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Functional Comparison of Herpes Simplex Virus 1 (HSV-1) and HSV-
2 ICP27 Homologs Reveals a Role for ICP27 in Virion Release
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ABSTRACT

Numerous studies have focused on the regulatory functions of ICP27, an immediate-early (IE) protein of herpes simplex virus 1
(HSV-1). However, its homolog in HSV-2, termed ICP27t2, has been little studied. Here, we used two different approaches to
functionally compare ICP27t2 and ICP27. In transfection-based assays, ICP27t2 closely resembled ICP27 in its capacity to en-
hance HSV-1 late gene expression, suppress the splicing of a viral intron, and complement the growth of an HSV-1 ICP27 null
mutant. To study ICP27t2 in the context of viral infection, we engineered K2F1, an HSV-1 mutant that encodes ICP27t2 in place
of ICP27. In Vero cells, K2F1 replicated with wild-type (WT) kinetics and yields, expressed delayed-early and late proteins nor-
mally, and was fully capable of activating several cellular signal transduction pathways that are ICP27 dependent. Thus, we con-

clude that ICP27t2 and ICP27 are functionally very similar and that ICP27t2 can mediate all ICP27 activities that are required for
HSV-1 replication in cell culture. Surprisingly, however, we found that K2F1 forms plaques that are morphologically different from
those of WT HSV-1. Investigation of this trait demonstrated that it results from the decreased release of progeny virions into the cul-
ture medium. This appears to be due to a reduction in the detachment of K2F1 progeny from the extracellular surface of the infected
cell. We identified two HSV-1 ICP27 amino-terminal deletion mutants with a similar release defect. Together, these results demon-
strate that ICP27 plays a heretofore-unappreciated role in modulating the efficiency of progeny virion release.

IMPORTANCE

ICP27 is an essential, multifunctional regulatory protein that has a number of critical roles in the HSV-1 life cycle. Although
ICP27 homologs are encoded by all known members of the Herpesviridae, previous work with several of these homologs has
shown that they cannot substitute for ICP27 in the context of HSV-1-infected cells. Here, we identify ICP27t2 as the first ho-
molog that can efficiently replace ICP27 in HSV-1 infection. Unexpectedly, our results also reveal that the sequence of the ICP27
gene can affect the release of HSV-1 progeny virions from the infected cell. Thus, our comparative study has revealed a novel

function for ICP27 in the regulation of virus release.

H erpes simplex virus 1 (HSV-1), a human alphaherpesvirus, is
widespread in the human population, with greater than 57%
of U.S. adults seropositive (1). The interaction of HSV-1 with the
human host has been well studied (reviewed in reference 2). The
virus is transmitted to new hosts via body secretions such as saliva,
with the primary site of infection often being the oral mucosa.
Following replication in epithelial cells, HSV-1 infects sensory
neurons, where it establishes a lifelong latent infection in which
the viral genome persists in the trigeminal ganglion as a semiqui-
escent episome. Periodically, the virus reactivates and returns to
the oral cavity, where it can cause lesions (cold sores) and be trans-
mitted to new hosts. Although such reactivated infections are not
usually medically serious, HSV-1 can also spread to the brain and
cause encephalitis, or to the eye, where it can result in blindness.

The replication cycle of HSV-1 in cultured cells has been stud-
ied in detail. This work has shown that the viral immediate-early
(IE) proteins, the first viral polypeptides to be expressed during
infection, are critical regulators of productive infection (2). In
general, these polypeptides serve two functions. First, they activate
expression of the viral delayed-early (DE) and late (L) genes, and
second, they antagonize components of host intrinsic and adap-
tive immunity. One IE protein that has been studied in consider-
able detail is ICP27 (reviewed in reference 3). ICP27 is a multi-
functional protein essential for replication, and homologs are
conserved throughout the Herpesviridae. Although ICP27 is pre-
dominantly nuclear, it continuously shuttles between the nuclear
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and cytoplasmic compartments (4, 5). ICP27 binds to RNA, with
a preference for G/C-rich sequences (6), and directly interacts
with viral mRNA in infected cells (4). One of ICP27’s most critical
functions during infection is to activate the expression of several
DE and L genes (7, 8). This function is complex, appearing to
involve several distinct activities. Perhaps ICP27’s best-character-
ized role in this regard is its ability to mediate the export of viral
mRNAs from the nucleus to the cytoplasm (4). In this role, it is
thought to bind intronless viral mRNAs in the nucleus and escort
them through the nuclear pore to the cytoplasm via interactions
with host mRNA export factors TAP/NXF1 and Aly/REF (9, 10).
In addition to mediating mRNA export, ICP27 stimulates viral
gene expression through other less-well-characterized mecha-
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FIG 1 Comparison of HSV-1 and HSV-2 ICP27. An alignment of the sequences of ICP27 (top) and ICP27t2 (bottom) from strains KOS and HG52, respectively,
is shown. Yellow shading denotes amino acid differences. The sequences to which the H1113 and H1119 MAb epitopes on ICP27 have been mapped (40) are

indicated.

nisms that enhance viral mRNA stability (4), polyadenyation (11),
and translation (12, 13). ICP27 also inhibits host mRNA splicing
(14), likely as a host shutoff mechanism, and suppresses removal
of a cryptic intron in the viral L gene encoding glycoprotein C
(15). Additionally, it carries out functions not directly related to
gene expression, including the induction of several cellular signal
transduction cascades, including the p38, JNK, and NF-«kB path-
ways (16-18). ICP27 also regulates the localization of two other IE
proteins, ICPO and ICP4 (19-21). Early in infection, these pro-
teins localize to the nucleus, but as infection proceeds, they move
to the cytoplasm in an ICP27-dependent manner. We have shown
that this relocalization is required for the packaging of these two IE
proteins into progeny virion particles (22).

HSV-2 is a distinct human alphaherpesvirus that is also prev-
alent in the U.S. population (1). Genetically, it is highly related to
HSV-1, showing 83% protein sequence identity and having a
nearly identical arrangement of open reading frames (23). More-
over, HSV-1 and HSV-2 can readily recombine in tissue culture
cells to form viable recombinants (24, 25). Notwithstanding their
similarities, however, there are distinct biological differences be-
tween the two viruses, such as their preferred infection site in the
human host (oral/facial for HSV-1, genital for HSV-2) (2). More-
over, despite their capacity to recombine in vitro, naturally occur-
ring HSV-1/HSV-2 recombinants have not been described, sug-
gesting that the two viruses rarely encounter one another in the
host or that recombinants are at a replicative disadvantage in vivo.

To date, little work has been done on the HSV-2 homolog of
ICP27, here referred to as ICP27t2. Both proteins are composed of
512 amino acid residues and are 79% identical in sequence (Fig.
1). However, the percent identity differs between the N- and C-
terminal halves. Whereas the C-terminal halves are 93% identical,
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consistent with the fact that this is the portion of the protein con-
served throughout the Herpesviridae (26, 27), the N-terminal
halves exhibit only 65% identity. Several functions of ICP27 are
dependent on sequences in the N-terminal half, including viral
mRNA export (28), activation of cell signaling (17, 18), and the
ability to alter localization of ICP0O and ICP4 (19). Thus, it is con-
ceivable that the functions of ICP27t2 and ICP27 have diverged.
In this study, we directly compared the activities of ICP27t2
and ICP27, using both transfection assays as well as an HSV-1
recombinant that encodes ICP27t2 in place of ICP27. Our results
showed that ICP27t2 and ICP27 are functionally quite similar and
that ICP27t2 can efficiently substitute for ICP27 in the context of
an HSV-1 infection. Surprisingly, however, we found that the
HSV-1 mutant expressing ICP27t2 forms plaques that have an
altered morphology from those of the wild-type (WT) virus. Anal-
ysis of this trait has revealed a previously unrecognized role for
ICP27 in the release of progeny virions from the infected cell.

