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The UL49 gene product (VP22) of herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) is a virion
phosphoprotein which accumulates inside infected cells at late stages of infection. We previously (J. A. Blaho,
C. Mitchell, and B. Roizman, J. Biol. Chem. 269:17401–17410, 1994) discovered that the form of VP22 packaged
into infectious virions differed from VP22 extracted from infected-cell nuclei in that the virion-associated form
had a higher electrophoretic mobility in denaturing gels. Based on these results, we proposed that VP22 in
virions was “undermodified” in some way. The goal of this study is to document the biological and biochemical
properties of VP22 throughout the entire course of a productive HSV-1 infection. We now report the following.
(i) VP22 found in infected cells is distributed in at least three distinct subcellular localizations, which we define
as cytoplasmic, diffuse, and nuclear, as measured by indirect immunofluorescence. (ii) Using a synchronized
infection system, we determined that VP22 exists predominantly in the cytoplasm early in infection and
accumulates in the nucleus late in infection. (iii) While cytoplasmic VP22 colocalizes with the HSV-1 glycop-
rotein D early in infection, the nuclear form of VP22 is not restricted to replication compartments which
accumulate ICP4. (iv) VP22 migrates as at least three unique electrophoretic species in denaturing sodium
dodecyl sulfate-DATD-polyacrylamide gels. VP22a, VP22b, and VP22c have high, intermediate, and low mo-
bility, respectively. (v) The relative distribution of the various forms of VP22 derived from infected whole-cell
extracts varies during the course of infection such that low-mobility species predominate at early times and
high-mobility forms accumulate later. (vi) The highest-mobility forms of VP22 partition with the cytoplasmic
fraction of infected cells, while the lowest-mobility forms are associated with the nuclear fraction. (vii) Finally,
full-length VP22 which partitions in the nucleus incorporates radiolabel from [32P]orthophosphate whereas
cytoplasmic VP22 does not. Based on these results, we conclude that modification of VP22 coincides with its
appearance in the nucleus during the course of productive HSV-1 infection.

The synthesis of viral proteins during herpes simplex virus
type 1 (HSV-1) infection can be divided into at least three
different temporal classes: the immediate-early (IE) phase,
when a genes are expressed, the early (E) phase, when b genes
are expressed, and the late (L) phase, when g genes are ex-
pressed (23, 24). During the IE phase of infection, several a
proteins, including ICP22 and ICP4, localize to the nucleus,
where they serve to regulate the expression of later viral genes,
whose products are responsible for viral DNA replication and
virion assembly (35). Proteins synthesized during the E phase
of infection drive the replication of the viral genome (reviewed
in references 7 and 35). The localization of these proteins to
specific subnuclear compartments within infected cells has
been well documented (10, 29, 34, 39, 42). Viral proteins syn-
thesized late in infection are associated with virion particle
assembly (32, 38), exit (9), and entry (36) during subsequent
cycles of infection. L proteins involved in capsid assembly
accumulate in the nuclei of infected cells (8), while compo-
nents of the virion envelope, such as glycoprotein gD, are
found predominantly in cytoplasmic compartments (36, 37).
Late in infection, when viral proteins accumulate, these nu-
clear and cytoplasmic structures differ morphologically from
those found in uninfected cells (1, 11, 40, 41).

Changes in cell morphology, generally defined as cytopathic
effects, observed late in infection probably represented mani-
festations of a reorganization of subcellular compartments.

Examples of such reorganizations upon infection include the
(i) formation of subnuclear replication compartments (10, 13,
25, 41), (ii) fragmentation of the Golgi apparatus in certain cell
types and virus strains (40), and (iii) restructuring of the mi-
crotubule network (1). While the regulation of viral gene ex-
pression is an important factor defining the continuum of the
infectious cycle, the subcellular location of HSV-1 proteins in
infected cells also plays an equally important role in determin-
ing viral function during each phase of replication.

In contrast to the attention focused on the subcellular local-
izations of IE and E proteins, the localizations of L proteins,
particularly those of the tegument, have not been extensively
studied. The tegument is defined as the amorphous region,
located between the virion capsid and envelope, containing at
least nine viral gene products (reviewed in reference 35).
While IE and E proteins accumulate predominantly in the
nucleus, proteins of the tegument are found distributed in
numerous subcellular compartments (30). One component of
the tegument, VP22, has been of particular interest to our
laboratory (4). VP22 is the protein product of the UL49 gene
(19), which is expressed late in infection (21). Although the
function of VP22 during viral infection is unclear, several
observations have sparked significant interest in this gene
product.

Recently, Elliott and O’Hare reported that VP22 is capable
of intercellular transport (17), and later they presented data
which suggests that this movement of VP22 between cells may
involve actin microfilaments (16). They further demonstrated
that VP22 colocalizes with microtubules and proposed that one
function of VP22 may be the stabilization of microtubule bun-
dles (16). VP22 has also been implicated in the recruitment of
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other tegument proteins since it directs the relocalization of
VP16 when plasmids encoding the two proteins are cotrans-
fected into cells in the absence of other viral proteins (15).
Together, these findings suggest that VP22 has the ability to
redirect both cellular and viral proteins and may play a role in
the modification of microtubule morphologies.

Earlier studies have shown that during productive HSV-1
infection, VP22 exists as a virion phosphoprotein (4). In addi-
tion, VP22 is highly posttranslationally modified during infec-
tion, and these modifications include nucleotidylation and
ADP-ribosylation (4). In vitro, VP22 accepts phosphorylation
from at least two cellular kinases, casein kinase II and protein
kinase C (18, 31). VP22 in infected cell extracts can be resolved
into at least two differently migrating forms in denaturing so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis. The
slowest-migrating form is phosphorylated, while the faster-mi-
grating form is found incorporated into purified virions (4, 18).
It is noteworthy that while the bovine herpes type 1 virus UL49
homologue is dispensable for viral growth (28), a recombinant
HSV-1 with the UL49 gene deleted has not been reported to
date (2, 4). Currently, the significance of posttranslational
modification of VP22 during productive infection is unknown.

Work in our laboratory has focused on examining the role of
VP22 during wild-type HSV-1 infection. Here, we report the
relationship between changes in the subcellular localization of
VP22 and its modification during synchronized HSV-1 infec-
tion of Vero cells. Our research has led to the following ob-
servations. First, the localization of VP22 in the infected cell
changes over the course of infection from predominantly cy-
toplasmic early in infection to predominantly nuclear late in
infection as observed by indirect immunofluorescence micros-
copy. During infection, VP22 exhibits three distinct patterns of
subcellular localization. We have defined these patterns as
cytoplasmic, nuclear, and diffuse. The second observation is
that VP22 exists in at least three different forms (VP22a,
VP22b, and VP22c), which can be distinguished based on their
migrations in denaturing gels. In addition, the distribution of
these forms varies during the course of the infection cycle, such
that slower-migrating (low-mobility) forms are observed early
in infection while the faster-migrating (high-mobility) forms
accumulate later. The third observation is derived from frac-
tionation experiments which confirm that slower-migrating
forms of VP22 are associated with its presence in the nucleus
as well as with its modification by incorporation of radiolabel
from [32P]orthophosphate. The modified, slowest-migrating
forms of VP22 are not observed in the cytoplasmic fractions.
From these results, we conclude that (i) the subcellular loca-
tion of VP22 is regulated during the infection cycle and (ii)
modification of VP22 which results in slower electrophoretic
forms is associated with the translocation of VP22 into the
nucleus of infected cells.

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 supplemented with 5% fetal bovine serum. The virus strain used
in all experiments was the prototype HSV-1(F) (14) provided by Bernard Roiz-
man, University of Chicago. To obtain viral stocks, subconfluent monolayer Vero
cultures (approximately 3 3 106 cells) were inoculated with HSV-1(F) at a
multiplicity of infection (MOI) of 0.01 for 2 h at 37°C in 199V medium (Life
Technologies) supplemented with 2% serum (199V), the inoculum was then
removed, fresh medium was added, and the cells were incubated at 37°C in 5%
CO2. Viral stocks were prepared once the infection reached a cytopathic effect of
100%, viral titers were determined on Vero cells, and aliquots were stored at
280°C. All MOIs were derived from the number of PFU of virus on Vero cells.

