
JOURNAL OF VIROLOGY, Jan. 2008, p. 268–277 Vol. 82, No. 1
0022-538X/08/$08.00�0 doi:10.1128/JVI.01588-07
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Herpes Simplex Virus Type 1 Immediate-Early Protein ICP27 Is
Required for Efficient Incorporation of ICP0 and

ICP4 into Virions�

Lenka Sedlackova and Stephen A. Rice*
Department of Microbiology, University of Minnesota Medical School, Minneapolis, Minnesota 55455

Received 20 July 2007/Accepted 10 October 2007

Early in infection, herpes simplex virus type 1 (HSV-1) immediate-early (IE) proteins ICP0 and ICP4
localize to the nucleus, where they stimulate viral transcription. Later in infection, ICP0 and to a lesser extent
ICP4 accumulate in the cytoplasm, but their biological role there is unknown. Previously, it was shown that the
cytoplasmic localization of ICP0/4 requires the multifunctional IE protein ICP27, which is itself an activator
of viral gene expression. Here, we identify a viral ICP27 mutant, d3-4, which is unable to efficiently localize
ICP0 and ICP4 to the cytoplasm but which otherwise resembles wild-type HSV-1 in its growth and viral gene
expression phenotypes. These results genetically separate the function of ICP27 that affects ICP0/4 localization
from its other functions, which affect viral growth and gene expression. As both ICP0 and ICP4 are known to
be minor virion components, we used d3-4 to test the hypothesis that the cytoplasmic localization of these
proteins is required for their incorporation into viral particles. Consistent with this conjecture, d3-4 virions
were found to lack ICP0 in their tegument and to have greatly reduced levels of ICP4. Thus, the cytoplasmic
localization of ICP0 and ICP4 appears to be a prerequisite for the assembly of these important transcriptional
regulatory proteins into viral particles. Furthermore, our results show that ICP27 plays a previously unrec-
ognized role in determining the composition of HSV-1 virions.

Viral proteins that are present in the cell at the very earliest
stages of infection can have critical regulatory functions, e.g.,
to counteract host immunity or to transactivate viral gene ex-
pression. For herpes simplex virus type 1 (HSV-1), there are
two categories of viral regulatory polypeptides which are
present very early in infection: those which enter the cell as
components of the virion tegument and those which are ex-
pressed immediately upon infection as immediate-early (IE)
proteins. Interestingly, two HSV-1 proteins, ICP0 and ICP4,
fall into both categories, as they are abundantly expressed IE
proteins as well as minor components of the tegument layer of
virions (12, 64, 65).

The virions of HSV-1 and other herpesviruses are among the
most complex viral particles known, consisting of more than 30
viral proteins as well as some cellular components (36). HSV-1
virions are composed of four morphologically distinct struc-
tures: core, capsid, tegument, and envelope. The inner nucleo-
protein core containing the 152-kbp viral double-stranded
DNA genome is enclosed in a capsid which is surrounded by a
proteinaceous layer known as the tegument, which in turn is
enclosed in a host cell-derived lipid envelope containing nu-
merous viral glycoproteins. The tegument (reviewed in refer-
ence 34) consists of more than 15 proteins, several of which are
known to have regulatory roles in the newly infected cell. It
interacts with the capsid on one side and the cytoplasmic tails
of envelope glycoproteins on the other to secure the integrity
of the virus particle. Although the process of tegument acqui-

sition is not well understood, it involves a highly ordered net-
work of protein-protein interactions (35, 58) and occurs se-
quentially at multiple sites in the cell, beginning in the nucleus
(4, 39) and culminating on cytoplasmic membranes when fully
tegumented capsids acquire their final envelope.

As mentioned above, the IE proteins ICP0 and ICP4 are
minor tegument components (100 to 200 copies per virion) (12,
64, 65). Although the biological role of virion-localized ICP0
and ICP4 is unclear, the functions of ICP0 and ICP4 as IE
proteins have been well described: both play important roles in
activating HSV-1 gene expression. ICP4 is the major transcrip-
tional activator of HSV-1 early (E) and late (L) genes and is
essential for viral growth under all known conditions (8). ICP0
(reviewed in reference 14) is also an important activator of
viral genes and is required for growth during low-multiplicity
infections. ICP0’s gene activation function correlates with its
E3 ubiquitin ligase activity that disrupts host cell ND10 do-
mains and targets certain host proteins for proteasomal deg-
radation.

ICP0 and ICP4 interact functionally, and in the case of ICP4
physically, with another IE protein, ICP27 (30, 42, 51). ICP27
is a nucleocytoplasmic shuttling protein that performs a num-
ber of functions during infection, most notably the induction of
several E and L viral genes (reviewed in references 50 and 53).
As described below, ICP27 also determines the intracellular
localization of ICP0 and ICP4. These two proteins are char-
acteristically nuclear in wild-type (WT) HSV-1 infected cells
early in infection (25) but become progressively more cytoplas-
mic as infection continues (12, 21, 27, 57). In the case of ICP0,
the extent of relocalization can be dramatic, with many in-
fected cells showing predominant cytoplasmic localization late
in infection. The relocalization of ICP0 and ICP4 to the cyto-
plasm during infection has been shown to be dependent on
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ICP27 (27, 69, 70). Moreover, ICP27 can promote the cyto-
plasmic localization of ICP4 and ICP0 even when these pro-
teins are coexpressed in the absence of infection (68, 70). Thus,
the mechanism by which ICP27 promotes ICP0/4 cytoplasmic
localization does not require the environment of the infected
cell or other viral factors.