MATERIALS AND METHODS

Cells, viruses, and infections. Viral infections were carried out in Vero
cells obtained from the American Type Culture Collection (ATCC).
The cells were propagated in Dulbecco modified Eagle medium contain-
ing 5% heat-inactivated fetal calf serum, 50 units/ml penicillin, and 50
pg/ml streptomycin. Strain KOS1.1 (29) was the WT HSV-1 strain used in
most experiments. Additional HSV-1 strains F and 17syn+ were obtained
from Jim Lokensgard and Alistair McGregor, respectively. HSV-2 strains
HG52 and MS were obtained from Jin-Young Han, and strain G was
obtained from the ATCC. The engineering and isolation of HSV-1 mutant
K2F1 (and an independent isolate, K2F1) were recently described (30).
HSV-1 and HSV-2 infections were carried out in 199V medium, defined
as medium 199 containing 50 units/ml penicillin, 50 pg/ml streptomycin,
and 1% heat-inactivated newborn calf serum (NCS). For all virus yield
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assays (except the one shown below in Fig. 5A), infections were treated at
2 h postinfection (p.i.) with pH 3.0 acid-glycine buffer to inactivate extra-
cellular virions (31). To harvest infections for analysis of total viral yields,
a volume of sterilized milk equal to the volume of infected cell medium
was added to each flask, and the entire culture was frozen at —80°C. The
sterilized milk was prepared by reconstituting commercial instant nonfat
dried milk (Carnation or a similar brand) in water to the manufacturer’s
specifications and autoclaving it twice for 20 min each cycle. Virus was
released by three rounds of freeze-thawing prior to titration by plaque
assay on Vero cells.

Viral plaque assays were carried out as follows. Viral stocks were seri-
ally diluted in phosphate-buffered saline (PBS) containing 0.5 mM
MgCl,, 0.9 mM CaCl2, 0.1% dextrose, and 1% heat-inactivated NCS.
Aliquots were plated on 6- or 12-well trays of Vero cells for 1 h at 37°C.
The inoculum was then replaced with 199V medium containing 1% (vol/
vol) heat-inactivated pooled human serum (MP Biomedical) and reincu-
bated at 37°C. HSV-1 plaque assays were incubated for 3 days prior to
fixation with a 5-min methanol treatment. The monolayers were stained
for =1 h with modified Giemsa stain (Sigma-Aldrich) diluted 10-fold in
water. After removal of the stain, the trays were rinsed with water and
dried, and plaques were counted. HSV-2 plaque assays were carried out
identically, except the cells were fixed and stained at 2 days p.i. To com-
pare the relative size of HSV-1 plaques, digital images of the stained
plaques were obtained. The images were opened in Image] and outlined
using the freehand tool. The number of pixels obtained was used as a
quantitation of the plaque area; for the data shown in Fig. 4C, 30 plaques
of each virus strain were analyzed.

To determine the percentage of total viral progeny released into the
medium, the following procedure was used. Infected cell medium was
poured from the culture flask into a centrifuge tube which was spun for 5
min at 900 X g to pellet unattached cells. An aliquot of the supernatant
(released fraction) was then mixed with an equal volume of sterile milk
and frozen. The remaining supernatant and any pelleted cells were re-
turned to the flask (uncorrected cell-associated fraction), an equal volume
of sterile milk was added, and the flask was frozen. After determination of
viral titers by plaque assay, the cell-associated fraction was determined by
correcting for the amount of supernatant fraction that it contained. The
percent released virus was determined by dividing the total viral yield by
the released viral yield.

To determine the extent to which HSV-1 cell-associated progeny are
inactivated by low-pH treatment, the following procedure was used. At
the time of harvest, supernatants were collected as described above to
determine viral release. Infected cells were then scraped in cold PBS, pel-
leted, and resuspended in 2 ml of either pH 3.0 acid-glycine buffer (31) or
PBS. After incubation on ice for 2 min, the cells were repelleted and re-
suspended in 2 ml of 199V medium. Two milliliters of sterile milk was
added, and the samples were frozen at —80°C. To quantitate the sensitiv-
ity of cell-associated virus to low pH, the titer of the acid-glycine buffer-
treated samples was divided by the titer of the PBS-treated samples. These
values were expressed as a percentage and subtracted from 100%. The
sensitivity of cell-associated virus to trypsin was also examined. To do this,
scraped, PBS-washed, and repelleted cells were incubated in 1 ml of either
PBS, as a control, or 0.05% trypsin-EDTA (Life Technologies) for up to 15
min at 37°C. The cells were then pelleted, washed in normal medium, and
resuspended in a 50% medium-50% sterile milk mixture prior to freez-
ing. Quantitation of trypsin sensitivity (relative to the 15-min PBS-treated
control) was performed as described above for the low-pH treatment.

To quantitate HSV-1 surface-attached progeny virions, we used the
salt wash procedure of Newcomb and Brown (32) to remove viral progeny
from the cell surface. Briefly, infected cells were scraped in PBS, pelleted,
and resuspended in 2 ml TNE (0.01 M Tris-HCI, 0.5 M NaCl, 1 mM
EDTA; pH 7.5). Following incubation on ice for 15 min, cells were repel-
leted, and the supernatant fraction was collected. The extraction was re-
peated, and the two salt wash fractions were combined, mixed with an
equal volume of sterile milk and frozen at —80°C. For determination of
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the salt-resistant fraction, the final cell pellets were resuspended in a 50%
medium-50% sterile milk and frozen.

Plasmids and transfection experiments. The plasmid pT2-27, which
contains the HSV-2 gene from strain HG52, was recently described (30).
Additional plasmids used were the gC expression plasmid pgCApro (33),
ICP27 expression plasmids pBH27 (34) and pC27 (5), ICP4 expression
plasmid pK1-2 (35), and ICPO expression plasmid pSHZ (36). Transfec-
tions were carried out using Lipofectamine 2000 (Life Technologies) ac-
cording to the manufacturer’s instructions. Transfection experiments to
determine the effects of ICP27 on ICP0 and ICP4 localization were per-
formed as previously described (19). Plasmid-based d27-1 complementa-
tion experiments were also carried out as described previously (37).

Protein analyses. Immunoblotting and analysis of viral protein syn-
thesis by metabolic pulse-labeling with [*°S]methionine were performed
as previously described (38). Several antibodies were used for immuno-
blotting. To detect ICP27, mouse monoclonal antibodies (MAbs) H1113
(Virusys) and H1119 (Rumbaugh-Goodwin Institute) were used. Mouse
MAbs were also used to detect glycoproteins B (gB; HA-056; Virusys), C
(gC; H1104; Rumbaugh-Goodwin Institute), and D (gD; H1103; Rum-
baugh-Goodwin Institute). Rabbit polyclonal antisera, a kind gift of J.
Diaz, was used to detect US11 (39). Cellular proteins were detected as
follows: histone H3 was detected with rabbit MADb 1326-1 (Epitomics);
EEA1 was detected by a mouse MAb (BD Biosciences); JNK was detected
by rabbit serum 44-690G (BioSource); phospho-JNK was detected by rab-
bit serum 44-682G (BioSource); p38 was detected by rabbit serum 9212S
(Cell Signaling); phospho-p38 was detected by rabbit serum 9211S (Cell
Signaling); p38 was detected with rabbit serum 9212S (Cell Signaling);
Ikb-a was detected by rabbit serum SC203 C-15 (Santa Cruz Biotechnol-

ogy).

