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We have previously shown that the 12-kDa capsid protein (p12) of herpes simplex virus type 1 (HSV-1) is a 'Y2

(true late) gene product encoded by the UL35 open reading frame (D. S. McNabb and R. J. Courtney, J. Virol.
66:2653-2663, 1992). To extend the characterization of p12, we have investigated the posttranslational
modifications and intracellular localization of the 12-kDa polypeptide. These studies have demonstrated that p12
is modified by phosphorylation at serine and threonine residues. In addition, analysis of p12 by acid-urea gel
electrophoresis has indicated that the protein can be resolved into three components, designated pl2a, pl2b, and
pl2c. Using isotopic-labeling and alkaline phosphatase digestion experiments, we have determined that pl2a and
pl2b are phosphorylated forms of the protein, and pl2c is likely to represent the unphosphorylated polypeptide.
The kinetics of phosphorylation was examined by pulse-chase radiolabeling, and these studies indicated that pl2c
can be completely converted into pl2a and pl2b following a 4-h chase. All three species of p12 were found to be
associated with purified HSV-1 virions; however, pl2b and pl2c represented the most abundant forms of the
protein within viral particles. We have also examined the intracellular localization ofp12 by cell fractionation and
indirect immunofluorescence techniques. These results indicated that p12 is predominantly localized in the
nucleus of HSV-1-infected cells and appears to be restricted to specific regions within the nucleus.

Among the 30 or more structural proteins which constitute
the herpes simplex virus type 1 (HSV-1) virions (6, 16, 31,
39), only 7 of these polypeptides are components of the
nucleocapsids. Gibson and Roizman (13) have identified six
proteins, designated VP5, VP19c, VP21, VP22a, VP23, and
VP24, as components of capsids isolated from the nuclear
fraction of HSV-1-infected cells. Subsequently, Heilman et
al. (15) and Cohen et al. (8) identified a seventh capsid
protein, designated p12 and NC7, respectively. The three-
dimensional structure of the herpesvirus capsids has been
partially defined elsewhere (1, 3, 36); however, the precise
structural locations and functions of these seven capsid
proteins remain unresolved. The major capsid protein (VP5)
is thought to be the main component of the hexavalent (36,
41) and possibly the pentavalent capsomers (28, 36). VP19c
has been shown to be a DNA-binding protein (4) which
appears to be covalently linked to VP5 by disulfide bonding
(44). The exact location of VP19c within the capsids remains
uncertain, but studies have suggested that it may compose or
form the pentavalent capsomers (41) or it may reside within
the interior of the capsids (5). VP22a is a component of the
core region of the capsids (27, 28). It is a highly processed
phosphoprotein (5) which transiently associates with the
capsids (13) and is involved in the packaging of viral DNA
(32). Braun et al. (4) have suggested that VP21 may represent
a higher-molecular-weight form of VP22a. Surface radiola-
beling studies have indicated that VP23 is at least partially
exposed on the capsid surface (5). The location of VP23 on
the capsid surface and the estimated number of molecules
per capsid have led to the suggestion that VP23 may form the
intercapsomeric fibrils connecting adjacent capsomers (36).

* Corresponding author.
t Present address: Department of Microbiology and Immunology,

Pennsylvania State University College of Medicine, 500 University
Drive, P.O. Box 850, Hershey, PA 17033.

The information currently available on VP24 and p12 re-

mains relatively sparse.

Our studies have focused on understanding the structural
and functional role of p12 within the viral capsids during the
assembly and maturation of HSV. Previous studies have
demonstrated that p12 represents a 12-kDa polypeptide
which is associated with intranuclear capsids (8, 15). More
recent studies by Newcombe and Brown (28) have suggested
that p12 (referred to as VP26) may reside in close proximity
to the pentavalent capsomers. In an effort to further charac-
terize p12, we have recently identified the UL35 open

reading frame as the gene encoding the 12-kDa capsid
protein (25). The UL35 open reading frame is predicted to
encode a 112-amino-acid protein with a calculated molecular
weight of 12,095 (24), which is consistent with the apparent
molecular weight of p12 as determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (8,
15, 25). Additionally, we have obtained data which indicate
that p12 is more abundant in mature HSV-1 virions than
capsids isolated from the nuclear fractions of HSV-infected
cells (25). Although we can provide no explanation for these
findings, the difference in the amount of DNA associated
with each of these particle preparations may be of some

relevance. Previous studies have indicated that intranuclear
capsids represent a mixed population of DNA-containing
and empty viral capsids (22, 37), whereas mature HSV-1
virions represent a relatively homogeneous population of
DNA-containing virus particles. Thus, the amount of p12
associated with intranuclear capsids versus mature virions
seems to correlate with the amount of DNA present in each
of the populations. This has led us to speculate that p12 may
somehow interact with the viral DNA present within the
nucleocapsids of HSV-1 (25). Analysis of the predicted
amino acid sequence of p12 has indicated that the protein is
extremely basic, with a calculated pl of 11.6 (26). It is
conceivable that a protein with such basic properties could
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interact with the viral DNA and may possibly promote the
condensation and/or packaging of the viral genome.

Interestingly, studies by Knopf and Kaerner (20) have
identified an acid-extractable 12-kDa basic phosphoprotein
(termed BP2) associated with purified HSV-1 virions and
chromatin isolated from HSV-infected cells. Analysis of BP2
by acid-urea gel electrophoresis revealed that the polypep-
tide could be separated into three components, designated
BP2a, BP2b, and BP2c, which appeared to differ in phos-
phate content (20). On the basis of the current data, we
cannot definitively conclude that p12 and BP2 are the same
polypeptide; however, the similarities in apparent molecular
weights and the association of both of these basic proteins
with virions strongly imply that this may be true. If these
proteins are equivalent, this would provide additional evi-
dence that p12 may interact with the viral DNA in HSV-
infected cells and possibly within the virions.

