JOURNAL OF VIROLOGY, Feb. 2007, p. 1148-1161
0022-538X/07/$08.00+0 doi:10.1128/JV1.01812-06

Vol. 81, No. 3

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Packaging of the Virion Host Shutoff (Vhs) Protein of Herpes Simplex
Virus: Two Forms of the Vhs Polypeptide Are Associated with

Intranuclear B and C Capsids, but Only One Is Associated
with Enveloped Virions"

G. Sullivan Read* and Mary Patterson
School of Biological Sciences, University of Missouri-Kansas City, 5007 Rockhill Road, Kansas City, Missouri 64110

Received 19 August 2006/Accepted 30 October 2006

The virion host shutoff (Vhs) protein (UL41) is a minor component of herpes simplex virus virions which,
following penetration, accelerates turnover of host and viral mRNAs. Infected cells contain 58-kDa and
59.5-kDa forms of Vhs, which differ in the extent of phosphorylation, yet only a 58-kDa polypeptide is
incorporated into virions. In pulse-chase experiments, the primary Vhs translation product comigrated in
sodium dodecyl sulfate-polyacrylamide gel electrophoresis with the 58-kDa virion polypeptide, and could be
chased to 59.5 kDa. While both 59.5-kDa and 58-kDa forms were found in nuclear and cytoplasmic fractions,
the 59.5-kDa form was significantly enriched in the nucleus. Both forms were associated with intranuclear B
and C capsids, yet only the 58-kDa polypeptide was found in enveloped cytoplasmic virions. A 58-kDa form, but
not the 59.5-kDa form, was found in L particles, noninfectious particles that contain an envelope and tegument
but no capsid. The data suggest that virions contain two populations of Vhs that are packaged by different
pathways. In the first pathway, the primary translation product is processed to 59.5 kDa, is transported to the
nucleus, binds intranuclear capsids, and is converted to 58 kDa at some stage prior to final envelopment.
The second pathway does not involve the 59.5-kDa form or interactions between Vhs and capsids. Instead, the
primary translation product is phosphorylated to the 58-kDa virion form and packaged through interactions

with other tegument proteins in the cytoplasm or viral envelope proteins at the site of final envelopment.

Controls of the rate of mRNA decay play an important role
in eukaryotic gene expression (3, 6-9, 47, 48, 55, 66). During
Iytic herpes simplex virus (HSV) infections, the half-lives of
host and viral mRNAs are regulated by the HSV virion host
shutoff (Vhs) protein (21, 34, 35, 52, 53, 56, 64, 73). Vhs is an
endoribonuclease (12, 13, 16, 40, 41, 77, 87) that is a minor
structural component of HSV virions (58, 68) and that, follow-
ing release from infecting virions, accelerates the degradation
of most cellular mRNAs in the cytoplasm (21, 64, 73). Follow-
ing the onset of viral transcription, Vhs also accelerates the
turnover of viral mRNAs (34, 35, 52, 53, 73), thereby facilitat-
ing the sequential expression of different classes of viral genes
(56). Although partially purified Vhs shows some preference
for A- or U-rich regions (77, 87), it is best viewed as a se-
quence-nonspecific endonuclease, since it cuts target RNAs at
many sites (16, 77, 87). Mutations that inactivate Vhs stabilize
most, if not all, viral mRNAs (34, 35, 52, 53, 73), as well as the
vast majority of cellular mRNAs (21, 57, 64, 73), implying that
Vhs degradation of most mRNAs is not dependent upon the
recognition of a specific nucleotide sequence.

Although Vhs degrades many mRNA:s, it is not totally non-
selective, since in cells it targets mRNAs, as opposed to non-
mRNAs (33, 52, 53, 63, 70, 73, 87), and cuts within mRNAs at
preferred sites (12-14, 31, 76). For at least some mRNAs these
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preferred sites are in regions of translation initiation (12, 13,
31). The initial loading of Vhs onto mRNAs and targeting to
regions of initiation may be due to its physical interaction with
the cellular translation initiation factors eIF4H (11, 16, 19, 20),
eIF4AII (20), and eIF4B (11). Of particular note, a point
mutation in Vhs, which abrogates its binding to eIF4H (19),
abolishes degradation of the vast majority of mRNAs that are
translated by cap-dependent scanning (33-35, 52, 53, 57, 73),
even though the protein retains RNase activity (41). Recently,
it has been suggested that Vhs also may target cleavage sites
within the 3’ untranslated regions of some mRNAs that con-
tain AU-rich instability elements, perhaps through interactions
with AU-rich instability element binding proteins (15, 75).
Whether interactions with general translation factors also are
required for the initial loading of Vhs onto these mRNAs
remains to be determined.

The Vhs polypeptide is thought to be a component of the
virion tegument (42, 58, 68). HSV is enveloped through a
multistep process in which capsids acquire a primary envelope
by budding through the inner nuclear membrane. This is fol-
lowed by de-envelopment by fusion of the primary envelope
with the outer nuclear membrane and reenvelopment of cap-
sids by budding through membranes derived from the trans-
Golgi network (5, 45, 67, 79). Nuclear and cytoplasmic sites
have been proposed for the incorporation of different tegu-
ment proteins (62). Using immunogold electron microscopy,
Naldinho-Souto et al. detected VP16, VP22, and VP13/14 in
mature extracellular virions but only VP16 in primary envel-
oped virions, which had completed primary envelopment but
not de-envelopment and reenvelopment (49). This suggests
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that VP22 and VP13/14 are acquired in the cytoplasm but that
at least some molecules of VP16 are incorporated in the nu-
cleus prior to or during primary envelopment. In contrast,
VP22 and UL11 both associate with the cytoplasmic surfaces of
trans-Golgi network-derived membranes, suggesting that they
are incorporated into virions during final envelopment (1, 4,
38, 39). Recent data suggest that virions contain two popula-
tions of the UL17 protein (78). Some copies associate with
capsids in the nucleus, while others are added through inter-
actions with other tegument or glycoproteins in the cytoplasm
or at cytoplasmic membranes. Of particular relevance to this
study, Lee et al. found that infected cells contain a subpopu-
lation of Vhs that is associated with lipid rafts (37), suggesting
that at least some molecules of Vhs are incorporated into
virions during final envelopment.

