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Full-length VP22 is necessary for efficient spread of herpes simplex virus type 1 (HSV-1) from cell to cell
during the course of productive infection. VP22 is a virion phosphoprotein, and its nuclear localization initiates
between 5 and 7 h postinfection (hpi) during the course of synchronized infection. The goal of this study was
to determine which features of HSV-1 infection function to regulate the translocation of VP22 into the nucleus.
We report the following. (i) HSV-1(F)-induced microtubule rearrangement occurred in infected Vero cells by
13 hpi and was characterized by the loss of obvious microtubule organizing centers (MtOCs). Reformed MtOCs
were detected at 25 hpi. (ii) VP22 was observed in the cytoplasm of cells prior to microtubule rearrangement and
localized in the nucleus following the process. (iii) Stabilization of microtubules by the addition of taxol increased
the accumulation of VP22 in the cytoplasm either during infection or in cells expressing VP22 in the absence
of other viral proteins. (iv) While VP22 localized to the nuclei of cells treated with the microtubule depoly-
merizing agent nocodazole, either taxol or nocodazole treatment prevented optimal HSV-1(F) replication in
Vero cells. (v) VP22 migration to the nucleus occurred in the presence of phosphonoacetic acid, indicating that
viral DNA and true late protein synthesis were not required for its translocation. Based on these results, we con-
clude that (iv) microtubule reorganization during HSV-1 infection facilitates the nuclear localization of VP22.

The molecular mechanism of herpes simplex virus type 1
(HSV-1) tegument and envelope assembly is poorly under-
stood. Most of the major tegument proteins exhibit nuclear or
perinuclear distributions late in infection (1, 8, 10-12, 26, 33,
37, 43), and there is general agreement that primary envelop-
ment occurs as the capsid exits the nucleus (7, 19, 21, 42, 46)
(for a detailed review, see reference 17).

Work in our laboratory has focused on the major tegument
protein VP22 and its function in virion assembly and virus
replication. Full-length VP22 is necessary for efficient spread
of the virus from cell to cell, inasmuch as a recombinant virus
producing a truncated form of the protein exhibits a decreased
plaque size in Vero cells compared to that of wild-type virus
(36). In an earlier study, we reported that the nuclear local-
ization of VP22 initiates between 5 and 7 h postinfection (hpi)
during the course of synchronized infection (37). This period
corresponds to the peak of viral B protein production and
DNA synthesis (39). Recently, computer analyses predicted
two nuclear localization signals (NLS) in the primary structure
of VP22 (22). Although transiently expressed VP22 can be
detected in the nuclei of transfected cells (15, 22), these pro-
posed NLS have not yet been characterized in nuclear import
assays. VP22 is a 301-amino-acid protein with a predicted size
of 32,000 Da (28). Thus, VP22 is below the size exclusion limit
(40,000 to 45,000 Da) for passive diffusion through the nuclear
pore (13). That VP22 accumulates in the cytoplasm of infected
cells prior to 5 hpi suggests its translocation to the nucleus is

* Corresponding author. Mailing address: Department of Microbi-
ology, Mount Sinai School of Medicine, One Gustave L. Levy Pl., New
York, NY 10029-6574. Phone: (212) 241-7319. Fax: (212) 534-1684.
E-mail: john.blaho@mssm.edu.

T Present address: Department of Molecular Biology, Princeton
University, Princeton, NJ 08544.

8697

regulated during infection. One possible means of regulation
could be active retention through binding of VP22 to a cyto-
plasmic structure.

In this study, we sought to determine which features of
HSV-1 replication are involved in the redistribution of VP22
during productive infection. Our investigations show the fol-
lowing. Regulated VP22 nuclear localization initiates after 5
hpi with HSV-1 and is independent of viral DNA and true late
protein synthesis. We propose that HSV-1 induced microtu-
bule restructuring releases VP22 from the cytoskeleton, allow-
ing its entry into the nucleus. Stabilization of microtubules
during infection or in VP22-expressing cells increases VP22
retention in the cytoplasm. Based on these results, we conclude
that microtubule reorganization during herpes HSV-1 infec-
tion acts to facilitate the nuclear localization of VP22.

MATERIALS AND METHODS

Cells and virus. African green monkey kidney (Vero) cells were obtained from
the American Type Culture Collection and passaged in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 5% fetal bovine serum. VP22-
expressing V49 cells (36) were passaged in DMEM supplemented with 5% fetal
bovine serum and 1 mg of G418 per ml (Gibco-BRL). The prototype HSV-1(F)
(14) and gE-minus recombinant virus HSV-1(R7032) (31) were provided by
Bernard Roizman, University of Chicago. To obtain virus stocks, subconfluent
Vero monolayer cells (approximately 3 X 10°) were inoculated with virus at a
multiplicity of infection (MOI) of 0.01 for 2 h at 37°C in 199V medium (Life
Technologies) supplemented with 1% newborn calf serum (NBCS). The inocu-
lum was then removed, fresh DMEM supplemented with 5% NBCS was added,
and the cells were incubated at 37°C in 5% CO,. Virus stocks were prepared
once the infection reached a cytopathic effect of 100%), the titer was determined
on Vero cells, and aliquots were stored at —80°C. All MOIs were derived from
the number of plaque-forming units (PFU) of virus on Vero cells.

Synchronized infections. Synchronous infections are defined as uniform stain-
ing in all cells in a microscopic field at a given time postinfection, as determined
by indirect immunofluorescence with a single antibody specific for a unique
HSV-1 polypeptide (37). Vero cells were seeded the day before infection in
either six-well dishes containing 22-mm? coverslips for indirect immunofluores-
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cence or 25-cm? flasks for infected-cell extracts. For synchronized infections,
cells were incubated on ice on an orbital shaker at 4°C for 15 min prior to the
addition of virus. The cells were then inoculated while still on ice and returned
to the shaker at 4°C. After allowing the virus to adsorb for 1 h, the cells were
rinsed with 4°C phosphate-buffered saline (PBS). Cells were then removed from
the ice, 37°C medium was added immediately, and the cells were returned to a
37°C incubator.

Induction of synchronous infection by adsorption of the inoculum at 4°C is
routine and has little or no effect on cells in culture. However, it should noted
that there is some evidence that the 4°C incubation used to synchronize the
infections may have a transient effect on the monolayer cells (37). Cells fixed
immediately after the temperature shift to 37°C with formaldehyde and perme-
ablized with acetone have a slightly more diffuse a-tubulin staining pattern than
that observed in the cells held at 37°C (37). This finding is consistent with the fact
that the dynamics of polymerization and depolymerization of microtubules are
energy dependent and are expected to be reduced at the lower (4°C) tempera-
ture. This apparent change in the a-tubulin organization was not observable by
4 hpi, and the two sets of cells (4 versus 37°C) were indistinguishable based on
a-tubulin staining (37). Thus, the cells recover from the 4°C shock by this time.