In this article, we report on studies which demonstrate
that p12 is posttranslationally modified by phosphorylation
at the serine and threonine residues. Further analyses of p12
by acid-urea gel electrophoresis revealed that the 12-kDa
polypeptide could be resolved into three components and
that these components represent variably phosphorylated
species of p12. In addition, studies with purified HSV-1
virions have indicated that all three forms of p12 are con-
tained within the virus. We have also determined the intra-
cellular localization of p12 by cell fractionation and indirect
immunofluorescence techniques. These studies demon-
strated that p12 is predominantly localized in the nuclei of
HSV-infected cells and appears to be sequestered within
specific regions of the nucleus.

MATERIALS AND METHODS

Cell culture and virus. HEp-2 cells and human embryonic
lung (MRC-5) cells were grown in Eagle's minimal essential
medium containing 0.075% sodium bicarbonate and supple-
mented with 10% newborn and 10% fetal calf serum, respec-
tively. African green monkey kidney (CV-1) cells were
grown in Dulbecco's modified Eagle's medium containing
10% fetal calf serum. Stocks of the KOS strain of HSV-1
were prepared in MRC-5 cells, and all virus titrations were
conducted on African green monkey kidney (Vero) cell
monolayers (2).
Antiserum reagents. The immunological reagents used in

these studies include hyperimmune monospecific polyclonal
rabbit antiserum to ICP8 (11) and TrpE-UL35 antiserum,
which is specific for the p12 capsid protein of HSV-1 (25). A
mouse monoclonal antibody directed against the 65-kDa
DNA-binding protein of HSV-1 has been previously de-
scribed (23).

Metabolic labeling, immunoprecipitation, and SDS-PAGE.
To label viral proteins, HEp-2 cells were mock infected or
infected with HSV-1 at a multiplicity of infection of 10 PFU
per cell. Following a 1-h adsorption at 37°C, the inoculum
was removed and the cells were overlaid with fresh mainte-
nance medium containing 2% calf serum. Prior to radiola-
beling, cells were incubated for 1 h in minimal essential
medium without methionine and containing 2% dialyzed calf
serum. At various times postinfection, cells were radiola-
beled with [35S]methionine (100 ,uCi/ml; specific activity,
700.7 Ci/mmol; Dupont, NEN Research Products, Boston,
Mass.) and harvested by scraping. The cell pellets were
washed in cold phosphate-buffered saline (PBS) and subse-
quently used in immunoprecipitations. When pulse-chase
labeling experiments were performed, mock-infected or

HSV-1-infected cells were pulsed for 30 min with 100 ,uCi of
[35S]methionine per ml and chased in the presence of 50-fold
excess unlabeled methionine for various periods of time. For
32Pi isotopic labeling experiments, cells were incubated for 1
h in phosphate-free medium containing 2% dialyzed calf
serum prior to radiolabeling with 32p; (500 ,uCi/ml; specific
activity, 8,500 Ci/mmol; Dupont, NEN Research Products).
The [ H]glucosamine (100 ,uCi/ml; specific activity, 30 Ci/
mmol; ICN Radiochemicals, Irvine, Calif.) radiolabeling
studies were performed with minimal essential medium
containing 2% dialyzed calf serum. Whole-cell pellets or
purified HSV-1 virions were resuspended in cold radioim-
munoprecipitation assay buffer (50 mM Tris [pH 7.5], 150
mM NaCl, 1% Nonidet P-40, 1% deoxycholate, 0.1% SDS, 5
mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 100 ,ug of
tolylsulfonyl phenylalanyl chloromethyl ketone [TPCK] per
ml, 2 mM benzamidine), vortexed vigorously, incubated on
ice for 5 min, and subjected to sonication. The extracts or
purified virions were then boiled for 4 min and clarified by
centrifugation for 15 min at 16,000 x g. Protein assays were
subsequently performed on each sample with the bicincho-
ninic acid protein assay reagent (Pierce, Rockford, Ill.), with
bovine serum albumin as the standard. Equal amounts of
total-cell protein were incubated for 3 h at 4°C with the
appropriate antibody, and protein A-agarose (50% [vol/vol];
Repligen, Cambridge, Mass.) was subsequently added and
the incubation was continued for an additional 2 h at 4°C.
The immune complexes were washed four times with cold
radioimmunoprecipitation assay buffer, and one final wash
was performed with a buffer containing 50 mM Tris-HCl (pH
7.5) and 500 mM NaCl. The bound proteins were eluted by
boiling for 3 min in SDS-PAGE sample buffer. Analysis of
samples by electrophoresis in SDS-polyacrylamide gels con-
taining 8 or 15% polyacrylamide was performed as described
previously (30). Following electrophoresis, the gels were
fixed, dried onto 3MM filter paper (Whatman, Inc., Clifton,
N.J.), and exposed to Kodak XAR film (Eastman Kodak
Co., Rochester, N.Y.) at -80°C. The [35]methionine- and
[3H]glucosamine-labeled proteins were detected by the use
of a fluorographic enhancer (Fluoro-Hance; Research Prod-
ucts International Corp., Mount Prospect, Ill.).
Phosphoamino acid analysis. Following the radiolabeling of