Since many viral proteins are incorporated into the tegu-
ment in the cytoplasm (34), we speculated that the ICP27-
dependent localization of ICP0 and ICP4 to the cytoplasm
could be required for their incorporation into virions. How-
ever, this hypothesis is difficult to address, as most ICP27
mutants do not produce significant levels of infectious progeny
due to their severe defects in viral gene expression (29, 46, 47).
In an attempt to explore the role of ICP27 in virion composi-
tion, we surveyed a set of viable or semiviable ICP27 mutants
which have short in-frame deletions in the amino-terminal
portion of the ICP27 gene (26). Among these, we identified a
mutant, d3-4, which is unable to localize ICP0 and ICP4 to the
cytoplasm but which otherwise replicates similarly to the WT
virus. The phenotype of this mutant thus genetically separates
ICP27’s ability to affect ICP0/4 localization from its ability to
stimulate viral gene expression. It also allowed us to address
the role of ICP27 in the virion incorporation of ICP0 and ICP4.

MATERIALS AND METHODS

Cells, viruses, and infections. African green monkey kidney cells (Vero) were
obtained from the American Type Culture Collection. They were grown in
Dulbecco modified Eagle medium containing 5% heat-inactivated fetal calf
serum (FCS), 50 U/ml penicillin, and 50 �g/ml streptomycin. All tissue culture
reagents were purchased from Life Technologies/Invitrogen (Carlsbad, CA),
except FCS, which was purchased from Atlas Biologicals (Fort Collins, CO).

The WT virus used in these studies was HSV-1 strain KOS1.1. The ICP27
mutants used were d1-2 (48), d2-3 and d6-7 (3, 26), d3-4 and d4-5 (31), and d5-6
(26, 33). All infections were carried out as previously described (26) at a multi-
plicity of infection (MOI) of 10 or 0.1, as indicated.

Immunoblotting analysis. Protein extracts were prepared from infected or
transfected cells as described previously (43). The purification of virions is de-
scribed below. Protein samples were separated by sodium dodecyl sulfate-10%
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellu-
lose membranes (Trans-Blot; Bio-Rad, Hercules, CA). Immunoblotting was per-
formed as previously described (43). The primary antibodies used included
anti-ICP27 monoclonal antibody (MAb) H1119, diluted 1:5,400; anti-ICP0 MAb
H1112, diluted 1:1,000; anti-ICP4 MAb H114, diluted 1:5,000; anti-gD MAb
H1103, diluted 1:3,000; and anti-gC MAb H1104, diluted 1:300. These were
purchased from Rumbaugh-Goodwin Institute for Cancer Research (Plantation,
FL.). A MAb specific for capsid protein VP5 was purchased from Abcam (Cam-
bridge, MA.) and used at a dilution of 1:1,000. Rabbit antipeptide serum against
VP16 (60) was used at a dilution of 1:10,000. A MAb specific for cellular
endosomal antigen EEA1 was purchased from BD Biosciences (San Jose, CA)
and used at a dilution of 1:500. Rabbit antiserum specific for the HSV-1 VP22
protein (13) was provided by Gillian Elliott (Imperial College, London, United
Kingdom) and was used at a dilution of 1:50,000. Immunoreactive proteins were
detected by enhanced chemiluminescence (ECL detection kit; Amersham,
Piscataway, NJ).

Immunofluorescence. Vero cells, grown on coverslips, were either infected
with HSV-1 or transfected and then were processed for indirect immunofluo-
rescence at the times indicated. Cells were fixed in 3.7% formaldehyde, followed
by acetone permeabilization (44). Coverslips were incubated for 1 h at 37°C with
anti-ICP0 MAb H1112, diluted 1:1,000; anti-ICP4 MAb H1114, diluted 1:800; or
anti-ICP27 MAb H1119, diluted 1:1,600. Secondary staining was done with
Cy3-conjugated goat anti-mouse immunoglobulin G (heavy plus light chains;
Jackson Immunoresearch Laboratories, West Grove, PA), diluted 1:400. Nuclei
were stained with Hoechst dye 33258 (0.5 �g/ml) during the secondary antibody
incubation. The cells were examined using a fluorescence microscope (Olympus
BX60) linked to a video camera. Images were captured as TIFF files using CG7
frame grabber (Scion). Images from each experiment were adjusted for bright-
ness and contrast in parallel using Adobe Photoshop Elements software.

Analysis of transfected cells. Analysis of the effect of ICP27 on ICP0 and ICP4
in transfected cells was done by a method similar to that described by Zhu et al.
(68, 70). Briefly, at 1 day prior to transfection, Vero cells were plated on
coverslips in 12-well trays. Transfection of slightly subconfluent monolayers was
carried out using Lipofectamine 2000 (Life Technologies/Invitrogen, Carlsbad,
CA) as per the manufacturer’s instructions. The total amount of DNA per well
was 1.6 �g, consisting of 0.5 �g of ICP0- or ICP4-encoding plasmid and, where
applicable, 1.1 �g of ICP27-encoding plasmid. In transfections where ICP27
plasmid was not used, 1.1 �g of salmon sperm DNA was used instead. The
ICP0-encoding plasmid was pSHZ (38), whereas the ICP4-encoding plasmid was
pK1-2 (9). The plasmids used for WT and d3-4 ICP27 expression were pM27 (47)
and pMd3-4 (31), respectively. All of the HSV-1 IE genes on the plasmids listed
above utilize the native IE gene promoters to drive gene expression. At 24 h
posttransfection, cells were fixed, permeabilized, and processed for immunoflu-
orescence. Localization patterns in the transfected cells were assessed in a
blinded fashion, and at least 400 positive cells were scored for each combination
of plasmids.