Immunological reagents. RGST49 is a rabbit polyclonal antibody directed
against a GST-VP22 fusion protein (4). Affinity-purified RGST49 antibody was
generated as described previously (37) and used at a dilution of 1:10 for immu-
nofluorescence and 1:50 for immunoblotting. Hybridoma supernatant containing
G49 monoclonal antibody specific for VP22 has been described previously (37).
Monoclonal antibody DM 1A, specific for a-tubulin, was obtained from Sigma
and was used at a dilution of 1:500 for immunofluorescence. Anti-VP16(1-21)
monoclonal antibody was purchased from Transduction Laboratories and used at
a dilution of 1:500. R220/5 polyclonal antiserum to VP13/14 (32) (a kind gift
from David Meredith) was used at a dilution of 1:500 (4). Fluorescein isothio-
cyanate-conjugated anti-rabbit immunoglobulin G (IgG) (H+L) and Texas Red-
conjugated anti-mouse IgG (H+L) were purchased from Vector Laboratories
(Santa Cruz, Calif.) and used at a dilution of 1:100 in 1% bovine serum albumin
(BSA). Alexa568-conjugated highly cross-adsorbed anti-rabbit IgG (Molecular
Probes A-11036) was used at a dilution of 1:250 in 1% BSA in the experiments
using the VP22-expressing V49 cells. Alexa568 is much more sensitive than Texas
Red and is the secondary fluor of choice when visualizing VP22 in noninfected
cells (A. Blouin, L. E. Pomeranz, and J. A. Blaho, unpublished observations).

Indirect immunofluorescence and microscopy. Vero and V49 cells were pre-
pared for indirect immunofluorescence as previously described (37). Briefly, cells
rinsed twice in PBS were fixed in 2.5% methanol-free formaldehyde (Poly-
sciences, Inc.) for 20 min at room temperature, rinsed twice again in PBS, and
permeabilized in 100% acetone at —20°C for 3 to 5 min. Infected cells were
incubated for 16 h in 1% BSA (Sigma) supplemented with 10 pg of pooled
human Ig (Sigma) per ml. Treatment with this amount of human Ig was shown
by us to be sufficient to neutralize Fc binding by the viral gE and gl proteins (37).
The primary antibodies used for immunofluorescence studies were diluted as
described above and were added for 1 h. Hoechst 33258 dye (Sigma) was added
directly to the primary antibody mixture to facilitate the visualization of the
nuclei. After extensive rinsing with PBS, the appropriate secondary antibody was
added, and this mixture was incubated for 45 min. Finally, the cells were pre-
served in a 0.1% solution of Mowiol (Sigma) with 2.5% DABCO (Sigma) used
as an antibleaching agent under a fresh coverslip and sealed with nail polish.
Cells were visualized on an Olympus IX70/IX-FLA inverted fluorescence micro-
scope, and images were acquired with a Sony DKC-5000 digital photo camera
linked to a PowerMac G3 and processed through Adobe Photoshop version 4.0.
Supplemental data, including color images of several of the figures, may be
accessed through our public domain website at http:/www.mssm.edu/micro
/blaho/webdata/aketaldns.shtml.

Chemical treatments during infection. Cell lines or synchronously infected
cells were treated with either taxol, nocodazole, or phosphonoacetic acid (PAA)
prior to immunofluorescence or immunoblotting experiments. Taxol was ob-
tained from Sigma and was added to cell cultures at a final concentration of 20
g per ml of medium at the times indicated in the text. It has been reported that
this concentration of taxol does not ablate productive HSV-1 replication (3).
Nocodazole (Sigma) was used in a similar manner at a final concentration of 0.5
g per ml. Taxol and nocodazole were added to the synchronized infected cells
at 3 hpi to ensure that the cells fully recovered from the temperature shifting
before treatment with the drugs. Cells were preincubated for 60 min in the
presence of PAA (Sigma) at a final concentration of 300 g per ml of medium,
and the drug was maintained throughout the adsorption and infection stages (5).
A PAA concentration of 500 wg/ml was also tested and found to yield identical
results, so the lower concentration was chosen for this study (A. Kotsakis and
J. A. Blaho, unpublished results).
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Infected-whole-cell extracts. Whole-cell extracts were prepared from approx-
imately 10° cells in a mixture of 140 mM NaCl, 3 mM KCl, 10 mM Na,HPO,, and
1.5 mM KH,PO, (pH 7.5) (PBS) containing protease inhibitors [10 mM r-1-
chlor-3-(4-tosylamido)-7-amino-2-heptanon-hydrochloride (TLCK), 10 mM L-1-
chlor-3-(4-tosylamido)-4-phenyl-2-butanone (TPCK), and 100 mM phenylmeth-
ylsulfonyl fluoride (PMSF)]. Extracts of the infected cells were pelleted by
low-speed centrifugation and resuspension of the pellet in PBS containing 1.0%
Triton X-100 plus protease inhibitors. Lysis by sonication was performed with a
Bronson Sonifier.

Denaturing gel electrophoresis and immunoblotting. Protein concentrations
of infected cell extracts were determined with a modified Bradford assay (Bio-
Rad) according to the manufacturer’s specifications. Equal amounts of infected
cell protein were separated in sodium dodecyl sulfate (SDS)-15% polyacryl-
amide gels cross-linked with N, N'-diallyltartardiamide (DATD) (6), electrically
transferred to nitrocellulose, and probed for a minimum of 2 h with the appro-
priate primary antibodies. Horseradish peroxidase-conjugated anti-rabbit or
anti-mouse (Amersham) secondary antibodies were diluted 1:1,000 in PBS and
incubated with the blots for 1 h. Specific viral bands were detected following
development with enhanced chemiluminescence (ECL) reagents (Amersham)
and autoradiography at 25°C with X-OMAT film (Kodak, Rochester, N.Y.).
Alkaline phosphatase-conjugated goat anti-rabbit and anti-mouse secondary an-
tibodies, used at 1:500 in PBS, were purchased from Southern Biotech (Birming-
ham, Ala.). Prestained molecular mass markers (Gibco BRL) were included in
all acrylamide gels (lanes are not shown in figures).

Analysis of virus yields. Virus yields in the presence of either PAA, taxol, or
nocodazole during synchronized infection were determined as follows. Approx-
imately 10° Vero cells grown to 90% confluence in 25-cm? flasks were incubated
on ice for 2 h with 5.0 PFU of HSV-1(F) per cell, rinsed in PBS, and incubated
at 37°C. For PAA, 300 pg of the drug per ml was added 30 min prior to virus
adsorption and maintained throughout the infection. Either taxol or nocodazole
was added at 3 hpi and maintained until the end of the infection. At 13 hpi,
intracellular virus stocks (36) were prepared from each flask, and titers were
determined in duplicate on Vero cells.

Computer analysis and imaging. Analysis of the primary structure of VP22
was performed by using the PSORT II Prediction program (updated 24 Novem-
ber 1999), which is available at the public domain web site http://psort.nibb.ac.jp.
An earlier version of this algorithm was used to compare HSV-1 VP22 with its
homologue from BHV-1 (22). All immunoblots and autoradiograms were digi-
tized at 600 dots per inch with an AGFA Arcus II scanner linked to a Macintosh
G3 PowerPC workstation. Raw digital images, saved as tagged image files with
Adobe Photoshop version 5.0, were organized into figures by using Adobe Illus-
trator version 7.1. Gray scale or color prints of figures were obtained by using a
Codonics dye sublimation printer.