Earlier studies identified two forms of Vhs in infected cells;
a phosphorylated 58-kDa form that comigrates on sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
with the virion polypeptide and a more highly phosphorylated
59.5-kDa form that, although present in infected cells, is miss-
ing from purified virions (58). The purpose of this study was
threefold: (i) to investigate the role of the 59.5-kDa Vhs form
in HSV infections, (ii) to begin to delineate the pathway(s) of
Vhs packaging, and (iii) to determine whether both Vhs forms
enter the packaging pathway and, if so, at which stage the
59.5-kDa form is converted to 58 kDa or lost from virions. The
results suggest that virions contain two populations of Vhs: one
that associates with capsids in the nucleus and another that is
incorporated into virions in the cytoplasm or during final en-
velopment. The 59.5-kDa form is an intermediate in the nu-
clear pathway but plays no role in the cytoplasmic pathway.

MATERIALS AND METHODS

Cells and virus. Procedures for the growth and maintenance of Vero and
BHK-21 cells and for the growth of wild-type HSV type 1 (HSV-1), strain KOS,
and Vhs mutants have been described previously (17, 53, 58). The mutant
Vhs-ASma contains a deletion of 196 codons from the middle of the UL41 open
reading frame (58). It encodes a Vhs polypeptide in which the first 147 amino
acids of the wild-type protein are fused in frame to amino acids 344 through 489.
The mutant polypeptide lacks mRNA-degradative activity and is not incorpo-
rated into virions. The mutant N237 contains a 26-bp polylinker with stop codons
in all three reading frames inserted in the UL41 open reading frame (54). It
encodes a Vhs polypeptide consisting of the first 237 amino acids of the wild-type
protein followed by 6 amino acids encoded by the polylinker, and it lacks mMRNA
degradative activity (54).

Antibodies. A polyclonal rabbit antiserum raised against a LacZ-Vhs fusion
protein containing amino acids 239 through 489 of wild-type Vhs has been
described previously (58). VP16-specific rabbit antisera were generously pro-
vided by Steve Triezenberg (22).

Plasmids. pKOSamp contains the Vhs open reading frame from HSV-1
(KOS) cloned into pcDNAT.1amp (Invitrogen) downstream from a promoter
for T7 RNA polymerase and the cytomegalovirus immediate-early promoter
(17, 18).

Immunoprecipitations and Western blotting. Infected cells were labeled with
[>>S]methionine or [**PJorthophosphate, and the Vhs polypeptides were ana-
lyzed by immunoprecipitation, SDS-PAGE, and autoradiography (58). Alterna-
tively, Vhs polypeptides were analyzed by SDS-PAGE and Western blotting
using an ECL Western blotting detection kit (Pierce) as previously described
(58).

Phosphoamino acid analysis. Procedures for phosphoamino acid analysis have
been described previously (2). Vero cells were labeled with [*?PJorthophosphate
from 8 to 20 h after HSV-1 infection, at which time whole-cell lysates were
prepared and the Vhs polypeptides immunoprecipitated. The 58-kDa and 59.5-
kDa Vhs forms were resolved by preparative SDS-PAGE and transferred to
Immobilon P membranes (Millipore Corp.). Strips containing the two forms
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were localized by autoradiography and excised from the membrane. The proteins
were hydrolyzed by incubating the membrane strips under pressure in 6 N HCI
at 110°C for 2 h. Phosphoamino acids were eluted with 30% (vol/vol) methanol
and 0.1 N HCI, lyophilized, and resuspended, along with nonradioactive phos-
phoamino acid standards (Sigma), in pyridine acetate buffer (pH 3.5) (100:10:
1,890 mixture of glacial acetic acid, pyridine, and water). Phosphoamino acids
were resolved by one-dimensional (1-D) high-voltage electrophoresis on cellu-
lose thin-layer plates (Merck), after which the plates were dried and stained with
ninhydrin to visualize the standards. Radiolabeled phosphoamino acids were
detected by autoradiography and identified by comparison to the stained stan-
dards.

Phosphatase treatment of Vhs. Vero cells were labeled with [**Plorthophos-
phate or [**S]methionine from 3.5 to 19 h after infection. Whole-cell lysates were
prepared and the Vhs polypeptides isolated by immunoprecipitation. The pro-
teins were collected on protein A beads, after which the beads were washed five
times with radioimmunoprecipitation assay buffer and three times with phos-
phatase buffer [40 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) (pH
6.0), 20 pg aprotinin per ml, 20 pg leupeptin per ml, and 1 mM dithiothreitol].
The beads were incubated in phosphatase buffer with or without 200 pg of potato
acid phosphatase (Sigma) per ml at 37°C for 30 min (80), pelleted, resuspended
in 200 pl of bead elution buffer (100 mM Tris[pH 7.0], 4% SDS, 20% glycerol,
5% B-mercaptoethanol) for every 50 pl (packed volume) of beads, and boiled for
10 min. The eluted Vhs polypeptides were analyzed by SDS-PAGE and autora-
diography.

Pulse-chase analysis of the Vhs polypeptides. Vero cells were infected with 20
PFU/cell of HSV-1 in Eagle’s minimum essential medium (MEM) supplemented
with 2% (vol/vol) calf serum. At 7.5 h after infection, the cells were washed two
times and incubated for 30 min in MEM lacking methionine and serum. The cells
were pulse-labeled for 15 min in MEM lacking cold methionine and serum but
supplemented with 1 mCi of [**S]methionine per ml. The labeling medium was
aspirated and the cells washed four times and incubated in chase medium
consisting of MEM supplemented with 1 mM cold methionine and 1% calf
serum. Whole-cell lysates were prepared after various chase intervals, and the
Vhs polypeptides were analyzed by immunoprecipitation, SDS-PAGE, and au-
toradiography.