HSV-1-infected HEp-2 cells with 500 ,uCi of 32p- per ml
between 12 and 18 h postinfection, cell lysates were pre-
pared and subjected to immunoprecipitation with the TrpE-
UL35 antiserum. The immunoprecipitated proteins were
separated by SDS-PAGE and electrophoretically transferred
to Immobilon P membranes (Millipore Co., Bedford, Mass.),
and p12 was localized by autoradiography. The areas of
Immobilon P which contained p12 were excised, and the
protein was hydrolyzed directly from the membrane by
incubation at 110°C for 1 h in 5.7 M HCl (17). The hydro-
lyzed amino acids were separated by one-dimensional high-
voltage electrophoresis on cellulose thin-layer plates (100
,um; EM Science, Gibbstown, N.J.) with pyridine acetate
buffer, pH 3.5 (10). The plates were subsequently dried and
stained with 0.2% ninhydrin (Sigma Chemicals, St. Louis,
Mo.) to visualize the phosphoamino acid markers, and
autoradiography was performed with an intensifying screen
at -80°C.
Acid-urea gel electrophoresis. For acid-urea gel analysis,

isotopically labeled p12 was immunoprecipitated from cell
extracts as described above, except that the immune com-
plexes were washed an additional three times in the final
wash buffer (50 mM Tris-HCl [pH 7.5], 500 mM NaCl) to
remove the residual detergent. The bound proteins were
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eluted with acid-urea sample buffer (0.9 M acetic acid, 6.25
M urea, 0.002% methyl green) by heating the samples at 80°C
for 15 min. Electrophoresis was carried out at a constant
voltage (10 V/cm) in 15% polyacrylamide gels containing
6.25 M urea and 0.9 M acetic acid (pH 3.2) by the method of
Panyim and Chalkley (29) as modified by Knopf and Kaerner
(20). Following electrophoresis, the gels were processed for
autoradiography as described above.

Alkaline phosphatase treatment of p12. Following immu-
noprecipitation of p12 from HSV-infected cell extracts as
described above, the immune complexes were washed four
times with cold radioimmunoprecipitation assay buffer, two
times in the final wash buffer (50 mM Tris-HCl [pH 7.5], 500
mM NaCI) and two times with alkaline phosphatase buffer
(50 mM Tris-HCl [pH 8.0], 0.1 mM EDTA, 1 mM ZnCl2).
The immune complexes were subsequently resuspended in
alkaline phosphatase buffer containing 100 U of calf intesti-
nal alkaline phosphatase (Boehringer Mannheim Biochemi-
cals, Indianapolis, Ind.) and incubated at 37°C for 3 h on a
rocking platform. Following incubation, the immune com-
plexes were washed three times with radioimmunoprecipita-
tion assay buffer and three times with the final wash buffer
before the proteins were eluted in acid-urea sample buffer.

Purification of extracellular virions. Monolayers of HEp-2
cells cultured in roller bottles (850 cm2) were infected with
HSV-1 at a multiplicity of infection of 3 PFU per cell. After
a 1-h adsorption at 37°C, maintenance medium supple-
mented with 2% newborn calf serum was added. At 48 h
postinfection, virions were purified from the media by pre-
viously described methods (9). Briefly, the extracellular
medium was harvested at 48 h postinfection, and the cell
debris was removed by low-speed centrifugation. Virions
were subsequently pelleted from the supernatant by centrif-
ugation for 1 h at 100,000 x g. The virion pellet was gently
resuspended in TNE buffer (10 mM Tris-HCl [pH 7.4], 100
mM NaCl, 1 mM EDTA), layered onto a 20 to 60% (wt/vol)
continuous sucrose gradient, and centrifuged for 20 h at
50,000 x g. After centrifugation, the refractive band con-
taining the virions was harvested by puncturing the side of
the tube with a needle and syringe. The recovered virus
suspension was diluted, pelleted, and resuspended in water
and stored at -80°C.

Immunoblotting. Immunoblotting was performed essen-
tially as reported by Towbin et al. (40), with some modifi-
cations (9). The immunoblots were incubated with the ap-
propriate antiserum, and the reactive proteins were
visualized by reaction with 1251I-labeled protein A (Dupont,
NEN Research Products), and then autoradiography was
performed at -80°C.

Cell fractionation. Monolayers of HEp-2 cells were mock
infected or infected with HSV-1 at a multiplicity of infection
of 10 PFU per cell. At 18 h postinfection, the cells were
harvested by being scraped into cold PBS and pelleted by
centrifugation for 5 min at 800 x g. The cells were then
separated into cytoplasmic and nuclear fractions by using
0.5% Nonidet P-40 in 150 mM NaCl-40 mM phosphate buffer
(pH 7.4) essentially as described by Gibson (12). Equivalent
amounts of each fraction were resolved by SDS-PAGE and
transferred to nitrocellulose, and immunoblotting with the
appropriate antiserum was performed.

Indirect immunofluorescence. CV-1 cells were grown on
glass coverslips and mock infected or infected with HSV-1 at
a multiplicity of infection of 1 PFU per cell. After a 1-h
adsorption at 37°C, maintenance medium supplemented with
2% calf serum was added and the incubation was continued
until 15 h postinfection. All of the subsequent manipulations

were performed at room temperature. The coverslips were
washed with PBS and harvested by fixation in 3.7% formal-
dehyde in PBS for 20 min. Following a 10-min wash with
PBS containing 50 mM ammonium chloride, the cells were
permeabilized with 0.1% Triton X-100 (vol/vol in PBS) for 4
min at room temperature. After detergent treatment, the
coverslips were washed in PBS containing 0.5% bovine
serum albumin. To diminish the nonspecific background, the
coverslips were incubated for 30 min with a 1:4 dilution of
normal goat serum and washed with PBS containing 1% goat
serum-0.2% Tween 20. The cells were then incubated with a
1:500 dilution of the TrpE-UL35 antiserum or the same
dilution of preimmune serum for 30 min. The monoclonal
antibody specific for the 65-kDa DNA-binding protein was
used at a 1:50 dilution. Following incubation with the pri-
mary antibody, the coverslips were washed three times in
PBS containing 1% goat serum-0.2% Tween 20 and stained
with fluorescein isothiocyanate-conjugated secondary anti-
body (goat anti-mouse or goat anti-rabbit; Sigma Chemical
Co.) for 30 min. The coverslips were again washed three
times in PBS containing 1% goat serum-0.2% Tween 20 and
mounted onto glass slides with a drop of mounting medium
(PBS containing 50% glycerol-0.1% bovine serum albumin).
Microscopy was performed with an Olympus microscope
containing a tungsten light source.

