–6136

Stebbins CE, Russo AA, Schneider C, Rosen N, Hartl FU, Pavletich
NP (1997) Crystal structure of an Hsp90–geldanamycin complex:
targeting of a protein chaperone by an antitumor agent. Cell
89:239–250

Sullivan CS, Pipas JM (2001) The virus-chaperone connection.
Virology 287:1–8

Sullivan W, Stensgard B, Caucutt G, Bartha B, McMahon N, Alnemri
ES, Litwack G, Toft D (1997) Nucleotides and two functional
states of hsp90. J Biol Chem 272:8007–8012

Sumiyoshi Y, Takuto N, Watanabe T, Kano K (1983) Inhibition of
retrovirus RNA-dependent DNA polymerase by novobiocin and
nalidixic acid. J Gen Virol 64:2329–2333

Terasawa K, Minami M, Minami Y (2005) Constantly updated
knowledge of Hsp90. J Biochem 137(4):443–447

Tomita Y, Mizuno T, Diez J, Naito S, Ahlquist P, Ishikawa M (2003)
Mutation of host DnaJ homolog inhibits brome mosaic virus
negative-strand RNA synthesis. J Virol 77:2990–2997

Ujino S, Yamaguchi S, Shimotohno K, Takaku H (2009) Heat-shock
protein 90 is essential for stabilization of the hepatitis C virus
non-structural protein NS3. J Biol Chem 284(11):6841–6846

Vance LM, Moscufo N, Chow M, Heinz BA (1997) Poliovirus 2C
region functions during encapsidation of viral RNA. J Virol
71:8759–8765

Vasconcelos DY, Cai XH, Oglesbee MJ (1998) Constitutive over-
expression of the major inducible 70kDa heat shock protein
mediates large plaque formation by measles virus. J Gen Virol
79:2239–2247

XiaoA,Wong J, LuoH (2010) Viral interactionwithmolecular chaperones:
role in regulating viral infection. Arch Virol 155:1021–1031

Young JC, Agashe VR, Siegers K, Hartl FU (2004) Pathways of
chaperone-mediated protein folding in the cytosol. Nat Rev Mol
Cell Biol 5:781–791

Yun B, Huang W, Leach N, Hartson SD, Matts RL (2004) Novobiocin
induces a distinct conformation of Hsp90 and alters Hsp90-co-
chaperone-client interactions. Biochemistry 43:8217–8229

Zoll J, Hulshof SE, Lamke K, Lunel FV, Melchers JG,
Schoondermark-van de Ven E, Roivainen M, Galama JMD, van
Kuppeveld FJM (2009) Saffold virus, a human Theiler’s-like
cardiovirus, is ubiquitous and causes infection early in life. PLoS
Pathog 5:e1000416

Theiler’s murine encephalomyelitis virus infection 515


	Theiler’s...
	Abstract
	Introduction
	Materials and methods
	Cells, viruses and infections
	Antibodies and reagents
	Nov and GA treatments
	Indirect immunofluorescence and confocal microscopy
	Preparation of infected cell lysate for Western analysis

	Results
	Hsp90 redistributes into the perinuclear region during TMEV infection
	Hsp70 redistributes to the vicinity of the viral replication complex in TMEV-infected cells
	Hsp90 inhibitors Nov and GA inhibit the onset of CPE in TMEV-infected cells
	Dose response experiments with Nov and GA

	Discussion
	References