Viral plaque formation. For experiments involving viral plaques, approxi-
mately 106 Vero cells were seeded onto 22-mm2 glass coverslips in six-well dishes
1 day before infection. The following day, cells were infected at an MOI of 0.001

by diluting the virus stock in 199V medium and adsorbing at 37°C for at least 1 h.
The viral inoculum was then aspirated, 199V medium containing 10 mg of human
immunoglobulin (Ig) (Sigma) per ml was added, and the cells were incubated at
37°C until cytopathic effects indicating plaque formation were observed (about 2
days later). Cells were fixed for immunofluorescence at this point as described
below.

Synchronized infections. Vero cells were seeded the day before infection in
either six-well dishes containing 22-mm2 coverslips for indirect immunofluores-
cence or 25-cm2 flasks for infected cell extracts. For synchronized infections (22),
the cells were incubated on ice on an orbital shaker at 4°C for 15 min before the
addition of virus. The cells were then inoculated while still on ice with an MOI
of 30 and returned to the shaker at 4°C. After the virus had adsorbed for 1 h, the
cells were rinsed with 4°C phosphate-buffered saline (PBS). The cells were then
removed from the ice, 37°C 199V medium was added immediately, and the cells
were returned to a 37°C incubator. The time point at which the 37°C medium was
added was defined as T 5 1 in our experiments. Synchronous infections were
defined as uniform staining in all cells in a microscopic field at a given time
postinfection (p.i.), as determined by indirect immunofluorescence with a single
antibody specific for a unique HSV-1 polypeptide. In control experiments, it was
determined that an HSV-1(F) MOI of 30 was necessary to ensure that all cells
were synchronously infected when viewed by immunofluorescence (data not
shown). Lower MOIs tested (0.001, 0.1, 1.0, and 10) resulted in nonsynchronized
infections as evidenced by indirect immunofluorescent staining. In these control
studies, cells were stained with an antibody against the immediate-early protein
ICP4 (1101) to determine whether all the cells were infected (data not shown).
When we performed a titer determination under the adsorption conditions for
synchronized infection (data not shown), we observed an effective viral titer of
7 3 107 PFU/ml compared to 3 3 108 PFU/ml with the standard 37°C-only titer
control. This result indicates that the addition of virus at an MOI of 30 under our
low-temperature adsorption conditions results in an effective MOI of 7 PFU/cell.
In addition, we previously reported (3) that similar infections at an MOI of 50 did
not elicit any toxic effects.

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 was some evidence that the 4°C incubation used to synchronize the
infections may have had a transient effect on the monolayer cells. We compared
mock- and HSV-1-infected Vero cells which were incubated on ice at 4°C for 1 h
with cells maintained at 37°C throughout the infection. Cells fixed immediately
after the temperature shift to 37°C (T 5 1), were formaldehyde fixed and acetone
permeabilized and stained with a monoclonal antibody specific for the cytoskel-
etal protein a-tubulin. The a-tubulin staining pattern (data not shown) in the
cells incubated at 4°C appeared slightly more diffuse than that observed in the
cells held at 37°C (33). Consistent with the fact that the dynamics of polymer-
ization-depolymerization of microtubules are energy dependent and would be
expected to be reduced at the lower (4°C) temperature, this apparent change in
the a-tubulin organization was not observable at 4 h after the temperature shift
(33). In fact, by 4 h p.i., the two sets of cells (4 and 37°C) were indistinguishable
(data not shown) based on a-tubulin staining (33). Therefore, we believe that the
cells had recovered from the 4°C shock by this time.

Immunological reagents. The generation of the RGST49 rabbit polyclonal
antibody against a glutathione S-transferase (GST)-VP22 fusion protein was
described previously (4). Affinity-purified RGST49 antibody was generated as
follows. Anti-GST antibodies were first removed from RGST49 polyclonal sera
by affinity chromatography with purified GST protein cross-linked to agarose by
using dimethyl pimelimidate (Pierce) as specified by the manufacturer. Next, the
flowthrough from the GST-agarose column was applied to a GST-VP22 affinity
column (agarose cross-linked with GST-VP22 as described for GST-agarose) and
low-pH elutions were tested for anti-VP22 immunoreactivity by immunoblotting
with HSV-1(F)-infected Vero cell extracts. All GST fusion proteins were purified
from Escherichia coli cells as described previously (reviewed in reference 5). The
G49 antibody is a mouse monoclonal antibody which was raised (Mount Sinai
Department of Microbiology Hybridoma Center) against a GST-VP22 fusion
protein (4). Growth medium from a resulting hybridoma cell line following 5 to
6 days of incubation at 37°C was used directly for immunoblotting experiments,
and this antibody is referred to as G49. RGST22 is a polyclonal antibody against
a GST-ICP22 fusion protein (6). Monoclonal antibodies 1101 and 1114 against
ICP4 and 1103 against glycoprotein D (gD) were purchased from the Goodwin
Institute for Cancer Research, Inc. (Plantation, Fla.) and used at a dilution of
1:1,000 in 1% bovine serum albumin (BSA) for immunofluorescence. Monoclo-
nal antibodies specific for the Golgi 58,000-molecular-weight (58K) protein and
a-tubulin were obtained from Sigma. During all indirect immunofluorescence
experiments described in this paper and in many additional experiments (data
not shown), no significant differences between the staining patterns of monoclo-
nal antibodies 1114 and 1101 were observed. Fluorescein isothiocyanate-conju-
gated anti-rabbit IgG heavy plus light chains (H1L), tetramethylrhodamine
isothiocyanate (Texas Red)-conjugated anti-rabbit IgG (H1L), and Texas Red-
conjugated anti-mouse IgG (H1L) were purchased from Vector Laboratories
(Santa Cruz, Calif.) and were used at a dilution of 1:100 in 1% BSA as secondary
antibodies for indirect immunofluorescence. FITC-conjugated anti-mouse IgG
(H1L) was purchased from Boehringer Mannheim (Indianapolis, Ind.) and was
used at a dilution of 1:500 in 1% BSA.
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Indirect immunofluorescence and microscopy. Both standard and synchro-
nized infections were terminated, after cells were rinsed twice in PBS, by fixing
in 2% methanol-free formaldehyde (Polysciences, Inc.) for 20 min at room
temperature. Next, the cells were rinsed twice again with PBS and permeabilized
with 100% acetone at 220°C for 3 to 5 min, rinsed twice again in PBS, and then
blocked for at least 8.5 h at 4°C in 1% BSA containing 10 mg of pooled human
Ig (mainly IgG) (Sigma) per ml. The cells were then rinsed twice in PBS, and
each primary antibody was added for 1 h. The primary antibodies used for
immunofluorescence studies were diluted in 1% BSA as follows: RGST22, 1:500;
RGST49, 1:500; affinity-purified RGST49, 1:10; anti-ICP4, 1101 and 1114,
1:1,000; anti-gD 1103, 1:1,000. After extensive rinsing with PBS, the appropriate
secondary antibody was added and incubated for an additional 1 h. Finally, the
cells were preserved 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. No staining was observed (data not shown) with any secondary
antibody in the absence of primary antibody (33). No cross-reactivity was ob-
served (data not shown) between anti-rabbit secondary antibody and mouse
primary antibody and vice versa (33). We cannot exclude the possibility that
avidity differences exist between the antibodies used in these studies. Cells were
visualized on either a Zeiss Axiophot fluorescence microscope or a Leica (Hei-
delberg) confocal laser-scanning microscope as indicated in the Results. In the
later case, the thinnest possible sections (0.5 mm) were confocally imaged by
using a 403 objective with a pinhole size of 40.