RESULTS

Analysis of the cloned ICP27t2 gene. To compare the functions
of ICP27t2 and ICP27, we first wished to study the activities of the
cloned genes in uninfected cells. For expression of ICP27t2, we
used the recently described plasmid pT2-27, which contains an
intact ICP27t2 gene from HSV-2 strain HG52 (30). The insert
includes the gene’s promoter and polyadenylation site, and thus
we expected that pT2-27 would express ICP27t2 upon transfec-
tion into mammalian cells. To verify this, Vero cells were trans-
fected with pT2-27 or pBH27, an ICP27 expression plasmid (34).
After 2 days, total cell proteins were collected and analyzed by
immunoblotting using H1119, an ICP27-specific MAD that rec-
ognizes residues 1 to 11 (40), which are completely conserved in
ICP27t2 (Fig. 1). The results (Fig. 2A) confirmed that ICP27t2 is
efficiently expressed from pT2-27. We also noted that ICP27t2 is
not recognized by MAb H1113, which binds to residues 109 to 137
(40) (datanot shown). This is consistent with the fact that ICP27t2
differs substantially in this region (Fig. 1).

One of ICP27’s most critical functions during productive in-
fection is to enhance the expression of several DE and L genes (7,
41, 42). One L gene that is highly dependent on ICP27 is that
encoding gC (also known as UL44). We previously showed that
ICP27’s stimulatory effects on this gene can be demonstrated in a
plasmid cotransfection assay using plasmid pgCApro, a construct
in which the gC gene is transcribed under the control of the hu-
man cytomegalovirus (HCMV) IE promoter (33). To test whether
ICP27t2 can activate this gene, we carried out a cotransfection
assay and found that it resembles ICP27 in its capacity to enhance
gC protein expression (Fig. 2B). We next looked at mRNA expres-
sion. In this regard, we have previously shown that ICP27 has two
distinct effects on gC mRNA expressed from this plasmid (15).
First, it enhances the accumulation of the mRNA. Second, it pro-
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FIG 2 Comparison of ICP27t2 and ICP27 in transfected cells. (A) Expression of ICP27t2 from pT2-27. Vero cells were transfected with pT2-27, harboring
ICP27t2, or pBH27, harboring ICP27. At 2 days posttransfection, total protein extracts were prepared and analyzed by immunoblotting using MAb H1119. (B)
Stimulation of gC expression from a transfected plasmid. Vero cells were transfected with vector DNA only or with pgCApro minus or plus pBH27 or pT2-27.
Total proteins were harvested after 2 days, and gC levels were analyzed by immunoblotting. (C) Regulation of g€ mRNA. Vero cells were transfected as shown,
and total cell RNA was prepared 2 days posttransfection and subjected to Northern analysis with a gC gene-specific probe. The band labeled “u” corresponds to
unspliced gC mRNA, while the band labeled “s” corresponds to the spliced form. (D) Analysis of effects on ICP0 and ICP4 localization. Vero cells growing on
coverslips were transfected with an ICPO-carrying or ICP4-carrying plasmid, minus or plus plasmids harboring ICP27 (pC27) or ICP27t2 (pT2-27). The cells
were fixed 1 day later and analyzed by immunofluorescence using MAb specific for ICPO or ICP4. (E). Complementation of HSV-1 ICP27 null mutant d27-1.
Vero cells were transfected in triplicate with pUC19 DNA as a control, or with pBH27 or pT2-27 DNA. One day posttransfection, the cells were infected with

ICP27 mutant d27-1 and incubated for a further day. Viral titers were determined by plaque assay on V27 cells. Error bars denote standard errors of the means.

motes the retention of a 225-nucleotide intron that when spliced
out leads to a transcript encoding an alternate, secreted form of
gC. To examine both RNA effects, we cotransfected pgCApro with
either the ICP27t2 or ICP27 plasmids and analyzed the gC tran-
scripts by Northern blotting. A plasmid carrying the BHV-4
ICP27 homolog was included as a control, as we have previously
shown that this homolog enhances gC mRNA accumulation but is
unable to promote intron retention (15). The results (Fig. 2C)
indicated that ICP27t2 was similar to ICP27 and BHV-4 ICP27 in
its ability to enhance accumulation of gC mRNA. Furthermore, it
resembled ICP27 in being able to promote the retention of the gC
intron, leading to the appearance of predominantly unspliced gC
transcript (“u” in Fig. 2C). In contrast, BHV-4 ICP27 was unable
to promote intron retention, leading to predominant expression
of the spliced transcript (“s” in Fig. 2C). Thus, we conclude that
ICP2712 is similar to ICP27 in having the ability to both enhance
the accumulation of gC mRNA as well as promote retention of its
intron.

In addition to its effects on viral gene expression, ICP27 can
alter the nucleocytoplasmic distribution of the HSV-1 IE proteins
ICPO and ICP4. As this ICP27 function can be assayed in trans-
fected cells (20, 21), we compared ICP27t2 and ICP27 for their
effects on the localization of these two proteins. To do this, Vero
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cells were transfected with ICPO-expressing or ICP4-expressing
plasmids alone or together with the ICP27 or ICP27t2 expression
constructs. The cells were fixed 1 day later and processed for im-
munofluorescence. The nucleocytoplasmic distribution of ICPO
or ICP4 was then assessed in a blinded fashion and divided into
five categories (N, N > C, N = C, C > N, and C) (Fig. 2D). As
expected, ICPO was predominantly nuclear when expressed on its
own, and coexpression of ICP27 shifted its localization to the cy-
toplasm. ICP27t2 had a similar effect on ICPO. Similarly, ICP4 was
nuclear when expressed on its own, and ICP27 shifted its localiza-
tion to the cytoplasm. However, ICP27t2 was notably less efficient
than ICP27 in promoting ICP4 cytoplasmic localization. A repeat
experiment confirmed this result, and in this case, parallel immu-
noblotting analysis showed that the difference in ICP4 localization
was not due to expression differences between ICP27 and
ICP27t2, as these were expressed comparably in the transfected
cells (data not shown). These results indicated that ICP27t2 is
deficient in its ability to promote the cytoplasmic localization of
HSV-1 ICP4 in transfected cells.

Given the several similarities between ICP27t2 and ICP27, we
next investigated whether ICP27t2 is able to substitute for ICP27
in the context of an HSV-1 infection. To test this, we asked
whether the cloned ICP27t2 gene can complement the growth of
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FIG 3 Phenotypic analysis of K2F1. (A) Growth analysis. Vero cells were infected in triplicate at an MOI of 0.05 PFU/cell as shown, and infections were harvested
at various time points. Yields were determined based on titers of the harvested infections by plaque assay on Vero cells. Error bars represent standard errors of
the means. (B) Viral protein synthesis. Vero cells were infected at an MOI of 10 PFU/cell as shown, and at various time points the cells were labeled for 30 min
with [**S]methionine. The proteins were then analyzed by SDS-PAGE and autoradiography. The asterisk indicates the position of a polypeptide expressed at 4
h p.i. in the K2F1 infections; this protein likely corresponds to ICP27t2. (C) Accumulation of viral proteins. Vero cells were infected as shown at an MOI of 10
PFU/cell. Total proteins were collected at 9 h p.i. and analyzed for viral protein expression by immunoblotting. Histone H3 was analyzed as a loading control. (D)
Activation of cellular signaling pathways after HSV-1 infection. Vero cells were infected at an MOI of 10 PFU/cell as shown, and total viral proteins were harvested

at 7 h p.i. Activation of cellular signaling pathways was assessed by immunoblotting.