Cell fractionation. Cells were fractionated 12 h after infection into cytoplas-
mic, nuclear, and nuclear wash fractions as described previously (71). Briefly, the
cells were scraped into ice-cold phosphate-buffered saline (PBS), pelleted, re-
suspended in 1 ml/2 X 10° cells of RSB (10 mM Tris [pH 7.5], 10 mM NaCl, 1.5
mM MgCl,), and allowed to swell on ice for 10 min. The cells were lysed by 10
strokes of a tight fitting Dounce homogenizer, after which 0.2 volume of 60%
(wt/vol) sucrose in RSB was added. Centrifugation at 2,000 rpm for 5 min in an
IEC SNII centrifuge produced a supernatant that was designated the cytoplasmic
fraction and a crude nuclear pellet. Nuclei were resuspended in 1 ml/2 X 10° cells
of RSB containing 10% sucrose, 1% (vol/vol) Triton X-100, 0.5% (vol/vol)
sodium deoxycholate, and 0.5 mM phenylmethylsulfonyl fluoride and incubated
on ice for 5 min. Centrifugation for 5 min in an IEC SNII centrifuge yielded a
supernatant that was designated the nuclear wash fraction and a nuclear pellet.
Proteins were precipitated from the cytoplasmic and nuclear wash fractions by
the addition of 9 volumes of acetone. Precipitates were resuspended and boiled
in SDS sample buffer (50 mM Tris[pH 7.0], 2% SDS, 10% glycerol, 5% B-mer-
captoethanol), as was the nuclear pellet. Cytoplasmic, nuclear, and nuclear wash
fractions were analyzed by SDS-PAGE and Western blotting.

Purification of virions and capsids. (i) Extracellular virions. Virions from the
extracellular medium were purified by sedimentation through gradients of 10 to
30% dextran T-10 prepared in MEM containing 0.5% (wt/vol) bovine serum
albumin (BSA) (32, 58). Centrifugation was in a Beckman SW41 rotor for 1 h at
29,000 rpm. Fractions containing the virion peak were pooled and diluted with 2
volumes of MEM containing 0.5% (wt/vol) BSA, and the virions were pelleted by
centrifugation at 40,000 rpm in a Beckman TLA-45 rotor. Virions were resus-
pended in a small volume of SDS sample buffer, boiled, and analyzed by SDS-
PAGE and autoradiography or Western blotting.

(ii) Enveloped cytoplasmic virions. Vero cells were harvested 18 h after in-
fection by scraping into ice-cold PBS, pelleted, resuspended in 2 to 3 volumes of
ice-cold 10 mM NaPO, (pH 7.4), and incubated on ice for 10 min. The cells were
disrupted by 10 strokes of a tight-fitting Dounce homogenizer and the nuclei
pelleted (72). The resulting cytoplasmic supernatant was layered over a 10 to
30% gradient of dextran T-10, and enveloped virions were purified as described
for extracellular virions.

(iii) B and C capsids. B and C capsids were isolated from Vero cells labeled
from 6 to 15 h after infection with both [**S]methionine and [*H]thymidine. Cells
were scraped into ice-cold PBS; pelleted; resuspended in 1 ml/107 cells of 10 mM
Tris (pH 7.5), 150 mM NaCl, and 2 mM MgCl,; and lysed by the addition of
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NP-40 to 1%. After 15 min on ice, the lysate was separated by low-speed
centrifugation into a nucleus-containing pellet and a cytoplasmic supernatant
(81). The supernatant was discarded. The nuclei were resuspended in a small
volume of TNE (20 mM Tris [pH 7.5], 300 mM NaCl, 1 mM EDTA) supple-
mented with 1 pg/ml of aprotinin and were disrupted by three cycles of freezing
and thawing, followed by brief sonication. Nuclear lysates were clarified by
low-speed centrifugation and layered over gradients of 20 to 50% sucrose in TNE
(10). Centrifugation was at 24,000 rpm for 100 min in a Beckman SW41 Ti rotor.
Fractions of 500 pl were collected, and 10-ul aliquots were assayed for the
incorporation of [**S]methionine and [*H]thymidine into trichloroacetic acid
(TCA)-precipitable material. Fractions containing the B and C capsid peaks
were identified by examining the profiles of TCA-precipitable radioactivity and
diluted with 750 pl of TNE, and the capsids were pelleted by centrifugation in a
Beckman TLA-45 rotor at 40,000 rpm for 40 min.

Washing capsids with GuHCI. Capsids were washed with various concentra-
tions of guanidine hydrochloride (GuHCI) as described by Newcombe and
Brown (50). Intranuclear B capsids were purified by sedimentation through two
consecutive 20 to 50% sucrose gradients, pelleted from the appropriate gradient
fractions, and resuspended in a small volume of TNE. A solution of 6 M GuHCI
in TNE was added dropwise with constant stirring until the desired GuHCI
concentration had been reached. The mixtures were incubated for 30 min at 4°C
with gentle rocking, and the extracted capsids were pelleted through a cushion of
25% sucrose in TNE by centrifugation for 1 h at 40,000 rpm in a Beckman
TLA-45 rotor. The cushion was aspirated, and the capsids were resuspended in
SDS sample buffer. Proteins were resolved by SDS-PAGE and transferred to
Immobilon P membranes. Membranes were analyzed by autoradiography to
detect labeled proteins and by Western blotting to detect Vhs.

Virion extractions. Virions from the extracellular medium were purified by
sedimentation through 10 to 30% gradients of dextran T-10, pelleted from the
appropriate gradient fractions, and resuspended in a small volume of 10 mM Tris
(pH 7.5). The virion suspensions were adjusted to one of the following condi-
tions: (i) no additions, (ii) 1% Triton X-100, (iii) 1% NP-40, (iv) 0.5% Triton
X-100 plus 0.5% sodium deoxycholate, or (v) 1% NP-40 plus 1 M NaCl. They
were then incubated at room temperature for 1 h and centrifuged for 1 h at
36,000 rpm in a Beckman TLA-45 rotor. Pellet and supernatant fractions were
analyzed by SDS-PAGE and the proteins transferred to Immobilon P mem-
branes. The membranes were subjected to autoradiography to detect *3S-labeled
proteins and to Western blotting to detect Vhs.