Infected whole-cell extracts and isolation of cytoplasmic and nuclear frac-
tions. Synchronized infections were terminated by scraping cells (;106) into 140
mM NaCl–3 mM KCl–10 mM Na2HPO4–1.5 mM KH2PO4 (pH 7.5) (PBS)
containing protease inhibitors [10 mM L-1-chlor-3-(4-tosylamido)-7-amino-2-
heptanon-hydrochloride (TLCK), 10 mM L-1-chlor-3-(4-tosylamido)-4-phenyl-2-
butanone (TPCK), 100 mM phenylmethylsulfonyl fluoride (Sigma)]. Whole ex-
tracts of the infected cells were prepared after pelleting by low-speed
centrifugation and resuspending the pellet in PBS containing 1.0% Triton X-100
plus protease inhibitors. Lysis by sonication was performed with a Branson
Sonifier.

For experiments involving the fractionation of cytoplasmic and nuclear com-
partments (5), infected cells (;106) were scraped into PBS containing protease
inhibitors, pelleted, resuspended in the same buffer containing 0.4% Nonidet
P-40 (NP-40), and pelleted again. The supernatant from this centrifugation step
was considered the cytoplasmic fraction. The pellet was washed once in PBS
containing protease inhibitors plus 0.1% NP-40, pelleted, and resuspended in
PBS containing protease inhibitors and 0.4% NP-40. This fraction was sonicated
as above and pelleted, and the supernatant was considered the nuclear fraction.
The pellet remaining after the nuclear supernatant was collected was resus-
pended in PBS containing protease inhibitors and 0.4% NP-40, sonicated, and
designated the nuclear matrix (12).

Denaturing gel electrophoresis and immunoblotting. The protein concentra-
tions of all extracts were determined by a modified Bradford assay (Bio-Rad,
Richmond, Calif.) as specified by the manufacturer. Equal amounts of infected-
cell protein were separated in a sodium dodecyl sulfate (SDS)–15% polyacryl-
amide gel cross-linked with N,N9-diallyltartdiamide (DATD; Sigma) (5), electri-
cally transferred to nitrocellulose, and probed with anti-VP22 polyclonal
antibody RGST49 (1:500 in 1% BSA), anti-ICP22 polyclonal antibody RGST22
(1:500 in 1% BSA), or anti-VP22 monoclonal antibody G49 (hybridoma culture
medium) as indicated in the figure legends. 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 chemiluminescence reagents (Amersham) and au-
toradiography at 25°C with X-OMAT film (Kodak, Rochester, N.Y.). Alkaline
phosphatase-conjugated goat anti-rabbit antibody used at 1:500 in PBS was
purchased from Southern Biotech (Birmingham, Ala.).

[32P]orthophosphate labeling of cells and immunoprecipitation reactions.
The method for specifically immunoprecipitating [32P]orthophosphate-labeled
VP22 was a slight modification of that described previously (4). Approximately
3 3 106 Vero cells were synchronously infected with HSV-1(F) (MOI 5 30) as
described above, except that 100 mCi of carrier-free 32P-orthophosphate (NEN)
was added to the 199V medium at 5 h p.i. The labeled medium was removed
from the cells at 7 h p.i. and replaced with fresh 199V medium, and the infections
were stopped at the time points indicated in the Results. The whole, cytoplasmic,
nuclear, and matrix fractions were isolated as described above.

For the immunoprecipitation reactions, exactly equal amounts (500 mg) of
infected-cell protein from each extract or fraction were added to 0.5 ml of 70 mM
Tris-HCl (pH 7.5)–150 mM NaCl–5 mM EDTA–1% deoxycholate–1% Triton
X-100 (RIPA buffer) plus phenylmethylsulfonyl fluoride, TPCK, and TPLK
protease inhibitors. Antibody RGST49, specific for VP22, was added to a final
dilution of 1:500, and the mixture was rotated for 18 h at 4°C. By using a snipped
micropipet tip, 40 ml of a 50% protein A-Sepharose slurry (Repligen) was added
to each reaction mixture and incubated at 4°C for an additional 4 h. By using
brief microcentrifugations, the protein A-Sepharose beads were rinsed three
times with 1 ml of RIPA buffer plus protease inhibitors and once finally with PBS
plus protease inhibitors. Infected-cell protein was eluted from the protein A-
Sepharose beads by boiling in protein gel disruption buffer containing 0.1% SDS
before being loaded on a 15% DATD-acrylamide denaturing gel. Autoradiog-
raphy was carried out at 25°C using X-OMAT film.

Computer imaging and Web-posted electronic data. Immunoblots, autoradio-
grams, and 35-mm slides were digitized at 600 to 1,200 dots per in. (d.p.i.)
resolution by using an AGFA Arcus II scanner linked to a Macintosh G3
PowerPC workstation. Raw digital images, saved as tagged image files (TIF) with
Adobe Photoshop version 5.0, were organized into figures by using Adobe Illus-
trator version 7.1. Grayscale or color prints of figures were obtained by using a
Codonics dye sublimation printer. Certain results referred to in the text as “data
not shown” may be accessed through our Website (33a).

RESULTS

We previously reported that VP22 is a virion component
which is extensively posttranslationally modified and that these
modifications include [32P]orthophosphorylation, mono-ADP-
ribosylation, and nucleotidylylation (4). In this earlier report,
we focused exclusively on VP22 derived from either purified
HSV-1 and HSV-2 virions or high-salt nuclear extracts of in-
fected cells. One of the significant findings of that study was
that the virion-associated form of VP22 migrates faster in
denaturing gels than do the nuclear-derived forms, suggesting
that the virion form is “undermodified” (4). The implications
of these findings are twofold. First, virion-derived VP22, which
could potentially enter target cells following viral envelope and
cell membrane fusion, is the “undermodified” form. Second, a
novel gatekeeping process probably acts to partition the “un-
dermodified” virion forms from the modified nuclear forms of
the protein. The goals of the studies presented in this report
are to document the intracellular localization of VP22 during
productive infection and to determine whether modifications
of the protein occur in the cytoplasm or the nucleus of the
infected cell.

Three distinct patterns of VP22 subcellular localization are
observed by indirect immunofluorescence of HSV-1(F)
plaques. The first set of experiments used indirect immunoflu-
orescence of viral plaques to detect changes in the subcellular
localization of VP22 during different stages of infection.
Plaque formation represents a situation in which, at a given
point in time, monolayer cells are at different stages of infec-
tion and, generally, internal cells of the plaque are at late
stages of infection and peripheral cells are at early stages.
Plaques were produced by infecting Vero cells at a low multi-
plicity (MOI 5 0.001) and allowing the infection to progress
for approximately 2 days. Infection of neighboring cells by
virus released into medium was minimized by the addition of
neutralizing human Ig. Cells were fixed with formaldehyde,
permeabilized with acetone, and stained with either RGST49
or affinity-purified RGST49 antibody specific for VP22,
RGST22 antibody specific for ICP22, or 1114 antibody specific
for ICP4 as described in Materials and Methods. Two experi-
ments were performed. Initially, plaques were singly stained
with antibody specific for VP22 to define the subcellular loca-
tion of this protein during infection or with antibody specific
for ICP22 as a control. Next, double staining with antibodies
specific for VP22 or ICP4 was performed to compare the
locations of these two proteins within the same cell. Antibodies
against the a or IE proteins ICP22 (for single labeling) and
ICP4 (for double labeling) were specifically chosen as markers
for cells in the earliest phase of infection. The IE proteins,
while synthesized in the cytoplasm, localized quickly and al-
most exclusively within the nuclei of infected cells. The results
(Fig. 1) were as follows.

