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The UL24 gene of herpes simplex virus type 1 is conserved across many herpesviruses, but its protein
product has not been identified. We expressed the UL24 gene in insect cells from a recombinant baculovirus
and used the resulting protein to raise a rat antiserum. In immunoblotting experiments, this antiserum
recognized a 30-kDa protein in lysates from infected cells. The identity of this species as UL24 was confirmed
by using a virus encoding a truncated form of UL24. On the basis of biochemical fractionation of infected cells,
UL24 appeared to be predominantly nucleus associated, especially at later times in infection. Although certain
UL24 transcripts exhibit early kinetics, UL24 protein accumulated at later times in infection and levels were
decreased sixfold in the presence of the viral DNA synthesis inhibitor phosphonoacetic acid; thus, UL24 was
expressed with leaky-late Kinetics. The entire UL24 open reading frame is encoded by mRNAs with two different
5’ ends. A mutation that eliminates the more abundant transcripts that originate at the first transcription start
site resulted in a 10-fold reduction in the level of UL24 expressed but did not eliminate expression. Thus, the
less abundant transcripts originating at the second transcription start site can evidently be translated,
although transcripts originating at the first start site appear to be the major contributors to the expression of
UL24. We conclude that UL24 is a bona fide herpes simplex virus type 1 protein that associates primarily with

nuclei and whose expression is regulated at multiple levels.

The genome of herpes simplex virus type 1 (HSV-1) contains
approximately 80 different genes (26), including one known as
UL24. UL24 is evolutionarily conserved among many diverse
herpesviruses and is considered to be a core herpesvirus gene
(12). This conservation suggests an important role for UL24 in
the life cycle of these viruses. Indeed, UL24 null mutations or
mutations in the conserved regions of UL24 result in decreased
viral yields in cultured cells (21). They also can confer a cell
type-dependent, syncytial phenotype whereby infected cells
fuse together at elevated temperatures (21, 33, 36). In mice,
mutations in UL24 cause especially severe defects in viral rep-
lication in and reactivation from sensory ganglia (20). UL24
transcripts were identified many years ago (10, 22, 30, 31, 39),
but the HSV-1 UL24 protein has not been identified. Although
the syncytial phenotype observed in some UL24 mutant viruses
has led to the suggestion that UL24 may encode a membrane
protein (36, 38), there has been no definitive evidence to sup-
port this hypothesis.

Upon HSV-1 infection, immediate-early (o), early (), and
late () viral genes are expressed in a temporal cascade, with
expression of late genes being dependent on viral DNA syn-
thesis (reviewed in reference 32). Several viral genes produce
multiple transcripts, although little is known about the function
of these apparently redundant transcripts. The pattern of tran-
scription of the UL24 gene is quite complex, with six UL24
transcripts expressed during infection with HSV-1 (Fig. 1). The
four transcripts that arise from the first two transcription start
sites for UL24 (5.6, 5.4, 1.4, and 1.2 kb) contain the entire open
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reading frame (ORF), and it is not known which, if any, of
these transcripts are translated. The remaining two transcripts
(5.2 and 0.9 kb) originate within the ORF and have the poten-
tial to encode only a truncated form of the protein. The very
long (336-base), GC-rich 5’ untranslated region (UTR) con-
tained in the more abundant transcripts originating at the first
start site might be expected to inhibit translation by adopting a
secondary structure (discussed in reference 23). In addition,
this region contains a small upstream OREF that, although its
initiation codon’s context does not conform to the Kozak con-
sensus (23), could also inhibit (or conceivably boost) expres-
sion (reviewed in reference 15). The 5.4- and 1.2-kb transcripts
that originate at the second start site, which have a short 5’
UTR, are less abundant. It is not known which transcription
start site is more important for expression of UL24 protein.
The 1.4-, 1.2-, and 0.9-kb transcripts terminate at the UL24
polyadenylation (polyA) signal and exhibit early kinetics, while
the 5.6-, 5.4-, and 5.2-kb transcripts belong to the leaky-late
kinetic class and terminate at the UL26 polyA signal (10, 16).
However, the kinetics of expression of the putative UL24 pro-
tein are not known.

To begin addressing questions regarding UL24 function and
regulation, we have raised antiserum that recognizes the UL24
protein and have studied its localization and kinetics of expres-
sion and the contribution of various UL24 transcripts to its
synthesis.