In some experiments virions were first extracted with 1% NP-40 plus 1 M NaCl
as described above. The resulting capsids were then washed with various con-
centrations of GuHCI as described for washing intranuclear B capsids.

Virion and L-particle purification. [>>S]methionine-labeled virions and L par-
ticles were pelleted from the extracellular medium of infected BHK-21 cells,
resuspended in a small volume of MEM, and sedimented through two successive
5 to 15% Ficoll gradients prepared in MEM (74, 78). Centrifugation was at
24,000 rpm for 100 min in a Beckman SW41 Ti rotor. Virions and L particles
were pelleted from the appropriate gradient fractions and analyzed by SDS-
PAGE, followed by autoradiography and Western blotting.

Indirect immunofluorescence. Vero cells grown on coverslips were infected
with 2.5 PFU/cell of wild-type HSV-1 or the Vhs mutant N237. Alternatively,
cells were transfected with the Vhs expression plasmid pKOSamp (17, 18, 54). At
11.5 h after infection or 24 h after transfection, the cells were washed with PBS
and fixed by incubation in 2% formaldehyde (in PBS) for 20 min at room
temperature (26). The cells were washed three times with PBS, incubated for 10
min in PBS containing 50 mM ammonium chloride, and permeabilized by incu-
bation in 0.1% Triton X-100 (in PBS) at room temperature for 4 min. Coverslips
were washed three times with PBS containing 0.5% BSA and three times with
wash buffer (PBS containing 1% goat serum and 0.2% Tween 20). Cells were
incubated for 1 h in PBS containing a 1:80 dilution of rabbit antiserum raised
against a LacZ-Vhs fusion protein containing Vhs amino acids 239 through 489
(58), washed three times with wash buffer, and incubated for 1 h in PBS con-
taining a 1:3,200 dilution of fluorescein isothiocyanate-conjugated secondary
antibody. The coverslips were mounted on glass slides and examined using a
Zeiss LSM confocal microscope.

RESULTS

Kinetics of appearance of the 59.5-kDa form of Vhs and its
dependence on de novo protein synthesis. The 59.5-kDa form
of Vhs was originally identified in cells 20 h after infection (58).
To better define the kinetics of appearance of the 59.5-kDa
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FIG. 1. Appearance of the 59.5-kDa Vhs form requires de novo
protein synthesis. (A) Time course of Vhs accumulation. Vero cells
were infected with 20 PFU/cell of wild-type HSV-1 (KOS). Whole-cell
lysates were prepared at the indicated times postinfection (p.i.) and
analyzed by SDS-PAGE and Western blotting using antiserum raised
against a UL41-LacZ fusion protein (58). The 58- and 59.5-kDa forms
of Vhs are indicated to the right of lane f. (B) Vero cells were infected
with 50 PFU/cell of wild-type HSV-1 in the absence of drugs (lanes b
and e) or in the presence of 5 pg/ml of actinomycin D (ActD) (lanes
c and f) or 50 wg/ml of cycloheximide (Cyclo) (lanes d and g). Whole-
cell lysates were prepared at the indicated times and analyzed by
SDS-PAGE and Western blotting using antiserum raised against a
ULA41-LacZ fusion protein. Lane a contains an aliquot of the infecting
virions equivalent to the number used to infect the number of cells in
each of the other samples. The 58- and 59.5-kDa forms of Vhs are
indicated to the right of lane g.

and 58-kDa polypeptides, whole-cell extracts were prepared at
various times after infection with 10 PFU/cell of HSV-1 and
analyzed by Western blotting using a Vhs-specific antiserum
(Fig. 1A). At this multiplicity of infection and exposure time,
incoming copies of Vhs were not detected, as evidenced by the
lack of a detectable signal at 3 h (Fig. 1A, lane a). Newly
synthesized copies of the 58-kDa polypeptide were detected by
5 h after infection. The 59.5-kDa form was detected slightly
later and, while always less abundant than the 58-kDa form,
increased in abundance at late times. At higher multiplicities of
infection and longer exposure times, the 59.5-kDa polypeptide
could be detected as early as newly synthesized copies of the
58-kDa polypeptide (Fig. 1B), at 4 h after infection.

Earlier studies showed that the 58-kDa and 59.5-kDa Vhs
forms differ in the extent of phosphorylation and that, although
present in infected cells, the 59.5-kDa form is not incorporated
into virions (58). One can imagine that cellular or virion pro-
tein kinases might phosphorylate incoming copies of the 58-
kDa polypeptide, converting them to 59.5 kDa. Alternatively,
processing to 59.5 kDa might occur only for newly synthesized
Vhs. To distinguish these possibilities, cells were infected with
HSV-1 in the absence of drugs or in the presence of actino-
mycin D or cycloheximide to inhibit de novo transcription or
translation, respectively. Whole-cell lysates were prepared and
analyzed for Vhs by SDS-PAGE and Western blotting (Fig.
1B). These infections were performed with 50 PFUjcell to
allow detection of incoming copies of Vhs. Only the 58-kDa
polypeptide was detected at 2 h after infection in the presence
or absence of the drugs (Fig. 1B, lanes b to d). However, both
the 58-kDa and 59.5-kDa forms were detected at 4 h in the
absence of drugs (Fig. 1B, lane e). In this case, the combined
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intensity of the 58-kDa and 59.5-kDa bands (Fig. 1B, lane e)
was greater than that of the 58-kDa protein from incoming
virions (Fig. 1B, lane a), indicating that de novo Vhs synthesis
had occurred. In contrast, none of the 59.5-kDa form was
detected at 4 h in cells infected in the presence of actinomycin
D or cycloheximide (Fig. 1B, lanes f and g), indicating that
there had been no detectable conversion of incoming Vhs to
59.5 kDa and that the appearance of the 59.5-kDa form re-
quired de novo protein synthesis. Since Vhs-mediated mRNA
degradation occurs following infection in the presence of ac-
tinomycin D or cycloheximide (21, 64, 73), incoming copies of
the 58-kDa virion polypeptide do not need to be converted to
59.5 kDa before they can induce mRNA decay.