Single viral plaques were apparent at low magnification fol-
lowing staining with antibodies specific for VP22 or ICP22
(Fig. 1A and B). While ICP22 was uniformly nuclear in all cells
in a plaque (Fig. 1B), distinct subcellular distributions of VP22
were observed in different cells. When anti-VP22-labeled
plaques were viewed at a higher magnification, at least three
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unique subcellular distributions of VP22 were observed in dif-
ferent cells (Fig. 1C). VP22 was predominantly nuclear in most
infected cells in the plaque. However, in some cells, VP22
appeared to be concentrated in the cytoplasm, and in a few
cells, it exhibited a diffuse staining pattern seen throughout the
cell.

To directly compare the localization of VP22 with a protein
synthesized early in infection, HSV-1 plaques were doubly
labeled for indirect immunofluorescence with affinity-purified
RGST49 antibody specific for VP22 and a monoclonal anti-

body specific for ICP4. At low magnification, plaques demon-
strated positive staining for both VP22 and ICP4, and a single
representative plaque is shown (Fig. 1D to F). While the ma-
jority of VP22 staining appeared at the center of the plaque
(Fig. 1D and F), ICP4 staining could be observed in the center
and at the edges of the plaque (Fig. 1E and F). In another
representative plaque viewed at higher magnification, the pre-
viously defined (Fig. 1C) three localizations of VP22 were
observed (Fig. 1G and I). As expected, ICP4 in the same cells
was concentrated in the nucleus (Fig. 1H), although a few cells

FIG. 1. Indirect immunofluorescence of HSV-1(F)-infected cell plaques singly labeled with antibodies specific for VP22 (A and C) and ICP22 (B) and doubly
labeled with antibodies specific for VP22 and ICP4 (D to I). Vero cells were infected at an MOI of 0.001 with HSV-1(F) for 51 h, fixed with formaldehyde, permeabilized
with acetone, and stained with antibodies RGST49 (A and C), RGST22 (B), affinity-purified RGST49 (D, F, G, and I), or 1114 (E, F, H, and I) as described in Materials
and Methods. Abbreviations: un, uninfected cells; n, c, and d nuclear, cytoplasmic, and diffuse subcellular localizations of VP22, respectively. Low magnifications were
310 (D to F) and 320 (A and B); high magnifications were 340 (G to I) and 363 (C).
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showed diffuse staining for ICP4. In cases where VP22 is pre-
dominantly nuclear, staining with antibodies to both VP22 and
ICP4 caused the nuclei of these cells to appear yellow in the
overlay (Fig. 1I). In cells where VP22 localization was cyto-
plasmic, exclusion of VP22 from the nucleus led to a clear
visualization of the Texas Red signal on ICP4 antibodies in the
nuclei of these cells, while the diffuse VP22 localizations
yielded a green cytoplasmic image.

From these results we conclude the following. (i) At least
three unique subcellular localizations of VP22 occur during the
HSV-1 infection cycle. We refer to these staining patterns as
cytoplasmic, nuclear, and diffuse. (ii) Essentially all ICP22 and
ICP4 localized to the nucleus. (iii) VP22 was observed only in
cells that already expressed ICP4, inasmuch as all cells which
stained for VP22 also stained for ICP4. ICP4 was observed in
cells at the periphery of plaques in which we did not find
detectable levels of VP22, indicating that cells at the edges of
plaques which stained only for ICP4 are cells in the earliest
stages of viral replication. We conclude from this experiment
that VP22 exhibits different subcellular localizations in in-
fected cells during the course of productive infection. Cells
that exhibit these forms are observed in viral plaques.

Detection of VP22, but not ICP4, in the nuclei of some cells
in HSV-1(F) plaques fixed and permeabilized with methanol.
The results presented in Fig. 1 confirm that viral IE proteins
like ICP4 are detected in all infected cells in a plaque while L
proteins like VP22 predominate in cells at the center of a
plaque. These results are consistent with the temporal regula-
tion of HSV-1 protein synthesis (23). However, based on the
report that after infection by a replication defective virus,
VP22 is observed in the nuclei of cells that are devoid of a
b-galactosidase marker for infection (17), we were intrigued by
the fact that we did not observe cells which stained for VP22
alone and not ICP4. To investigate this further, Vero cells were
infected at low MOI with HSV-1(F) in parallel with those

shown in Fig. 1D to I. Next, the cells were fixed and perme-
abilized only by the addition of 100% methanol as described
previously (17). Plaques were then doubly labeled for immu-
nofluorescence with affinity-purified RGST49 antibody and
monoclonal antibody 1114 specific for ICP4 as described in
Materials and Methods. As a control, phase contrast images of
the cells were also documented.

The results (Fig. 2) demonstrated that at low magnification,
many of the cells at the edges of plaques, which exhibited weak
staining with the anti-VP22 antibody (Fig. 2A), showed no
detectable staining with the antibody specific for ICP4 (com-
pare Fig. 2A with Fig. 2B and C). At a higher magnification,
labeling for both VP22 and ICP4 was observed in the nuclei of
many cells (Fig. 2G). Some cells also showed a diffuse staining
of ICP4 (Fig. 2F). Overlay of the VP22 and ICP4 images (Fig.
2G) demonstrated that many cells had nuclear staining only for
VP22 and not ICP4. The intensity of the unique VP22 staining
was substantially lower than that observed for VP22 in the cells
which also stained for ICP4 (compare Fig. 2E with Fig. 2F and
G).

From these results, we conclude the following. (i) Since the
experiments in Fig. 1 and 2 were performed in parallel under
identical infection conditions, the relative distributions of ICP4
and VP22 were identical in each set of infected cells prior to
fixing and permeabilizing, independent of the chemical treat-
ments performed later. (ii) The use of the different fixing and
permeabilizing conditions had little or no effect on ICP4 since
the staining pattern of ICP4 did not differ between Fig. 1 and
2. (iii) The differences observed in the staining patterns of
VP22 are due solely to the use of different conditions for fixing
and permeabilizing the cells. In keeping with our above-men-
tioned understanding of the temporal regulation of protein
expression in HSV-1, we conclude that the formaldehyde fix-
ation and acetone permeabilization technique is the method of
choice for indirect immunofluorescence experiments pre-

FIG. 2. Phase-contrast (D) and indirect immunofluorescence (A to C and E to G) of HSV-1(F) plaques doubly labeled with antibodies specific for VP22 and ICP4.
Vero cells were infected at an MOI of 0.001 with HSV-1(F) for 51 h in parallel with those in Fig. 1D to I, fixed and permeabilized with 100% methanol (17), and stained
with affinity-purified RGST49 (A, C, E, and G) and 1114 (B, C, F, and G) as described in Materials and Methods.
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sented in this report. Accordingly, this method was used in all
subsequent experiments involving indirect immunofluores-
cence.

The plaque-staining assay proved valuable for observing
cells undergoing the full range of the infectious cycle in a single
microscopic field. In the next series of experiments, we sought
to determine whether the different localizations of VP22 cor-
responded to different points during the infection cycle by
using a coordinated infection system.

Migration of VP22 to the nucleus during HSV-1(F) infec-
tion. The next experiment was designed to determine whether
any of the subcellular localizations of VP22 presented in Fig. 1
predominated at a particular time during the course of HSV-1
infection. In an attempt to coordinate the time of infection,
Vero cells were infected with HSV-1(F) at an MOI of 0.1 on
ice at 4°C for 1 h. At 1 h p.i., fresh 37°C medium was added,
and the infections were stopped at regular intervals after the
temperature shift. At 7, 9, 13, and 25 h p.i., cells were fixed and
permeabilized with formaldehyde and acetone as described in
Materials and Methods. The cells were stained with both

monoclonal antibody 1101 specific for ICP4 and affinity-puri-
fied RGST49 antibody specific for VP22 and visualized by
indirect immunofluorescence. This infection strategy was de-
signed to examine the subcellular distribution of VP22 during
an entire low-multiplicity replication cycle. The results (Fig. 3)
were as follows.