HSV-11CP27 deletion mutant d27-1. Thus, Vero cells were trans-
fected with vector DNA only or with the plasmids carrying ICP27
or ICP27t2. The next day, the cells were infected with d27-1 and
incubated for an additional day. The amount of viral progeny was
then determined by plaque assay on V27 cells, which are deriva-
tives of Vero cells that express ICP27 upon infection and comple-
ment the growth of HSV-1 ICP27 mutants. As expected, d27-1
was completely unable to replicate in Vero cells, and this defect
was efficiently complemented by expression of ICP27 (Fig. 2E).
Notably, ICP27t2 performed as well as ICP27 in enhancing repli-
cation. These results showed that ICP27t2 can substitute func-
tionally for ICP27 in the context of infected Vero cells.
Characterization of K2F1, an HSV-1 mutant encoding
ICP27t2. To study ICP27t2 further, we wanted to examine its
activities in infected cells when expressed from its natural context
in the viral genome. In a recent publication, we described the
isolation of K2F1, an HSV-1 mutant that encodes ICP27t2 in place
of ICP27 (30). Aside from showing that the virus is viable in Vero
cells and that it is sensitive to the drug leptomycin B (similar to
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WT HSV-1), the phenotype of K2F1 was not further character-
ized. Here, we report a detailed phenotypic analysis of K2FI. It
should be mentioned that in many of the experiments described
below we included a second genetically independent isolate of
K2F1, designated K2F1b (30). This was done to ensure that the
phenotype of the mutant was the result of the engineered ICP27
gene change, rather than the consequence of an additional un-
known mutation.

We first asked whether K2F1 replicates similarly to WT HSV-1.
Vero cells were infected at a low multiplicity of infection (MOI;
0.01 PFU/cell), and viral yields at various time points were deter-
mined (Fig. 3A). The results indicated that both K2F1 isolates
replicated indistinguishably from WT HSV-1 in terms of kinetics
and yield. We also found that K2F1 and K2F1b grew similarly to
WT HSV-1 in another cell line, human HEp-2 cells (L. Sanders III
and S. Rice, unpublished data). Thus, as suggested by the plasmid
complementation experiment results, ICP27t2 can carry out all
functions of ICP27 that are required for viral replication in cell
culture.
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Although K2F1 replicates efficiently, it is possible that it ex-
presses viral genes with different kinetics or at different levels than
WT HSV-1. To examine this possibility, we carried out a meta-
bolic labeling experiment wherein infected Vero cells were pulse-
labeled for 30 min at 4, 8, and 12 h p.i. The proteins were then
analyzed by SDS-PAGE and autoradiography (Fig. 3B). At all time
points analyzed, both K2F1 isolates gave a pattern of protein syn-
thesis that was nearly identical to that of the WT infection. The
only difference noted was at the 4-h time point, where K2F1 and
K2F1b expressed an ~65-kDa protein (indicated by the asterisk in
Fig. 3B) that was absent in the corresponding position of the WT
infection. This band likely corresponds to ICP27t2 itself, which
runs on SDS-PAGE at a position slightly higher than ICP27 (e.g.,
see Fig. 2A). To study viral gene expression further, we also looked
ataccumulation of viral proteins by immunoblotting, focusing on
ICP27 itself as well as several L proteins at an intermediate time
point of infection (9 h p.i.) (Fig. 3C). Both K2F1 isolates were
indistinguishable from WT HSV-1 in their accumulation of these
proteins. Together, the pulse-labeling and immunoblotting ex-
periments indicated that K2F1 is very similar to WT HSV-1 in the
expression of viral genes.

HSV-1 infection results in the activation of several cellular sig-
nal transduction cascades, including the JNK, p38, and NF-kB
pathways, and ICP27 is required for the induction (17, 18). To see
if ICP27t2 can similarly induce these pathways, we compared the
activation of these systems in K2F1- and WT-infected cells. For
comparison, we also assessed cells infected with HSV-2 strain
HG52 (the source of the ICP27t2 gene in K2F1). Total protein
samples were made from infected Vero cells at 7 h p.i. and ana-
lyzed by immunoblotting. Analysis of total and phosphorylated
JNK indicated that K2F1 activated this pathway similarly to
KOSL1.1 (Fig. 3D). Interestingly, HSV-2 failed to show robust ac-
tivation of JNK at this time point, suggesting a possible type-spe-
cific difference in signaling. Examination of total and phosphory-
lated p38 indicated that K2F1 activated this pathway as efficiently
as WT HSV-1. HSV-2 also efficiently activated the p38 system at
this time point. Lastly, K2F1 and WT HSV-1 and HSV-2 all in-
duced NF-kB signaling comparably, based on the loss of IkB-a,
which is indicative of the activation of this signal transduction
cascade. Based on these data, we conclude that ICP27t2 is similar
to ICP27 in its ability to induce the JNK, p38, and NF-kB signaling
systems in the context of an HSV-1 infection.

Given that ICP27t2 was not as efficient as ICP27 in promoting
cytoplasmic ICP4 in transfected cells (Fig. 2D), we predicted that
ICP4 would be more restricted to the nucleus in K2F1-infected
cells. However, immunofluorescence analyses at several time
points after infection failed to show any difference between ICP4
localization in K2F1- and WT HSV-1-infected cells (data not
shown). Thus, in the context of HSV-1 infection, the substitution
of ICP27t2 for ICP27 does not appear to alter ICP4 localization.
Additionally, we found that ICP27t2 localization in K2F1 infec-
tion closely resembled that of ICP27 localization in WT HSV-1
infections (data not shown).

K2F1 plaques have an altered morphology. Based on the phe-
notypic resemblance of K2F1 to WT HSV-1, it is clear that ICP27
and ICP27t2 are functionally very similar. However, in the course
of our analyses, we noted that both K2F1 isolates showed a clear
phenotypic difference from WT HSV-1: they formed plaques with
a different morphology. It should be noted that our standard
plaque assays are carried out using a liquid overlay containing 1%
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normal pooled human serum (PHS). This reagent is included be-
cause the anti-HSV antibodies routinely present in PHS neutralize
extracellular virus and inhibit spread of infection through the me-
dium, allowing the formation of discrete plaques via cell-to-cell
spread (43). However, in the case of WT HSV-1, we routinely
observed that the plaques had a ragged and often a comet-like
appearance (Fig. 4A), suggesting some extracellular spread. In
contrast, K2F1 and K2F1b plaques exhibited a much more well-
delineated, round morphology, as shown for K2F1 in Fig. 4A.

When plaque assays were performed with a semisolid agarose
overlay, no differences in plaque morphology were seen (data not
shown). This suggested that the K2F1 plaquing phenotype de-
pends on the liquid overlay. To investigate this further, we carried
out a plaque assay in which the concentration of PHS in the liquid
overlay was varied from 0 to 2.5% (Fig. 4B). When no serum was
present, both K2F1 isolates and WT HSV-1 gave rise to similar
comet-shaped plaques, although careful examination of the
plaques in this and repeat experiments indicated that the K2F1
comet-like plaques were usually smaller than those of the WT. At
intermediate HS concentrations (0.5 to 1.5%), the morphology
difference between mutant and WT was readily evident, with the
mutant plaques having a much rounder appearance. However, at
high PHS concentrations (2 to 2.5%), both mutant and WT vi-
ruses formed similar round plaques. These results indicated that
the plaquing phenotype of K2F1 is dependent on the concentra-
tion of PHS in the overlay medium, with K2F1 showing a reduced
tendency to form comet-like plaques at low PHS concentrations.
Comet-like plaques have been studied extensively in the vaccinia
virus system (44, 45) and are believed to result from the extracel-
lular spread of infection via convection currents that become es-
tablished in the culture dish. Our results thus suggest that, under
the conditions of our plaque assay, K2F1 spreads less efficiently
through the medium than does WT HSV-1.

