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Many viruses and bacteriophage utilize chaperone systems for DNA replication and viral morphogenesis. We
have previously shown that in the herpes simplex virus type 1 (HSV-1)-infected cell nucleus, foci enriched in
the Hsp70/Hsp40 chaperone machinery are formed adjacent to viral replication compartments (A. D. Burch
and S. K. Weller, J. Virol. 78:7175–7185, 2004). These foci have now been named virus-induced chaperone-
enriched (VICE) foci. Since the Hsp90 chaperone machinery is known to engage the Hsp70/Hsp40 system in
eukaryotes, the subcellular localization of Hsp90 in HSV-1-infected cells was analyzed. Hsp90 is found within
viral replication compartments as well as in the Hsp70/Hsp40-enriched foci. Geldanamycin, an inhibitor of
Hsp90, results in decreased HSV-1 yields and blocks viral DNA synthesis. Furthermore, we have found that the
viral DNA polymerase is mislocalized to the cytoplasm in both infected and transfected cells in the presence
of geldanamycin. Additionally, in the presence of an Hsp90 inhibitor, proteasome-dependent degradation of the
viral polymerase was detected by Western blot analysis. These data identify the HSV-1 polymerase as a putative
client protein of the Hsp90 chaperone system. Perturbations in this association appear to result in degradation,
aberrant folding, and/or intracellular localization of the viral polymerase.

Cellular chaperone molecules are employed to maintain
protein quality during times of cellular stress. We have recently
proposed that the cellular chaperone and proteasomal machin-
ery is utilized during herpes simplex virus type 1 (HSV-1)
infection (3). We found that Hsp70 and Hsc70 chaperones as
well as the cochaperone Hsp40 are redistributed to foci within
the infected-cell nucleus. We now designate these virus-in-
duced chaperone-enriched (VICE) foci. Ubiquitin-conjugated
proteins as well as components of the 26S proteasome were
also localized to these sites. The VICE foci lie adjacent to viral
replication compartments—sites of viral DNA synthesis, mor-
phogenesis, and genome encapsidation (12, 20). A subpopula-
tion of the viral portal protein, a structural component of viral
capsids, also localizes to these sites during infection and is a
substrate for ubiquitination during infection (3). We propose
that the virus has evolved a mechanism to sequester misfolded
or modified proteins in such a way as to prevent the triggering
of innate antiviral responses. For example, sequestration of
certain signals may represent a mechanism to prevent the in-
duction of apoptosis or the unfolded protein response path-
way. Given that the Hsp70/Hsp40 chaperone system is known
to engage the Hsp90 chaperone machine during specialized
interactions with proteins (25), we asked whether Hsp90 was
required during HSV-1 infection.

Hsp90 is a multifunctional, complex, and highly specialized
chaperone machine that is extremely abundant in most organ-
isms and cell types (reviewed in reference 15). In addition to
traditional chaperone activities such as protein folding, Hsp90
can detain nonnative proteins for interaction with other chap-
erone molecules. It can facilitate the assembly of multiprotein
complexes and participate in protein trafficking within the cel-
lular milieu (19). Viral proteins have also been shown to as-
sociate with Hsp90. For instance, Hsp90 is required for full
activity of the hepatitis B virus reverse transcriptase (9). A
number of client proteins have been defined, including steroid
hormone receptors, cellular kinases, cytoskeletal proteins, and
prolyl isomerases. Hsp90 is also known to facilitate the con-
formational maturation of many oncogenic proteins, including
Her-2, Bcr-Abl, and mutated p53 (reviewed in reference 19).
The activity of Hsp90 is modulated by the cofactors with which
it interacts, and it becomes “activated” during times of stress.
It has been proposed that most soluble Hsp90 found in tumor
tissues is “activated.” In the activated state Hsp90 is tightly
coupled with other chaperones such as Hsc70/Hsp70 and co-
chaperones such as Hsp40, p23, and Hop, forming a multichap-
erone machine (11). In contrast, in normal cells, Hsp90 is not
associated with these cofactors, as determined by immunopre-
cipitation (11). Hsp90 inhibitors, such as geldanamycin (GM)
and its derivative 17-AAG, are known to bind to Hsp90 and
induce the proteasomal degradation of client proteins (1).
These drugs have been shown to have 100-fold-higher affinity
for Hsp90 in the “activated” multichaperone complex present
in cancerous tissues than for Hsp90 in normal tissues (11). This
specificity may explain why Hsp90 inhibitors selectively target
and induce apoptosis in tumor tissues but have modest effects
in normal cells.
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In this paper, the involvement of Hsp90 in HSV-1 infection
was studied by determining the subcellular localization of
Hsp90 in infected cells and assessing the effect of Hsp90 in-
hibitors on the progression of viral infection. We found that
Hsp90 is localized not only to viral replication compartments
but also to the previously described Hsc/Hsp70-enriched foci,
now called VICE foci. Furthermore, inhibition of Hsp90 was
found to inhibit viral DNA synthesis and to cause the improper
localization of the HSV-1 DNA polymerase in both infected
and transfected cells. We also found that the viral polymerase
was degraded in a proteasome-dependent fashion when the
activity of Hsp90 was inhibited. Our studies indicate that
HSV-1 employs the Hsp90 chaperone system during infection
and that the viral polymerase may be a client protein of Hsp90.
We are struck by the observation that, in the infected cell, a
subpopulation of Hsp90 chaperone molecules may be in an
“activated” state similar to that found in cancer cells. Activa-
tion of Hsp90 may thus be a common cellular response to
stress, whether oncogenic or viral. This study not only provides
information about the basic biology of chaperone-dependent
viral processes and cellular responses to stress but also dem-
onstrates that the host-pathogen interface may represent a
novel and specific antiviral target.