RESULTS

HSV-1(F)-induced microtubule reorganization coincides
with VP22 localization to the nucleus. It has been reported that
cells transiently expressing VP22 and fixed for indirect immu-
nofluorescence with methanol alone exhibit atypical microtu-
bule morphologies, suggesting that VP22 binds to and rear-
ranges cellular microtubules into “bundles” in the absence of
other viral proteins (16, 22). The microtubule network of in-
fected cells undergoes a dramatic rearrangement or fragmen-
tation beginning at approximately 6 hpi and then reorients
itself later in infection (at approximately 16 hpi) (3). HSV-1-
induced microtubule reorganization is observed in cells in-
fected in the presence of PAA (3), suggesting that true late
protein synthesis is not required for the rearrangement. Inter-
estingly, infection-induced microtubule fragmentation occurs
at the same time that nuclear localization of VP22 initiates
during synchronized infection (37).

The goal of the following series of experiments was to test
the hypothesis that nuclear localization of VP22 is regulated by
the reorganization of microtubules. VP22 and cellular micro-
tubules were monitored in Vero cells that were synchronously
infected with HSV-1(F). As described previously, this tech-
nique involves adsorbing virus at low temperature (4°C) for 1 h
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and then shifting to a higher temperature by the addition of
warm (37°C) medium to allow synchronized entry and infection
(37). At 1,5, 9, 13, and 25 hpi cells were fixed with formaldehyde
and permeabilized in acetone (37). To detect VP22 and micro-
tubules by indirect immunofluorescence, cells were stained with
anti-VP22 and anti-a-tubulin antibodies, followed by indirect
immunofluorescence as described in Materials and Methods.
The results of this experiment are shown in Fig. 1. Gray scale
images of a-tubulin staining in mock and infected cells are
shown in panel A to aid in the visualization of the effect of
infection on microtubules. Panel B shows color images of a-tu-
bulin and VP22 staining to emphasize the cytoplasmic and
nuclear localizations of VP22. Thus, panels 2, 4, 6, and 8 in Fig.
1A are the same images as panels 1, 4, 10, and 13 in Fig. 1B.

As expected, a-tubulin staining was detected in all cells. At
1 hpi, low-temperature-induced microtubule depolymerization
(37) was observed in mock (Fig. 1A, panel 1)- and HSV-1(F)
(Fig. 1A, panel 2; B, panel 1)-infected cells. Cellular microtu-
bules recovered from the low-temperature-induced depoly-
merization by 5 hpi, as described previously (37), since mock
(Fig. 1A, panel 3)- and HSV-1(F) (Fig. 1A, panel 4; 1B, panel
4)-infected cells displayed the typical microtubule arrangement
expected for Vero cells (3). These networks showed character-
istic microtubule organizing centers (MtOCs) in the perinuclear
regions of the cells (marked by arrows). MtOCs were consistently
observed in the mock-infected cells at 13 (Fig. 1A, panel 5) and 25
hpi (Fig. 1A, panel 7). The microtubule structure in HSV-1(F)-
infected cells at 5 hpi (Fig. 1A, panel 4) was identical to that
observed in the mock-infected cells at 5, 13, and 25 hpi.

Microtubule fragmentation was clearly detected in the syn-
chronously infected Vero cells at 13 hpi (Fig. 1A, panel 6; B,
panel 10). The cytoskeletal redistribution due to infection was
dramatic, as evidenced by the loss of distinctive MtOCs and an
apparent accumulation of disorganized microtubules around
the periphery of the cells, as previously reported (3). The arrow
in Fig. 1A, panel 6, indentifies a perinuclear region that has
no obvious MtOC (compare with Fig. 1A, panel 5). A “haze”
in the area of the nucleus was observed in the infected cells
(arrow in Fig. 1B, panel 6) and is likely attributed to frag-
mented microtubules in the cytoplasm either over or under the
nucleus, but out of the plane of focus. Microtubule bundles
were again observed at 25 hpi in the infected cells (Fig. 1A,
panel 8), indicating that reassembly had occurred as previously
reported (3). The arrow in Fig. 1A, panel 8, shows an MtOC in
an infected cell at 25 hpi. These results represent the first
demonstration that HSV-1-induced microtubule reorganiza-
tion occurs during synchronized infection.

The staining patterns of VP22 in synchronously infected
cells were as previously described (37). VP22 was detected in
the cytoplasm of infected cells at 5 hpi and localized to a
perinuclear region (Fig. 1B, panel 5). This finding is consistent
with our earlier results, in which we observed that at early
infection times (<5 hpi), VP22 colocalized with the p58 Golgi
protein (37). While VP22 does not contain an endoplasmic
reticulum (ER) retrieval signal (consensus, KDEL) in its car-
boxy-terminal end, we have recently detected an ER mem-
brane retention signal at amino acids 2 to 5 in its amino end.
Since prediction of retrieval signals in proteins associated with
the ER membrane is complex (44), further investigations will
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determine the significance of these signals in directing the
localization of VP22 in the cytoplasm.

At 9 hpi (Fig. 1B, panel 8), most infected cells exhibited the
combination of cytoplasmic and nuclear staining we previously
defined as diffuse (37). VP22 was predominantly nuclear at 13
(Fig. 1B, panel 11) and 25 (Fig. 1B, panel 14) hpi. These results
at the 13- and 25-h time points strongly support our observa-
tions that VP22 exists in the cytoplasm early and the nucleus
late in infection. Additionally, the fact that the cytoplasm is
essentially devoid of VP22 at 13 hpi indicates that viral gE or
gl receptor binding to our anti-VP22 antibody is not the basis
for the VP22 staining patterns we observe. As expected, no
anti-VP22 immune reactivity was detected in mock-infected
cells (data not shown).

Comparison of the VP22 and microtubule patterns indicated
that the localization of VP22 to the nucleus correlated with
HSV-1-induced microtubule fragmentation, as evidenced by
merged images of the VP22 and o-tubulin staining (Fig. 1B,
panels 3, 6, 9, 12, and 15). Cytoplasmic VP22 (Fig. 1B, panels
6 and 9) was detected prior to infection-induced microtubule
reorganization. A perinuclear yellow-orange staining pattern in
the infected cells at these time points identified areas of VP22-
tubulin colocalization. Upon microtubule rearrangement, VP22
was detected almost exclusively in the nucleus (Fig. 1B, panels
12 and 15). This phenomenon is best illustrated at 13 hpi,
when nuclear VP22 stains bright green and the cytoplasm is
almost completely red due to tubulin staining only (Fig. 1B,
panel 12). No obvious MtOCs were observed in the infected cells
at 13 hpi (Fig. 1A, panel 6), indicating that microtubule rear-
rangement occurred by this time. The 9-h time point likely rep-
resents an intermediate stage of the microtubule redistribution
and VP22 nuclear translocation (Fig. 1B, panel 9). Based on these
findings, we conclude that microtubule reorganization during
HSV-1 infection correlates with the nuclear localization of VP22.