MATERIALS AND METHODS

Construction of recombinant baculovirus. The UL24 ORF was excised from
pKG3.6 (19) from 15 bp upstream of the initiating ATG, with P231I, to 92 bp
downstream of the termination codon, with BamHI. The fragment was blunt
ended with Klenow and ligated into prokaryotic expression vector pGEX6P3
(Amersham/Pharmacia), which had been linearized with Smal, to generate the
vector pGEX6P3-UL24. In order to express GST-UL24 in insect cells, the glu-
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47341 GGGCGGGGCA TGTGAGCTCC CAGCCTCCCC CCCGATATGA
47381 GGAGCCAGAA CGGCGTCGGT CACGGCATAA GGCATGCCCA
47421 TTGTTATCTG GGCGCTTGTC ATTACCACCG CCGCGTCCCC
47461 GGCCGATATC TCACCCTGGT CGAGGCGGTG TTGTGTGGTG

47501 TAQATGTTCG CGATTGTCTC GGAAGCCCCC AGCACCTGCC

47541 AGT TCAT CGGCTCGGGT ACGTAGACGA TATCGTCGCG
47581 CGAACCCAGG GCCACCAGCA GTTGCGTGGT GGTGGTTTTC
47621 CCCATCCCGT GAGGACCGTC TATATAAACC CGCAGTAGCG
47661 TGGGCATTTT CTGCTCCAGG CGGACTTCCG TGGCTTCTTG
47701 GTGCCGGCGA GGGCGCAACG CCGTACGTCG GTTGCTATGG

FIG. 1. The UL24 transcription unit. (A) The top line represents
the prototype organization of the HSV-1 genome; the shaded boxes
represent the repeat segments, and the thin lines represent the unique
regions. The UL24 gene lies at 0.3 map unit. Below is an expanded
view of the locus containing UL24. The UL24 OREF is shown as a filled
box with an arrow indicating the direction of transcription. The tk and
UL25-UL26.5 ORFs are shown as open boxes with arrows. The six
UL 24 transcripts (thin lines with arrows) originate from three different
transcription start sites and terminate at either the UL24 or the UL26
polyA signal. The transcripts that arise from the first two start sites
(5.6,5.4, 1.4, and 1.2 kb) contain the entire UL24 ORF. The other two
transcripts (5.2 and 0.9 kb) originate from a start site within the ORF.
The three transcripts that utilize the UL24 polyA signal (1.4, 1.2, and
0.9 kb) exhibit early kinetics (B), while the three that terminate at the
UL26 signal (5.6, 5.4, and 5.2 kb) exhibit leaky-late kinetics (y1). These
longer transcripts contain sequences corresponding to the UL24,
UL25, UL26 and UL26.5 genes. Transcripts arising from the second
start site are the least abundant, as indicated by the thinner lines. The
UL24 and tk genes are transcribed divergently, and the 5’ ends of the
genes overlap. (B) 5" UTR of UL24. The sequence from HSV-1 strain
KOS of the region upstream of the UL24 ORF is shown with the ATG
for the initiation codon in bold (19), with the same numbering system
as that used by McGeoch et al. (26). Arrows above the sequence
indicate the two transcription start sites for UL24 mRNAs that could
encode a full-length protein. The short upstream ORF is boxed. This
feature is also present in HSV-1 strain 17 and HSV-2 strains G and
HG52.

tathione S-transferase (GST) coding sequence from baculovirus expression vec-
tor pAcG3x (Pharmingen) was removed by digestion with Smal and EcoNI and
replaced with a DNA fragment encoding GST-UL24 that had been excised from
pGEX6P3-UL24 with Sall and EcoNI, the Sall-generated end being blunted with
Klenow. By using the BaculoGold transfection system (Pharmingen) and follow-
ing the manufacturer’s instructions, the resulting transfer vector, pAcG-GST-
UL24, was used to generate a baculovirus that expressed GST-UL24 (BvGST-
UL24). Baculovirus was propagated on SF9 insect cells in Grace’s insect medium
supplemented with 10% fetal calf serum.

J. VIROL.

Protein expression and generation of UL24 antiserum. To express recombi-
nant GST-UL24, insect cells were grown in spinner flasks to a density of 1 X 10°
to 2 X 10° cells per ml and infected with BvGST-UL24 at a multiplicity of
infection (MOI) of 1 to 5. At 72 h postinfection (p.i.), the cells were harvested.
Cells were resuspended in 20 mM Tris (pH 7.9)-1 mM EDTA-1 M NaCl-1 mM
dithiothreitol containing the protease inhibitor cocktail Complete (Roche) and
lysed by sonication. GST-UL24 was affinity purified with glutathione-Sepharose,
and the GST moiety was cleaved with PreScission Protease (Amersham/Phar-
macia); however, despite being cleaved from its GST fusion partner, UL24 was
retained on the matrix. The protein was eluted from the matrix in 100-fold-
diluted sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) loading dye (containing 0.01% SDS), concentrated with a Speed-Vac
(Savant), and then reloaded on an SDS-13% polyacrylamide gel. Gel slices
containing recombinant UL24 were used to immunize two rats (procedure car-
ried out by COVANCE Research Products Inc.). A 300-pg antigen sample per
animal was used for the initial immunization, and 150 pg was provided for each
of the three requested boosts; however, only two boosts were carried out. The
antisera used in this study were derived from a production bleed following the
second boost.