MATERIALS AND METHODS

Viruses, cells, reagents, and antibodies. African green monkey kidney cells
(Vero CCl81; American Type Culture Collection, Manassas, VA) were propa-
gated and maintained as described previously (26). The KOS strain of HSV-1
was used as the wild-type virus. Virus titrations and plaque assays have been
described previously (21). Transfections were performed using the Lipo-
fectamine 2000 transfection kit (Gibco BRL) according to the manufacturer’s
instructions. In transfection analyses where the localization of viral proteins was
analyzed, 1 �M geldanamycin was added to cells after a 3-h incubation period
with the DNA/transfection reagent. The ICP8 mouse monoclonal antibody
(�ICP8; also called 39S) has been described by Showalter et al. (22). The UL30
mouse monoclonal antibody (�UL30; also called Mab1051c) was a kind gift from
Charles W. Knopf (Deutsches Krebsforschungszentrum) and has been described
previously (24). The rat monoclonal anti-Hsc70 (SPA-815), and rabbit polyclonal
anti-Hsp90 (SPA-846) antibodies were purchased from StressGen (Victoria,
British Columbia, Canada). Primary antibodies were used at dilutions of 1:500
(�ICP8, �Hsc70, and �Hsp90) and 1:200 (�UL30). Secondary antibodies were
purchased from Molecular Probes (Eugene, OR) and include AlexaFluor 488-
conjugated goat anti-mouse, AlexaFluor 546-conjugated goat anti-rat, and Alex-
aFluor 647-conjugated goat anti-rabbit antibodies. These fluorophores were cho-
sen to maximize the spectral separation of the emission wavelengths in order to
limit the amount of overlapping signal in triple-labeling experiments. We found
that it was necessary to use commercially available highly cross-adsorbed sec-
ondary antibodies to prevent cross-reactivity between rat and mouse primary
antibodies. Geldanamycin and its derivative 17-AAG were purchased from
InvivoGen (San Diego, CA). Unless otherwise noted, a concentration of 1 �M of
the Hsp90 inhibitors was used in the studies reported in this paper.

Immunofluorescence confocal microscopy. Cells were prepared for immuno-
fluorescence microscopy as described by Burch and Weller (3). Fluorescence
microscopy was performed using the Zeiss LSM 410 confocal microscope with a
100� objective. Adobe Photoshop 5.0 was used for image preparation for figures.

Western and Southern blot analysis and PFGE. Western blot analysis was
performed as previously described (3). Quantification was performed using Image-
Quant software (Amersham Biosciences). Southern blot analysis and pulsed-field
gel electrophoresis (PFGE) were performed as described by Martinez et al. (15).
The probe used for Southern blot analysis was generated using the Random
Prime DNA labeling kit (Invitrogen).