In addition to being released into the extracellular milieu,
HSV-1 progeny virions can infect neighboring cells via cell-cell
junctions that are shielded from the external environment (46).
Such spread is typical in highly polarized epithelial cells, but it is
also observed in nonpolarized epithelial cells, such as Vero cells.
To determine whether K2F1 has a defect in cell-to-cell spread in
Vero cells, we allowed K2F1, K2F1b, and WT HSV-1 to form
plaques in liquid medium containing a very high concentration of
HS (10%), in order to strongly inhibit extracellular spread. After 3
days, the monolayers were fixed and stained. Quantitative analysis
of plaque areas (Fig. 4C) indicated that K2F1 and K2F1b plaques
were only slightly smaller than WT plaques (89.5% and 91.1% of
the WT size, respectively). Thus, alteration of the ICP27 gene in
K2F1 has only a marginal effect on cell-to-cell spread.

As discussed above, the comet-like nature of WT HSV-1
plaques in our standard plaque assay suggests that the virus can
spread extracellularly in the presence of 1% PHS, implying that it
is incompletely neutralized by this concentration of PHS. If so,
one explanation for K2F1’s round plaque phenotype is that its
progeny virions are more susceptible to neutralization by PHS
than are WT virions. To test this, we carried out a virus neutral-
ization assay in which aliquots containing 200 PFU of either WT
HSV-1 or K2F1 were left untreated or were treated for 30 min at
37°C with 2-fold serial dilutions of PHS. The samples were then
plated on Vero cells under standard plaquing conditions. The re-
sults (Fig. 4D) indicated that KOS1.1 and K2F1 are very similar in
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FIG 4 K2F1 forms plaques with an altered morphology. (A) Viral plaques were allowed to form on Vero cells under a liquid medium overlay containing 1% PHS.
Plaques were fixed and stained with Giemsa stain at 3 days p.i. (B). K2F1 plaque phenotype depends on the concentration of PHS in the overlay. Equal numbers
of PFU of the viral strains shown were subjected to plaque assays on Vero cells. The overlay medium contained differing concentrations of PHS (0 to 2.5%).
Plaques were fixed and stained 3 days postinfection. (C) Cell-to-cell spread. Viral stocks were allowed to form plaques in the presence of 10% PHS to completely
prevent extracellular spread. Plaques were fixed and stained 3 days postinfection. Digital images were obtained and analyzed by using Image] to determine the
mean plaque area. Thirty plaques were measured for each virus. (D) K2F1 resembles WT HSV-1 in its sensitivity to neutralization by PHS. Triplicate aliquots
containing 200 PFU of KOSI1.1 or K2F1 were incubated for 30 min in medium lacking PHS (control) or in medium containing various concentrations of PHS.
Following incubation, the virus samples were subjected to a standard plaque assay. Error bars represent standard errors of the means.

their sensitivities to PHS neutralization, with both viruses show-
ing 50% neutralization at ~2.5% PHS.

K2F1 is defective in extracellular release. Another explana-
tion for the plaquing phenotype of K2F1 is that, as it replicates, it
releases less virus into the medium than does WT HSV-1. To
investigate this possibility, we first analyzed the time course of
extracellular virus release for WT HSV-1. Vero cells were infected
with KOS1.1 at an MOI of 5 PFU/cell, and at various time points,
the medium and cells were separately harvested and titers were
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determined. The results (Fig. 5A) indicated that at an intermediate
time pointin infection (11 h p.i.), only 1.7% of the progeny viruses
were present in the medium. However, this level rose to 24% at 24
h p.i. and was maintained at this approximate level throughout the
remaining time points. We next compared the extracellular re-
lease of K2F1 and K2F1b to WT HSV-1 (Fig. 5B). At 12 h p.i., K2F1
and K2F1b release was reduced more than 2-fold compared to
KOS1.1. At 24 h p.i., the release of K2F1 and K2F1b relative to WT
HSV-1 had increased but was still reduced to 72% and 63% of the
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FIG 5 K2F1 is deficient in release of virus to the extracellular medium. (A) Time course of WT HSV-1 extracellular release. Vero cells were infected with KOS1.1 at an
MOI of 5 PFU/cell. At various times after infection, the supernatant and cells were harvested separately and titers were determined for the virus yields in each fraction.
(B) K2F1 is deficient in extracellular release. Vero cells were infected in quadruplicate with KOS1.1, K2F1, or K2F1b at an MOI of 5 PFU/cell. At 12 and 24 h p.i,
supernatant and cells were harvested separately and the percentage of the total yield that was released into the medium was determined. (C) Most cell-associated HSV-1
progeny are sensitive to pH 3.0 inactivation. Cultures of Vero cells were infected in duplicate at an MOI of 5 PFU/cell, and cells were incubated for 24 h. Cells were
harvested by scraping into PBS and low-speed centrifugation. The scraped cells were either incubated for 2 min in PBS as a control or in pH 3.0 buffer to inactivate
extracellular virions. After repelleting and suspension in fresh medium, samples were frozen and titers were determined. Prior to titration, one set of low-pH-treated
samples was treated by pulsed microsonication to further release intracellular virus. The values represent the percentage of cell progeny that were inactivated by the
treatment relative to the PBS control. (D) Most cell-associated HSV-1 progeny are sensitive to trypsin inactivation. Cultures of Vero cells were infected in triplicate and
harvested as described for panel C. Cells were resuspended in either PBS, as a control, or in 0.05% trypsin—EDTA, and the resuspended cells were incubated at 37°C for
up to 15 min. After repelleting and suspension in fresh medium, samples were frozen and titers were determined. The values represent the percentage of cell-associated
progeny that were inactivated by the trypsin treatment relative to the 15-min PBS control. (E) K2F1 virions efficiently reach the cell surface. Vero cells were infected in
quadruplicate with KOSI1.1 or K2F1 at an MOI of 1 PFU/cell, and the infections were incubated for 20 h. After taking aliquots of the medium to determine release
(middle), the scraped cells were treated for 2 min with PBS or pH 3.0 buffer as for panel C to determine sensitivity to low-pH treatment (right). The total viral yields are
also shown (left). (F) K2F1 has a higher percentage of progeny virions on the cell surface than does WT HSV-1. Cells were infected in quadruplicate with KOS1.1 or K2F1
at an MOI of 5 PFU/cell and harvested at 24 h p.i. Aliquots of the medium were taken to determine release. The cells were then collecting by scraping and low-speed
centrifugation and then extracted twice with TNE buffer. The combined salt washes and the washed cell fractions were frozen, and titers of all fractions were determined.
Statistical analyses for results shown in panels B, E, and F were performed using the Student ¢ test; error bars denote standard errors of the means. *, P < 0.05; **, P < 0.01;
ns, not significant (P > 0.05).

WT level, respectively. These data indicate that K2F1 is deficientin  their fully infectious form (see references 46 and 47 for reviews of
the release of infectious virus into the medium. HSV-1 assembly and release). This likely occurs when tegumented

K2F1 virions are deficient in detachment from the cell sur- DNA-bearing capsids bud into cytoplasmic vesicles, possibly de-
face. To be released, HSV-1 virions must first be assembled in  rived from the trans-Golgi network, and acquire their final enve-
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lope. The subsequent release of virions into the extracellular mi-
lieu may involve two distinct steps. First, the virion-containing
vesicles must undergo exocytosis, i.e., they must travel to and fuse
with the plasma membrane, introducing the progeny virions into
the extracellular environment. However, at that point, viral prog-
eny may still be tethered to the outside surface of the cell, and
indeed microscopic evidence suggests that this commonly occurs
in HSV-1 infection (48, 49). Therefore, for complete release, a
second step is required in which the virions detach from the cell
surface.