Protein microsequencing. A 20-pg sample of GST-UL24 was proteolytically
cleaved, and the products were resolved on an SDS-15% polyacrylamide gel in
3-[cyclohexylamino]-1-propanesulfonic acid (CAPS) gel running buffer (24). The
proteins were transferred to a polyvinylidene difluoride membrane by electro-
transfer in CAPS buffer containing 10% methanol. Protein microsequencing was
carried out by the Boston University DNA and Protein Core Facility.

Viruses and cells. HSV-1 strains KOS and 17 and KOS-derived mutants
PAA'5 (7), dI—197/—116 (5), disptk (9), and AT143 (19) were propagated on
Vero cells (American Type Culture Collection) as described previously (8).

Immunoblotting. Cells in 60-mm-diameter dishes were mock infected or in-
fected with HSV-1 at an MOI of 5 to 10 and harvested at various times p.i. The
dishes were placed on ice, and cells were washed in ice-cold phosphate-buffered
saline prior to being lysed on the dishes in 500 pl of buffer containing 50 mM Tris
(pH 7.9)-1% Triton X-100-0.5% sodium deoxycholate-0.1% SDS-500 mM
NaCl. Lysates were cleared by microcentrifugation at 18,000 X g and 4°C for 30
min. Unless otherwise indicated, 200 pl of each of the lysates was concentrated
10-fold with a Speed-Vac concentrator prior to being resolved on an SDS-12.5%
polyacrylamide gel. Proteins were transferred to a polyvinylidene difluoride
membrane by electrotransfer. Immunoblotting and detection by enhanced
chemiluminescence were carried out essentially as described by the manufacturer
(Amersham). Antibodies against gB and ICP0 were obtained from Fitzgerald. A
mitochondrion-specific antibody was obtained from Chemicon International.
Where quantification of signals is reported, the values were determined by
running known amounts of whole-cell lysate made from HSV-1-infected cells on
the same gel as the experimental samples to generate a standard curve, similar to
what is shown in Fig. 4. The signals were scanned and then quantified with NIH
Image 1.61.

Nuclear versus cytoplasmic fractionation. Vero cells in 100-mm-diameter
dishes were infected at an MOI of 5. Cell fractionation was carried out, following
Dounce homogenization, on the basis of a protocol described previously (34),
with the following modifications: the pH of the cell lysis buffer was 7.9, and the
nonionic detergent that it contained was Triton X-100. This buffer also contained
the protease inhibitor cocktail Complete-EDTA (Roche). The cells were lysed in
a volume of 0.5 ml per dish. The nuclei were pelleted by microcentrifugation at
2,000 X g and 4°C for 5 min; and the cytoplasmic fraction was retained. After the
nuclei were washed once in the original lysis buffer, they were lysed in 500 pl of
50 mM Tris (pH 7.9)-1% Triton X-100-0.5% sodium deoxycholate-0.1% SDS
containing 500 mM NaCl. Nuclear debris was removed by microcentrifugation at
18,000 X g for 30 min at 4°C. Samples were concentrated fivefold in a Speed-Vac
concentrator prior to analysis by SDS-PAGE and immunoblotting.

Mitochondrial fractionation. Isolation of mitochondria from cells grown in
culture was carried out on the basis of the one-step protocol described by
Bogenhagen and Clayton (4) and the method described by Marchenko et al. (25).
In brief, cells were lysed by Dounce homogenization and mitochondria were
removed from the cell lysate by centrifugation and purified on a sucrose gradient.
The clearly visible band of mitochondria was collected by lateral suction in a
volume of approximately 550 pl. As a control, a similar volume was collected
from the top of the gradient.

RESULTS

Identification of the UL24 protein. In an attempt to identify
and study the putative UL24 protein of HSV-1, we set out to
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FIG. 2. Serum from a rat immunized with recombinant UL24 re-
acts with a 30-kDa protein present in lysates of HSV-1-infected cells.
Lysates from either mock-infected cells (lanes 1 and 5) or HSV-1-
infected cells (lanes 2 to 4 and 6 to 8) were harvested at the indicated
numbers of hours p.i. (hpi). (A) The lysates were analyzed by immu-
noblotting with either preimmune serum (lanes 1 to 4) or serum raised
against recombinant UL24 (a UL24) (lanes 5 to 8). The positions of
molecular weight standards are indicated to the right of each blot. The
position of a 30-kDa protein recognized specifically by immune serum
in lysates from infected cells is denoted by an asterisk. (B) As a control,
each membrane was subsequently stripped and analyzed with a mono-
clonal antibody to viral protein gB, the position of which is indicated
on the right.