RESULTS

Hsp90 is concentrated within viral replication compart-
ments and VICE foci. HSV-1 DNA replication and virus as-

sembly occur in large globular domains (called replication
compartments) that are formed in the nucleus of the infected
cell (12, 20). We have previously shown that Hsc/Hsp70 and
Hsp40 molecules are sequestered into foci adjacent to viral
replication compartments and that a subpopulation of the viral
portal protein UL6 that may be misfolded or modified is found
at these sites (3). Since it is well documented that the Hsp90
chaperone system can coordinate with Hsc70, Hsp70, and
Hsp40 to perform alternative/specialized functions during the
response to stress, we examined the subcellular localization of
Hsp90 molecules in uninfected and HSV-1-infected cells (Fig.
1A to H). Cells were prepared for immunofluorescence mi-
croscopy as described in Materials and Methods. Fixed cells
were triple labeled with antibodies recognizing the viral ICP8
protein and cellular Hsc70 and Hsp90 proteins. As expected,
no ICP8 staining was detected in the uninfected cells (Fig. 1A).
The staining pattern for Hsc70 in uninfected cells was faint in
both the nuclear and cytoplasmic compartments, with some
concentration in the nucleolus (Fig. 1B). Hsp90 staining in
these cells is predominantly diffuse nuclear staining; however,
some diffuse staining was also observed in the cytoplasm (Fig.
1C). This result is consistent with previous reports indicating
that Hsp90 is both cytoplasmic and nuclear, although in our
hands more Hsp90 is seen in the nucleus compared to previous
reports showing predominantly cytoplasmic staining (16). This
discrepancy may be related to tissue variability or slight differ-
ences in fixation or permeabilization. The merged image of
uninfected cells is shown in Fig. 1D. In HSV-1-infected cells,
replication compartments can be readily detected using an
antibody specific to the viral single-stranded DNA binding
protein ICP8 (Fig. 1E). As previously shown, Hsc70 accumu-
lates at VICE foci adjacent to replication compartments (Fig.
1F). Interestingly, in the infected cell, Hsp90 molecules could
be detected within viral replication compartments and at the
VICE foci outside of replication compartments, as well as
faintly in the cytoplasm (Fig. 1G). It can be seen that colocal-
ization of Hsp90 at the VICE foci was not complete; instead,
Hsp90 staining appeared to surround the VICE foci (Fig. 1G,
inset). In the merged image, colocalization between Hsc70 and
Hsp90 at the foci is observed as magenta (Fig. 1H). Dual-
labeling experiments were used to confirm the presence of
Hsp90 in viral replication compartments and VICE foci (data
not shown). These results indicate that molecules of the mam-
malian chaperone Hsp90 in the infected-cell nucleus are local-
ized to viral replication compartments as well as the previously
described VICE foci that lie adjacent to viral replication com-
partments.

Hsp90-specific inhibitors inhibit HSV-1 infection at very
early times. The naturally occurring antibiotic GM is a highly
specific inhibitor of Hsp90 which promotes the degradation of
Hsp90 “client” proteins (1, 17, 28). To determine if the pres-
ence of geldanamycin affected the progression of HSV-1 in-
fection, we analyzed infected cells using confocal immunoflu-
orescence microscopy. These results are shown in Fig. 2A to H.
Geldanamycin did not appear to have a dramatic effect on the
localization of Hsc70 or Hsp90 in uninfected cells (Fig. 2B and
C, respectively). In infected cells treated with GM, Hsc70
staining was observed in the cytoplasm and more strongly
within the VICE foci (Fig. 2F). Interestingly, in HSV-1-in-
fected cells that were treated with GM, no replication com-
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FIG. 1. Subcellular localization of viral and cellular chaperones in the HSV-1-infected cell. (A to D) Uninfected cells; (E to H) HSV-1-infected
cells. Shown are staining profiles for the viral single-stranded DNA binding protein ICP8 (A and E) (green in merged image), for the cellular
chaperone Hsc70 (B and F) (red in merged image), and for Hsp90 (shown in blue in panels C and G) (blue in merged image), as well as merged
images of triple-labeled cells (D and H). White arrows and insets in panels F through H show the localization pattern of Hsp90 at the VICE foci.
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FIG. 2. Effect of geldanamycin on the subcellular localization of viral and cellular chaperones in the HSV-1-infected cell. (A to D) Uninfected
cells treated with GM; (E to H) HSV-1-infected GM-treated cells. Shown are staining profiles for the viral single-stranded DNA binding protein
ICP8 (A and E) (green in merged image), for the cellular chaperone Hsc70 (B and F) (red in merged image), and for Hsp90 (C and G) (blue in
merged image), as well as merged images of triple-labeled GM-treated cells (D and H). White arrows in panels E to H indicate an ICP8 focus that
is adjacent to and colocalized with a chaperone-enriched focus. This is shown enlarged within the inset in each panel.
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partments were observed (Fig. 2E). Instead, staining for the
viral protein ICP8 was observed in a punctate pattern within
the nucleus reminiscent of early “prereplicative” sites that are
formed in HSV-infected cells in which DNA synthesis is im-
paired (4, 5, 20). The foci seen in Fig. 2E are reminiscent of
stage III foci (or prereplicative sites) reported by Burkham et
al. (4). It was observed that the ICP8 foci were often adjacent
to or colocalizing with the chaperone-enriched VICE foci;
however, the significance of this juxtaposition remains to be
determined (Fig. 2E to H and insets). The appearance of
VICE foci even in the absence of viral replication compart-
ments was expected, because we have previously shown that
chaperone redistribution during infection is independent of
DNA synthesis and dependent only on the expression of the
viral immediate-early protein ICP0 (3). In infected cells
treated with GM, Hsp90 staining was predominantly concen-
trated within the nucleus and included punctate domains which
colocalized with Hsc70 (VICE foci) (Fig. 2G and H). Taken
together, these results indicate that when the activity of Hsp90
is inhibited, HSV-1 infection is arrested at very early times at
or before DNA synthesis.