Purification and analysis of extracellular virions. The protocol of Szilagyi and
Cunningham (56) was adapted to purify extracellular virions. Briefly, monolayers
of Vero cells cultured in 150-cm2 flasks were infected at a MOI of 0.1. Ten flasks
were used for WT HSV-1 virion preparations; however, because d3-4 produces
slightly lower levels of infectious progeny than does the WT, 30 flasks were used
for the d3-4 preparations. After incubation at 37°C for 2 days, when extensive
cytopathic effect was observed, the media were combined, cell debris was re-
moved by low-speed centrifugation (1000 � g for 30 min at 4°C), and virus
particles were pelleted by centrifugation (23,000 � g for 2 h at 4°C). The pellet
was then gently resuspended in 1 ml of modified 199 medium (without phenol
red and FCS) and layered onto 35-ml preformed gradients of 5 to 15% Ficoll 400
(Sigma) suspended in modified 199 medium. After centrifugation using a swing-
ing-bucket rotor (26,000 � g for 2 h at 4°C), one predominant light-scattering
band was observed and collected by side puncture using a needle and syringe.
The particles were pelleted by centrifugation (80,000 � g for 2 h at 4°C) and
resuspended overnight at 4°C in 200 �l radioimmunoprecipitation assay (RIPA)
buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 5 mM EDTA, 1% deoxycholate,
0.1% SDS) or gently resuspended in phosphate-buffered saline (PBS) (pH 7.4)
and stored at �80°C. In one experiment (see Fig. 5B and C), virions were
isolated by two successive rounds of Ficoll gradient purification. The protein
content of virion lysate samples was determined using a DC protein assay kit
(Bio-Rad, Hercules, CA) as per the manufacturer’s instructions. Protein extracts,
prepared as described above, were obtained from the same infected-cell mono-
layers as the extracellular virions.

To test for the localization of HSV-1 proteins in virions, purified HSV-1
virions were treated with 0.1 mg of trypsin per ml in either the presence or
absence of 1% Triton X-100 for 20 min at 37°C. The proteolysis reaction was
terminated by the addition of 1 mg of soybean-trypsin inhibitor per ml and 25 �g
of phenylmethylsulfonyl fluoride per ml.

RESULTS

HSV-1 ICP27 mutant d3-4 fails to localize ICP0 and ICP4 to
the cytoplasm. Previous work has shown that ICP27 promotes
the cytoplasmic localization of ICP0 and ICP4 and that the
C-terminal part of ICP27 is required for this activity (68, 70).
A recent study from our laboratory indicated that the N-ter-
minal half of ICP27 also affects this activity, as a viral ICP27
mutant with a methionine-to-threonine substitution at residue
50 shows reduced cytoplasmic localization of ICP4 and ICP0
(27). To look more extensively at the contribution of the N-
terminal portion of ICP27, we examined ICP0/4 localization in
cells infected with viruses having short in-frame deletions in
this region of the gene (Fig. 1A). These mutants fall into two
classes with respect to their replication in Vero cells: d1-2 and
d4-5 show moderate growth defects (1- to 2-log reductions in
viral growth in a single-cycle replication assay), whereas d2-3,
d3-4, d5-6, and d6-7 grow comparably to the WT virus (26).
Infected Vero cells were fixed at 6 h postinfection (hpi) and
processed for immunofluorescence to look at ICP0 (Fig. 1B,
top panels) and ICP4 (bottom panels). In WT-infected cells at
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this time point, ICP0 was localized predominantly to the cyto-
plasm of many cells, although other cells showed significant
nuclear staining. Among the ICP27 mutants, d2-3, d5-6, and
d6-7 displayed ICP0 localization that was similar to that with
the WT virus. In contrast, cells infected with d1-2 and in par-
ticular d3-4 showed predominantly nuclear ICP0. Mutant d4-5
exhibited an intermediate phenotype. Similar results were seen
when ICP4 was examined. That is, in WT-infected cells, as well
as in cells infected with d2-3, d5-6, and d6-7, ICP4 was localized
to both the nucleus and cytoplasm of most cells at 6 hpi.
However, in d1-2-, d3-4-, and d4-5-infected cells, ICP4 was
localized primarily to the nucleus. These results indicate that
two N-terminal regions of ICP27, corresponding to residues 12
to 63 and 109 to 153, are important for ICP27’s ability to
promote the cytoplasmic localization of ICP0 and ICP4. These
results do not readily correlate with ICP27’s ability to effi-
ciently exit the nucleus as part of its nucleocytoplasmic shut-
tling activity. That is, among the three mutants which are
defective for localizing ICP0/4 to the cytoplasm, d1-2 is defi-
cient for nuclear export whereas d3-4 and d4-5 are export
competent (5, 32).

The apparent inability of d3-4 to affect ICP0 and ICP4 lo-
calization is noteworthy, as this mutant is competent for viral
gene expression and growth in Vero cells (26) (although in
some analyses it demonstrates a slight [�3-fold] replication
defect compared to the WT virus [31; L. Sedlackova and S.