RESULTS

Phosphorylation of p12. Our initial hypothesis was that the
p12 capsid protein may represent the polypeptide previously
designated BP2 by Knopf and Kaerner (20). Since these
investigators have shown that BP2 is a phosphoprotein, the
first goal of these studies was to determine whether p12 is
also phosphorylated within HSV-infected cells. Since our
previous studies have demonstrated that p12 is a 'Y2 (true
late) gene product (25), the isotopic-labeling experiments
were performed at late times following HSV-1 infection.
Thus, HEp-2 cells were mock infected or infected with
HSV-1 and radiolabeled with either 100 ,uCi of [35S]methio-
nine per ml or 500 ,uCi of 32p; per ml from 12 to 18 h
postinfection. Following radiolabeling, the cells were har-
vested and the lysates were reacted with TrpE-UL35 anti-
serum. The immunoprecipitated proteins were resolved by
SDS-PAGE and visualized by autoradiography (Fig. 1).
These results demonstrated that p12 was isotopically labeled
with both [35]Smethionine and 32Pi (Fig. 1, lanes 3 and 5,
respectively), suggesting that the 12-kDa capsid protein is
modified by phosphorylation within HSV-infected cells.
Phosphoamino acid analysis of p12. Since p12 is phosphor-

ylated within HSV-infected cells, we wanted to determine
which amino acid residues within the protein are modified by
phosphate. On the basis of the predicted amino acid se-
quence of p12, the protein contains 1 tyrosine, 5 serine, and
11 threonine residues which could potentially represent
targets for phosphorylation. To determine which amino acid
residues are phosphorylated, p12 was immunoprecipitated
from HSV-infected cell lysates which had been radiolabeled
with 500 ,uCi of 32Pi per ml between 12 and 18 h postinfec-
tion. The immunoprecipitated proteins were separated by
SDS-PAGE, transferred to Immobilon P membrane, and
localized by autoradiography. The pieces of membrane
containing p12 were excised and subjected to acid hydrolysis
at 110°C for 1 h in 5.7 M HCl. The hydrolysis products were
separated by high-voltage electrophoresis on cellulose thin-
layer plates, the phosphoamino acid standards were local-
ized by ninhydrin staining, and the radiolabeled phosphoam-
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FIG. 1. Phosphorylation of p12. HEp-2 cells were mock infected
or infected with HSV-1 and radiolabeled with 100 ,uCi of [35S]me-
thionine per ml (lanes 1 to 4) or 500 ,uCi of 32p; per ml (lanes 5 and
6) between 12 and 18 h postinfection. The cell extracts were
subjected to immunoprecipitation with the TrpE-UL35 antiserum
(lanes 3 to 6), and the proteins were separated by electrophoresis on
an SDS-15% polyacrylamide gel. The odd-numbered and even-
numbered lanes are HSV- and mock-infected cell extracts, respec-
tively. Lanes 1 and 2 are [35S]methionine-labeled total-cell extracts.
The positions of the molecular weight markers and p12 are indicated
on the left.

ino acids were identified by autoradiography (Fig. 2). These
results indicated that p12 is predominantly phosphorylated
on threonine residues; however, phosphoserine residues
were also detected. There was no evidence to suggest that
phosphorylation occurs on tyrosine residues. On the basis of
laser densitometric scanning of the autoradiographs, phos-
phothreonine residues are 80% of the total phosphoamino
acids recovered and phosphoserine constitutes the remain-
ing 20%. Since the ratio of threonine to serine residues
within the protein is approximately 2:1 and the ratio of
phosphothreonine to phosphoserine is 4:1, these data imply
that p12 must contain multiple sites for threonine phosphor-
ylation and at least one site for serine phosphorylation.

Analysis of p12 by acid-urea gel electrophoresis. Knopf and
Kaerner (20) have previously demonstrated that BP2 could
be resolved into multiple components by acid-urea gel
electrophoresis. If p12 and BP2 are the same polypeptide,
one would predict that p12 could also be resolved into
multiple species by acid-urea gel electrophoresis. To directly
address this hypothesis, HEp-2 cells were mock infected or
infected with HSV-1 and radiolabeled with either 100 pzCi of
[35S]methionine per ml or 500 ,uCi of 32p; per ml from 12 to
18 h postinfection. Following harvesting, the cell lysates
were subjected to immunoprecipitation with preimmune
serum or TrpE-UL35 antiserum and the immunoprecipitated
proteins were incubated for 3 h at 37°C in the absence or
presence of 100 U of calf intestinal alkaline phosphatase.
The proteins were subsequently separated by acid-urea gel
electrophoresis and visualized by autoradiography (Fig. 3).
The preimmune serum demonstrated no reactivity to pro-
teins present in HSV- or mock-infected cell extracts (Fig. 3,
lanes 1 and 2). In contrast, the TrpE-UL35 antiserum
reacted with two proteins, designated pl2a and pl2b, which
were present in lysates of HSV-infected cells radiolabeled
with either [35S]methionine or 32p; (Fig. 3, lanes 3 and 7,
respectively). Similar polypeptides were not identified in
immunoprecipitates from mock-infected cell lysates (Fig. 3,
lanes 4 and 8), suggesting that these proteins may represent
variably phosphorylated products of p12. The phosphoryla-

origin-- .
_.....