Phosphoamino acid analysis of Vhs. The 58-kDa and 59.5-
kDa Vhs forms differ in their extents of phosphorylation, with
the 59.5-kDa form being more highly phosphorylated (58). It
was therefore of interest to compare the types of amino acid on
which they are phosphorylated. To this end, cells were labeled
with [*?PJorthophosphate from 4 to 18 h after HSV-1 infection.
Both Vhs forms were immunoprecipitated, resolved by prepar-
ative SDS-PAGE, and subjected to phosphoamino acid anal-
ysis. Both the 58-kDa and 59.5-kDa forms were phosphory-
lated predominantly on serines (Fig. 2A). Thus, although the
58-kDa and 59.5-kDa forms evidently differ in the number of
serines that are phosphorylated, there was no detectable dif-
ference in the types of amino acids that are phosphorylated.

To determine whether the difference in phosphorylation is
responsible for the different electrophoretic mobilities of the
58-kDa and 59.5-kDa Vhs forms, we examined whether phos-
phatase treatment would cause them to migrate as one band on
SDS-PAGE (Fig. 2B). Cells were labeled with [**S]methionine
or [**PJorthophosphate from 3.5 to 19 h after infection, and
whole-cell lysates were prepared. The Vhs polypeptides were
immunoprecipitated and either treated with acid phosphatase
or left untreated, and the products were analyzed by SDS-
PAGE and autoradiography. Phosphatase treatment removed
most, if not all, of the *?P label from the Vhs polypeptides (Fig.
2B, compare lanes a and b). It also caused most of the *>S-
labeled protein to migrate as a single band on SDS-PAGE with
a mobility indistinguishable from that of the phosphorylated
58-kDa Vhs form (Fig. 2B, lanes b to d). The different mobil-
ities of the 58-kDa and 59-kDa Vhs forms are, therefore,
primarily due to differences in phosphorylation.

Pulse-chase analysis of the Vhs polypeptides. To examine
whether the 58-kDa and 59.5-kDa forms have a precursor-
product relationship, Vero cells were pulse-labeled with
[*>S]methionine for 15 min, beginning 8 h after HSV-1 infec-
tion, after which the label was removed and chased by incu-
bating the cells in medium containing an excess of cold methi-
onine. Whole-cell lysates were prepared after various chase
intervals, and the Vhs polypeptides were immunoprecipitated
and analyzed by SDS-PAGE and autoradiography (Fig. 3). The
first detectable Vhs translation product migrated with an ap-
parent molecular mass of 58 kDa, identical to that of the
phosphorylated virion polypeptide. The 59.5-kDa form was
detectable after a chase of as short as 15 min, and it increased
in abundance with increasing chase times until, after an 8-h
chase, the ratio of the 59.5-kDa form to the 58-kDa form was
almost 1.0. Thus, the 59.5-kDa form of Vhs is produced by
posttranslational modification of a primary translation product
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FIG. 2. Phosphoamino acid analysis of Vhs. (A) The 58-kDa and
59.5-kDa forms of Vhs are phosphorylated predominantly on serines.
Vero cells were infected with 20 PFU/cell of wild-type HSV-1 and
labeled from 4 to 18 h after infection by incubation in medium con-
taining [**Plorthophosphate. After preparation of whole-cell lysates,
the 58-kDa and 59.5-kDa forms of Vhs were immunoprecipitated and
purified by preparative SDS-PAGE. Both forms were acid hydrolyzed
and mixed with unlabeled phosphoamino acid standards, and the phos-
phoamino acids were analyzed by 1-D high-voltage electrophoresis on
cellulose thin-layer plates. Unlabeled phosphoamino acid standards
were localized by staining the plate with ninhydrin, while **P-labeled
amino acids were visualized by autoradiography. The locations of
phosphoserine, phosphothreonine, and phosphotyrosine standards are
indicated by the dashed circles. (B) The difference in electrophoretic
mobility of the 58-kDa and 59-kDa Vhs forms is due primarily to
differences in the extent of phosphorylation. Vero cells were infected
with 20 PFU/cell of wild-type HSV-1 and labeled from 3.5 to 19 h after
infection by incubation in medium containing either [**S]methionine
(lanes ¢ and d) or [**Porthophosphate (lanes a and b). After prepa-
ration of whole-cell lysates, the Vhs polypeptides were immunopre-
cipitated and treated with potato acid phosphatase (lanes a and c) or
left untreated (lanes b and d). The products were analyzed by SDS-
PAGE and autoradiography. The locations of the 58-kDa and 59.5-
kDa forms of the Vhs polypeptide are indicated to the right of lane d.

that comigrates on SDS-PAGE with the 58-kDa virion
polypeptide.

2-D gel analysis of Vhs. Even after an 8-h chase, not all of
the pulse-labeled Vhs had been chased to 59.5 kDa (Fig. 3).
One possible explanation is that there is more than one pos-
sible fate for newly synthesized Vhs but only one involves
processing to 59.5 kDa. This possibility is addressed later in
this study. A second, not mutually exclusive, possibility is that
the 58-kDa band contains more than one Vhs species, which
are not resolved by 1-D SDS-PAGE. One of these might be the
nonphosphorylated primary translation product, while another
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FIG. 3. Pulse-chase analysis of the Vhs polypeptides. Vero cells
were infected with 20 PFU/cell of wild-type HSV-1 (KOS) and pulse-
labeled for 15 min with [**S]methionine beginning 8 h after infection.
The label was removed, and the cells were washed and incubated for
the indicated chase intervals in medium containing an excess of unla-
beled methionine. Whole-cell lysates were prepared and the Vhs
polypeptides immunoprecipitated and analyzed by SDS-PAGE and
autoradiography. The upper panel shows an autoradiogram of the
resulting gel. The locations of the 58-kDa and 59.5-kDa polypeptides
are shown to the right of lane g. For each time point, the amounts of
58-kDa and 59.5-kDa polypeptides were quantified by densitometric
scanning of the autoradiogram. The ratio of the amounts of 59.5-kDa
and 58-kDa polypeptides (59.5 kDa/58 kDa) is plotted in the lower
panel.

is the phosphorylated virion protein. In this case, the 58-kDa
primary translation product would never be completely chased
to 59.5 kDa because, after processing to 59.5 kDa, some copies
of Vhs would be further processed to the phosphorylated
virion protein, which comigrates with the primary translation
product on SDS-PAGE. The data from Fig. 2 are consistent
with this second possibility, since dephosphorylation of the
phosphorylated 58-kDa polypeptide did not alter its electro-
phoretic mobility.