Rice, unpublished data]). We considered the possibility that
d3-4-infected cells might simply have a delay in localizing ICP0
and ICP4 to the cytoplasm. To address this, we infected Vero
cells with WT or d3-4 virus and examined ICP0/4 localization
at both an early and late time point (6 and 12 hpi, respectively).
In WT-infected cells, both ICP0 and ICP4 showed appreciable
cytoplasmic localization at both time points (Fig. 2A), whereas
in d3-4 infections, ICP0 and ICP4 remained predominantly
nuclear, even at 12 hpi. Thus, ICP0/4 appear to be restricted to
the nucleus in d3-4-infected cells throughout the course of
infection.

It was of interest to see how the localization of the ICP27
protein itself correlated with its effects on the localization of
ICP0/4. Therefore, in the above-described experiment, the lo-
calization of ICP27 was also determined (Fig. 2A). At 6 hpi,
the localization of ICP27 was similar in WT- and d3-4-infected
cells, showing strong nuclear localization and a smaller amount
of cytoplasmic localization. However, at 12 hpi, there was a
significant difference in that WT ICP27 was predominantly
nuclear, whereas much more of the d3-4 ICP27 was located in
the cytoplasm. This result is consistent with previous studies
which show that d3-4 ICP27 has a defect in nuclear localization
(26, 31). Thus, at least at late times, there appears to be an
inverse correlation between the localization of ICP27 and
ICP0/4, in that strong nuclear localization of ICP27 correlates

FIG. 1. Effect of N-terminal ICP27 deletions on the nucleocytoplasmic distribution of ICP0 and ICP4 during viral infection. (A) Diagram of
the ICP27 polypeptides produced by the viral deletion mutants used in this study. The top arrow represents the 512-residue ICP27 polypeptide,
and the arrows below represent deleted proteins encoded by the various viral mutants. The residues bordering the deleted regions (dotted lines)
are indicated. The ability of the mutants to replicate in Vero cells (26) is shown at right. (B) ICP0 and ICP4 localization. Vero cells were infected
at an MOI of 10 with WT HSV-1 or the mutant viruses as shown. Cells were fixed at 6 hpi and processed for ICP0 and ICP4 immunofluorescence.
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with an increased level of cytoplasmic localization for ICP0
and ICP4.

We next considered whether the differences in ICP0/4 local-
ization could be secondary effects related to protein abun-
dance. To investigate this, immunoblotting analysis was carried
out on proteins harvested from infected Vero cells at 6 and 10
hpi. Similar amounts of ICP0 and ICP4 were seen in both WT-
and d3-4-infected cells (Fig. 2B). Additionally, ICP27 levels in
the two infections were comparable. As a protein loading con-
trol, we examined levels of the cellular protein EEA1, the
abundance of which does not change during HSV-1 infection
(15). Similar EEA1 levels were seen in all lanes, demonstrating
that comparable amounts of protein were loaded. Thus, the
nearly exclusive nuclear localization of ICP0 and ICP4 in d3-
4-infected cells cannot be attributed to differences in protein
abundance.

As cell type could potentially affect the nucleocytoplasmic
localization of ICP0/4, we also examined ICP0 and ICP4 lo-
calization in two other cell lines. As can be seen in Fig. 2C, a
significant amount of the ICP0 and ICP4 in WT-infected HeLa
cells at 12 hpi was cytoplasmic, but both proteins remained
predominantly nuclear in d3-4-infected HeLa cells. Similar
results were seen in human U2OS osteosarcoma cells (data not
shown). Thus, three distinct primate cell lines gave similar
results with respect to ICP27’s effects on ICP0/4 localization.

In summary, the above analyses indicate that the HSV-1

ICP27 mutant d3-4 is defective in its ability to promote the
cytoplasmic localization of ICP0 and ICP4. Since d3-4 is com-
petent for viral gene expression and growth, these results pro-
vide genetic evidence that the function of ICP27 which affects
ICP0/4 nucleocytoplasmic distribution is distinct from its other
functions involved in viral gene induction.

d3-4 ICP27 fails to modulate ICP0/4 localization in trans-
fected cells. Transfection experiments have shown that ICP27
can promote the cytoplasmic localization of ICP0 and ICP4
even in uninfected cells (26, 68, 70). Based on the viral infec-
tion experiments shown above, we predicted that d3-4-encoded
ICP27 would be unable to modulate ICP0/4 localization in
transfected cells. To test this, plasmid cotransfection experi-
ments were carried out, using plasmids having cloned IE genes
under the control of their native promoters. In the first set of
experiments, an ICP0 plasmid was transfected into Vero cells
with or without a plasmid expressing either WT- or d3-4-en-
coded ICP27. The cells were fixed 24 h later and stained for
ICP0. The ICP0 immunofluorescence patterns were assessed
in a blinded fashion and divided into five categories: predom-
inantly nuclear, predominantly cytoplasmic, or mixed. Repre-
sentative staining patterns are shown in Fig. 3A. As previously
found, localization of ICP0 in the absence of ICP27 was pre-
dominantly nuclear, whereas coexpression of WT ICP27 dra-
matically shifted its distribution to the cytoplasm (Fig. 3B).
However, this effect was not observed when ICP0 was coex-