The localization of ICP4 was observed to be nuclear
throughout infection (Fig. 3A, D, G, and J). The presence of
ICP4 in globular replication compartments (10; reviewed in
reference 13) was consistent with earlier reports (25). At 7 h
p.i., VP22 exhibited a cytoplasmic distribution in the infected
cells (Fig. 3B). Only ICP4 was observed in the nucleus at 7 h
p.i. in the overlay of the two images (Fig. 3C), further support-
ing the idea VP22-specific staining was limited to the cyto-
plasm. At 9 h p.i. (Fig. 3E), VP22 was detected in both the
cytoplasm and nuclei of infected cells, yielding the staining
pattern defined as diffuse in the plaque-staining assay. At 13 h
p.i., a combination of all three VP22 staining patterns was
observed (Fig. 3H), while at 25 h p.i., VP22 localization was
almost exclusively nuclear in all infected cells (Fig. 3K). Over-

FIG. 3. Indirect immunofluorescence of HSV-1(F)-infected cells doubly labeled with antibodies specific for VP22 (B, E, H, and K) and ICP4 (A, D, G, and J). Vero
cells were infected with 0.1 PFU of HSV-1(F) per ml on ice at 4°C for 1 h. 1 h p.i. refers to the point at which fresh (37°C) medium was added back to the flasks.
Infections were terminated at 7, 9, 13, and 25 h p.i. prior to formaldehyde-acetone fixation followed by immunostaining with affinity-purified RGST49 and 1101 as
described in Materials and Methods, n, c, and d refer to the nuclear, cytoplasmic, and diffuse subcellular localizations of VP22, respectively (Fig. 1). Overlays are shown
in panels C, F, I, and L.
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lay of VP22 and ICP4 at 25 h p.i. demonstrated that although
VP22 accumulated in the nucleus at late times postinfection,
its nuclear distribution was not limited to replication compart-
ments as was that of ICP4 (Fig. 3L). Finally, there was a
marked increase in the number of infected cells as the time
course progressed.

From these results, we conclude that VP22 is distributed in
the cytoplasm early in infection while its nuclear localization
occurs later in infection. The diffuse pattern appears to repre-
sent an intermediate phase of accumulation of VP22 in the
nucleus. The results in Fig. 3 are consistent with cell-to-cell
asynchronous spread in which additional rounds of replication
have occurred. For this reason, high-multiplicity infections
were used to obtain synchronous infection.

Differing subcellular localizations of VP22 and gD during a
synchronized HSV-1(F) infection. We have now compared the
subcellular localizations of VP22 with two HSV-1 IE proteins,
ICP4 and ICP22, which are targeted to the nucleus. During this
analysis, we discovered that VP22 possessed a demonstrative
cytoplasmic phase. To accurately define the stage of infection
at which VP22 accumulates predominantly in the cytoplasm,
we directly compared its localization with that of a well-defined
viral glycoprotein, gD. Vero cell monolayers were synchro-
nously infected with HSV-1(F) by using low-temperature (4°C)
adsorption followed by a temperature shift to 37°C as de-

scribed in Materials and Methods, and infection was stopped
by fixing cells at specific times p.i. The cells were subsequently
stained for indirect immunofluorescence with monoclonal an-
tibody 1103, specific for gD, and affinity-purified RGST49 as
described in Materials and Methods. The results (Fig. 4)
showed the following.

Labeling with either antibody at each time point (gD in Fig.
4A, D, G, and J or VP22 in Fig. 4B, E, H, and K) showed a
uniform staining pattern in all cells at each time point, indi-
cating that the infection was synchronized. At 5 and 7 h p.i.,
VP22 staining was restricted mainly to the cytoplasm adjacent
to the cell nucleus (Fig. 4B and E). gD also localized to this
structure at 5 and 7 h p.i. (Fig. 4A, C, and F). At 7 h p.i. (Fig.
4E), VP22 was still distributed mainly in the cytoplasm but low
levels could be detected in the nucleus. By 9 h p.i., VP22 was
observed in the nuclei of all cells (Fig. 4H). At this point in
infection, VP22 still exhibited some staining in the cytoplasm
around the nucleus (Fig. 4H), and this distribution of VP22
was constant up to 13 h p.i. (Fig. 4K). As expected, gD accu-
mulated in the cytoplasm during the course of infection and
was never observed to accumulate to significant levels in the
nuclei of infected cells (Fig. 4D, G, and J). VP22 which colo-
calized with gD in the cytoplasm appeared yellow in the over-
lay (Fig. 4C, F, I, and L), while VP22 which accumulated in the

FIG. 4. Double-label indirect immunofluorescence of synchronously infected cells stained with antibodies specific for VP22 (B, E, H, and K) and gD (A, D, G, and
J). Vero cells were synchronously infected with HSV-1(F) (MOI 5 30) and at 5, 7, 9, 13 h p.i. were formaldehyde fixed and acetone permeabilized before being
immunostained with affinity-purified RGST49 and 1103 as described in Materials and Methods. 1 h p.i. refers to the point at which fresh (37°C) medium was added
back to the flasks following a 1-h absorption at 4°C. Overlays are shown in panels C, F, I, and L.
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nucleus at 9 and 13 h p.i. appeared green in the overlay (Fig.
4I and L).

The conclusions from this experiment (Fig. 4) were as fol-
lows. (i) Anti-gD labeling, measured by indirect immunofluo-
rescence, was uniform in all cells at each time point. This
indicates that the criteria for synchronized infection were met
by the technique of shifting the temperature of cells pread-
sorbed with HSV-1(F) (MOI 5 30) from 4 to 37°C. (ii) Double
labeling of synchronously infected Vero cells for gD and VP22
enabled us to clearly differentiate between time points when
VP22 is predominantly cytoplasmic (,7 h p.i.) and those when
it is predominantly nuclear (.7 h p.i.). (iii) Based on our
findings, we also conclude that the major influx of VP22 into
nucleus initiates between 7 and 9 h p.i.

Uniform accumulation of VP22 in the nuclei of synchro-
nously infected cells at 9 h p.i. detected by confocal immuno-
fluorescence. Double labeling (Fig. 4) with antibodies specific
for VP22 and gD indicated that VP22 exhibited nuclear local-
ization late in infection. However, since all of the previous data
was obtained with a standard fluorescence microscope, we
could not eliminate the possibility that VP22 which appeared
to be within the nucleus represented VP22 in the cytoplasm
above the nucleus. Thus, to precisely determine the subcellular
location of VP22 at specific points during infection, Vero cells
were synchronously infected with HSV-1(F) and indirect im-
munofluorescence of VP22 was examined by confocal laser-
scanning microscopy as described in Materials and Methods.
The pinhole size was adjusted to obtain the thinnest possible
sections (0.5 mm) so that we could conclusively determine
whether VP22 was nuclear at each time point.

The results (Fig. 5) showed that essentially no VP22 was
observed by indirect immunofluorescence at 3 h p.i. (Fig. 5A).
At 5 h p.i., VP22 was observed throughout the cytoplasm with
areas of stronger staining adjacent to the nucleus (Fig. 4) while
little or none was present within the nucleus (Fig. 5B). At 7 h
p.i., VP22 was still predominantly distributed throughout the

cytoplasm, although a demonstrable amount was also observed
in the nuclei of infected cells (Fig. 5C). This combination of
cytoplasmic and nuclear staining corresponds to the pattern
previously (Fig. 1) referred to as diffuse. At 9 h p.i., VP22 had
accumulated within the nuclei of infected cells, with some
staining observed in the cytoplasm (Fig. 5D). Areas of de-
creased immunoreactivity observed in the nuclei of some cells
(Fig. 5C and D) indicated that VP22 was either absent from
the nucleolus or present in this structure at lower levels than in
other areas of the nucleus. At later time points (11 and 13 h
p.i.), the vast majority of VP22 was observed throughout the
nuclei (Fig. 5E and F). No VP22 signal was observed in mock-
infected cells at 13 h p.i. (Fig. 5G). The results presented here
are consistent with those presented above (Fig. 1, 3, and 4). In
summary, we conclude that during HSV-1(F) infection, VP22
is cytoplasmic prior to 5 h p.i., begins to enter the nucleus
between 5 and 7 h p.i., and is located predominantly inside the
nucleus after 9 h p.i.