P-Tyr-

P-Thr
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FIG. 2. Phosphoamino acid analysis of p12. The 32p; -labeled p12
was isolated, hydrolyzed, and analyzed as described in Materials
and Methods. The positions of the phosphotyrosine (P-Tyr), phos-
phothreonine (P-Thr), and phosphoserine (P-Ser) markers are indi-
cated on the left. The origin and partial hydrolysis products (pep-
tides) are also shown.

tion of p12 at multiple threonine and serine residues (Fig. 2)
would certainly support such a possibility. To directly test
this hypothesis, aliquots of the [35S]methionine-labeled
HSV- and mock-infected ceHl lysates were subjected to
immunoprecipitation with the TrpE-UL35 antiserum, incu-
bated in the presence of calf intestinal alkaline phosphatase
to remove the phosphate moieties, and the samples were
analyzed in parallel by acid-urea gel electrophoresis (Fig. 3,
lanes 5 and 6). These data demonstrate that removal of the
phosphate from pl2a and pl2b converts these proteins into a
single polypeptide, designated pl2c. These results suggest
that pl2a and pl2b are variably phosphorylated forms of the
12-kDa capsid protein, and pl2c is likely to be the unphos-
phorylated polypeptide. On the basis of these results, we
cannot definitively conclude that the alkaline phosphatase
removed all of the phosphate moieties from pl2a and pl2b to
generate pl2c; however, these data demonstrate that pl2a,
pl2b, and pl2c are related forms of the same 12-kDa capsid
protein. Considering the fact that a higher degree of phos-
phorylation would render p12 less basic, one would presume
that pl2a has the highest phosphate content. This supposi-
tion is supported by the relative migration of the dephospho-
rylated protein (pl2c) in acid-urea gels.

Kinetics of p12 phosphorylation. Since pl2a, pl2b, and
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FIG. 3. Analysis of p12 by acid-urea gel electrophoresis. HEp-2
cells were mock infected or infected with HSV-1 and radiolabeled
with 100 ,uCi of [35S]methionine per ml (lanes 1 to 6) or 500 pCi of
32p; per ml (lanes 7 and 8) between 12 and 18 h postinfection.
Following harvesting, the cell lysates were reacted with either
preimmune serum (lanes 1 and 2) or TrpE-UL35 antiserum (lanes 3
to 8) and the immune complexes were incubated in the presence
(lanes 5 and 6) or absence (lanes 1 to 4 and 7 and 8) of calf intestinal
alkaline phosphatase as described in Materials and Methods. The
proteins were subsequently separated by acid-urea gel electropho-
resis and visualized by autoradiography. The odd-numbered lanes
are HSV-infected extracts, and even-numbered lanes are mock-
infected cell extracts. The positions of pl2a, pl2b, and pl2c are

indicated on the left.

pl2c are related forms of the 12-kDa capsid protein, we
wanted to determine the kinetics of processing of p12 into its
phosphorylated components. To provide markers for the
three species of p12, HSV- and mock-infected HEp-2 cells
were pulse-labeled with 100 ,uCi of [35S]methionine per ml
between 8 and 12 h postinfection. The cell lysates were
reacted with the TrpE-UL35 antiserum, and the immune
complexes were incubated in the presence or absence of calf
intestinal alkaline phosphatase and resolved by acid-urea gel
electrophoresis in parallel with the pulse-chase studies (see
Fig. SA).
For the pulse-chase studies, monolayers of HEp-2 cells

were mock infected or infected with HSV-1, and at 12 h
postinfection the cells were radiolabeled with 100 ,uCi of
[35S]methionine per ml for 30 min and harvested immediately
or chased in the presence of 50-fold-excess-unlabeled methi-
onine for various periods of time. Following harvesting, the
cell lysates were reacted with the TrpE-UL35 antiserum and
the immunoprecipitates were resolved by either SDS-PAGE
or acid-urea gel electrophoresis. When the proteins were
separated by SDS-PAGE, a single 12-kDa polypeptide was
observed, and the protein appeared to be stable for at least 8
h after synthesis (Fig. 4). To evaluate the processing of p12
into its multiple components, acid-urea gel electrophoresis
was performed with parallel samples (Fig. SB). Following a
30-min pulse, pl2b and pl2c were found to be present in
equal amounts, with little pl2a detectable. After 30 min of
chase, pl2a increased slightly, and this increase became
more evident following 1 h of chase. Consistent with a
precursor-product relationship, pl2c was found to simulta-
neously decrease in abundance. Interestingly, the amount of
pl2b appeared to remain relatively constant throughout the
chase period, whereas pl2c was completely processed
within 4 h to the more slowly migrating products. Concom-
itantly, the processing of pl2a and pl2b appeared to reach an
equilibrium after 4 h, with the relative abundance of the two
proteins remaining constant through the 8-h chase period.
Surprisingly, we have never detected pl2c following pulse-
labeling for extended periods of time (Fig. 5A). It is conceiv-
able that the steady-state levels of pl2c may be relatively
low within HSV-infected cells. Nevertheless, the phosphor-
ylation of p12 within HSV-infected cells results in three

6.2K-

3.0K-

FIG. 4. Pulse-chase analysis of p12 by SDS-PAGE. HEp-2 cells
were mock infected or infected with HSV-1 and at 12 h postinfection
the cells were pulsed with 100 ,uCi of [35S]methionine per ml for 30
min, followed by a chase in the presence of excess unlabeled
methionine. At various times after pulse-labeling, the cells were
harvested and the lysates were reacted with the TrpE-UL35 antise-
rum. The immunoprecipitated proteins were separated by SDS-15%
polyacrylamide gels and visualized by fluorography. The pulse (0)
and the various times of chase (hr) are indicated above the lanes.
The mock-infected cells (M) were harvested immediately after the
pulse. The positions of the molecular weight markers are indicated
on the left.

forms of the polypeptide as evaluated by acid-urea gel
electrophoresis. Moreover, the presence of these three com-
ponents of p12 is analogous to the results previously re-

ported for BP2 (20) and provides strong evidence that BP2
and p12 are the same polypeptide.