To investigate the second possibility, whole-cell lysates were
prepared 24 h after HSV-1 infection and analyzed by 2-D gel
electrophoresis involving isoelectric focusing in the first dimen-
sion and SDS-PAGE in the second (Fig. 4). One predominant
59.5-kDa form that exhibited a more acidic pI than the 58-kDa
forms was detected. A smear of products was observed at 58
kDa and was composed predominantly of two concentrated
spots with apparent pls of 8.85 and 8.74. The results indicate
that the 58-kDa Vhs band seen upon SDS-PAGE analysis of
whole-cell lysates contains at least two forms of the Vhs
polypeptide.

The 59.5-kDa form of Vhs is enriched in the nucleus. To
examine whether the 58-kDa and 59.5-kDa Vhs forms differ
with regard to subcellular localization, Vero cells were har-
vested 8 h after infection, disrupted by hypotonic lysis, and
separated by low-speed centrifugation into a cytoplasmic frac-
tion (supernatant) and a crude nuclear pellet. Nuclei were
resuspended, washed in buffer containing ionic and nonionic
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FIG. 4. 2-D gel electrophoresis of the Vhs polypeptides. Vero cells
were harvested 24 h after infection with 10 PFUj/cell of wild-type
HSV-1, and solubilized in 2-D gel sample buffer. The lysate was ana-
lyzed by 2-D gel electrophoresis, involving isoelectric focusing in the
first dimension and SDS-PAGE in the second. Following electrophore-
sis, the proteins were transferred to an Immobilon P membrane and
detected by immunoblotting using rabbit antiserum raised against a
ULAl-lacZ fusion protein. The three predominant Vhs polypeptides
are indicated by arrowheads. The positions of the 58-kDa and 59.5-
kDa polypeptides are indicated to the left of the gel, while the pH
values at different positions in the isoelectric focusing gel are indicated
at the top.

detergents, and recentrifuged to yield the nuclear wash (super-
natant) and nuclear (pellet) fractions. Analysis of the fractions
by SDS-PAGE and Western blotting revealed two-thirds of the
total Vhs protein in the cytoplasmic and nuclear wash fractions
and one-third in the nuclear fraction (Fig. 5). Overall, cells
contained 4 to 5 times more of the 58-kDa Vhs polypeptide
than the 59.5-kDa polypeptide. However, while the ratios of
the 59.5-kDa form to the 58-kDa form were 0.14 and 0.17 for
the cytoplasmic and nuclear wash fractions, respectively, the
ratio was 0.72 for the nuclear fraction. Thus, although each
fraction contained both forms of the Vhs polypeptide, the
59.5-kDa form was enriched three- to fourfold in the nuclear
fraction relative to the cytoplasm and nuclear wash fractions.

Both 59.5-kDa and 58-kDa Vhs polypeptides bind intranu-
clear capsids. The observation that 33% of the total Vhs pro-
tein is found in the nuclear fraction and that this fraction is
enriched for the 59.5-kDa polypeptide was surprising because
the known function of Vhs is to accelerate mRNA degradation
in the cytoplasm. However, Vhs is also a structural component
of virions. This raised the possibility that nuclear copies of the
protein are a packaging intermediate, in the process of being
incorporated into progeny virions, perhaps by binding intranu-
clear capsids prior to primary envelopment. To investigate this
possibility, Vero cells were labeled with [**S]methionine and
[*H]thymidine from 4 to 18 h after infection. Nuclear lysates
were prepared and analyzed by sedimentation through gradi-
ents of 20 to 50% sucrose to determine whether either or both
forms of Vhs were associated with intranuclear capsids (Fig. 6).
Aliquots of each gradient fraction were analyzed to determine
the amounts of *°S and *H label incorporated into TCA-pre-
cipitable material (Fig. 6A) and by SDS-PAGE and Western
blotting to detect the Vhs polypeptides (Fig. 6B). This analysis
revealed two peaks of labeled proteins centered around frac-
tions 11 and 14 (Fig. 6A). The peak centered at fraction 14
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FIG. 5. The 59.5-kDa form of Vhs is enriched in the nucleus. Vero
cells were harvested 8 h after infection with 20 PFU/cell of wild-type
HSV-1 and separated into nuclear, nuclear wash, and cytoplasmic
fractions. Aliquots of fractions from equal numbers of cells were an-
alyzed by SDS-PAGE and Western blotting to detect the 59.5-kDa and
58-kDa forms of Vhs. The relative amounts of the 59.5-kDa and
58-kDa polypeptides were quantified for each fraction by densitomet-
ric scanning of the film resulting from the Western blot, and the results
are shown in the four lines beneath the gel. Line 1 shows the percent-
age of the total amount (59.5 kDa plus 58 kDa) of Vhs present in each
fraction. Line 2 shows the ratio of the amounts of the 59.5-kDa and
58-kDa polypeptides in each fraction. Line 3 shows the percentage of
the total amount of the 59.5-kDa polypeptide that was present in each
fraction, and line 4 shows the percentage of the total amount of the
58-kDa polypeptide in each fraction.

61% 19% 20%

25% 32% 43%

coincided with a peak of labeled DNA and was, therefore,
tentatively identified as containing C capsids. The peak cen-
tered at fraction 11 did not coincide with a peak of labeled
DNA and was, therefore, tentatively identified as the peak
containing B and, perhaps, some A capsids. Examination of the
Western blot revealed that much of both Vhs polypeptides
cosedimented with low-molecular-mass material in the upper
third of the gradient (Fig. 6B). However, a significant amount
of both 58-kDa and 59.5-kDa polypeptides cosedimented with
the putative B and C capsids.