Changes in the electrophoretic migrations of VP22 in a
denaturing gel during the course of a synchronized HSV-1(F)
infection. As described in the introduction, VP22 is known to
undergo a variety of modifications, both in vitro and in vivo.
During our initial analysis, we reported that the form of VP22
which is packaged in the virion migrates faster in a denaturing
gel than does its nonpackaged form (4). The next experiment
was designed to determine whether the different forms of
VP22 observed in denaturing gels accumulated at different
rates during the course of a synchronized infection. As de-
scribed in Materials and Methods, Vero cells were synchro-
nously infected with HSV-1(F) and whole extracts of the in-
fected cells were prepared every 2 h over a 25-h period. Equal
amounts of infected-cell protein from each extract were loaded
on a 0.1% SDS–15% polyacrylamide gel cross-linked with
DATD (5), transferred to nitrocellulose, and probed with an-
tibodies RGST22 and RGST49. ICP22 was specifically chosen
as a control marker for the IE (a) phase of infection.

FIG. 5. Confocal indirect immunofluorescence of synchronously infected cells stained with antibodies specific for VP22. Vero cells were synchronously infected with
HSV-1(F) (MOI 5 30) or mock infected and at 3, 5, 7, 9, 13 h p.i. were formaldehyde fixed and acetone permeabilized before being immunostained with affinity-purified
RGST49 as described in Materials and Methods. Confocal images were obtained with a Leica laser-scanning microscope. The mock control at 13 h p.i. is shown. 1 h
p.i. refers to the point at which fresh (37°C) medium was added to the flasks following a 1-h adsorption at 4°C.
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The results (Fig. 6) of this Western blot analysis showed that
low levels of ICP22 could be detected at 3 h p.i. (lane 4). The
amount of ICP22 remained relatively constant after 5 h p.i.
until 19 h p.i. The reduction of ICP22 and VP22 protein ob-
served at 21 and 23 h p.i. may represent the loss of infected-cell
protein as a result of cell lysis. VP22 was first observed at 5 h
p.i. as a single band (lane 5). An additional, faster-migrating
VP22 band was observed in extracts prepared at 7 h p.i. and
thereafter (lanes 6 to 14). While both the slow- and fast-
migrating forms of VP22 appeared to represent equal amounts
of VP22 protein at 7 h p.i., the faster-migrating forms of VP22
predominated from 9 to 23 h p.i. (compare lanes 7 to 14 with
lane 6). The distribution pattern in which the faster-migrating
form of VP22 predominates appeared to remain constant from
11 to 23 h p.i. As expected, no ICP22 or VP22 was observed in
the mock-infected extracts (lanes 1 and 2) or at 1 h p.i. (lane 3).
From this experiment, we conclude that (i) VP22 exists in at
least two forms in extracts derived from synchronously infected
Vero cells and (ii) the distribution of these forms appears to be
regulated during the course of infection inasmuch as the low-
mobility forms predominate early in infection (,7 h) while the
high-mobility forms accumulate later.

Slowest-migrating (low-mobility) forms of VP22 derived
from the nuclear fraction of HSV-1(F)-synchronously infected
Vero cells. The next set of experiments was designed to deter-
mine whether the differently migrating forms of VP22 corre-
lated with changes in subcellular localization of VP22 during a

synchronized infection as observed by indirect immunofluores-
cence (Fig. 5). Nuclear and cytoplasmic fractions were pre-
pared from Vero cells at 1, 5, 9, and 13 h during a synchronized
infection with HSV-1 and infected-cell polypeptides were sep-
arated in a denaturing gel and transferred to nitrocellulose
prior to immunoblotting with G49 antibody specific for VP22
as described in Materials and Methods. As a control, a portion
of the infected cells was reserved and whole-cell extracts were
prepared from this population. The results of this experiment
are shown in Fig. 7.

The results with control whole-cell extracts confirmed the
observations (Fig. 6) that the slowest-migrating form of VP22
was observed at 5 h p.i. (Fig. 7, lane 2), the faster form of VP22
was seen at 9 h p.i. (lane 3), and this faster form predominated
at 13 h p.i. (lane 4). This finding indicates that the RGST49
and G49 antibodies yield identical results. No VP22 could be
detected at 1 h p.i. in either the whole-cell extracts (lane 1) or
the cytoplasmic (lane 7) and nuclear (lane 8) fractions. Com-
parison of the infected whole-cell extract (lane 2) with the
fractions prepared at 5 h p.i. (lane 9 and 10) showed that all of
the detectable VP22 was present in the nuclear fraction (lane
10). At 9 h p.i., the majority of VP22 present in the whole-cell
extract (lane 3) was represented as a faster-migrating form
observed in the cytoplasmic fraction (lane 11), while at least
two slower-migrating forms of VP22 were seen in the nuclear
fraction (lane 12). By 13 h p.i., the majority of VP22 present in
the whole-cell extract (lane 4) was represented as at least three
forms observed in the nuclear fraction (lane 14) while two, less
abundant, faster-migrating forms of VP22 were seen in the
cytoplasmic fraction (lane 13). Comparison of the nuclear and
cytoplasmic fractions at 9 and 13 h p.i. indicated that the
low-mobility forms of VP22 partitioned exclusively in the nu-
clear fraction. As expected, no VP22 was present in the mock-
infected cells (lane 5, 15, and 16).

Based on the results presented in Fig. 6 and 7, we conclude
that (i) during the course of a synchronized infection, at least
three different forms of VP22 can be resolved in a denaturing
gel. We have designated these forms as VP22a, VP22b, and
VP22c (VP22a migrates fastest, and VP22c migrates slowest).
(ii) The slowest-migrating form, VP22c, is exclusively nuclear
and is detected earliest during infection (5 h p.i.), while forms
VP22b and VP22a are detected later in infection. VP22b ap-
pears to be the major form of VP22 at 9 h p.i., and this form
predominates in the cytoplasm. Although both VP22b and
VP22a are present in the cytoplasm at 13 h p.i., VP22 at this
time is predominantly nuclear (Fig. 7, compare lanes 13 and
14), consistent with the cell staining presented in Fig. 5. Inter-
estingly, all three forms of VP22 (VP22a to VP22c) are found

FIG. 6. Immunoreactivities of infected cell proteins extracted during the
course of a synchronized HSV-1(F) infection. Vero cells were synchronously
infected with HSV-1(F) (MOI 5 30) or mock infected. At 1, 3, 5, 7, 9, 11, 13, 15,
17, 19, 21, and 23 h p.i., whole-cell extracts were prepared and polypeptides were
separated in a denaturing gel and transferred to nitrocellulose prior to chemi-
luminescent staining with antibodies RGST22 and RGST49 as described in
Materials and Methods. The dot marks the slowest-migrating form of VP22, and
the vertical line marks the faster form(s). 1 h p.i. refers to the point at which fresh
(37°C) medium was added back to the flasks following a 1-h absorption at 4°C.

FIG. 7. Immunoreactivities of polypeptides derived from either whole-cell extracts (WCE) or nuclear (Nuc) and cytoplasmic (Cyto) fractions during the course of
a synchronized HSV-1(F) infection. Vero cells were synchronously infected with HSV-1(F) (MOI 5 30) or mock infected. At 1, 5, 9, and 13 h p.i., either whole-cell
extracts or nuclear and cytoplasmic fractions were prepared and polypeptides were separated in a denaturing gel and transferred to nitrocellulose before undergoing
chemiluminescent staining with antibody G49 as described in Materials and Methods. Dots mark the locations of the three observed electrophoretic forms of VP22
(a, b, and c). 1 h p.i. refers to the point at which fresh (37°C) medium was added back to the flasks following a 1-h adsorption at 4°C. The location of the 45-kDa
molecular mass marker is indicated (MW).
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in the nucleus late in infection. An alternative possibility exists
that the fastest-migrating VP22 is a proteolytically processed
form, as we have suggested previously (4), and that this pro-
cessing of VP22 occurs at late times in infection.