Inhibition of microtubule depolymerization by taxol in-
creases the amount of VP22 detected in the cytoplasm during
infection. HSV-1-induced microtubule redistribution is inhib-
ited by treating infected cells with taxol (3). Taxol is a drug that
reversibly binds tubulin (35) and stabilizes microtubules into
bundles (40), preventing their depolymerization. To test the
hypothesis that microtubule reorganization facilitates the nu-
clear localization of VP22, synchronously infected Vero cells
were treated with taxol at 4 hpi fixed at 5, 9, 13, and 25 hpi, and
stained for indirect immunofluorescence as described in Ma-
terials and Methods. Control cells were mock infected in the
presence of taxol and fixed at 25 hpi. The results of this study
are shown in Fig. 2.

As expected, 1 h of taxol treatment had no effect on infected
cell microtubules at 5 hpi (Fig. 2A). In contrast to the results
from untreated infected cells shown in Fig. 1, bundles of mi-
crotubules were observed in taxol-treated infected cells at 9
(Fig. 2D) and 13 hpi (Fig. 2G). Extensive microtubule bundling
was observed in the presence of taxol at 25 hpi (Fig. 2J). In the
control, bundles of microtubules were also observed in taxol-
treated mock-infected cells at 25 hpi (Fig. 2M). These results
indicate that taxol treatment of synchronously infected cells
inhibits HSV-1(F)-induced microtubule redistribution. This
finding is consistent with previous studies (3).

If the localization of VP22 to the cell nucleus during infec-
tion is influenced by microtubule reorganization, we would
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Vero cells

HSV-1(F)

Indirect immunofluorescence
anti-a-tubulin antibody

FIG. 1. Nuclear localization of VP22 during synchronized infection correlates with HSV-1(F)-induced microtubule fragmentation. Vero cells
were synchronously infected with HSV-1(F) or mock infected and fixed for indirect immunofluorescence at the times indicated as described
previously (37). Cells were stained with antibodies to a-tubulin (A and B) and VP22 (B) as described in Materials and Methods. (A) Gray scale
images of mock-infected and infected cells. White arrows mark perinuclear regions (MtOCs). Panels 2, 4, 6, and 8 in A are the same images as
panels 1, 5, 10, and 13 in B. Merged images (overlay) are shown in B, panels 3, 6,9, 12, and 15. All images were acquired under the same conditions.

predict that VP22 retention in the cytoplasm would be in-
creased when microtubule depolymerization is inhibited. We
observed that the subcellular distribution of VP22 was similar
in the presence (Fig. 2B and E) and absence (Fig. 1B, panels 5
and 8) of taxol at 5 and 9 hpi. This finding is supported by the
results of the overlays where the images are similar with (Fig.
2C and F) and without (Fig. 1B, panels 6 and 9) the drug.

Together, these results indicate that prior to 9 hpi, the pres-
ence of taxol did not have a dramatic effect on the localization
of VP22 in the infected cells.

However, in contrast to the results in Fig. 1 where VP22 is
predominantly nuclear after 13 hpi (Fig. 1B, panel 11), taxol-
treated cells at 13 hpi exhibited a diffuse VP22 staining pattern
(Fig. 2H). Although VP22 staining could be detected in the
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B. HSV-1(F)-infected Vero cells

anti-a-tubulin anti-VP22 overlay

A 3.
1 h p.i.
s, 6.

13 h p.i.

25 h p.i.

FIG. 1—Continued.

nuclei of taxol-treated cells at 13 hpi (Fig. 2H), significantly cytoplasm in the taxol-treated cells compared to untreated
more VP22 was observed in the cytoplasm of these cells than cells was also observed at 25 hpi (compare Fig. 2K with Fig. 1B,
that found in the nontreated cells at 13 hpi (compare Fig. 2H panel 14). Importantly, no VP22 staining was detected in
with Fig. 1B, panel 11). The increased retention of VP22 in the mock-infected cells (Fig. 2N), indicating that the anti-VP22
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HSV-1(F)-infected Vero cells + taxol 4 h p.i.
anti-o-tubulin  anti-VP22 overlay

25 h p.i.
+taxol 4 h p.i. |

FIG. 2. Taxol treatment increases the amount of VP22 detected in the cytoplasm of synchronously infected cells. Vero cells were synchronously
infected with HSV-1(F) or mock infected, and taxol (20 pg/ml) was added to cells at 4 hpi (3 h post-temperature shift). Cells were stained with
antibodies to a-tubulin and VP22 and fixed for indirect immunofluorescence at the times indicated as described in Materials and Methods:
a-tubulin staining shown in panels A, D, G, J, and M; VP22 shown in panels B, E, H, K, and N; merged images (overlay) shown in panels C, F,

I, L, and O. All images were acquired under the same conditions.
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reactivity observed in infected cells did not result from the high
a-tubulin concentration in bundled microtubules. The reten-
tion of cytoplasmic VP22 in cells synchronously infected in the
presence of taxol was even more striking in the overlays of the
late time points of infection; the orange-yellow cytoplasmic
staining indicates that VP22 localizes with microtubules in
these cells (compare Fig. 2I and L with Fig. 1B, panels 12 and
15, respectively). As expected, no orange-yellow staining was
observed in overlays of control mock-infected cells (Fig. 20).

The results presented in Fig. 1 and 2 support the hypothesis
that microtubule-associated VP22 localizes to the nucleus when
microtubules fragment during HSV-1 infection. This model is
based on two observations. First, the localization of VP22 to
the nucleus correlates temporally with HSV-1(F)-induced mi-
crotubule disassembly. Second, the addition of an agent that
acts to inhibit microtubule depolymerization leads to an in-
crease in the amount of VP22 detected in the cytoplasm of
infected cells.

Cytoplasmic VP22 observed in VP22-expressing V49 cells
treated with taxol. Since the exact mechanism by which HSV-1
rearranges microtubules is unknown, the role of specific viral
proteins in the process is not clear. It is conceivable that spe-
cific viral gene products may act on microtubules in a yet
undetermined manner and that VP22 simply associates with
these viral polypeptides. To investigate whether the microtu-
bule-associated mechanism of VP22 localization to the nucleus
requires the presence of other viral proteins, we took advan-
tage of the VP22-expressing Vero (V49) cells we generated for
an earlier study (36). Vero cells that do not express VP22 or
V49 cells were left untreated or treated with taxol for 20 h
prior to fixing and staining cells for indirect immunofluores-
cence with anti-VP22 and anti-a-tubulin antibodies as de-
scribed in Materials and Methods. As an additional control for
cell morphology, DNA was stained with Hoechst 33258 dye as
described previously (2).