generate an antiserum to this protein. The UL24 ORF encodes
a predicted protein of 269 amino acids corresponding to a
molecular mass of approximately 29.5 kDa. UL24 was ex-
pressed as a fusion to GST with a baculovirus expression sys-
tem in insect cells. The fusion protein produced had an appar-
ent molecular mass of 45 kDa, approximately 13 kDa smaller
than the expected size. The GST moiety was removed by pro-
teolytic cleavage, and the 14-kDa protein was gel purified.
Given that both the GST fusion protein and the cleaved UL24
protein were smaller than expected, amino-terminal protein
microsequencing was carried out on the cleaved product,
which confirmed that the protein contained the expected N-
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terminal UL24 amino acid sequence. We assume that the C-
terminal 16 kDa of UL24 was removed by proteolysis within
the insect cells or during the subsequent purification. The
purified UL24 protein was used to immunize two rats.

The antisera raised were used in immunoblotting analyses of
lysates made from HSV-1-infected or mock-infected Vero
cells, which were harvested at various times p.i. As controls,
the corresponding preimmune sera were tested in parallel. The
serum from one of the immunized rats did not recognize a
virus-specific protein (data not shown). The immune serum
from the second rat recognized a protein with an apparent
molecular mass of 30 kDa in the lysates of infected cells (Fig.
2A, lanes 7 and 8), while the corresponding preimmune serum
did not (lanes 2 to 4), and this protein was absent from mock-
infected cells (lane 5). We detected the 30-kDa protein starting
at 11 h p.i., with more protein present at 15 h p.i. Both mem-
branes were subsequently stripped and incubated with an an-
tibody directed against viral protein gB. The gB protein was
present in similar amounts in infected cell lysates on both
membranes (Fig. 2B); thus, the absence of the 30-kDa protein
in lanes 2 to 4 of Fig. 2A was not due to a lack of viral protein.

To provide genetic tests showing that the 30-kDa protein
recognized by the antiserum was, indeed, encoded by the UL24
OREF, strains of HSV-1 with defined lesions in UL24 were
exploited. Vero cells were either mock infected or infected
with UL24-null virus AT143 (19) or parental strain PAA'S5 (7).
Lysates were harvested at various times p.i., and the lysates
were analyzed by immunoblotting with immune serum. In ly-
sates from cells infected with PAA'S, the 30-kDa protein was
detected faintly at 10 h p.i. and more intensely at 15 h p.i. (Fig.
3A, lanes 3 and 4), similar to the result obtained with KOS
(Fig. 2A). However, in lysates from cells infected with the
UL24-null virus, this protein was not detected (lanes 5 to 7),
which was consistent with the 30-kDa protein being encoded by
UL24. We obtained even stronger evidence in support of this
conclusion by using mutant virus dl—197/—116 (5). This virus

E 4
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FIG. 3. Genetic tests identify UL24 protein in lysates of infected cells. (A) Lysates from cells either mock infected or infected with either PAA'S
or the UL24-null virus AT143 were analyzed at the indicated numbers of hours p.i. (hpi) by immunoblotting with serum raised against recombinant
UL24. The position of the UL24 protein is indicated on the right. (B) As a control, the membrane was stripped and incubated with a monoclonal
antibody directed against gB, the position of which is indicated on the right. (C) Lysates from mock-infected and infected cells were analyzed at
the indicated times p.i. by immunoblotting with serum raised against recombinant UL24. The positions of molecular weight standards are indicated
on the left. The bracket on the right indicates the positions of UL24 proteins from either parental strain PAA'S (lanes 3 to 5) or mutant strain
dl—197/—116 (lanes 7 to 9) that specifically reacted with the immune serum. (D) As a control, the membrane was stripped and incubated with a
monoclonal antibody against viral protein gB, whose position is indicated on the right.
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contains an in-frame deletion in UL24 that results in the re-
moval of amino acids 98 through 124 such that the resulting
protein is predicted to be approximately 3 kDa smaller than
the wild-type UL24 protein. Vero cells were either mock in-
fected or infected with mutant virus d/—197/—116 or parental
strain PAA'S and harvested at various times p.i. In lysates from
cells infected with PAA'S, the 30-kDa protein was detected
faintly at 8 h p.i. and more intensely at 12 and 16 h p.i. (Fig. 3C,
lanes 3 to 5). In contrast, in lysates from cells infected with
dl—197/—116, this 30-kDa protein was absent and a protein of
the expected size for the deletion-containing form of the UL24
protein was detected faintly at 8 h p.i. and more intensely at 12
and 16 h p.i. (lanes 7 to 9). These results demonstrate that the
absence of the 30-kDa protein in the lysates from cells infected
with the UL24-null virus was not simply an indirect effect of the
lack of UL24 expression, and thus, the 30-kDa protein is the
product of the UL24 ORF.