Virion-associated forms of p12. Since three variants of p12
were identified within HSV-infected cells, we wanted to
determine whether any specific form of the polypeptide was
preferentially associated with purified HSV-1 virions. Thus,
HSV-1 virions were purified from the medium of HSV-1-
infected HEp-2 cells as described in Materials and Methods.
The HSV-1 virions were resuspended in cold radioimmuno-
precipitation assay buffer, sonicated, and boiled for 4 min to

A. ~~~~~~B.
M M

Pase - - + .+. M 0 .5 1 2 4 8 hr

pl2ao
pl2bw

pl2cp.

?.llb
tw

FIG. 5. Pulse-chase analysis of p12 by acid-urea gel electropho-
resis. (A) HSV-1-infected (I) and mock-infected (M) HEp-2 cells
were pulse-labeled with 100 ,uCi of [35S]methionine per ml from 8 to
12 h postinfection and the cell lysates were reacted with TrpE-UL35
antiserum. The immune complexes were incubated in the absence
(-) or presence (+) of calf intestinal alkaline phosphatase (Pase) and
resolved by acid-urea gel electrophoresis. (B) Samples identical to
those described in the legend to Fig. 4 were separated by acid-urea
gel electrophoresis and visualized by fluorography. The pulse (0)
and various times of chase (hr) are indicated above the lanes. The
mock-infected cells (M) were harvested immediately after the pulse.
The positions of pl2a, pl2b, and pl2c are indicated at the left.
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FIG. 6. Virion-associated forms of p12. HSV-infected HEp-2
cells harvested at 18 h postinfection (lane 1) or purified HSV-1
virions (lanes 2 and 3) were solubilized and immunoprecipitations
were performed with anti-TrpE-UL35 serum. The immunoprecipi-
tated proteins were separated by acid-urea gel electrophoresis,
transferred to nitrocellulose, and immunoblotted with the TrpE-
UL35 antiserum. Lane 3 represents the resolved components of the
virion-associated p12 from a separate experiment which demon-
strated better resolution of pl2a. The positions of pl2a, pl2b, and
p12c are indicated on the left.

solubilize the virion polypeptides, and the samples were
subsequently reacted with the TrpE-UL35 antiserum. The
immunoprecipitated proteins were separated by acid-urea
gel electrophoresis, transferred to nitrocellulose, and immu-
noblotted with the TrpE-UL35 antiserum (Fig. 6). As a
reference for identifying the various components of p12, the
12-kDa polypeptide was immunoprecipitated from HSV-
infected cell extracts harvested at 18 h postinfection and
analyzed in parallel (Fig. 6, lane 1). These data indicate that
all three forms of p12 are associated with purified HSV-1
virions (Fig. 6, lane 2 and 3); however, pl2b and pl2c were
the predominant forms of the polypeptide within the virus.
This was somewhat surprising, considering the relatively
low abundance of pl2c within HSV-infected cells (Fig. 6,
lane 1). Interestingly, Knopf and Kaerner (20) have also
found the three components of BP2 associated with HSV-1
virions. Furthermore, their data suggest that BP2b and BP2c
are the predominant forms of the protein associated with
virions, analogous to our observations with pl2b and pl2c.
These findings provide additional evidence which supports
our supposition that BP2 and p12 are the same polypeptide.

Glycosylation of p12. In experiments whose data are not
shown, HEp-2 cells were mock infected or infected with
HSV-1 and radiolabeled with 100 ,uCi of [3H]glucosamine
per ml from 2 to 18 h postinfection. The cell lysates were
subjected to immunoprecipitation with the TrpE-UL35 anti-
serum, and the proteins were separated by SDS-PAGE.
Under these conditions, the [3H]glucosamine was incorpo-
rated into infected-cell proteins, but p12 was not radiola-
beled, suggesting that the protein is not glycosylated.

Intracellular localization of p12. Previous studies by Cohen
et al. (8) have demonstrated that NC7 (p12) was detectable
only within the nuclei of HSV-1-infected cells by indirect
immunofluorescence; however, the intensity of the fluores-
cence signal was relatively weak. Since p12 is associated
with HSV capsids (8, 15, 25, 28), we expected that the
12-kDa polypeptide must be localized within the nucleus;
however, we wanted to determine the relative abundance of
p12 within the nuclei and cytoplasm of HSV-infected cells

pl2k

FIG. 7. Analysis of the intracellular distribution of p12 by cell
fractionation. HEp-2 cells were mock infected or infected with
HSV-1 and harvested at 18 h postinfection. The cells were separated
into cytoplasmic (cyto) and nuclear (nuc) fractions by using 0.5%
Nonidet P-40 in phosphate-buffered saline as described by Gibson
(12). The proteins present in equivalent volumes of each fraction
were separated by electrophoresis through SDS-8% polyacrylamide
gels (A and B) or an SDS-15% polyacrylamide gel (C) and trans-
ferred to nitrocellulose. Following transfer, immunoblotting was
performed with antiserum specific for ICP8 (A), 65-kDa DNA-
binding protein (65K DBP) (B) or p12 (C). The reactive proteins
were visualized by incubation with 125I-labeled protein A and
autoradiography. HSV-infected (HSV ext.) and mock-infected
(mock ext.) total-cell extracts were analyzed in parallel.