The results of this experiment (Fig. 3) showed that the mi-
crotubule structure of V49 cells (Fig. 3A) was indistinguishable
from that observed in Vero cells (Fig. 3G). Taxol-induced
microtubule bundling was observed in both V49 (Fig. 3D) and
Vero (Fig. 3J) cells. As described previously (36), VP22 was
detected in untreated V49 cells (Fig. 3B), and this staining was
exclusively nuclear in all cells as evidenced by the Hoechst
stain (Fig. 3C). In contrast, taxol treatment of V49 cells re-
sulted in the appearance of VP22 in the cytoplasm (Fig. 3E).
Under the taxol treatment conditions, VP22 localized to areas
where o-tubulin staining was most intense (compare Fig. 3D
and E). As expected, VP22 staining was not detected in non-
VP22-expressing Vero cells (Fig. 3H and K). Based on these
results, we conclude that the ability of VP22 to be retained in
the cytoplasm of taxol-treated cells, which we first observed
during viral infection (Fig. 2), does not require the presence of
additional viral gene products. It is currently not clear which, if
any, cellular factors besides a-tubulin might be involved in this
VP22-cytoplasmic retention process.

It should be noted that a significant amount of VP22 was still
detected in the nuclei of the taxol-treated cells. It is conceivable
that the VP22 retained in the cytoplasm of the taxol-treated cells
represents VP22 that was newly synthesized after the addition of
the taxol. Thus, the VP22 was probably present in the nuclei
prior to the addition of the drug. We have no evidence that
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VP22 shuttles between the nucleus and the cytoplasm, so the
possibility that nuclear VP22 migrates to the cytoplasm and
binds microtubules during taxol treatment seems unlikely.

Nuclear VP22 observed in VP22-expressing V49 cells treated
with nocodazole. The previous results (Fig. 3) indicated that in
the presence of taxol, VP22 could be detected in both the nu-
cleus and the cytoplasm. This finding raised the possibility that
VP22 might actually migrate from the nucleus to the cyto-
plasm. The goal of this experiment was to determine whether
VP22 localized to the cytoplasm in cells in which the micro-
tubules have been completely depolymerized. Vero or V49
cells were treated with nocodazole for 20 h prior to fixing and
staining cells with Hoechst 33258 dye or anti-VP22 and anti-
a-tubulin antibodies for indirect immunofluorescence as de-
scribed in Materials and Methods.

The data (Fig. 4) indicate that nocodazole treatment of both
Vero and V49 cells results in complete depolymerization of
microtubules (Fig. 4A and D). No obvious MtOCs could be
detected in these cells, and no filamentous microtubule struc-
tures were observed. However, the nuclear structures of the
cells were retained as evidenced by DNA staining (Fig. 4C and
F). VP22 was detected exclusively in the nuclei of the V49 cells
treated with nocodazole (Fig. 4B). Taken together with the re-
sults in Fig. 3, we conclude that stabilized microtubules and not
ones that have been depolymerized act to retain VP22 in the
cytoplasm of cells. This theory is consistent with our earlier results
(Fig. 1) showing that nuclear translocation of VP22 during infec-
tion coincides with HSV-1-induced microtubule rearrangement.

Virus yields in the presence of taxol, nocodazole, and PAA.
The previous experiments (Fig. 2 and 3) indicated that the
addition of taxol to cells results in the retention of a detectable
amount of VP22 in the cytoplasm. In contrast, no VP22 was
detected in the cytoplasm when the microtubule depolymeriz-
ing agent nocodazole was added to the cells (Fig. 4). In order
for us to understand the significance of VP22 retention in the
cytoplasm in HSV-1 replication, it was necessary to test the
effect that these drugs have on productive viral infection. It has
been previously reported that taxol does not ablate HSV-1
infection (3), and our results showing VP22 expression during
infection in the presence of taxol at 25 hpi (Fig. 2L) support
this finding. Vero cells were synchronously infected with HSV-
1(F), and at 3 hpi either taxol or nocodazole was added to the
medium. The concentrations of the drugs were identical to
those used in Fig. 2 to 4. Control infected cells (untreated)
were also mock treated at 3 hpi. At 13 hpi, virus stocks were
made and titers were determined on Vero cells in duplicate as
described in Materials and Methods. As an additional control,
cells were also pretreated with the viral DNA polymerase in-
hibitor PAA 1 h prior to infection, and the PAA was main-
tained in the medium throughout the infection to 13 hpi.

The results were as follows. The infected cells that were
mock treated yielded a titer of 1.0 X 10® PFU/ml. The control
PAA-addition infection yielded a titer of 1.0 X 10° PFU/ml,
consistent with a significant reduction in virus production due
to the inhibition of the viral DNA polymerase. The taxol- and
nocodazole-treated infected cells yielded titers of 8.4 X 10°
and 8.8 X 10° PFU/ml, respectively. Thus, the amount of virus
produced in the presence of these drugs was almost 3 logs
higher than that produced in the presence of PAA. By this
definition, neither taxol nor nocodazole was a potent inhibitor
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FIG. 3. Increased detection of cytoplasmic VP22 in taxol-treated V49 cells. VP22-expressing V49 cells (A to F) and Vero cells (G to L), which
do not express VP22, were left untreated or treated (+ taxol) with 20 pg of taxol per ml for 20 h. Cells were fixed and stained for indirect
immunofluorescence with anti-a-tubulin (A, D, G, and J) and anti-VP22 (B, E, H, and K) antibodies. DNA was stained with Hoechst dye (C, F,

I, and L).

of HSV-1 replication. However, the virus yields in the presence
of taxol and nocodazole were both more than a log lower than
that with the untreated control. One of the surprising features
of these results is that the titers with taxol and nocodazole were
essentially the same. These results suggest that either stabilized
(by taxol) or depolymerized (by nocodazole) microtubules can
reduce optimal viral replication in Vero cells.

Partitioning of VP22 in nuclear and cytoplasmic fractions in
cells infected in the presence of taxol and nocodazole. The
previous virus yield experiments indicated that the presence of
taxol or nocodazole reduces optimal HSV-1 replication. The
goal of this series of experiments was to determine the effect of
these drugs on the accumulation of VP22 in infected-cell frac-
tions. Vero cells were synchronously mock or HSV-1(F) in-
fected in the absence or presence of taxol or nocodazole. At 9
and 13 hpi nuclear and cytoplasmic extracts were prepared,
and polypeptides were separated in denaturing gels, trans-
ferred to nitrocellulose, and probed with antibodies to VP22
and ICP4 as described in Materials and Methods. The subcel-
lular extracts were probed with antibody to the immediate-
early ICP4 protein to control for the effects of the drugs.

The results at 9 hpi (Fig. 5A) show that slightly more VP22
was present in the infected cytoplasmic extract than in the
nuclear fraction in the presence of taxol (compare lane 10 with

lane 4). Approximately equal amounts of VP22 were observed
in each extract in the untreated (compare lanes 2 and 8) and
nocodazole-treated (compare lanes 6 and 12) cells. At 13 hpi
(Fig. 5B), more VP22 was detected in the nucleus than in the
cytoplasm for all treatments. However, slightly less VP22 ap-
peared in the taxol-treated nuclear extract (lane 4) than in the
untreated (lane 1) and nocodazole-treated (lane 6) extracts.
These findings are consistent with our earlier immunofluores-
cence results presented in Fig. 2 showing increased cytoplasmic
VP22 in infected cells in the presence of taxol at late infection
times. As expected, more ICP4 was observed in the nucleus
than in the cytoplasm at 9 and 13 hpi. Based on these findings,
we conclude that taxol treatment of infected cells can lead to
retention of VP22 in the cytoplasm of cells.