Subcellular location of UL24. Analyses of the primary struc-
ture of UL24 by certain computer programs predict a potential
mitochondrial targeting sequence at the N terminus of the
protein and suggest that UL24 might localize to mitochondria
(IPSORT [3], TargetP [13], MitoProt II [6], and Predotar
[http://www.inra.fr/predotar]). A different program suggests
that UL24 might localize to the nuclei of cells (PSORT) (28,
29). To investigate the subcellular location of UL24 in infected
cells, we initially used each of the UL24 immune sera that were
raised in indirect immunofluorescence experiments. However,
the various patterns of perinuclear and nuclear staining that we
obtained with either of the immune sera were similar to those
obtained with the respective preimmune sera (data not shown).
We therefore turned to biochemical fractionation. Vero cells
infected with HSV-1 at an MOI of 5 were harvested at various
times p.i., and the nuclear and cytoplasmic fractions were iso-
lated. The fractions were resolved by SDS-PAGE and analyzed
by immunoblotting (Fig. 4). In this experiment, we detected
UL24 faintly at 9 h p.i., at which time the amounts of UL24
were similar in the cytoplasmic and nuclear fractions (Fig. 4A,
lanes 5 and 6). However, at later times in infection, UL24
appeared to associate primarily with nuclei such that at 12 h
p.i., more than half of the UL24 was in the nuclear fraction
(lanes 7 and 8) and at 15 h p.i., approximately 70% of the UL24
was present in the nuclear fraction (lanes 9 and 10). To rule
out the possibility that the apparent nuclear localization of
UL24 was simply a consequence of inefficient lysis of the cells,
the membrane was stripped and incubated with antiserum di-
rected against a mitochondrial marker (Fig. 4B). This marker
was only detected in the cytoplasmic fractions, indicating that
the cells had been lysed efficiently.

Because it appeared that not all of the UL24 fractionated
with nuclei, we tested whether or not the remaining protein
localized to the mitochondria of infected cells, as was sug-
gested by certain of the sequence analyses. Cells were either
mock infected or infected with HSV-1 at an MOI of 10. At
10.5 h p.i., when a substantial amount of UL24 localized to the
cytoplasm, the cytoplasmic fractions were collected and mito-
chondria were purified on sucrose gradients. Samples from the
initial cytoplasmic fractions that contained mitochondria (c +
m), the cytoplasmic fractions obtained after the mitochondria
had been removed via centrifugation (c — m), gradient-puri-
fied mitochondria (mito), and the top fraction of the gradients
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FIG. 4. UL24 fractionates primarily with nuclei of infected cells.
(A) Mock-infected or HSV-1 strain KOS-infected cells were harvested
at 6,9, 12, and 15 h p.i,, as indicated above the panels. Cytoplasmic (C
lanes) and nuclear (N lanes) fractions were resolved by SDS-PAGE
and analyzed by immunoblotting with anti-UL24 serum. In lanes 11 to
16, the volumes, in microliters, of lysate from HSV-1-infected cells
loaded on the gel are indicated above the lanes; these samples served
as standards allowing relative quantification of the UL24 signal, the
position of which is indicated on the left. (B) As a control, the mem-
brane was subsequently stripped and incubated with an antibody di-
rected against a mitochondrion-specific protein (mito), whose position
is indicated on the left.

(top) were resolved by SDS-PAGE and subjected to immuno-
blotting with anti-UL24 serum. It must be noted that the pu-
rified mitochondria were collected in a volume 10 times
smaller than the volume of the cell lysates from which they
were purified. There was no apparent difference in the
amounts of UL24 detected in the cytoplasmic fraction before
and after the centrifugation step to remove the mitochondria
(Fig. 5A, lanes 5 and 6). Consistent with this observation, very
little UL24 was observed in the lane corresponding to the
purified mitochondria (lane 7). No UL24 was detected in the

mock HSV-1
[ M| |
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o o EL2 oo ES
A. |
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; _
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-—