[32P]orthophosphate-modified VP22 localizes to the nucleus
during a synchronized HSV-1(F) infection. The results above
(Fig. 7) demonstrated that VP22c was the slowest-migrating
form of VP22 observed in a denaturing gel and that this form
was found exclusively in nuclear fractions of infected cells.
Since a slower-migrating form of VP22 has been shown to be
phosphorylated (4, 18), a likely hypothesis is that VP22c rep-
resents one of the posttranslationally modified forms of VP22
described in the introduction. To confirm that the slowest-
migrating, nuclear forms of VP22 were, in fact, phosphory-
lated, Vero cells were synchronously infected with HSV-1(F)
or mock infected in the presence of [32P]orthophosphate and
total VP22 protein derived from whole-cell extracts or cyto-
plasmic and nuclear fractions was immunoprecipitated with
the RGST49 antibody as described in Materials and Methods.
Immunoprecipitations were also performed from the matrix,
which remained following the isolation of the nuclear fraction.
Immunoprecipitated polypeptides were separated in a dena-
turing gel, transferred to nitrocellulose, and tested for immu-
noreactivity with antibody RGST49 prior to autoradiography.
The results (Fig. 8) were as follows.

Since the autoradiogram (Fig. 8A) showed labeled bands
only in the region where VP22 was detected, only this portion
is presented. Weak but detectable levels of radiolabeled pro-
tein were precipitated from infected but not mock-infected
whole-cell extracts at 9 and 13 h p.i. (lanes 1 and 2). At 9 h p.i.,

the radiolabeled band precipitated from the nuclear fraction
(lane 5) migrated with those observed in the whole-cell extracts
(lane 1 and 2). Unexpectedly, a low-molecular-weight radiola-
beled band was precipitated from the cytoplasmic fraction
(lane 4 and 6). This band probably represents a degradation
product of VP22. At 13 h p.i., a radiolabeled band was precip-
itated from the nuclear fraction (lane 7) and the intensity of
the nucleus-derived band increased from 9 to 13 h p.i. When
the nuclear matrices were solubilized by sonication and added
to immunoprecipitation reaction mixtures, radiolabeled bands
(lane 10 and 11) were observed at 9 and 13 h p.i. migrating with
those observed in the whole-cell extracts (lane 1 and 2). The
radiolabel signal was most intense in the nuclear matrix-de-
rived band present at 13 h p.i. (lane 11).

The portion of the immunoblot (Fig. 8B) containing the
whole-cell extracts and the cytoplasmic and nuclear fractions
(lanes 1 to 9) showed demonstrable levels of immunostaining
of VP22 in the 9 h p.i. cytoplasmic lane. Two immunoreactive
species were observed: (i) an abundant form that had an ap-
parent molecular weight similar to that of the radiolabeled
bands observed in whole-cell extracts in Fig. 8A, and (ii) the
minor, low-molecular-weight protein (lane 4) believed to be a
degradation product. Direct alignment of the autoradiogram
with the immunoblot at 9 h p.i. showed that the abundant
immunoreactive band in the cytoplasmic fraction (Fig. 8B, lane
4) was not radiolabeled (Fig. 8A, lane 4). However, the loca-
tion of the low-molecular-weight immunoreactive protein (Fig.
8B, lane 4) coincided with the low-molecular-weight radiola-
beled protein (Fig. 8A) observed in the cytoplasmic fraction.
These results indicate that phosphorylation of full-length VP22
in the cytoplasm is undetectable although a degradation prod-
uct of VP22 present in the cytoplasm is phosphorylated. Im-
munoblotting revealed an abundant amount of VP22 present
in the nuclear matrix at 13 h p.i. along with a minor amount of
the low-molecular-weight species (Fig. 8B, lane 11). VP22
present in the nuclear fraction, which incorporated signifi-
cantly more radiolabel than did VP22 in the cytoplasm (Fig.
8A, compare lane 4 with lane 5 and compare lane 6 with lane
7), was undetectable by immunoblotting (Fig. 8B, lanes 5 and
7). This indicates that the limited amount of VP22 in the
nuclear fraction incorporated a significant amount of radiola-
bel. However, the majority of VP22 present in the nucleus was
associated with the nuclear matrix (Fig. 8B, lanes 10 and 11).
VP22 present in whole-cell extracts was not detected by im-
munoblotting because equal amounts of infected cell protein
were used in each precipitation reaction, subsequently diluting
the concentration of VP22 in the whole-cell extract relative to
the subcellular fractions. Nevertheless, the [32P]orthophos-
phate label on this small amount of VP22 was detectable in the
autoradiogram.

From these results, we conclude that under the conditions of
our fractionations, the majority of VP22 at 9 h p.i. is parti-
tioned to the cytoplasm and the majority at 13 h p.i. is located
in the nucleus and may be associated with chromatin. In addi-
tion, a portion of the VP22 which partitions to the nucleus is
modified by the incorporation of phosphate from
[32P]orthophosphate since both the nuclear fractions and nu-
clear matrices accumulated radiolabeled VP22 during the
course of infection. At this time, we do not know the signifi-
cance of the low-molecular-weight form of VP22 observed in
the cytoplasmic (at 9 h p.i.) and matrix (at 13 h p.i.) fractions,
although we believe that it is a degradation product of VP22.
This species has been observed previously under conditions of
excess polypeptide loading on denaturing gels (4), and its high
electrophoretic mobility indicates that it is not related to the
VP22a to VP22c forms defined in Fig. 7. Since the majority of

FIG. 8. Autoradiographic images (A) and immunoreactivities (B) of 32P-
orthophosphate-labeled infected-cell polypeptides immunoprecipitated with an
anti-VP22 antibody during the course of a synchronized HSV-1(F) infection.
Vero cells were synchronously infected with HSV-1(F) (MOI 5 30) or mock
infected in radiolabel-free medium. At 5 h p.i., medium containing 32P-or-
thophosphate was added, and after a 2-h incubation, radiolabel was removed. At
9 and 13 h p.i., whole-cell extracts (WCE), nuclear (N) and cytoplasmic (C)
fractions, or the residual matrices were precipitated with the RGST49 antibody
as described in Materials and Methods. Immunoprecipitated (IP) infected-cell
polypeptides were separated in a denaturing 15% DATD-acrylamide gel, trans-
ferred to nitrocellulose, and reacted with antibody RGST49. An alkaline phos-
phatase-conjugated secondary antibody was used for immunostaining prior to
autoradiography. The solid arrows mark the location of VP22, while the open
arrowheads mark the potential degradation product referred to in the text.
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the cytoplasmic form of VP22 was not radiolabeled, we con-
clude that modification of VP22 correlates with its presence in
the nucleus.

DISCUSSION

The goal of this study was to document the biological and
biochemical properties of the HSV-1 VP22 protein during the
course of productive infection. To accomplish this task, we
developed infection protocols which would enable us to dissect
the subcellular localization and compartmentalization of the
protein. The key findings of our study are summarized as
follows.

(i) A low-temperature adsorption step and subsequent shift
to 37°C resulted in a synchronized HSV-1 infection. It was our
desire to develop an infection system in which all cells in a
monolayer were at the same stage of infection at any given
time. Using a modification of a previously published report
(22), we determined that a MOI of 30 PFU per cell was nec-
essary to achieve synchronized infection. Indirect immunoflu-
orescence of cells fixed at regular intervals p.i. indicated that
staining for the HSV-1 protein gD was uniform in all cells at
each time point examined. Therefore, this technique presents
an infection system in which all cells in a monolayer are at the
same stage of infection at any given time and is suitable for
studies involving indirect immunofluorescence. Based on these
results, whole-cell extracts and cell fractions were also pre-
pared from synchronously infected cells.