Although our results indicate that K2F1 is deficient in extracel-
lular release, they do not indicate whether mutant progeny are
defective in reaching the cell surface, or in detaching from the
surface once there (or both). To study this, we first characterized
the WT HSV-1 infection, in order to establish to what degree
progeny virions are intracellular versus extracellular at the com-
pletion of infection. To address this, we took advantage of the
finding that HSV-1 virions are readily inactivated by brief expo-
sure to pH 3.0-containing buffers, while cells are resistant to this
treatment (50). Thus, WT HSV-1-infected Vero cells were col-
lected at 24 h p.i. by scraping into PBS and low-speed centrifuga-
tion. Cells were resuspended in pH 3.0 acid-glycine buffer (50), or
in PBS as a control. After a 2-min incubation, all samples were
repelleted, resuspended in medium to restore the pH to neutrality,
and frozen at —80°C. Plaque assays were then carried out to quan-
titate the level of infectious virus (Fig. 5C). This analysis showed
that ~99.9% of the WT HSV-1 cell-associated progeny were in-
activated by brief exposure to pH 3.0, suggesting that the over-
whelming majority of progeny virions are extracellular. We con-
sidered the possibility that intracellular progeny were not
efficiently detected in the pH 3.0-treated samples because they
were inside intracellular vesicles that were not efficiently disrupted
by our standard procedure of freeze-thawing. To address this pos-
sibility, we additionally treated one set of pH 3.0-exposed samples
by pulsed microsonication in an attempt to further disrupt vesi-
cles. However, this treatment only minimally (~3-fold) increased
the titer of the pH 3.0-treated samples, still leaving >99.5% of the
cell-associated progeny sensitive to low pH (Fig. 5C).

To confirm that the majority of cell-associated virions are ex-
tracellular, we next tested the sensitivity of viral progeny to tryp-
sin. WT HSV-1-infected Vero cells were harvested at 24 h p.i., and
the scraped, washed, and pelleted cells were resuspended in either
PBS, as a control, or in trypsin-EDTA at the same concentration
we routinely use to passage our Vero cell stocks. After 5, 10, or 15
min, cells were collected by centrifugation, washed in normal me-
dium to remove trypsin, and frozen at —80°C. Titration of these
fractions by plaque assay revealed that the 5-min trypsin treat-
ment inactivated 82.4% of the cell-associated virus, while the 10-
and 15-min treatments inactivated 99.4% (Fig. 5D). Moreover,
trypsin treatment of up to 15 min did not appear to lyse the in-
fected cells, as judged by trypan blue exclusion analysis (data not
shown). Together, the results of this and the previous experiment
strongly suggest that, at the completion of WT HSV-1 infection of
Vero cells, >99% of the cell-associated progeny are attached to the
outside surface of the infected cell.

Given the above results, the release defect of K2F1 could be
explained if its progeny virions are not as efficiently transported to
the cell surface as WT HSV-1 virions. To investigate this, we
used the low-pH sensitivity assay described above to directly com-
pare the efficiency with which K2F1 and WT HSV-1 virions reach
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the cell surface. We also quantified the total viral yields, as well as
the percentage of total virus released to the medium. The results
are shown in Fig. 5E. As expected, K2F1 and WT HSV-1 infections
were similar in total yields, and ~2-fold-fewer progeny were re-
leased from the K2F1-infected cells (5.4% versus 11.8%). Notably,
similar to the WT HSV-1 infection, >99% of the remaining K2F1
cell-associated progeny were extracellular, based on their sensitiv-
ity to low pH. This indicated that K2F1 virions are able to effi-
ciently reach the cell surface.

We next considered whether K2F1 progeny are defective in
detaching from the cell surface. If so, one would predict that
K2F1-infected cells would have a greater fraction of progeny viri-
ons on the surface than do WT HSV-1-infected cells. To test this,
we took advantage of the finding of Newcomb and Brown, that
surface-attached HSV-1 progeny can be efficiently eluted from
cells, in an infectious state, by washing the cells with a buffer con-
taining 0.5 M NaCl (32). Thus, Vero cells were infected with WT
HSV-1 or K2F1 at an MOI of 5 PFU/cell. At 24 h p.i., aliquots of
the medium were taken for determination of viral release. The
cells were then scraped, pelleted, and washed twice with TNE buf-
fer (0.01 M Tris-HCI, 0.5 M NaCl, 1 mM EDTA; pH 7.5) as de-
scribed previously (32). Titers of the released fractions, the com-
bined salt washes, and the residual washed cell fractions were then
determined. The compiled results (Fig. 5F) showed that, as ex-
pected, K2F1 released less progeny into the medium than did WT
HSV-1 (7.6% versus 12.6%). Furthermore, based on the titers of
the combined salt wash fractions, K2F1-infected cells had a higher
fraction of surface-attached viral progeny than did WT HSV-1-
infected cells (89.0% versus 84.6%). In fact, this difference of 4.4%
corresponded closely with the 5.0% difference in release. In con-
trast, there was not a significant difference in the fraction of vi-
ruses remaining associated with the cells after the salt wash (3.4%
versus 2.8%). These results strongly suggest that K2F1 progeny
virions are more efficiently retained on the cell surface than are
WT virions, i.e., they do not detach as readily. This decrease can
explain the release defect of K2F1.

HSV-1 ICP27 mutants d2-3 and dAc exhibit release defects.
Our results with K2F1 demonstrated that changes to the sequence
of ICP27 can reduce the extent to which HSV-1 progeny virions
are released from cells. In previous work, we characterized several
replication-competent HSV-1 ICP27 mutants that make WT-
sized plaques (M50T, dAc, d2-3, d5-6, and d6-7) (19, 31) (Fig.
6A). We considered the possibility that some of these might have
previously unrecognized release defects similar to that of K2F1.
Since this trait correlates with plaque morphology, we first ana-
lyzed the mutants in our standard plaque assay. Three of the mu-
tants (d5-6, d6-7, and M50T) formed comet-like plaques similar
to the WT (data not shown). However, dAc and d2-3, which are
deleted of residues 21 to 63 and 64 to 108, respectively, formed
round plaques similar to those of K2F1. In the case of d2-3, the
round plaque phenotype was more pronounced than that of
K2F1. This was evident when the plaque assays were extended
from the usual 3 days to 4 days (Fig. 6B). Under these conditions,
KOSL1.1 plaques were clearly comet-like, while K2F1 plaques also
showed some cometing. In contrast, d2-3 plaques remained
round with few signs of comets.