1 2 3 4 5 6 7 8

FIG. 5. UL24 does not appear to localize to mitochondria.
(A) Mock-infected or HSV-1 strain 17-infected cells were harvested at
10.5 h p.i. Fractions of the original lysates containing cytoplasm and
mitochondria (¢ + m), the lysates that had been depleted of mitochon-
dria (c — m), the concentrated, gradient-purified mitochondria (mito),
and the top of the gradient (top) were analyzed by immunoblotting
with anti-UL24 serum. The position of UL24 is indicated on the right.
(B) As a control, the membrane was subsequently stripped and incu-
bated with an antibody directed against a mitochondrial marker
(mito), the position of which is indicated on the right.
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FIG. 6. Loss of the 5.6- and 1.4-kb transcripts decreases the levels
of UL24 in infected cells. (A) Levels of UL24 were compared among
cells infected with KOS (lanes 2 to 5), cells infected with mutant virus
disptk (6) (lanes 6 to 9), and mock-infected cells (lane 1). At the
indicated numbers of hours p.i. (hpi), cells were harvested for analysis
by immunoblotting with anti-UL24 serum. The position of UL24 is
indicated on the right. (B) As a control, the membrane was stripped
and incubated with an antibody against gB, the position of which is
indicated on the right.

fraction taken from the top of the gradient (lane 8). As a
control, the blots were subsequently stripped and incubated
with an antiserum that recognizes a 62-kDa mitochondrion-
specific protein. This protein was detected in the initial cyto-
plasmic fractions (Fig. 5B, lanes 1 and 5) but not in the frac-
tions depleted of mitochondria (lanes 2 and 6), and in contrast
to the results obtained with UL24, this protein was clearly
concentrated in the fractions containing the gradient-purified
mitochondria (lanes 3 and 7). These results indicate that the
isolation of mitochondria was successful and show that very
little, if any, of the cytoplasmic portion of UL24 fractionated
with mitochondria under these conditions.

A major role for transcripts utilizing the first transcription
start site in the expression of the UL24 protein. As discussed
earlier, there are six different transcripts for UL24; however,
the function, if any, of this complexity is unclear. Transcripts
originating from the first two transcription start sites, whether
terminating at either the UL24 or the UL26 polyA signal,
contain the entire UL24 ORF. Thus, there are four transcripts
that could potentially serve to program the translation of UL24
(Fig. 1). The 5" UTRs of two of these transcripts (5.6 and 1.4
kb) have features that could affect translation, especially neg-
atively (Fig. 1), while the other two transcripts (5.4 and 1.2 kb)
are relatively nonabundant (11). To investigate the question of
which transcripts express UL24, we took advantage of a virus,
dIsptk (9), containing a deletion in the tk gene that removes the
promoter and the transcription start site of the 5.6- and 1.4-kb
UL24 transcripts so that these transcripts are not expressed
(11). Vero cells were either mock infected or infected at an
MOI of 10 with either KOS or disptk, and at various times p.i.,
total cell lysates were harvested and analyzed by immunoblot-
ting with anti-UL24 serum. Levels of UL24 expressed in the
dIsptk-infected cells were substantially lower than those in cells
infected with the wild-type virus at all of the times at which
UL24 was detected (Fig. 6A). At 16 h p.i., the level of UL24
expressed in the dlsptk-infected cells was 10-fold lower than
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FIG. 7. Effect of viral DNA replication on expression of UL24.
(A) Mock- or KOS-infected cells were incubated either in the presence
(lanes 4 to 6) or in the absence (lanes 1 to 3) of 400 pg of the viral
DNA replication inhibitor PAA per ml. At 6 and 12 h p.i. (hpi), lysates
were harvested and analyzed by immunoblotting with anti-UL24 se-
rum. The position of UL24 is indicated on the right. (B) As a control,
the membrane was stripped and incubated with an antibody directed
against immediate-early protein ICP0, the location of which is indi-
cated on the right.

that measured for the wild-type virus, on the basis of dilutions
of extracts of virus-infected cells run on the same gel. As a
control, the membrane was subsequently stripped and incu-
bated with a monoclonal antibody directed against gB. The
levels of gB for KOS and disptk were similar (Fig. 6B). These
results indicate that the 5.4- and 1.2-kb transcripts originating
at the second transcription start site can serve as mRNAs for
UL24 but suggest that most of the UL24 expressed results from
translation of transcripts originating at the first transcription
start site.