Indirect immunofluorescence of VP22 during HSV-1(R7032)
infection in the presence of taxol and nocodazole. Up to this
point, our study has focused on the behavior of VP22 during
wild-type HSV-1(F) infection. Our next goal was to confirm
our findings by using the related HSV-1(R7032) virus, which
contains a deletion of the gene encoding gE (31) and is there-
fore unable to form a gE-gl complex. Vero cells were synchro-
nously mock- or HSV-1(R7032)-infected in the absence or
presence of taxol or nocodazole prior to fixing the cells at 5, 9,
and 13 hpi for immunofluorescence with antitubulin and anti-



VoL. 75, 2001

Cells treated with nocodazole for 20 h
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FIG. 4. Detection of nuclear VP22 in nocodazole-treated V49 cells.
VP22-expressing V49 cells (A to C) and Vero cells (D to F), which do
not express VP22, were treated with 0.5 pg of nocodazole per ml for
20 h. Cells were fixed and stained for indirect immunofluorescence
with anti-a-tubulin (A and D) and anti-VP22 (B and E) antibodies.
DNA was stained with Hoechst dye (C and F).

VP22 antibodies as described in Materials and Methods. The
results of this study (Fig. 6) were as follows.

As expected, the addition of taxol led to the formation of
tightly bundled microtubules (Fig. 6Q and CC), and nocoda-
zole (Fig. 6U and GG) generated diffuse structures in mock-
infected cells at 9 and 13 hpi. Consistent with the results in Fig.
2, minimal effects of the drugs on the mock-infected cells were
observed at 5 hpi (Fig. 6E and I), and obvious MtOCs were
detected in the untreated mock-infected cells at all time points
(Fig. 6A, M, and Y). These results indicate that our drug
treatment strategy is reproducible and consistent.

As we observed in Fig. 1, discrete MtOCs were detected in
the untreated HSV-1(R7032)-infected cells at 5 hpi (Fig. 6B).
These structures were lost at 9 and 13 hpi (Fig. 6N and Z). This
finding differs from what we saw with HSV-1(F) where the loss
of MtOCs was seen at 13 hpi (Fig. 1A, panel 6; Fig. 1B, panel
10). Although unexpected based on our data with the wild-type
(parental) virus, our findings with HSV-1(R7032) are identical
to those of Avitabile and colleagues (3), who also analyzed HSV-
1(R7032). The basis for this difference between the two viruses is
unknown and likely represents a function dependent on gE.

Consistent with our original findings (37) and those in Fig. 1,
VP22 localized in the cytoplasm to a perinuclear region at 5
hpi in the untreated cells (Fig. 6C). This finding is important,
since it confirms our previous argument that the cytoplasmic
localization of VP22 is real and not related to binding of VP22
antibody by the gE-gl complex. VP22 is observed in the nu-
cleus at 9 hpi (Fig. 60), and it predominates there at 13 hpi
(Fig. 6AA) in the untreated cells. The translocation of VP22 to
the nucleus in the untreated cells was readily observed in the
overlay images (compare Fig. 6D, P, and BB). Thus, while the
kinetics of the translocation of VP22 to the nucleus during
HSV-1(R7032) infection differs from that of HSV-1(F), the
general pattern is the same in that it exists in the cytoplasm
early and in the nucleus late.

As expected from our findings in Fig. 2, taxol treatment had
little effect on the translocation of VP22 at 5 hpi (Fig. 6G).
However, nocodazole treatment resulted in more VP22 being
detected in the nucleus than with no treatment or in the taxol-
treated cells (compare Fig. 6K with C and G). In addition, we
found that the cell morphologies of the nocodazole-treated,
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infected cells differed from those of the other cells in that they
were more rounded and had lost their classic fibroblast appear-
ance. Consistent with Fig. 2, taxol treatment led to more cyto-
plasmic VP22 than in the untreated controls at 9 and 13 hpi
(compare Fig. 6S with O and EE with AA). This phenomenon
was also observed in the overlays where more yellow staining in
the cytoplasm was seen in the taxol-treated cells (compare Fig.
6T with P and FF with BB). Although it appeared that more
nuclear VP22 was present in the nocodazole-treated cells at 9
(Fig. 6W) and 13 (Fig. 6II) hpi compared to the other treat-
ments, most of the cells appeared to be rounded up, and many
had become detached from the coverslips. Thus, it seems that
nocodazole treatment may act to increase the viral cytopathic
effect as assessed by cell morphology. It is conceivable that a
consequence of this effect of nocodazole is the reduction in
virus yield that we observed above in our virus growth exper-
iments in the presence of this drug.

Based on these results, we conclude the following. (i) Since
HSV-1(R7032) does not produce viral Fc receptor, VP22 lo-
calization in the cytoplasm at 5 hpi detected by our indirect
immunofluorescence techniques has been validated. (ii) Wild-
type (parental) HSV-1(F) and the gE-deletion mutant HSV-1
(R7032) are both able to induce microtubule reorganization
during productive infection, but the times postinfection at which
the processes are observed differ. (iii) Modulation of micro-
tubule structure by the addition of either taxol or nocodazole
influences the translocation of VP22 into the nucleus. Finally,
(iv) these observations support our hypothesis that microtu-
bule reorganization during HSV-1 infection facilitates VP22’s
nuclear translocation.

VP22 detected in the nuclear fraction following HSV-1(F)
infection in the presence of PAA. The previous findings support
the model that the reorganization of microtubules late in in-
fection facilitates the nuclear translocation of VP22. At least
two important issues remain unknown. (i) Does VP22 reten-
tion in the cytoplasm during infection require additional viral
proteins? (ii) What viral proteins participate in the reorgani-
zation of the microtubules? As an initial investigation to ad-
dress these issues, we tested whether VP22 localization to the
nucleus was dependent on HSV-1 true late (vy,) protein syn-
thesis. Vero cells were synchronously mock or HSV-1(F) in-
fected in the absence or presence of PAA (5) as described in
Materials and Methods. Cells were pretreated with PAA for
1 h prior to the addition of virus, and the drug was maintained
throughout the remainder of the infection. At 13 hpi, whole-
cell extracts and nuclear and cytoplasmic fractions were pre-
pared as described previously (37). Equal amounts of protein
were separated in a denaturing gel, transferred to nitrocellu-
lose, and probed with monoclonal antibody G49 specific for
VP22 (37). As a control, the blot was also probed with anti-
bodies specific for immediate-early ICP4 and VP13/14, a true
late (y,) tegument protein (29). The results (Fig. 7) of this
study were as follows.

As expected, VP22, VP13/14, and ICP4 were detected in the
nuclear fraction of cells infected in the absence of PAA (Fig. 7,
lane 6). VP22 was also detected in the infected-cell nuclear
fraction in the presence of PAA (Fig. 7, lane 8). However, the
amount of VP22 observed following PAA treatment was
slightly reduced. A similar reduction in the amount of VP22
was observed in whole extracts prepared from cells infected in
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A. Immunoblot: Infected cell proteins at 9 h p.i.