using subcellular fractionation. Thus, HEp-2 cells were
mock infected or infected with HSV-1 and harvested at 18 h
postinfection. The cells were subsequently separated into
cytoplasmic and nuclear fractions by the detergent fraction-
ation method previously described by Gibson (12). The
proteins present in equivalent volumes of each fraction were
separated by SDS-PAGE, transferred to nitrocellulose, and
immunoblotted with the TrpE-UL35 antiserum (Fig. 7C). As
controls, we also examined the intracellular distribution of
ICP8 (Fig. 7A) and the 65-kDa DNA-binding protein (Fig.
7B), using antisera specific for these proteins. These results
indicated that p12 is found predominantly within the nuclear
fractions of HSV-infected cells. The segregation of ICP8 and
the 65-kDa DNA-binding protein predominantly within the
nuclear fractions of HSV-infected cells is consistent with
previously published reports (19, 43) and demonstrates the
validity of the fractionation procedure. Laser densitometric
scanning of the autoradiographs indicates that approxi-
mately 80% of the total 12-kDa capsid protein is present
within the nuclear fraction. The nuclear fraction contained
approximately 65 and 97% of the total ICP8 and 65-kDa
DNA-binding protein present within the HSV-infected cells,
respectively.
To confirm the results of the subcellular fractionation

studies and to further examine the intracellular localization
of p12, indirect immunofluorescence studies were performed
with the TrpE-UL35 antiserum as described in Materials and
Methods. For comparison and as a control, the 65-kDa
DNA-binding protein was examined in parallel. In experi-
ments whose data are not shown, no specific staining was
observed in mock-infected cells reacted with either the
preimmune serum or the TrpE-UL35 antiserum. The preim-
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FIG. 8. Intracellular localization of p12 by indirect immunofluorescence. HSV-1-infected CV-1 cells were harvested at 15 h postinfection
and incubated in the presence of rabbit preimmune serum (A), TrpE-UL35 antiserum (B and C), or a monoclonal antibody specific for 65-kDa
DNA-binding protein (D). The cells were subsequently stained with fluorescein isothiocyanate-conjugated goat anti-rabbit (A to C) or goat
anti-mouse (D) secondary antibody.

mune serum showed no reactivity to HSV-1-infected cells
harvested at 15 h postinfection (Fig. 8A). In contrast,
HSV-infected cells reacted with the TrpE-UL35 antiserum
showed bright fluorescence within the nucleus (Fig. 8B and
C). Interestingly, the p12 staining pattern within the nucleus
was not diffuse but seemed to be localized within specific
regions of the nucleus. The 65-kDa DNA-binding protein
was also found to be sequestered within specific regions of
the nucleus (Fig. 8D), and the staining pattern was similar to
that observed for p12 (compare Fig. 8C and D). Previous
studies have demonstrated that the 65-kDa DNA-binding
protein is localized within distinct regions of the nucleus (14)
and appears to colocalize with other DNA-associated pro-
teins (14, 18). At present, we have not used double-fluoro-
chrome-labeling immunofluorescence to directly demon-
strate that p12 and the 65-kDa DNA-binding protein
colocalize, but we believe such studies are warranted in the
future since p12 may also interact with the viral DNA (20,
25).

DISCUSSION

In the studies described in this article, we have examined
the posttranslational modifications and subcellular localiza-
tion of the 12-kDa capsid protein. Pulse-labeling studies with
32p; demonstrated that p12 is modified by phosphorylation
within HSV-infected cells. In addition, phosphoamino acid
analysis of p12 indicated that the phosphorylation occurs on

both serine and threonine residues. Quantitative examina-
tion of these results indicates a 4:1 ratio of threonine-to-
serine phosphorylation, suggesting that p12 contains several
sites for phosphate addition. Consistent with this hypothe-
sis, three electrophoretically distinct species of pi2, desig-
nated pl2a, pl2b, and pl2c, were identified by acid-urea gel
electrophoresis. Isotopic labeling studies performed with
32p; indicate that pl2a and pl2b represent phosphorylated
forms of the capsid protein. These results were further
supported by the experiments in which p12 was incubated in
the presence or absence of calf intestinal alkaline phos-
phatase to remove the phosphate moieties. Analysis of these
samples by acid-urea gel electrophoresis revealed that both
pl2a and pl2b were converted to the faster-migrating pl2c,
implying that pl2c represents the unphosphorylated form of
the polypeptide.
To determine the kinetics of phosphorylation and to

directly demonstrate the relationship between the three
species of p12, pulse-chase radiolabeling studies were per-
formed. These studies demonstrated that pl2c could be
completely converted into pl2a and pl2b following a 4-h
chase period. Furthermore, after a 4-h chase, the relative
abundance of pl2a and pl2b reached an equilibrium, which
remained constant throughout the 8-h chase period. These
data imply that the phosphorylation of p12 is quite stable and
that the cycling between the phosphorylated and nonphos-
phorylated species of the protein seems improbable, albeit
such a phenomenon has been observed with other HSV-
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specific polypeptides (42). Recently, studies by Purves et al.
(34) have demonstrated that the HSV-1 serine/threonine pro-
tein kinase eiicoded by the US3 gene is responsible for the
phosphorylation of the UL34 gene product. The phosphory-
lation site recognized by the US3 protein kinase has been
determined previously (21, 33), and the consensus sequence is
(R)n-X-(S/T)-Y-Y, where n is 3 or more, X prefers Arg, Ala,
Val, Pro, or Ser, and Y has a similar bias except that acidic
residues and proline are not acceptable. Computer-assisted
analysis of the predicted amino acid sequence of p12 (UL35)
indicated that no consensus phosphorylation sites for the US3
protein kinase are present within the 12-kDa protein; how-
ever, we cannot rule out the possibility that p12 is phosphor-
ylated by the protein kinase encoded by the UL13 gene of
HSV-1 (7, 38) or a cellular protein kinase.
We have also examined purified HSV-1 virions to deter-