To verify that the peak centered at fraction 11 actually con-
tained B capsids and that the sedimentation of Vhs in this
fraction was due to its association with the capsids, the putative
B capsids were pelleted from fraction 11 of the first gradient,
resuspended, and recentrifuged through a second gradient of
20 to 50% sucrose. The proteins in each fraction of the second
gradient were resolved by SDS-PAGE and transferred to an
Immobilon P membrane. The membrane was analyzed by au-
toradiography to detect all **S-labeled proteins (Fig. 6C) and
probed with Vhs-specific antiserum to detect the Vhs polypep-
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FIG. 6. Both 59.5-kDa and 58-kDa Vhs polypeptides bind intranu-
clear B and C capsids. Vero cells were infected with 20 PFU/cell of
wild-type HSV-1 and incubated from 4 to 18 h after infection in MEM
containing [**S]methionine and [*H]thymidine to label protein and
DNA, respectively. A nuclear lysate was prepared and analyzed by
sedimentation through a gradient of 20 to 50% sucrose prepared in
TNE. Aliquots of each gradient fraction were analyzed to determine
the amounts of [**S]methionine and [*H]thymidine incorporated into
TCA-precipitable material (A) and by SDS-PAGE and Western blot-
ting to detect the 59.5-kDa and 58-kDa Vhs polypeptides (B). The
peak centered at fraction 11 was presumed to be B capsids, and that at
fraction 14 was presumed to be C capsids. The putative B capsids were
pelleted from fraction 11 of the first gradient, resuspended in TNE,
and resedimented through a second 20 to 50% sucrose gradients. An
aliquot from each fraction of the second gradient was analyzed by
SDS-PAGE, and the resolved proteins were blotted onto an Immo-
bilon P membrane. The membrane was subjected to autoradiography
(C) to detect all **S-labeled proteins and probed with Vhs-specific
antiserum (D) to allow immunologic detection of the Vhs polypep-
tides. The locations of major capsid proteins are shown by dots to the
right of lane 12 of panel C and labeled to the left of lane 1 of panel C.
The 59.5-kDa and 58-kDa Vhs polypeptides are indicated by dots to
the right of lane 12 of panel D and labeled to the left of lane 1 of panel
D. In this and other figures, the smallest of the major capsid proteins,
VP26, was run off the end of the gel. This was necessary in order to run
the gel long enough to resolve the 58-kDa and 59.5-kDa forms of Vhs.
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FIG. 7. Both 59.5-kDa and 58-kDa Vhs polypeptides are found associated with intranuclear B and C capsids, but VP16 is not. [**S]methionine-
labeled B and C capsids were purified from nuclear lysates of infected Vero cells by sedimentation through two sequential gradients of 20 to 50%
sucrose as described for B capsids in the legend to Fig. 6. Proteins in the peak fractions from the second B and C capsid gradients were resolved
by SDS-PAGE and blotted onto an Immobilon P membrane. The membrane was subjected to autoradiography (A) to detect all *>S-labeled
proteins and probed with Vhs-specific antiserum (B) to allow immunologic detection of the Vhs polypeptides. The locations of major capsid
proteins are shown to the left of panel A, and those of the 59.5-kDa and 58-kDa Vhs polypeptides are shown to the right of panel B. The proteins
in B and C capsids were compared by Western blotting to those in extracellular virions purified as described in the text. Following SDS-PAGE,
the proteins were blotted onto an Immobilon P membrane. The membrane was probed using UL41-specific antiserum to detect the Vhs
polypeptides (C), after which it was stripped and reprobed using VP16-specific antiserum to detect the VP16 polypeptide (D).

tides (Fig. 6D). On the second gradient, both Vhs polypeptides
sedimented in a peak spanning fractions 7 through 12, which
coincided with the peak of **S-labeled capsid proteins. How-
ever, in contrast to the first gradient, little Vhs or labeled
capsid protein was observed in the upper third of the gradient
or in other fractions outside of the peak.

To better compare the Vhs polypeptides associated with B
and C capsids, **S-labeled B and C capsids were both purified
by sedimentation through two consecutive sucrose gradients
and the peak fractions analyzed on adjacent lanes of an SDS-
polyacrylamide gel, followed by autoradiography to detect *S-
labeled proteins (Fig. 7A) and by immunoblotting to detect
Vhs (Fig. 7B). The profiles of labeled proteins were similar for
B and C capsids, with the exception that B capsids contained
the scaffolding protein VP22a, which was missing from C cap-
sids (Fig. 7A). This agreed with previous studies of intranu-
clear B and C capsids (23, 24, 28), verifying the tentative
identification of the peaks. Of most importance to the current
study, both 58-kDa and 59.5-kDa forms of Vhs were associated
with B and C capsids purified over two consecutive sucrose
gradients (Fig. 7B). For both types of capsid, several times
more of the 58-kDa polypeptide than of the 59.5-kDa form was
observed. In addition, similar amounts of the 58-kDa form
were observed in B and C capsids, as was also the case for the
59.5-kDa polypeptide. While the strongest bands on this West-
ern blot corresponded to the two Vhs polypeptides, faint bands
were also observed at the positions of VP5 and other capsid
proteins (Fig. 7A). These bands were not observed when the
Western analysis was performed on unlabeled capsids (data
not shown). Since the last step in the immunoblotting proce-
dure was detection of the chemiluminescent signal by exposing

the membrane to film, these bands were judged to result from
autoradiographic detection of the **S-labeled capsid proteins
rather than from cross-reaction of the UL41-specific antibody
with the capsid proteins.

B and C capsids contain associated Vhs but not VP16. A
potential problem with these experiments would occur if the
capsid preparations were contaminated with enveloped virions
from the cytoplasm. These would provide a source of Vhs
protein that might be mistaken for Vhs that was associated
with intranuclear capsids. Therefore, as an additional control,
B and C capsids were examined by SDS-PAGE and Western
blotting for the presence of both Vhs and VP16. Although it is
a major component of the virion tegument, VP16 has been
reported to not be associated with intranuclear B and C capsids
(82). An observation that it is absent from B and C capsid
preparations that contain Vhs would be an important control
that those preparations are not contaminated with enveloped
virions. It was also of interest to look for VP16 because Vhs
and VP16 can be coimmunoprecipitated from infected cells
(58, 65, 69), and newly synthesized VP16 appears to play an
important role in controlling the activity of newly synthesized
Vhs (36).