To see if the round plaque phenotypes of dAc and d2-3 corre-
lated with reduced release levels, we quantitated the extracellular
release of these mutants. Whereas dAc showed a 2.6-fold release
defect compared to WT HSV-1 (Fig. 6C), d2-3 was more reduced,
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FIG 6 HSV-11CP27 deletion mutants dAc and d2-3 are deficient in viral release. (A) Schematic diagram of mutations in viable HSV-1 ICP27 mutants. Dashed
lines represent deletions, and the vertical line in the M50T bar represents a point mutation at residue 50. The capacities of the viruses to form comet-like plaques
are indicated. (B) Plaque morphology phenotype of d2-3. Virus stocks were allowed to form plaques on Vero cells in liquid medium containing 1% HS. The
monolayers were fixed and stained 4 days p.i. (C) dAc and d2-3 are defective in release. Vero cells were infected in triplicate with 5 PFU/cell of KOS1.1 and dAc.
At 24 h p.i., supernatant and cells were harvested and titers were determined separately. The percent released and total yields were determined. (D) d2-3 is
defective in release. Analysis was performed as for panel C. Statistical analyses in panels C and D were performed using the Student ¢ test; error bars denote

standard errors of the means. **, P < 0.01; ***, P < 0.001.

exhibiting a 4.0-fold defect (Fig. 6D). Thus, we conclude that cer-
tain in-frame deletions in the N-terminal portion of ICP27 result
in a viral release defect similar to that of K2F1. It should be noted
that, unlike K2F1, which replicates as efficiently as WT HSV-1,
both dAc and d2-3 showed modest but significant reductions in
total viral yields, with dAc being reduced 3.1-fold compared to
WT HSV-1 and d2-3 being reduced 11-fold. Tian et al. also re-
cently noted a growth defect for d2-3 in Vero cells (10).
HSV-1and HSV-2 laboratory strains vary in the efficiency of
viral release. Our analysis of K2F1 demonstrated that the ICP27t2
gene of HSV-2 strain HG52 reduces the efficiency of viral release
when it is expressed in the context of the HSV-1 genome. To see if
strain HG52 normally has a low release efficiency, we quantitated
its release relative to HSV-1 strain KOSI1.1 (Fig. 7). After a 24-h
infection, KOS1.1 released 7.8% of its progeny into the medium,
whereas HG52 released only 0.48%, a 16-fold difference. To see
whether HSV-1 and HSV-2 strains generally differ in release, we
repeated the analysis, this time including two additional strains of
each virus type. While KOS1.1 and HG52 gave results similar to
those seen in the first experiment (13.1% and 0.76% release, re-
spectively), the other strains of HSV-1 and HSV-2 showed inter-
mediate levels of release (ranging from 2.6% for HSV-2 strain G to
5.3% for HSV-1 17+). These results do not indicate a general
type-specific difference in the release efficiency of laboratory
strains of HSV-1 and HSV-2. On the other hand, the results show
that the release efficiencies of HSV-1 and -2 laboratory strains can
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vary quite significantly and that HSV-2 strain HG52 is inefficient
in release compared to several other strains.

DISCUSSION

ICP27t2 and ICP27 are functionally very similar. The ICP27
gene belongs to the set of 43 to 44 “core” herpesvirus genes which
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FIG 7 HSV-1 and HSV-2 strains vary significantly in the level of extracellular
virion release. (A) Comparison of HSV-1 strain KOS1.1 and HSV-2 strain
HG52. Vero cells were infected at an MOI of 5 PFU/cell, and infections were
incubated for 24 h. Supernatant and cell fractions were harvested and titers
were determined separately, and then the percent release was determined.
Error bars denote standard errors of the means. (B) Comparison of multiple
HSV-1 and HSV-2 strains. The experiment was performed as for panel A
except infection was carried out at an MOI of 1 PFU/cell.
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are conserved in all members of the Herpesviridae (23). For the
most part, the protein products of these genes mediate functions
that are fundamental to herpesviral replication and/or host inter-
actions. Despite this conservation, the functions of the ICP27 gene
family appear to have diverged over time, as the ICP27 homologs
from HCMV (51), varicella-zoster virus (52, 53), and pseudora-
bies virus (54) are completely unable to complement the replica-
tion defect of an HSV-1 ICP27 null mutant when expressed in
trans. The Epstein-Barr virus homolog can provide partial com-
plementation, but the level is reduced 100-fold compared to the
level provided by ICP27 itself (53). In contrast to these past find-
ings, here we showed that ICP27t2 can fully complement the
growth of the HSV-1 null mutant d27-1. Furthermore, when the
ICP27t2 gene is inserted into the HSV-1 genome in place of
the type 1 gene, the resulting mutant, known as K2F1, grows with
WT kinetics and yields. Moreover, K2F1 exhibits a normal pattern
of viral gene expression and efficiently induces the p38, JNK, and
NE-kb signaling pathways, which are known to depend upon
ICP27 for their activation. Together, these results demonstrate
that ICP27t2 and ICP27 are functionally very similar and that
ICP27t2 is able to carry out all of the ICP27 functions required for
HSV-1 replication in cell culture. From an evolutionary perspec-
tive, the high degree of functional similarity between ICP27 and
ICP27t2 is not surprising, as HSV-1 and HSV-2 are close relatives
that diverged only recently in evolutionary time (~8 million years
ago) (23). Moreover, the two viruses undergo very similar inter-
actions with their human host and cause clinically similar dis-
eases (2).

Although ICP27t2 has not been the subject of many previous
studies, some investigators have looked at its effects on mRNA
splicing. Nojima et al. showed that ICP27t2 alters the splicing of
the cellular transcript encoding the promyelocytic leukemia
(PML) protein, specifically inhibiting removal of its intron 7a
(55). More recently, Tang et al. demonstrated that ICP27t2 sup-
presses splicing of the HSV-2 ICP34.5 mRNA, allowing the virus
to express a variant form of ICP34.5 (56). Here, we directly com-
pared ICP27 and ICP27t2 in their effects on splicing of the HSV-1
gC transcript. Both proteins functioned similarly to suppress re-
moval of the small intron in the gC gene (Fig. 2C). Likewise,
Korom et al. recently showed that ICP27t2 and ICP27 have similar
suppressive effects on HSV-2 ICP34.5 mRNA splicing (57). To-
gether, these data demonstrate that ICP27t2 is functionally very
similar to ICP27 in its inhibitory effects on mRNA splicing.

We did observe one functional difference between ICP27t2
and ICP27 in our gene transfection studies. Whereas WT ICP27
efficiently promoted the cytoplasmic localization of ICP4,
ICP27t2 was relatively inefficient in this activity (Fig. 2D). Based
on this finding, we predicted that K2F1-infected cells would show
adecrease in cytoplasmic ICP4 at late times of infection. However,
this was not found to be the case, as ICP4 was localized normally in
the K2F1 infections. This may be because other HSV-1 factors also
regulate ICP4 localization during infection and can compensate
for the ICP27 alteration in K2F1. Consistent with this, a recent
study showed that HSV-1 tegument protein VP22 promotes the
cytoplasmic localization of ICP4 (58).

ICP27 modulates the efficiency of HSV-1 virion release. Al-
though the K2F1 mutant is indistinguishable from WT HSV-1 in
most respects, we were surprised to find that it forms morpholog-
ically distinct plaques on Vero cells when the assays are carried out
in a liquid medium overlay containing 1% PHS. Whereas WT
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plaques are comet shaped with ragged edges, K2F1 plaques are
round and have well-delineated edges. The comet-like appearance
of WT plaques is very likely due to secondary infections that arise
from the spread of free virus through the medium, with the direc-
tionality driven by convective flows in the medium (45, 59). Sim-
ilar comet-shaped plaques have been observed in several other
viral systems when liquid overlays are used. These include vaccinia
virus (44, 45), vesicular stomatitis virus (59), and influenza virus
(60). Secondary spread of WT HSV-1 in the presence of 1% PHS is
not surprising, as our neutralization analysis (Fig. 4D) showed
that this concentration of PHS is insufficient to neutralize the
majority of HSV-1 virions after a 30-min incubation.