Extract: Nuclear Cytoplasmic
Infected: M F M F M FIM F M F M F
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B. Immunoblot: Infected cell proteins at 13 h p.i.
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Treatment of HSV-1(F)-infected cells with taxol and nocodazole

FIG. 5. Partitioning of VP22 in nuclear and cytoplasmic fractions in
cells infected in the presence of taxol and nocodazole. Vero cells were
synchronously mock (M) or HSV-1(F) infected in the absence or
presence of taxol (Tx) or nocodazole (Nc). At 9 (A) and 13 (B) hpi,
nuclear and cytoplasmic fractions (Extract) were prepared, and poly-
peptides were separated in denaturing gels, transferred to nitrocellu-
lose, and probed with antibodies to VP22 and ICP4 as described in
Materials and Methods. Locations of the migrations of molecular mass
markers are indicated in the right margin.

the presence of PAA (Fig. 7, lane 12). The decrease in the
amount of VP22 synthesized during infection in the presence
of PAA was expected (9) and is typical of the -y, group of viral
genes, whose expression is not strictly dependent on viral DNA
replication (41). No VP13/14 was detected in PAA-treated
whole-cell (Fig. 7, lane 12), nuclear (lane 8), and cytoplasmic
(lane 4) extracts, confirming that VP13/14 was produced as
a true late protein. This result confirms that the PAA-depen-
dent inhibition of viral DNA synthesis was successful. Minor
amounts of immune reactivity with the anti-VP13/14 antibody
were observed on the blot above the VP13/14 region (at ap-
proximately 70 to 80 kDa) in the PAA-containing infected
samples (Fig. 7, lanes 4, 8, and 12). This immunostain was a
cross-reaction of the antibody with unspecified viral protein
and was observed previously with infected-cell extracts by using
a VP13/14-null virus (4). As expected, more nuclear than cy-
toplasmic ICP4 was detected in the presence and absence of
PAA. No immune reactivity was observed with mock-infected
cell proteins. Based on these results, we conclude that the
amount of PAA and the incubation conditions used were ap-
propriate to differentiate between the vy, and -y, gene classes.
The detection of VP22 in the nuclear fraction of PAA-treated
cells suggests that both viral DNA and true late protein syn-
thesis are not required for the nuclear localization of VP22.
VP22 localization in nuclei of HSV-1(R7032)-infected cells
does not require viral DNA or true late protein synthesis. To
confirm the results of our subcellular fractionation experi-
ments which showed VP22 in infected-cell nuclear extracts in
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the presence of PAA, we performed indirect immunofluores-
cence studies with HSV-1(R7032). Vero cells were synchro-
nously mock or HSV-1(R7032) infected in the presence or
absence of PAA prior to fixing the cells at 5, 9, and 13 hpi for
immunofluorescence with antitubulin and anti-VP22 antibod-
ies as described in Materials and Methods.

The results (Fig. 8) of this experiment showed that VP22
localized to perinuclear regions in the presence (Fig. 8C and
D) and absence (Fig. 8G and H) of PAA. These observations
corroborate our findings shown in Fig. 1 with HSV-1(F). At 9
and 13 hpi, obvious nuclear VP22 was detected with (Fig. 8K
and S) and without (Fig. 80 and W) PAA treatment. Com-
parison of the overlays either with (Fig. 8L and T) or without
(Fig. 8P and X) PAA indicates that essentially identical amounts
of VP22 were present in the nuclei. Consistent with our earlier
findings (Fig. 1 and 6), obvious MtOCs were observed with
mock-infected cells at 9 hpi (arrow in Fig. 8I), while none were
detected in the infected cells (arrow in Fig. 8J), and VP22 was
nuclear (arrow in Fig. 8K). As expected, no VP22 was detected
in mock-infected cells (data not shown). Based on the results
presented in Fig. 7 and 8, we conclude that HSV-1 DNA
synthesis and true late protein synthesis are not required for
the nuclear translocation of VP22.

DISCUSSION

The goal of this study was to identify factors that might
regulate the nuclear localization of VP22 during HSV-1 infec-
tion. The subcellular localization of VP22 was compared with
the dynamic architecture of cytoplasmic microtubules during
synchronized HSV-1 infections. The significant features of our
studies may be summarized as follows.

(i) HSV-1(F)-induced microtubule rearrangement occurred
in infected Vero cells by 13 hpi and was characterized by the
loss of obvious MtOCs. Reformation of MtOCs was detected
by 25 hpi. In contrast, reorganization was clearly observed in
HSV-1(R7032)-infected cells at 9 hpi (Fig. 6 and 8) The latter
result is consistent with the original findings of Avitable and
colleagues (3), who also investigated HSV-1(R7032)-infected
cells. It is unclear why the microtubule rearrangement process
seems to be “delayed” with the wild-type (and parental) HSV-
1(F) virus, but this may reflect a previously unrealized function
of the viral gE protein. During productive wild-type HSV-1
infection, gE associates with gl in a complex (24) at the frans-
Golgi network (30). It is conceivable that the gE-gI complex
might represent a viral component that acts in, and perhaps
regulates, the microtubule rearrangement process. Additional
biochemical and cell biological experiments must be per-
formed to assess the validity of this intriguing hypothesis.

(ii) VP22 was observed in the cytoplasm of cells prior to
microtubule rearrangement and localized in the nucleus fol-
lowing the process. The previously reported association of
VP22 with cellular microtubules (16) led us to hypothesize that
microtubule fragmentation during HSV-1 infection (3) is a key
step in the mechanism that regulates the nuclear localization of

FIG. 6. Indirect immunofluorescence of VP22 during HSV-1(R7032) infection in the presence of taxol and nocodazole. Vero cells were
synchronously mock or HSV-1(R7032) infected without (Untreated) or with taxol and nocodazole, fixed at 5 (A to L), 9 (M to X), and 13 (Y to
KK) hpi for indirect immunofluorescence at the times indicated, and stained with antibodies to a-tubulin and VP22 as described in Materials and
Methods. Merged images (overlay) are shown in panels D, H, L, P, T, X, BB, FF, and KK. All images were acquired under the same conditions.
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Immunoblot: Infected Cell Proteins
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FIG. 7. VP22 partitioning in the nuclear fractions of HSV-1(F)-
infected cells does not require viral DNA or true late protein synthesis.
Vero cells were synchronously mock (M) or HSV-1(F) infected in the
absence (—) or presence (+) of PAA. At 13 hpi, whole-cell, nuclear,
and cytoplasmic fractions (Extract) were prepared, and polypeptides
were separated in denaturing gels, transferred to nitrocellulose, and
probed with antibodies to VP22, VP13/14, and ICP4 as described in
Materials and Methods. Locations of the migrations of molecular mass
markers are indicated in the right margin.

VP22. This model is supported by our data which indicate that
the nuclear localization of VP22 during synchronized infection
(37) correlates with HSV-1-induced microtubule reorganiza-
tion (Fig. 1, 6, and 8).