mine whether specific forms of p12 are preferentially associ-
ated with the virions during assembly. These results indicated
that the virions contain all three species of the polypeptide;
however, the predominant forms were p12b and p12c. These
results were surprising, since p12c is difficult to detect within
HSV-infected cells by pulse-labeling or immunoblotting. As
mentioned in Results, we have inferred that the difficulties in
detecting pl2c are probably related to the transient nature of
this polypeptide; however, such a conclusion does not explain
the apparent abundance of this protein within virions. Such a
disparity could be explained if p12 were to somehow interact
with the viral DNA contained within the capsid. Since the
phosphorylation of p12 would render the protein less basic,
then the component containing the fewest phosphate moieties
(pl2c) would represent the most basic form of the polypep-
tide, with p12a representing the least basic. This conclusion is
supported by the relative mobilities of pl2a, pl2b, and p12c
toward the cathode when resolved by acid-urea gel electro-
phoresis (Fig. 5). Considering this information, it is conceiv-
able that p12c could have a higher affinity for the viral genome
and be packaged along with the viral DNA into the capsids
during assembly, thereby resulting in a disproportionately
high concentration of p12c within the virions. In support of
this hypothesis, studies by Wilcox et al. (42) have demon-
strated that phosphorylation of certain HSV-specific proteins
can modulate their affinity for DNA. It is conceivable that the
high concentration of pl2c found within HSV-1 virions could
result from the dephosphorylation of p12a and p12b following
disruption of the virions, but such a dephosphorylation event
would require the presence of a phosphatase activity within
the HSV-1 virions or a contaminating cellular phosphatase
present in the virion preparations. To our knowledge, there
are no data which indicate that HSV-1 virions contain a
protein having phosphatase activity. Furthermore, the pulse-
chase radiolabeling studies (Fig. 5) suggest that the phosphate
moieties on the cell-associated p12a and p12b are relatively
stable following cell lysis, extract preparation, and immuno-
precipitation. Thus, the generation of the virion-associated
pl2c as a result of nonspecific or specific phosphatase activity
following the disruption of HSV-1 virions seems unlikely. In
addition, the relative amounts of pl2a, pl2b, and pl2c that we
observed in HSV-1 virions are consistent with that previously
reported by Knopf and Kaerner for BP2 (20). We are cur-
rently determining the affinity of p12 for DNA by DNA-
cellulose chromatography. If p12 does demonstrate DNA-
binding activity, then quantitating the relative amounts of the
pl2a, pl2b, and p12c which bind to the DNA should allow us
to directly determine whether phosphorylation modulates the
affinity of p12 for the viral DNA.
One of our goals in this study was to assess the relation-

ship between p12 and BP2 and to determine whether these
12-kDa virion proteins are the same polypeptide. By com-
paring the properties of p12 described in this report with the
properties of BP2 (20), a compelling argument that these
proteins are in fact identical can be made. First, p12 and BP2
are basic 12-kDa phosphoproteins which are associated with
HSV-1 virions (20, 25) (Fig. 1). Second, both proteins can be
resolved into three components when analyzed by acid-urea
gel electrophoresis (20) (Fig. 3). Finally, the relative abun-
dance of each species of p12 within HSV-1 virions is similar
to that previously reported for BP2 (20) (Fig. 6). On the basis
of these findings, we conclude that BP2 and p12 are the same
polypeptide. As mentioned in the introduction, Knopf and
Kaerner (20) have shown that BP2 is associated with the
chromatin isolated from HSV-infected cells, suggesting that
this polypeptide may be a DNA-binding protein encoded by
HSV-1. Thus, it is conceivable that p12 interacts with the
viral DNA in HSV-infected cells and within the virions.

Analysis of the intracellular localization of p12 by subcel-
lular fractionation and indirect immunofluorescence has dem-
onstrated that the protein is predominantly localized within
the nucleus. In addition, the immunofluorescence studies
suggest that p12 is restricted to specific regions within the
infected cell nucleus. This pattern of fluorescence was similar
to that identified for the 65-kDa DNA-binding protein (Fig.
8D) (14); however, double-fluorochrome-labeling immunoflu-
orescence studies will need to be performed to directly
evaluate the colocalization of these proteins. Several studies
have indicated that HSV-encoded proteins which associate
with the viral DNA, such as ICP4, ICP8, and the 65-kDa
DNA-binding protein, colocalize in discrete regions of the
infected cell nucleus referred to as "replication compart-
ments" (14, 18, 35). The localization of p12 and the 65-kDa
DNA-binding protein within the same regions of the nucleus
would prove interesting since p12 may also interact with the
viral DNA within HSV-infected cells (20, 25).
We are currently focusing our studies on addressing the

association of p12 with the viral DNA within HSV-infected
cells and virions using DNA-cellulose chromatography and
protein-DNA cross-linking. Such studies should provide
interesting information concerning the interactions of p12
with the viral genome. Since no mutations have been
mapped to the UL35 gene, we do not know whether p12
represents an essential gene product. The construction of an
HSV-1 mutant containing a null allele of the UL35 gene will
allow us to address this point and provide a useful tool for
determining the functional role of this small basic protein in
virus assembly and maturation.
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