FIG. 2. HSV-1 ICP27 mutant d3-4 fails to localize ICP0 and ICP4 to the cytoplasm. (A) Protein localization. Vero cells were infected with WT
HSV-1 or d3-4 at an MOI of 10. Cells were fixed at 6 or 12 hpi and processed for ICP0, ICP4, and ICP27 immunofluorescence. (B) Protein
accumulation. Vero cells were mock infected or infected with WT HSV-1 or d3-4 at an MOI of 10, and total proteins were harvested at the
indicated times. ICP0, ICP4, and ICP27 levels were determined by immunoblotting. As a loading control, the levels of cellular protein EEA1 were
also analyzed. (C) Localization of ICP0 and ICP4 in infected HeLa cells. The experiment was conducted as for panel A, except HeLa cells were
infected and fixed at 12 hpi.
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pressed with d3-4 ICP27. The inability of d3-4 ICP27 to affect
ICP0 localization was not due to lack of its expression, as it
could be readily detected by immunoblotting in a control trans-
fection (Fig. 3C). Similar results were observed when ICP4 was
examined (Fig. 3D to F); i.e., when expressed alone, ICP4 was
predominantly nuclear, whereas WT but not d3-4 ICP27 coex-
pression caused a dramatic shift of ICP4 to the cytoplasm.
Thus, this experiment confirms that d3-4-encoded ICP27 lacks
the regulatory activity which promotes the cytoplasmic accu-
mulation of ICP0 and ICP4.

ICP27 is required for the efficient virion incorporation of
ICP0 and ICP4. As ICP0 and ICP4 are incorporated at low
levels into the tegument layer of HSV-1 virions, we hypothe-
sized that the cytoplasmic localization of these proteins is nec-
essary for their virion incorporation. This is consistent with
current models of alphaherpesviral particle assembly, in which
the majority of viral tegument proteins are incorporated in the
cytoplasm (36). If this hypothesis is correct, it would be pre-
dicted that d3-4 virions should be deficient in ICP0 and ICP4.
Before examining this, however, we wished to confirm that we

could detect ICP0 and ICP4 in the tegument layer of WT
virions. Therefore, Vero cells were infected at a MOI of 0.1,
and cell-free supernatants were collected when extensive cyto-
pathic effect was observed. Virions were pelleted from this
material and purified by centrifugation through a 5 to 15%
Ficoll 400 gradient. One light-scattering virus band was ob-
served, consistent with the published analysis of extracellular
virions prepared from Vero cells by this procedure (63). The
purified virions were then analyzed by immunoblotting, along
with lysates from infected cells which had been prepared in
parallel. As expected, the major capsid protein VP5 and enve-
lope glycoprotein gD could be readily detected in the purified
virions, in RIPA or PBS (Fig. 4, lanes 3 and 4, respectively).
Furthermore, ICP0 and ICP4 were also detected, suggesting
that they are contained in virions. To verify that virion-associ-
ated ICP0 and ICP4 are located within virus particles, virions
were treated with trypsin in either the absence or presence of
detergent as described in Materials and Methods. The prote-
olysis reaction was terminated by the addition of trypsin inhib-
itors, and equal amounts of proteins were analyzed by immu-

FIG. 3. The d3-4 ICP27 polypeptide is unable to promote cytoplasmic localization of ICP0 and ICP4 in transfected cells. Vero cells were
transfected with ICP0-expressing (A and B) or ICP4-expressing (D and E) plasmids, with or without plasmids encoding either WT ICP27 or d3-4
ICP27. Cells were fixed 1 day later and processed for ICP0 or ICP4 immunofluorescence. Localization patterns of ICP0 and ICP4 were scored as
predominantly nuclear (N), predominantly cytoplasmic (C), or mixed (N � C, N�C, or C�N). Representative staining patterns for ICP0 and ICP4
are shown in panels A and D, respectively. The data in panels B and E represent the mean values from two independent experiments. (C and F)
Immunoblot analysis of ICP0 and ICP4 in transfected cells. Vero cells were transfected as for panels A, B, D, and E, and accumulation of ICP0,
ICP4, and ICP27 at 1 day posttransfection was analyzed by immunoblotting. As a loading control, the levels of cellular protein EEA1 were also
determined.
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noblotting. The results show that envelope protein gD was
sensitive to trypsin in both the absence (Fig. 4, lane 5) and
presence (lane 6) of detergent, as expected given its location
on the exterior of the virion. In contrast, the major capsid
protein VP5 was resistant to trypsin even in the presence of
detergent (lane 6), consistent with recent work showing that
VP5 and several other capsid proteins are resistant to trypsin

when they are assembled into capsids (40). Importantly, ICP0
and ICP4 were completely sensitive to trypsin treatment, but
only when detergent was present (compare lanes 5 and 6).
These results verify that ICP0 and ICP4 are present in the
tegument layer of HSV-1 virion preparations, consistent with
the work of Courtney and others (10, 12, 41, 64, 65).

Next, we purified WT and d3-4 virions in parallel. After
collection of the virion bands, they were pelleted and their
compositions were compared by immunoblotting. Figure 5A
shows the results from two independent virion preparations. In
both cases, analysis of VP5 showed that the WT and d3-4 virion
samples were approximately equally loaded on the gel. ICP0
and ICP4 were clearly present in WT virions (lanes 4), but no
ICP0 was detected in d3-4 virions, and the level of ICP4 was
significantly reduced (lanes 5). The apparent failure of ICP0
and ICP4 to be efficiently incorporated into d3-4 virions was
not due to their lack of expression, as both proteins were
readily detected in the infected-cell lysates (lanes 2 and 3). We
also noted that there were other forms of ICP0 and ICP4
observed in addition to the major characterized species, which
have apparent molecular sizes of 110 and 175 kDa, respec-
tively. While the faster-migrating species probably represent
proteolytic fragments of ICP0 and ICP4, the origin of the more
slowly migrating species is currently unclear. In addition to
VP5, ICP0, and ICP4, the purified virions were also examined
for the presence of several other viral proteins. As can be seen
in Fig. 5A, both WT and d3-4 mutant virions showed compa-
rable levels of envelope protein gD and tegument protein
VP16. Analysis of glycoprotein C (gC) revealed an unexpected
difference, however, in that d3-4 virions contained significantly
less of this envelope constituent than did WT virions (see
below). ICP27 was not detected in either virion preparation,