Because only prereplicative sites were observed in the pres-
ence of the Hsp90 inhibitor, we hypothesized that DNA syn-
thesis may be impaired. During HSV infection, viral DNA is
replicated by a mechanism that is thought to involve both
recombination and replication (29). These processes result in
larger than-unit-length DNA molecules that are then cleaved
into unit-length molecules during the DNA cleavage and pack-
aging reaction. Replication intermediates can be analyzed us-
ing pulsed-field gel electrophoresis and Southern blot analysis.
Replicating DNA (composed of greater-than-unit-length,
branched molecules) does not enter the gel, staying behind in

the well (“well” DNA), whereas unit-length linear molecules of
152 kb are capable of migrating into the gel (7, 15). Viral DNA
from HSV-1-infected cells in the presence and absence of GM
was analyzed by PFGE and Southern blot analysis (Fig. 3A). In
untreated infected cells, a modest accumulation of “well”
DNA molecules is observed at 6 h (Fig. 3A, lane 3). At 18 h
postinfection, both “well” and unit-length DNA can be de-
tected (Fig. 3A, lane 4). On the other hand, very little “well”
DNA is observed at 6 h postinfection in infected cells treated
with GM or its derivative 17-AAG (Fig. 3A, lanes 5 and 7,
respectively). Furthermore, in the presence of GM or 17-AAG,
at 18 h postinfection only a small amount of replicating, or
“well,” DNA is observed, indicating that DNA synthesis is
impaired (Fig. 3A, lanes 6 and 8). As expected, no viral DNA
was detected in uninfected cells harvested at 6 and 18 h postin-
fection (Fig. 3A, lanes 1 and 2, respectively). We also analyzed
the effect of GM on total viral yields (Fig. 3B). Consistent with
the results of Li et al. (13), we found that virus yield was
reduced in a dose-dependent manner (data not shown). In cells
treated with 1 �M GM, we consistently observed a several-log-
unit reduction in the amount of virus produced after 24 h (Fig.
3B). Collectively, these results indicate that Hsp90 is needed
for efficient viral DNA replication and production of progeny
virus.

Treatment of HSV-1-infected cells with geldanamycin re-
sults in the aberrant localization and degradation of the viral
polymerase UL30. Using [35S]methionine labeling, we ana-
lyzed the overall effect of GM on viral protein synthesis. We
found that the synthesis of immediate-early and early proteins
was comparable in untreated and treated cells, but synthesis of
late proteins such as VP5, whose induction is stimulated by
DNA synthesis, was reduced (data not shown). Since Hsp90