The UL24 protein is expressed with leaky-late Kkinetics.
Three of the UL24 transcripts end at the UL24 polyA signal
and exhibit early kinetics, and three end at the UL26 polyA
signal and exhibit leaky-late kinetics (Fig. 1) (10, 16). These
classifications are based both on the temporal kinetics of ex-
pression and on the respective dependencies on viral DNA
replication. We wished to determine with what kinetics the
UL24 protein was expressed. In the experiments shown in Fig.
2, 3, and 6, UL24 was first detected at the same time as or later
than the gB protein, the product of a leaky-late gene, and, like
¢B, continued to accumulate throughout the infection period.
To determine the impact of viral DNA replication on the
expression of UL24, Vero cells were infected in duplicate ei-
ther in the presence or in the absence of 400 wg of phospho-
noacetic acid (PAA), an inhibitor of viral DNA replication, per
ml. At various times p.i., total cell lysates were harvested and
total RNA was harvested from the duplicate samples. The cell
lysates were analyzed by immunoblotting with the UL24 anti-
serum (Fig. 7A). PAA treatment resulted in an approximately
sixfold decrease in the levels of UL24 protein expressed on the
basis of a dilution series of infected-cell lysate run on the same
gel (compare lanes 2 and 3 to lanes 5 and 6). As a control, the
membrane was stripped and incubated with antibody directed
against ICPO, a product of an immediate-early gene, whose
expression is not dependent on viral DNA replication. As
expected, the amounts of ICPO present in the presence and
absence of PAA were similar (Fig. 7B). The RNA samples
were analyzed by Northern blotting, and as we have observed
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previously (10), inhibition of viral replication had little effect
(less than twofold) on the short, early transcripts but a more
pronounced effect (approximately sixfold) on the levels of long
UL 24 transcripts (data not shown). Thus, the effect of PAA on
the levels of UL24 protein is consistent with the effect on the
levels of the long UL24 transcripts, and we conclude that UL24
protein expression is largely, but not completely, dependent on
viral replication, which is consistent with leaky-late kinetics.

DISCUSSION

Identification of the UL24 protein of HSV-1. We have iden-
tified the UL24 protein of HSV-1 in lysates of cells infected in
culture by using antiserum raised against recombinant UL24
and viruses containing mutations that are predicted to affect
the size and expression of UL24. As the antiserum generated
against UL24 was raised against approximately the first third of
the protein, we cannot use this reagent to study the expression
of another potential UL24 protein encoded in the 5.2- and
0.9-kb transcripts, which originates within the UL24 ORF (Fig.
1). It will be necessary to generate an antiserum either to the
entire UL24 protein or to the C terminus of the protein to
address the existence of this alternate product. While this re-
port was in preparation, Hong-Yan et al. (17) reported the
identification of the UL24 protein of HSV-2. With antiserum
raised against bacterially produced UL24, they detected a 32-
kDa protein in infected cells whose expression was dependent
on viral DNA replication and which they reported to be asso-
ciated with virions. This protein has a size similar to that of
HSV-1 UL24. Interestingly, despite 74% sequence identity be-
tween UL24 of HSV-1 and HSV-2, neither antiserum effi-
ciently recognized the other form of the protein (17; A. Pear-
son and D. M. Coen, unpublished data).

Localization of UL24. Mitochondrial targeting sequences
typically form amphipathic helices and are rich in arginine,
alanine, and serine residues and poor in negatively charged
residues (13). Certain computer analyses of UL24 suggested
the presence of a possible mitochondrial targeting sequence at
the N terminus of the protein. However, upon biochemical
fractionation, only trace amounts of UL24 were observed in
the mitochondrial fraction, most likely reflecting contamina-
tion from other cellular compartments rather than actual lo-
calization to mitochondria. It is possible that the very basic
nature of the N terminus of UL24 produced a false positive in
the sequence analysis.

In the biochemical cell fractionation experiments we con-
ducted, UL24 fractionated primarily with nuclei of infected
cells, particularly at later times in infection. In certain of the
immunofluorescence experiments that have been reported
with antisera against HSV-2 UL24 (17), in addition to perinu-
clear and cytoplasmic staining, some staining was observed in
the nucleus, particularly at later times in infection. In immu-
nofluorescence studies of infected cells with our antisera, we
observed variable perinuclear and nuclear staining although
similar patterns were observed with preimmune sera. One ad-
vantage to the cell fractionation approach we ultimately em-
ployed is that it allowed us to quantify the proportion of UL24
associated with the nucleus and in the cytoplasm. In our ex-
periments, it appeared that the ratio of nuclear to cytoplasmic
UL24 increased at later times in infection, with most of the
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UL24 present in the nuclear fraction from at least 12 h p.i., and
at the last time point analyzed, 15 h p.i., approximately 70% of
the UL24 fractionated with nuclei. Although in these experi-
ments we cannot exclude localization to some other cellular
compartment that cofractionated with the nuclei, the associa-
tion of UL24 with nuclear fractions suggests that UL24 local-
izes to the nuclei of infected cells.