FIG. 4. ICP0 and ICP4 are localized to the tegument layer of
HSV-1 virions. Vero cells were infected with WT HSV-1, and extra-
cellular virions were purified on a Ficoll gradient as described in
Materials and Methods. Virions were either solubilized in RIPA buffer
or resuspended in PBS. Those resuspended in PBS were then treated
with trypsin (0.1 mg/ml) in either the presence or absence of 1% Triton
X-100 for 20 min at 37°C. Equivalent amounts of cell lysates as well as
virion samples were analyzed by immunoblotting for the viral proteins
indicated. For ICP0 and ICP4, asterisks mark the positions of the
major 110-kDa and 175-kDa species, respectively.

FIG. 5. Analysis of purified WT HSV-1 and d3-4 virions. (A and B) Immunoblotting analysis. Extracellular virions were prepared as described
in Materials and Methods, using either one (A) or two (B) rounds of 5 to 15% Ficoll gradient purification. For comparison, total protein extracts
from the same infected cells are also shown. Virions and cell lysates were analyzed by immunoblotting using antibodies specific for the viral proteins
listed. In panel A, the results from two separate virion preparations are shown. For ICP0 and ICP4, asterisks mark the positions of the major
110-kDa and 175-kDa species, respectively. (C) Protein profiles. Equivalent amounts of the twice-gradient-purified virions used for panel B were
separated by SDS-PAGE and visualized by silver staining. The positions of molecular weight standards are shown, as is the band corresponding
to major capsid protein VP5 (arrow).
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consistent with the previous findings demonstrating that it is
not a virion component (65).

The results described above suggest that d3-4 virions lack
ICP0 and have reduced but detectable levels of ICP4. How-
ever, it is possible that the small amount of ICP4 found in the
d3-4 virion fraction could be due to contaminating nonvirion
protein. To address this, we carried out an additional experi-
ment in which we isolated WT and d3-4 virions using two
sequential rounds of Ficoll gradient centrifugation. These
more highly purified virions were then analyzed by immuno-
blotting as before (Fig. 5B). Again, both WT and d3-4 virions
showed comparable levels of virion structural proteins VP5,
VP16, and gD and lacked the nonstructural protein ICP27.
Additionally, we examined the levels of the tegument protein
VP22, which has been implicated in the virion incorporation of
ICP0 and possibly ICP4 (12). It was present at similar levels in
the two virion preparations. Importantly, the results for ICP0
and ICP4 were essentially the same as those observed for the
virions isolated after a single round of Ficoll gradient purifi-
cation; i.e., d3-4 virions lacked detectable ICP0 and contained
reduced but detectable levels of ICP4.

As a more general method of comparing the protein com-
positions of the d3-4 and WT virions, we also analyzed the
twice-gradient-purified virions by SDS-PAGE and silver stain-
ing (Fig. 5C). Although the d3-4 virions appeared to be some-
what overloaded relative to the WT sample, the two prepara-
tions appeared to exhibit roughly comparable protein patterns.
This indicates that the overall protein contents of WT and d3-4
virions are similar. Of note is the fact that ICP0 and ICP4 are
minor components of the virion and are not readily identified
by this technique (12, 64).

Taken together, the experiments described above demon-
strate that d3-4 virions differ from WT virions in that they lack
ICP0 and have significantly reduced levels of ICP4. In addition,
there is a reduction in the level of gC. Since d3-4 is defective at
localizing ICP0/4 to the cytoplasm, these results indicate that
cytoplasmic localization of ICP0 and ICP4 is required for their
efficient incorporation into virus particles.

d3-4 expresses reduced levels of gC. The failure of d3-4
virions to efficiently incorporate gC appeared to correlate with
poor gC expression in d3-4-infected cells (Fig. 5). Although it
has been previously shown that expression of the gC gene is
highly dependent on ICP27 during infection (46, 52), these
results were unexpected since d3-4 is replication competent.
Furthermore, d3-4-infected Vero cells exhibited apparently
normal expression of viral proteins in a metabolic labeling
assay, although gC was not specifically examined (26). To en-
sure that reduced expression of gC in d3-4-infected cells is
attributable to the deletion in the ICP27 gene and is not the
result of an unrelated secondary mutation, we examined gC
expression in cells infected with d3-4b, a genetically indepen-
dent isolate of d3-4 (31). To replicate the conditions used for
the virion preparations, the infections were carried out at an
MOI of 0.1. Total infected-cell proteins were isolated at 24 and
48 hpi. The results of an immunoblotting analysis (Fig. 6)
indicated that there was indeed a significant reduction in gC
expression in both d3-4- and d3-4b-infected cells at both 24 and
48 hpi compared to WT-infected cells. In contrast, neither gD
nor VP22 levels were reduced in the d3-4 infections. Regarding
gD, the WT-encoded gD isolated at 48 hpi appeared to migrate

a bit faster than did d3-4-encoded gD. However, this appears
to be a gel anomaly, as WT and d3-4 gD comigrated in several
other analyses (e.g., see the cell lysate data in Fig. 5). These
results indicate that the d3-4 deletion in the ICP27 gene leads
to a specific defect in expression of the gC gene. Moreover, the
reduced expression of gC in d3-4-infected cells can readily
explain its decreased incorporation into virions. This is in con-
trast to the results with ICP0 and ICP4, which are not pack-
aged efficiently in d3-4 virions despite their normal levels of
expression.