K2F1 tends to form round and not comet-like plaques because
it releases approximately 2-fold less progeny into the medium
during each infectious cycle than does WT HSV-1 (Fig. 5B, E, and
F). This makes secondary infections less likely. Results of our stud-
ies with HSV-1ICP27 mutants dAc and d2-3 were consistent with
this conclusion. We identified these two mutants as ones that form
round plaques, similar to K2F1. Both were subsequently found to
be deficient in release, arguing that the plaquing and release phe-
notypes are mechanistically linked. Moreover, in the case of d2-3,
both plaquing (Fig. 6B) and release (Fig. 6D) phenotypes were
more extreme than those of K2F1, again suggesting a linkage be-
tween these traits. We also note that, in the vaccinia virus system,
similar 2- to 4-fold reductions in viral release efficiency can have
similar negative effects on the formation of comet-like plaques
(61). The deletions in the dAc and d2-3 mutants encompass ICP27
residues 20 to 63 and 64 to 108, respectively. Interestingly,
ICP27t2 differs considerably from ICP27 in this same region (Fig.
1). This suggests that the N-terminal portion of ICP27, which is
dispensable for replication in Vero cells (31), is involved in
ICP27’s release function. This idea could be tested through further
mutagenesis experiments, including the construction of HSV-1
mutants bearing hybrid ICP27t2/ICP27 genes.

Regarding dAc and d2-3, we previously reported that these
mutants are replication competent in Vero cells (31). However, in
this study, we found that both viruses had modest replication
defects, with dAc showing a 3-fold growth deficit compared to WT
HSV-1 and d2-3 having an 11-fold defect. Tian et al. also recently
reported that d2-3 has a modest growth defect in Vero cells (10).
Although it is possible that the replication defects of dAc and d2-3
contribute to their plaque morphology phenotype, it is important
to note that our virus release experiments measure percent release,
and thus our analysis takes into account reductions in yields. It is
interesting that, despite their reduced yields, both dAc and d2-3
produce near-WT-sized plaques when the assays are carried out in
aliquid medium overlay containing high levels of PHS (5%) (data
not shown). This indicates that these mutants exhibit normal or
near-normal cell-to-cell spread. Consistent with this observation,
Roller et al. noted that several other HSV-1 mutants with up to
50-fold reductions in virus yield can produce normal-sized
plaques on epithelial cell monolayers (62).

From the perspective of viral genetics, our analysis of K2F1
clearly identifies ICP27 as a genetic determinant of HSV virion
release efficiency. It should be pointed out that this conclusion is
made in the context of a specific genetic analysis involving paren-
tal strains HSV-1 KOS1.1 and HSV-2 HG52. Perhaps fortuitously
for our study, these strains differ quite dramatically (by more than
15-fold) in virion release. It is noteworthy that a wider analysis
that included additional HSV-1 and -2 strains failed to reveal a
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general difference between HSV-1 and -2 release efficiency (Fig.
7). Thus, the release phenotype of HSV strains is not simply dic-
tated by the ICP27 gene. Indeed, it is formally possible that in
some HSV strains, ICP27 does not contribute to determining viral
release efficiency. However, a more likely scenario is that ICP27 is
just one of multiple HSV genes that influence extracellular virion
release. Identifying such genes will represent an important ad-
vance in our understanding of this understudied aspect of HSV
infection.

ICP27 modulates the interaction of progeny virions with the
surface of infected cells. Although the mechanism by which
ICP27 affects viral release is not known, our experiments with
K2F1 provide some clues. First, we found that K2F1 progeny viri-
ons efficiently reach the extracellular surface of the infected cell
(Fig. 5E), indicating that ICP27’s effects are after exocytosis of
virion-containing vesicles. Second, we were able to use a salt wash
procedure to artificially release progeny virions from the cell sur-
face. In doing so, we found that K2F1-infected cells had a higher
percentage of total progeny on the cell surface than did WT HSV-
1-infected cells (Fig. 5F). This suggests that K2F1 virions are more
tightly associated with the cell surface than are WT HSV-1 virions,
which appear to detach more readily. Thus, ICP27 appears to
modulate the efficiency with which HSV-1 progeny virions attach
to the surface of the infected cell.

At present, we can only speculate on how ICP27 modulates the
interaction between progeny virions and the cell surface. How-
ever, as there is no evidence that ICP27 is localized to the cell
surface, it is likely that ICP27’s role is indirect. We can envision
two general models. First, as ICP27 has a well-described role in
viral gene regulation, it is possible that its effects are due to altered
expression of one or more viral gene products that are involved in
virion release. We do not favor this model because our phenotypic
characterization of K2F1 showed that its gene expression profile is
nearly indistinguishable from WT HSV-1. The second model is
that ICP27 carries out an activity unrelated to its gene expression
function that affects attachment of virions to cells. One potential
cluein this regard is that ICP27 N-terminal sequences appear to be
important in release, as discussed above. Given that N-terminal
sequences can dramatically affect the cellular distribution of ICPO
and ICP4 (19, 22), it is possible that ICP27 also regulates the lo-
calization of one or more viral proteins directly involved in re-
lease. Interestingly, recent work has shown that the extracellular
release of HSV-1 from Vero cells occurs at specific membrane
patches enriched for viral glycoproteins (49). With this in mind, it
would be interesting to compare the extent and glycoprotein con-
tent of these patches in cells infected with WT HSV-1 versus
ICP27 release mutants.

To further understand how ICP27 affects virion detachment, it
will be important to define the molecular interactions that tether
progeny HSV-1 virions to the surfaces of infected cells. To our
knowledge, little is known about this subject. Attachment may be
mediated by viral envelope proteins gC and gB, which bind to
heparan sulfate- or chondroitin sulfate-containing proteoglycans
widely present on mammalian cell surfaces (63). Indeed, such
binding is important at the beginning of infection for attachment
of incoming virions. Supporting a role for these interactions in
release, it has been shown that polyanionic mimics of heparan
sulfate can elute HSV-2 progeny virions from the surface of in-
fected cells (64). It is also possible that progeny virions use the viral
envelope protein gD to interact with cellular receptors, such as
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HVEM or nectin-1 (63). Another possibility is that the cellular
restriction factor tetherin (65) plays a role in adhering progeny
virions to the cell surface. Consistent with this, recent work
showed that tetherin is capable of inhibiting HSV-1 release (66,
67). On the other hand, Vero cells are reported to not express
tetherin (66), suggesting that this molecule did not play a role in
our studies.

Implications for HSV-1 pathogenesis. Our work shows that
changes in the sequence of ICP27 can alter, up to 4-fold, the effi-
ciency with which HSV-1 progeny virions are released into the
extracellular milieu. The release of HSV-1 is likely to play an im-
portant role in viral pathogenesis. However, it is doubtful whether
highly efficient release of free virus is favored during natural
HSV-1 infections in vivo. In this setting, HSV-1 is known to be
adept at cell-cell spread via cellular junctions, with the virus using
this method to move stealthily between epithelial cells and into
and out of neurons (46). The tethering of progeny virions to the
surface of the producer cell may promote this by ensuring that
virions are situated in close proximity to their adjacent target cells.
At the same time, the tethering of progeny would be expected to
limit dissemination of infection and thus help the virus avoid a
strong host immune response. On the other hand, in the context
of a reactivated HSV-1 infection, release of free virions may be
essential for transmission of the virus to new hosts. Thus, it is
possible that in vivo, HSV-1 must carefully modulate the release of
extracellular virus. Our work suggests that ICP27 could be one
component of such a regulatory system.

It is clear from our work that the release efficiency of a partic-
ular HSV strain is a genetically determined trait that can differ
over a wide range. It is quite possible that this trait significantly
affects the results of some types of virological analysis, e.g., the
analysis of HSV pathogenesis in experimental animals. Thus, the
inherent release efficiency of a given viral strain is a property that
should be considered by HSV researchers. Complicating the pic-
ture, however, is the likelihood that HSV release rates can evolve in
vitro, according to culture and harvest conditions, as viral strains
are passaged in the laboratory. For this reason, it will be both
interesting and important to study release in low-passage-number
clinical isolates of HSV-1 and HSV-2.
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