The main purpose of investigating the subcellular localiza-
tion of UL24 was to assemble clues to the function of UL24
during infection. The syncytial phenotype associated with
UL24 mutations suggests that UL24 is involved, directly or
indirectly, in one or several different membrane fusion events.
Other genes that, when mutated, cause syncytial phenotypes
are those for glycoproteins gK, gB, and gL and UL20, which
encodes a virion-associated protein involved in viral transport
from the nucleus to the cell membrane (1, 37). It has been
suggested that these genes, which all encode proteins that are
reported to be virion associated, have a role in modulating the
normal fusion of membranes during viral infection (reviewed
in references 27 and 35). The observation that UL24 is asso-
ciated primarily with nuclei is not inconsistent with the syncy-
tial phenotype of UL24 mutants; both gK and UL20 localize
primarily to nuclear and perinuclear regions in infected cells,
yet the corresponding genes still result in syncytial plaques
when mutated (18, 37). Similar to UL20 mutations, UL24 mu-
tations have a cell type-dependent syncytial phenotype (2, 36;
discussed in reference 35). Like UL20 and gK, HSV-2 UL24
has been reported to copurify with extracellular virions (17).
We were unable to detect UL24 in gradient-purified prepara-
tions of extracellular HSV-1 virions (data not shown); how-
ever, this may simply have been a question of sensitivity and
thus we cannot rule out the possibility that HSV-1 UL24 is a
virion protein. Thus, one possibility is that, like UL20 (1) and
gK (14), UL24 is involved in egress of HSV from the nucleus
to the cell membrane; its nuclear localization could be consis-
tent with participation in early steps of this process. Perhaps
when these fusion-related genes are mutated, early steps in
virion assembly are altered and cell-cell fusion events that are
usually inhibited until the appropriate stage in infection can
occur in an aberrant manner. The temperature-dependent na-
ture of the UL24 syncytial phenotype (21) might reflect desta-
bilization of protein-protein interactions in the absence of
UL24, although there is no information about any UL24-in-
teracting proteins that might help to elucidate this issue. The
antibody reagent described here may help us to gain such
information.

Relative contributions of the various UL24 transcripts. We
hypothesized that the major UL24 transcripts containing the
entire UL24 ORF (5.6 and 1.4 kb), which arise from the first
transcription start site, might not be translated because of
features of their long 5" UTR (Fig. 1) (10). Alternatively, given
the low abundance of the transcripts originating at the second
start site (5.4 and 1.2 kb), it was reasonable to question
whether these minor transcripts contributed at all to the ex-
pression of the UL24 protein. In fact, a virus with the first
transcription start of UL24 deleted still expressed UL24 pro-
tein, indicating that the minor transcripts that arise from use of
the second transcription start site are, indeed, translated. Even
so, the level of UL24 expression by this mutant may be artifi-
cially high, as previous results suggest that it overexpresses the
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5.4- and 1.2-kb transcripts (11). Regardless, these results sug-
gest that the transcripts originating at the first start site are the
main contributors to UL24 expression. It is not clear what role,
if any, the second transcription start site serves. Construction
and analysis of a virus with this second start site deleted would
help address this question.

In the presence of the viral DNA replication inhibitor PAA,
the levels of UL24 protein were decreased approximately six-
fold. Thus, the UL24 protein is expressed with leaky-late ki-
netics. In the report describing the identification of the UL24
protein of HSV-2, no UL24 protein was detected in the pres-
ence of PAA (17). Whether this result reflects a difference
between HSV-1 and HSV-2 or differences in the sensitivities of
the assays used in the different experiments remains to be
determined. In the presence of PAA, there is an approximately
sixfold decrease in the levels of the long, leaky-late transcripts
but little or no effect (twofold or less) on the short, early
transcripts. The effect on the long transcripts is similar to the
effect on the protein levels and could therefore account in full
for the decrease in UL24 protein that we observed. These
results support a hypothesis that the long, leaky-late UL24
transcripts are most important for the overall levels of UL24
protein in cells infected in culture. In fact, we have no evidence
that the short transcripts are translated. Thus, there remains
the question of what function, if any, is served by having two
sets of UL24 transcripts that have the same 5" end. Unlike the
long transcripts that have the potential to encode the UL24,
UL25, UL26, and UL26.5 proteins, the short UL24 transcripts
appear to be able to function solely as templates for the syn-
thesis of the UL24 polypeptide, and yet it appears that the
short transcripts may play only a small, if any, role in the
translation of UL24. One possibility is that the translation of
the short and long transcripts is differentially regulated in a cell
type-dependent manner.

The regulation of UL24 transcripts is highly complex, entail-
ing not only multiple transcription start sites and polyA signals
but also antisense regulation by k mRNA and regulation at a
step after transcription initiation by ICP27 (10, 11, 16). It is not
known why the expression of UL24 is so complicated. The
antiserum described here should allow further study of the
relationships between regulation of UL24 transcripts and ex-
pression of UL24 protein.
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