DISCUSSION

Cytoplasmic localization of ICP0 and ICP4 is required for
their incorporation into virions. Although the nuclear regula-
tory functions of the HSV-1 transcriptional regulatory proteins
ICP0 and ICP4 are well documented, it has not been clear what
functions, if any, these two IE proteins might have in the
cytoplasm at late times after infection. It has been suggested
that the cytoplasmic localization of ICP0 might allow it to
regulate translation via its documented physical interaction
with translation elongation factor EF-1� (21). The results of
this study provide another explanation for why HSV-1 has
evolved a mechanism to localize ICP0 and ICP4 to the cyto-
plasm late in infection: this allows these important transcrip-
tional regulatory proteins to be incorporated into infectious
virions. Our findings in this regard are consistent with the
known assembly pathway of alphaherpesviral virions, in which
many if not most tegument proteins are incorporated into virus
particles either in the cytoplasm or on cytoplasmic membranes
(34). It is also consistent with recent work suggesting that the
virion packaging of ICP0 requires its localization to specific
punctate sites in the cytoplasm (12).

In addition to mature virions, also termed heavy (H) parti-
cles, HSV-1 has the potential to produce virion-like particles,
termed light (L) particles (49, 56, 63). L particles contain many
HSV-1 envelope and tegument proteins, including ICP0 and
ICP4, but lack capsids and genome-containing cores. They
appear to arise via a capsid-independent pathway of tegumen-

FIG. 6. Analysis of gC expression in infected cells. Vero cells were
infected with WT, d3-4, or d3-4b virus at an MOI of 0.1. Total proteins
from equivalent numbers of cells were isolated at 24 and 48 hpi and
analyzed for gC, gD, VP22, and EEA1 levels by immunoblotting.
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tation and envelopment (35). It has been shown previously that
the host cell influences the degree of L particle formation but
that in Vero cells, WT HSV-1 produces mostly H particles
which yield a single light-scattering band when extracellular
virions are purified on 5 to 15% Ficoll gradients (63). Consis-
tent with this, we observed single virion bands for both the WT
and d3-4 on our Ficoll gradients. It is worth noting that in some
but not all of our experiments the single band of d3-4 virions
appeared to be somewhat more dispersed than the WT band.
Although the basis of this physical heterogeneity is unknown,
our immunoblotting results show comparable levels of major
capsid protein VP5 in the WT and d3-4 virion preparations
(Fig. 5). This suggests that most of the particles in the d3-4
preparations contain capsids and are therefore H particles. At
present, however, we cannot rule out the possibility that d3-4
produces some abnormal particles. We also have documented
a slight virion release defect for d3-4, in that the ratio of
secreted to cell-associated progeny in Vero cells is �7-fold
lower for d3-4 than it is for WT HSV-1 (L. Sedlackova and S.
Rice, unpublished data).

Role of ICP27 in virion incorporation of ICP0 and ICP4. A
second and somewhat surprising conclusion of our study is that
the IE protein ICP27, itself not a virion protein, is a required
cofactor for the efficient virion incorporation of ICP0 and
ICP4. Analysis of the ICP27 deletion mutant d3-4 demon-
strates that this assembly function of ICP27 is genetically sep-
arate from its other activities involved in viral gene induction.
Given that ICP27 can promote the cytoplasmic accumulation
of ICP0/4 even in the absence of infection, it is likely that
ICP27’s role in virion assembly is indirect. In other words,
there is little evidence to suggest that ICP27 has a direct role
in the virion assembly process. Rather, ICP27 may simply pro-
mote the cytoplasmic accumulation of ICP0 and ICP4, and
once in the cytoplasm of infected cells, ICP0/4 may diffuse to
sites of tegumentation or interact with viral components that
traffic to such sites. In this regard, recent data suggest that
tegument protein VP22 has a critical role in the assembly of
ICP0 and possibly ICP4 into virions, possibly by recruiting
these proteins into the punctate cytoplasmic domains which
are associated with virion assembly (12).

The mechanism by which ICP27 promotes the cytoplasmic
accumulation of ICP0/4 is unknown. Since ICP27 can affect
ICP0/4 localization even in transfected cells, the mechanism
clearly does not require the environment of the infected cell or
other viral factors. One possible model is based on ICP27’s
nucleocytoplasmic shuttling activity and the fact that it can
physically interact with ICP4 (42), which itself can interact with
ICP0 (66). Thus, it is possible that ICP27 directly mediates the
transport of ICP4 and ICP0 to the cytoplasm. It is worth
pointing out, however, that d3-4 ICP27 is fully competent for
nuclear export in an in vitro assay (5). Thus, if the above model
is correct, it is not clear why d3-4 ICP27 would be unable to
direct the movement of ICP0/4 to the cytoplasm, unless its
mutation abrogates its interaction with ICP0/4. These issues
are complicated by the fact that d3-4 ICP27 is partially defec-
tive for nuclear import, due to the deletion of its major nuclear
localization signal (26, 31). We examined the localization of
d3-4 ICP27 and found that, as expected, at late times after
infection it shows an enhanced degree of cytoplasmic localiza-
tion compared to WT ICP27. Further studies will be required

to see if and how ICP27’s shuttling activity affects the cellular
distribution of ICP0 and ICP4.