FIG. 3. Infected cells treated with geldanamycin show reduced viral DNA production and virus yield. (A) Viral DNA synthesis is impaired in
cells treated with Hsp90 inhibitors. Total viral DNA isolated from infected cells at 6 and 18 h postinfection was subjected to PFGE and Southern
blotting. Samples include uninfected cells (lanes 1 and 2), HSV-1-infected cells (lanes 3 and 4), HSV-1-infected cells treated with GM (lanes 5 and
6), and HSV-1-infected cells treated with a derivative of GM, 17AAG (lanes 7 and 8). Newly replicated viral DNA molecules (“Well”) are large,
probably branched molecules that fail to enter the pulsed-field gel. Unit-length molecules (152 kb) are readily observed at 18 h postinfection in
wild-type HSV-1 infection (lane 4). DNA synthesis is severely impaired in cells treated with either GM or 17AAG (lanes 5 to 8). No signal is
observed in the mock-infected samples. (B) Virus yield is reduced in cells treated with geldanamycin. HSV-1-infected Vero cells were incubated
in the absence (black bar) or presence (dark gray bar) of 1.0 �M geldanamycin for 6 or 24 h. Infections were performed in triplicate. Virus titers
were determined by plaque assay as described in Materials and Methods.
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inhibitors block HSV-1 prior to productive DNA synthesis and
several of the known client proteins for Hsp90 are poly-
merases, we were interested in whether the viral polymerase
(UL30) was affected in GM-treated infected cells. Using an
antibody specific to the HSV-1 viral polymerase, we analyzed
its subcellular localization in cells treated with GM. As previ-
ously demonstrated, in HSV-1-infected cells, the viral polymer-
ase UL30 is observed completely within viral replication com-
partments (24) (Fig. 4A). As shown above, in HSV-1-infected
cells, Hsc70 accumulates within foci juxtaposed to viral repli-
cation compartments (Fig. 4B) and Hsp90 is observed within
the replication compartments and the VICE foci (Fig. 4C).
The merged image is shown in Fig. 4D. In contrast, the local-
ization of the viral polymerase is dramatically affected by GM
treatment: the viral polymerase is detected entirely in the cy-
toplasm (Fig. 4E). Some Hsc70 and Hsp90 staining is observed
in the cytoplasm in cells treated with GM and appears to
colocalize with the polymerase (Fig. 4F and G, respectively).
The merged image of these cells is shown in Fig. 4H. Thus, we
conclude that when the activity of Hsp90 is inhibited, the viral
polymerase is not able to localize to the nucleus in infected
cells.

It has been shown previously that the viral polymerase can
target to the nucleus in the absence of other viral proteins (11).
We were interested in whether treatment of cells with the
Hsp90 inhibitor affected this localization pattern. Vero cells
were transfected with a plasmid expressing the viral polymer-
ase gene and were prepared for immunofluorescence micros-
copy as described in Materials and Methods (Fig. 5). As pre-
viously observed, the localization of Hsp90 is similar (diffuse
nuclear staining with some cytoplasmic staining) in untreated
and geldanamycin-treated cells (Fig. 5A and B). Consistent
with previous reports, in untreated cells (Fig. 5A), the staining
pattern for the viral polymerase is restricted to the nuclei of
transfected cells. On the other hand, in cells treated with
geldanamycin, the viral polymerase remains in the cytoplasm.
This result suggests that inhibition of the Hsp90 chaperone
machinery results in the cytoplasmic mislocalization of the viral
polymerase in transfected cells in the absence of other viral
proteins. Treatment of transfected cells with geldanamycin did
not affect the nuclear localization of the viral ICP8 protein
(data not shown), indicating that transport in general was not
impaired.

The interaction between Hsp90 and a client protein often
stabilizes and protects the target protein from degradation by
the proteasome. When the activity of Hsp90 is blocked with
geldanamycin, often the client protein is released from Hsp90
and degraded by the proteasome (2, 17). The degradation of a
protein in the presence of an Hsp90 inhibitor supports the
contention that that protein is a bona fide client of the Hsp90
chaperone machine. We analyzed the fate of the viral polymer-
ase during infection of cells treated with geldanamycin by
Western blot analysis. In untreated cells, the viral polymerase
can be detected at 2 h postinfection, and its levels increase
during the early hours of infection (Fig. 6A, top). When cells
are treated with GM, the levels of the viral polymerase at 2 and
3 h are dramatically reduced (Fig. 6A, center). The levels of
the viral polymerase remain at wild-type amounts in cells
treated with both GM and the proteasome inhibitor MG132
(Fig. 6A, bottom). This trend is also reflected when the density