Currently, the mechanism by which VP22 is actually im-
ported into the nucleus remains unknown. A reductionist
model suggests that VP22 is simply small enough to passively
diffuse through the nuclear pore and is actively retained in the
cytoplasm prior to 5 hpi via its association with cytoskeleton
components or factors. While the VP22 homologue from bo-
vine herpesvirus 1 (BVP22) does not contain any regions con-
sistent with NLS (22), computational analyses of the HSV-1
VP22 primary structure (Materials and Methods) indicates the
following. VP22 does not contain any regions that are consis-
tent with a biphasic basic NLS. The prototype for this motif is
nucleoplasmin (KRPAATKKAGQAKKKK, where underlined
residues form the bipartite structure), which has two blocks of
2 or more basic amino acids separated by 10 amino acids (38).
It appears that a spacer region of 9 to 11 amino acids is abso-
lutely required for this motif (A. Radu, Mount Sinai School of
Medicine, personal communication).

The best-defined NLS is the simple basic motif, which is
exemplified by the simian virus 40 large T antigen (PKKK
RKV) (25). This NLS is generally a short sequence that con-
tains a cluster of basic amino acids, which is often preceded by
either a proline or an acidic amino acid. While proteins that
have a cumulative sum of K and R residues that is higher than
20% are considered to have a high possibility of being nuclear
by the PSORT II algorithm (23), VP22 has a 15% basic amino
acid content. To identify possible simple basic NLS motifs,
PSORT II searches for two separate patterns (23). The first is
termed pat4 and is either a four-residue pattern composed of
four basic amino acids or a pattern composed of three basic
amino acids and possessing either an H or P residue. The sec-
ond is termed pat7 and is a pattern starting with a P followed
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within three residues by a basic segment containing three K/R
residues out of four. VP22 contains one pat7 motif starting at
amino acid 82 (PRTRRPV) and one pat4 motif starting at
amino acid 295 (RPRR).

Neither of these motifs has been used to generate an artifi-
cial import substrate, as was done with the T antigen NLS (20),
and caution is advised (Radu, personal communication) in
basing nuclear import predictions solely on sequence analysis,
since many well-defined import mediators do not recognize the
classic types of NLS (27). Nevertheless, full-length VP22 is
capable of recruiting fused jellyfish green fluorescent protein
to the nuclei of cells during transfection and transient expres-
sion experiments (18). An important remaining question is the
following. Evenif VP22 could passivelydiffuse orbeactively trans-
ported into the nucleus, what is the mechanism that retains it
in the cytoplasm? In an earlier study, we originally reported
that prior to 5 hpi, VP22 localizes in the cytoplasm to a pe-
rinuclear region, and additional investigations led us to con-
clude that it colocalized with a marker for the Golgi apparatus
(37). While VP22 does not possess a cleavable signal sequence
or a KDEL ER retrieval signal (44), our computational anal-
ysis (Materials and Methods) of its primary structure also iden-
tified an ER membrane retention motif in its amino terminus
(TSRR starting at amino acid 2). Studies are currently under
way to determine the significance of this observation in the
productive replication of HSV-1.

(iii) Stabilization of microtubules by the addition of taxol
increased the accumulation of VP22 in the cytoplasm either
during infection or in cells expressing VP22 in the absence of
other viral proteins. These findings are consistent with those of
studies which indicate that both transiently (15) and stably
expressed (36) VP22 associates with cellular chromatin during
mitosis. While the retention of microtubule-associated VP22 can
occur in the absence of other HSV-1 proteins, these results do not
exclude the possibility that other viral proteins are involved in
regulating VP22’s subcellular distribution during infection.

(iv) While VP22 localized to the nuclei of cells treated with
the microtubule-depolymerizing agent nocodazole, either taxol
or nocodazole treatment prevented optimal HSV-1(F) replica-
tion in Vero cells. Although our results indicate that HSV-1(F)
produced large amounts of infectious particles in the presence
of either taxol or nocodazole, the yields were less than that
obtained without the drugs. The interpretation of the taxol
results that we favor is that the stabilization of microtubules by
the drug leads to a reduction in the nuclear import of VP22
and thus limits its participation in virion assembly. At this time,
we do not know whether additional virion components are also
affected by taxol. However, the fact that an increase of VP22 in
the cytoplasm correlates with reduced virus yield is consistent
with our earlier finding that VP22 is required for efficient cell-
to-cell spreading (36). The interpretation of the nocodazole
results is complicated by the fact that the drug affects the cy-
topathic effect of the virus (Fig. 6). Thus, while it appears that
more VP22 enters nuclei in the presence of the drug compared
to in untreated cells, a consequence of the lack of a defined
microtubule network in the cytoplasm may be a reduction in
virion egress, which, in turn, could explain the drop in virus
yield. These results are somewhat different from those of Avi-
tabile and colleagues (3), who reported that the drugs did not
significantly affect the release of virus. This conclusion was
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FIG. 8. Indirect immunofluorescence of VP22 during HSV-1(R7032) infection in the presence of PAA. Vero cells were synchronously mock
or HSV-1(R7032) infected with (+) or without (—) PAA, fixed for indirect immunofluorescence at the times indicated, and stained with antibodies
to a-tubulin and VP22 as described in Materials and Methods. White arrowheads mark cells referred to in the text. Merged images (overlay) are
shown in panels D, H, L, P, T, and X. All images were acquired under the same conditions.
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based on measurements of free virus released into the medium
of infected cells. Our differences may reflect the fact that our
data were obtained under conditions in which the infections
were synchronized and our numbers considered cell-associated
virus due to its dependence on VP22. Thus, in our experimen-
tal system, the dynamic state of the cytoskeleton appears to be
a determinant of the efficiency of infectious virion production.

(v) VP22 migration to the nucleus occurred in the presence
of PAA, indicating that viral DNA and true late protein syn-
thesis were not required for its translocation. This conclusion
is based on the fact that we did not detect any representative
VP13/14 true late protein in our studies in the presence of
PAA, while VP22 was found in cell nuclei. Since microtubule
reorganization was also observed during HSV-1 infection in
the presence of PAA, true late viral proteins do appear to be
required for this process as well. Together, these observations
support our earlier findings that the nuclear translocation of
VP22 correlates with the restructuring of microtubules.

Based on these results, we conclude that microtubule reor-
ganization during HSV-1 infection facilitates the nuclear lo-
calization of VP22. Regulated VP22 nuclear localization ini-
tiates after 5 hpi with HSV-1 and is independent of viral DNA
and true late protein synthesis. HSV-1-induced microtubule
reorganization releases VP22 from the cytoskeleton, allowing
its entry into the nucleus. Thus, stabilizing microtubules during
infection or in VP22-expressing cells increases VP22 retention
in the cytoplasm. During HSV-1 infection, microtubule inter-
action may present a means by which VP22 avoids nuclear
localization during the early phase of the replication cycle.
Experiments designed to determine whether the nuclear local-
ization of other tegument proteins is similarly regulated are
currently under way. Selective cytoplasmic retention of major
tegument proteins may represent a novel mechanism for reg-
ulating infectious virion assembly.
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