Another possible model by which ICP27 could affect the
nucleocytoplasmic localization of ICP0/4 was originally put
forward by Zhu et al. (68, 70), who suggested that ICP27 might
mediate its effects indirectly by modulating the phosphoryla-
tion of ICP0 and ICP4. There are many data to support such a
model. First, it has been shown that the nucleocytoplasmic
transport of proteins is often regulated by phosphorylation (19,
20). Second, ICP0 and ICP4, as well as ICP27, are all phos-
phoproteins with complex modification patterns, and in the
case of ICP0 and ICP4, the patterns differ between the cyto-
plasm and nucleus (1, 2, 6, 61, 62, 67). Third, ICP27 alters the
electrophoretic mobility of ICP4 in infected and transfected
cells, likely via an effect on its phosphorylation (30, 45, 54).
Fourth, ICP27 physically associates with and modulates the
activity of a cellular protein kinase, CK2 (formerly called ca-
sein kinase II) (59), that plays an important role in numerous
cellular processes, including signal transduction, transcrip-
tional control, apoptosis, and cell cycle regulation (28). More-
over, both ICP0 and ICP4 have potential CK2 phosphorylation
sites (7, 62). We have found that inhibition of CK2 activity by
chemical agents delays but ultimately does not prevent the
cytoplasmic localization of ICP0 and ICP4 in HSV-1-infected
Vero cells (data not shown). This suggests a possible involve-
ment of CK2 that merits further investigation. Finally, during
HSV-1 infection, ICP27 has been implicated in activating a
number of cellular signal transduction pathways (16, 17) which
could affect the phosphorylation of ICP0 and ICP4 via cellular
protein kinases.

It is interesting to compare our study on the nucleocytoplas-
mic distribution of ICP0/4 with studies on the ICP4 homolog of
varicella-zoster virus (VZV), IE62. This polypeptide is an
abundant tegument protein (23), and like both ICP0 and ICP4,
it localizes to the nucleus early in lytic infection but to the
cytoplasm at later times (24). It has been shown that protein
kinase encoded by the VZV ORF66 gene, which is homolo-
gous to the HSV-1 US3 protein kinase, induces the cytoplasmic
localization of IE62 by directly phosphorylating it near its
major nuclear localization signal (11, 22). Thus, it appears that
both HSV-1 and VZV utilize a common strategy to enable the
virion incorporation of important IE transcriptional regulatory
proteins, i.e., they express a viral cofactor (ICP27 and ORF66,
respectively) which promotes the cytoplasmic localization of
these proteins late in infection.

Role of ICP27 in virion incorporation of gC. We were sur-
prised to find that the d3-4 mutant virions contained less gC
than WT virions. The reduced levels of virion gC can be readily
explained by the fact that gC expression is significantly reduced
in d3-4-infected cells. This is contrast to the situation for ICP0
and ICP4, which are not packaged into virions despite normal
expression. Why is gC expression so poor in the d3-4 infection
when most other viral proteins appear to be expressed nor-
mally? Recent studies from our laboratory have begun to pro-
vide an explanation. We have found that ICP27 suppresses the
splicing of a cryptic 225-nucleotide intron in gC mRNA (K.
Perkins et al., unpublished data). When excised, the spliced
message encodes a gC variant that lacks the normal carboxyl-
terminal coding region of gC, including the transmembrane
domain. We have found that d3-4 and several other N-terminal
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mutants express enhanced levels of spliced gC mRNA and
hence predominantly produce the secreted form of gC, which
does not efficiently associate with the virion envelope (L.
Sedlackova and S. Rice, unpublished data). Thus, it appears
that ICP27 can affect the composition of both the tegument
and envelope, but by apparently distinct mechanisms.

Potential biological functions of virion-localized ICP0 and
ICP4. It is unknown whether the relatively small amounts of
virion-associated ICP0 and ICP4 (100 to 150 copies per virion
produced in Vero or Hep-2 cells) (64, 65) could have regula-
tory functions in the newly infected cell. Clearly, our data with
the d3-4 mutant indicate that replication in Vero cells is not
greatly affected by virion ICP0/4. However, the same may not
be true during infection of other cell types or in natural human
infections. Interestingly, recent data suggest that the virion-
localized ICP4 plays a role in genome circularization early in
infection (55). Furthermore, as both ICP0 and ICP4 are power-
ful transcriptional activators, one could envision that virion-
associated ICP0/4 could help stimulate viral gene expression at
the very earliest stages of infection. ICP0 has been shown to be
an important factor in allowing HSV-1 to resist the antiviral
effects of type I interferons, one of which is to prevent the
efficient expression of HSV-1 IE genes (18, 37). Thus, it is
conceivable that in an infected host, virion-associated ICP0
could help the virus overcome a preexisting interferon block-
ade. We expect that the d3-4 mutant will be a useful tool in
testing some of these ideas.

Finally, it is interesting to note that the host cell influences
the degree to which ICP0 and ICP4 are packaged into virions
(63). Based on our results, this difference may correlate with
the extent to which ICP0 and ICP4 localize to the cytoplasm,
which in turn is dependent on ICP27. If this function of ICP27
is mediated by its interaction with host cell factors, then the
levels of ICP0 and ICP4 in progeny virions could vary in an
infected host according to the identity or physiology of the
particular cells which are infected. In this way, ICP27 may
help to modulate the biological phenotype of infectious viral
progeny.
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