of the data from the Western blots is quantified (Fig. 6B). GM
treatment does not affect the levels of other viral proteins such
as ICP8 (Fig. 6C) or the scaffolding protein VP22a (A. Nellis-
sery, J. Nellissery, R. Szczepaniak, A. D. Burch, and S. K.
Weller, unpublished data). As a positive control, the GM-
dependent degradation of Chk I, a cellular protein known to be
a client protein of Hsp90 (2), was monitored by Western blot
analysis (Fig. 6C). Western blots of gamma tubulin were used
as controls for loading. Interestingly, in geldanamycin-treated
cells, the viral polymerase could be detected at 4, 5, and 6 h
postinfection by Western blotting (Fig. 6A, center) and immu-
nofluorescence studies (Fig. 4E). Thus, it is possible that deg-
radation is incomplete at these time points. Collectively, these
results suggest that the HSV-1 polymerase is likely a bona fide
client protein of the Hsp90 chaperone system and that when
this interaction is inhibited, the polymerase is degraded via the
cellular proteasome.

DISCUSSION

In this report, we provide evidence that the mammalian
chaperone Hsp90 is reorganized during HSV infection. Some
Hsp90 is observed in replication compartments, which are sites
of viral DNA synthesis, virus assembly, and DNA packaging
(12, 20), and some is localized in the previously described
VICE foci adjacent to replication compartments that are en-
riched for Hsc70, Hsp70, and Hsp40 (3). In addition, in the
presence of Hsp90 inhibitors, viral DNA synthesis is impaired
and viral DNA polymerase, UL30, is aberrantly localized to the
cytoplasm in infected and transfected cells. Furthermore, the
viral polymerase is degraded in a proteasome-dependent fash-
ion in GM-treated cells, indicating that it is a bona fide client
protein of Hsp90. Collectively, these results suggest that (i)
Hsp90 is required for viral infection, (ii) some Hsp90 may be in
an “activated” state similar to that seen in cancer cells, in which
it associates with other chaperone molecules, and (iii) the
Hsp90 chaperone machinery may be involved in interactions
with the viral polymerase required for proper localization to
the nucleus and/or proper function.

Our studies suggest that there may be several states of
Hsp90 in HSV-1-infected cells: (i) Hsp90 within replication
compartments, (ii) Hsp90 at the Hsc70-enriched VICE foci,
and (iii) cytoplasmic Hsp90. The role of Hsp90 within the
replication compartment is unclear, but it is tempting to spec-
ulate that this specialized chaperone machinery may actively
participate in the DNA replication process, as has been seen
with other viral systems. Most notably, Hsp90 has been shown
to participate in essential interactions with the duck hepatitis B
virus reverse transcriptase in vivo and in vitro (8–10). Hepatitis
B virus reverse transcription begins with a protein-priming
step. It has been shown that interactions with Hsp90 are re-
quired to help the viral polymerase achieve a specific confor-
mation required for the initial protein-priming step. Based on
studies with the Hsp90 inhibitor GM, we propose that Hsp90 is
required for proper localization and stability of the viral poly-
merase. It is possible, however, that Hsp90 also plays an active
role in the reactions carried out by HSV-1 polymerase in rep-
lication compartments.

A subpopulation of Hsp90 was also detected outside of viral
replication compartments at VICE foci that costain with the
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FIG. 4. The viral polymerase is mislocalized in infected cells treated with the Hsp90 inhibitor geldanamycin. (A to D) Untreated HSV-1-
infected cells; (E to H) HSV-1-infected cells treated with GM. Shown are staining profiles for the viral DNA polymerase UL30 (A and E) (green
in the merged image), for the cellular chaperone Hsc70 (B and F) (red in the merged image), and for Hsp90 (C and G) (blue in the merged image),
as well as merged images of triple-labeled cells (D and H). Bars, 10 �m.
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cellular Hsc70 chaperone (Fig. 1H). These sites are probably
analogous to sites we previously described that are enriched
not only for chaperone and cochaperone molecules but also for
ubiquitinated proteins and components of the 26S proteasome
(3). Furthermore, we have observed that specific viral proteins
are found at this site. A subpopulation of the viral portal
proteins (UL6) localizes to these sites during infection (3).
Additionally, UL6 was shown to be a substrate for ubiquitina-