(ii) VP22 localizes to three distinct subcellular areas during
the course of HSV-1 infection. Based on the unique indirect-
immunofluorescence staining that was observed, these specific
VP22-staining patterns were defined as cytoplasmic, diffuse,
and nuclear. The diffuse pattern appears to represent a tran-
sition between cytoplasmic and nuclear localization, since
VP22 in these cells is present throughout the majority (both
cytoplasm and nucleus) of the cell as measured by standard
indirect immunofluorescence microscopy.

(iii) VP22 exists in the cytoplasm early in infection and
migrates to and accumulates in the nucleus late in infection. To
identify the specific phases of viral infection, we compared the
localization of VP22 with those of ICP22 and ICP4, represen-
tative IE (a) proteins, and gD, a representative L (g1) protein.
VP22 staining in the nucleus was not restricted to replication
compartments which accumulated the HSV-1 ICP4 protein
(25). Using the synchronized infection system, we monitored
VP22 throughout the course of HSV-1 infection. Confocal
microscopy confirmed that the major influx of VP22 into the
nucleus occurs between 7 and 9 h p.i. VP22 colocalized with gD
in the cytoplasm early during infection, while VP22 alone was
observed in the nuclei of infected cells after 7 h p.i. Cytoplas-
mic VP22 colocalized with gD in the cytoplasm early in infec-
tion. This area was also the site at which the 58K Golgi marker
localized (data not shown), suggesting that both VP22 and gD
may associate with the Golgi prior to the entry of VP22 into the
nucleus. Although blocking fixed cells with human Ig should
prevent the HSV-1 Fc receptor from binding the polyclonal
RGST49, we cannot exclude the possibility that the viral Fc
receptor is playing a role in the cytoplasmic staining patterns
we have observed. Nevertheless, these blocking conditions in-
hibited the HSV-1 Fc receptor from binding the rabbit poly-
clonal RGST22 antibody (Fig. 1).

(iv) VP22 extracted from synchronously infected cells mi-
grates as at least three unique electrophoretic species in dena-
turing gels. In these analyses, the fact that the ICP22 protein
was observed earlier in infection than VP22 further supports
our conclusion that the infections were synchronized. We de-

fined the three forms of VP22 as VP22a for high mobility,
VP22b for intermediate mobility, and VP22c for low mobility.
Under our conditions, the lowest-mobility forms were associ-
ated with the nuclear fraction. The relative distribution of the
forms of VP22 varied during the course of infection. Unex-
pectedly, a low-mobility species (VP22c) was observed in the
nuclear fraction at 5 h p.i., suggesting that very early in infec-
tion a subpopulation of VP22 is targeted to the nucleus. It is
likely that this population of VP22 is present in such a low
abundance that it cannot be detected by indirect immunoflu-
orescence early in infection. No VP22 was detected at 1 h p.i.
Therefore, it seems unlikely that the early nuclear form rep-
resents VP22 derived from input virus. Since the role played by
this early nuclear form of VP22 in infection is not clear, specific
studies with VP22 mutants defective in nuclear targeting
should help clarify this issue.

(v) Full-length VP22 which partitioned in the nuclear frac-
tion incorporated radiolabel from 32P-orthophosphate, while
cytoplasmic VP22 did not. Based on this finding, we conclude
that modification of VP22 coincides with its appearance in the
nucleus. While the bovine herpesvirus type 1 VP22 homologue
was also reported to exhibit a nuclear localization (27), it is
unclear whether the bovine protein is modified in a manner
similar to that of HSV-1 VP22. The most intriguing finding in
this portion of our study was that most of the VP22 protein
immunoprecipitated at 13 h p.i. was present in the nuclear
matrix while at 9 h p.i. VP22 was cytoplasmic. Since the frac-
tionation buffers used contained 140 mM NaCl, we cannot
exclude the possibility that the nuclear form of VP22 which
accumulates late in infection is actually less soluble than that
produced earlier in infection. In the absence of sonication, it
was reported that HSV-1 tegument proteins, in particular
VP22, were insoluble in extraction buffers containing Triton
X-100, deoxycholate, and SDS (30). An alternative explanation
for our results could be the following. One of the initial char-
acterizations of the VP22 protein was that it had the capacity
to tightly bind chromatin (26). Since we have routinely been
able to extract VP22 from the nuclei of infected cells by using
high-salt buffers (4), it is possible that 140 mM NaCl was an
insufficient ionic strength to remove VP22 from the other in-
soluble material in the nuclear matrix. Since all of our fractions
were sonicated, our nuclear matrix probably contained insolu-
ble chromatin fragments as well as material previously referred
to as matrix (12). If such a scenario turns out to be true, it
would mean that the modified form of VP22 which accumu-
lates in the nucleus late in infection has a high affinity for
chromatin.

(vi) Our conclusions are based on data from indirect immu-
nofluorescence performed after infected cell monolayers were
fixed with formaldehyde and subsequently permeabilized with
acetone. Under these conditions, we did not observe any cells
in HSV-1(F) plaques that stained for VP22 but not ICP4,
consistent with the accepted cascade of synthesis of viral pro-
teins (35). These results are in contrast to those recently de-
scribed in which COS-1 cells were infected (MOI 5 0.1) with
a gH-minus derivative of HSV-1 (strain 17) and fixed and
permeabilized with 100% methanol (17). In indirect-immun-
ofluorescence experiments with COS-1 cells, the VP22 which
was present in cells that also contained b-galactosidase as an
internal marker for viral infection had a pattern which we
would describe as cytoplasmic. These authors also observed
nuclear staining for VP22 in cells devoid of b-galactosidase
and concluded that these cells were uninfected. These data are
consistent with our results (Fig. 2) obtained when 100% meth-
anol was used for fixing and permeabilization. In plaques fixed
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and permeabilized only with methanol, VP22 but not ICP4 was
observed in the nuclei of some cells.

Previous reports have indicated that the carboxy-terminal
half of VP22 contains either a nuclear localization or retention
domain since, when this portion of VP22 is fused to the jellyfish
green fluorescent protein, it is able to recruit green fluorescept
protein to the nuclei of cells during transfection and transient-
expression experiments (20). Transfection and transient ex-
pression of a copy of VP22 which contains a carboxy-terminal
deletion of 34 amino acids also shows only cytoplasmic local-
ization in indirect immunofluorescence studies (17), support-
ing the theory that this portion of the protein possesses a
nuclear targeting or retention activity.

In light of the data presented in Fig. 2, we wish to put
forward the following hypothesis to explain these results. We
propose that under the conditions of methanol-only fixing and
permeabilization, the detection of wild-type VP22 in the nuclei
of cells which do not stain for ICP4 (Fig. 2) is due to the high
affinity of VP22 for chromatin and matrix at late times during
infection (Fig. 8). Possibly, both VP22 and ICP4 are originally
present in all cells but in the presence of methanol ICP4 is not
retained in the nuclei while VP22 is retained due to its poten-
tial chromatin- and matrix-associating property. An alternative
model would be that under methanol-only conditions, VP22
may seep out of the nuclei of infected cells and, due to its
chromatin- and matrix-associating property, is retained in the
nuclei of adjacent cells. Support for this latter theory comes
from the finding (17) that exogenous VP22 added to COS-1
cells is observed in the nucleus when cells are fixed and per-
meabilized with methanol only.

Together, these findings imply that VP22 plays a complex
and perhaps tightly regulated role during HSV infection.
While VP22 is known to accept a variety of posttranslational
modifications, we have investigated only its incorporation of
phosphate in this study. The development of appropriate ge-
netic and biochemical system is required to determine the
function of modified VP22 during the course of productive
infection.
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