tion during infection. Interestingly, cellular proteins such as
endogenous hyperphosphorylated replication protein A, a
marker for DNA damage, are also detected at these sites at
early times during infection (D. E. Wilkinson and S. K. Weller,
unpublished data). We speculate that these sites act to seques-
ter misfolded or otherwise deleterious proteins away from rep-
lication compartments. The localization of Hsp90 at these foci
in the HSV-1-infected cell is suggestive and may indicate that
it is in an “activated” conformation. Additional experiments
are required to confirm this notion. Hsp90 coupled with Hsc/
Hsp70 is known to target proteins for proteasomal degradation
(1, 18). Thus, we speculate that Hsp90 found at the VICE foci
in the HSV-1-infected cell may perform a similar role and
could participate in the targeted degradation of viral or cellular
proteins. This process could serve as an elegant regulatory
mechanism to clear the viral replication compartment of un-
folded, modified, or otherwise undesirable proteins, perhaps in
an effort to delay apoptosis. It is possible that this may be a
mechanism shared by several viral systems. In adenovirus-in-
fected cells, specific components of the cellular DNA damage
machinery, which are known to be inactivated during infection,
are localized in foci juxtaposed to replication centers (23). It is
possible that this is a mechanism to sequester these compo-
nents away from sites of DNA replication. It would be inter-
esting to determine whether these sites are analogous to the
chaperone-enriched VICE foci observed in HSV-1-infected
cells.

Understanding of the many complex roles of Hsp90 has been
aided by the discovery and development of small molecules
that specifically target and inhibit the Hsp90 chaperone ma-
chinery. Geldanamycin is a naturally occurring molecule that
specifically binds the ADP/ATP-binding cleft of Hsp90 and
destabilizes its interaction with client proteins. We have con-
firmed the results of Li et al. showing that geldanamycin in-
hibits HSV-1 replication in tissue culture (13). Our results
suggest that the viral polymerase may be a client protein of the
Hsp90 chaperone machine and that geldanamycin inhibits
HSV DNA replication by blocking Hsp90-polymerase interac-
tions required for nuclear targeting. The Hsp90 chaperone
machinery is known to be involved in the trafficking and local-
ization of specific proteins. For example, Hsp90-directed trans-
location of the glucocorticoid hormone receptor (GR) into the
nucleus requires hormone and can be blocked by geldanamycin
(6, 27). This led to the proposal that Hsp90 interacts with GR
to help it achieve a conformation necessary for nuclear import.
It has been shown that the HSV-1 polymerase possesses signal
sequences required for nuclear localization (14). Interactions
with Hsp90 chaperone molecules may alter the conformation
of the viral polymerase to expose the nuclear localization sig-
nal. Alternatively, it is possible that Hsp90 directly escorts the
polymerase into the nucleus and functions there to enhance
polymerase activity. The localization of Hsp90 in the replica-
tion compartments may favor the latter possibility. It is possi-
ble that Hsp90 not only participates in nuclear import but also
enhances polymerase activity. Additional experiments are
needed to test these hypotheses.

Our studies reveal an unexpected requirement for the Hsp90
chaperone machinery during HSV-1 infection. This work pro-
vides information about the host-pathogen interface and may
reveal new targets for antiviral therapies. We are struck by the

FIG. 5. Hsp90 inhibitors alter the localization of the viral polymer-
ase in transfected cells. Cells were transfected with a plasmid express-
ing the viral polymerase (UL30) and then prepared for immunofluo-
rescence confocal microscopy as described in Materials and Methods.
Cells were stained with a monoclonal antibody specific to the viral
polymerase (green) and an Hsp90 polyclonal antibody (red). Merged
images of untreated and treated cells are shown in panels A and B,
respectively. In untreated cells, the viral polymerase localizes to the
nucleus (A) as previously described (11). In cells treated with the
inhibitor of Hsp90, staining for the viral polymerase is observed within
the cytoplasm (B), which is consistent with its localization in infected
cells treated with geldanamycin.

VOL. 79, 2005 Hsp90-DEPENDENT LOCALIZATION OF HSV-1 DNA POLYMERASE 10747



observation that geldanamycin and its analogs can specifically
kill tumor cells, and geldanamycin is under investigation as an
anticancer treatment (21). The finding that this compound also
has antiviral properties may indicate that the response of cells
to various types of stress, whether cancer or viral infection,
shares common pathways. This unexpected relationship be-
tween cancer and viral infection underscores the value of using
viruses to study complex cellular processes.
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