As expected, both forms of the Vhs polypeptide were de-
tected in preparations of B and C capsids (Fig. 7C), while
purified virions contained only the 58-kDa protein (Fig. 7C).
However, in accord with earlier results, no VP16 was detected
in the B and C capsid preparations, although it was easily
detected in purified virions (Fig. 7D). Thus, Vhs and VP16
differ in that both forms of Vhs are associated with intranu-
clear capsids, while VP16 is not. It follows that the B and C
capsid preparations were not contaminated with detectable
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FIG. 8. Limited removal of the Vhs polypeptides from B capsids by
washing with GuHCL [**S]methionine-labeled B capsids were purified
from nuclear lysates from infected Vero cells by sedimentation
through two sequential gradients of 20 to 50% sucrose prepared in
TNE. B capsids were pelleted from the appropriate fractions of the
second gradient, resuspended, and washed for 30 min in TNE contain-
ing 0, 0.2 M, 0.5 M, 1 M, or 2 M GuHCI. The capsids were then
pelleted through a cushion of 25% sucrose in TNE. Polypeptides that
remained associated with the pelleted capsids were resolved by SDS-
PAGE, transferred to an Immobilon P membrane, and analyzed by
autoradiography (A) to visualize the major capsid proteins or by prob-
ing the membrane using Vhs-specific antiserum (C) for immunologic
detection of the Vhs polypeptides. For comparison, lane f of panel A
contains a sample of C capsids. The profile of proteins in C capsids was
similar to that in B capsids, except that C capsids lack VP22a. In this
and other figures, the smallest of the major capsid proteins, VP26, was
run off the end of the gel. This was necessary in order to run the gel
long enough to resolve the 58-kDa and 59.5-kDa forms of Vhs. The
relative amounts of capsid proteins and Vhs polypeptides remaining
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amounts of enveloped virions. Furthermore, the interaction
between Vhs and VP16 must occur elsewhere within the cell
than on B and C capsids.

Limited removal of Vhs from B capsids by washing with
GuHCI. To investigate the strength of the interaction between
Vhs and capsids, we examined whether the 58-kDa or 59.5-kDa
form could be released from B capsids by various washing
protocols. In preliminary experiments, no detectable Vhs could
be released by washing B capsids with a variety of nonionic and
ionic detergents or at a range of salt concentrations (data not
shown). These treatments included washing the capsids for an
hour with 1% NP-40, with 1% NP-40 plus 1 M NaCl, with 0.5%
Triton X-100 plus 0.5% sodium deoxycholate, or with 1 M
urea.

Next, [>*S]methionine-labeled B capsids were purified by
sedimentation through two successive sucrose gradients,
washed with buffers containing increasing concentrations of
GuHCI, and then pelleted through a sucrose cushion. Polypep-
tides that remained associated with pelleted capsids were re-
solved by SDS-PAGE, transferred to an Immobilon P mem-
brane, and analyzed by autoradiography to visualize the major
capsid proteins or by probing the membrane with UL41-spe-
cific antiserum to detect Vhs (Fig. 8). In accord with previous
results (50), washing B capsids with increasing concentrations
of GuHCI led to the progressive removal of VP22a, while
almost all VPS5 and VP23 remained associated with the capsid
structures at concentrations of up to 2 M (Fig. 8). The associ-
ations of the 58-kDa and 59.5-kDa forms of Vhs with capsids
showed intermediate sensitivities to washing with GuHCI.
Both were released from capsids more efficiently than VPS5 and
VP23 but less readily than VP22a. It is noteworthy that while
a significant amount of each Vhs form could be released by
washing, 40 to 50% of each polypeptide remained associated
with capsids at GuHCI concentrations of as high as 2 M, indi-
cating a strong association with B capsids.

Virions contain two populations of Vhs as defined by extrac-
tion with detergent and salt. Earlier studies have shown that
several tegument proteins can be released from virions by
extraction with 1% NP-40 plus 1 M NaCl or with 0.5% Triton
X-100 plus 0.5% sodium deoxycholate (88). In addition, Zelus
et al. showed that a Vhs-dependent RNase activity could be
released from virions by disruption of the envelope with NP-40
followed by extraction of the capsid-tegument structure with
buffer containing 400 mM potassium acetate, although they did
not directly monitor release of the Vhs polypeptide (87). Our
observation that 40% of Vhs remained associated with B cap-
sids, even after extraction with 2 M guanidine hydrochloride,
was therefore somewhat surprising, especially in light of earlier
studies suggesting that Vhs is a component of the tegument. To
examine this apparent discrepancy, we investigated whether
Vhs could be released from virions by using a variety of ex-
traction procedures.

33S-labeled wild-type or Vhs-ASma virions were purified
from the extracellular media of infected cultures by centrifu-

bound to washed and unwashed capsids were determined by densito-
metric scanning of the autoradiogram in panel A or the Western blot
in panel C and are plotted in panel B.
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FIG. 9. Extraction of virions with detergents, salt, and GuHCI. (A) [**PJorthophosphate-labeled wild-type (WT) virions (lane a) and [**S]methio-

nine-labeled wild-type (lanes c to ) and Vhs-ASma (lane b) virions were extracted with 1% Triton X-100 (Tx) and separated into pellet (P) (lane
d) and supernatant (S) (lane e) fractions as described in the text or were left untreated (lanes a to c). The various virions and fractions were
analyzed by SDS-PAGE and autoradiography. Various virion polypeptides are labeled between lanes ¢ and d. The wild-type Vhs polypeptide is
indicated by arrowheads to the right of lane c and left of lane d. The Vhs polypeptide is missing from Vhs-ASma virions. (B) [**S]methionine-
labeled wild-type virions were extracted for 1 h with the following buffers as described in the text: (i) 10 mM Tris (pH 7.5) (control), (ii) 1% NP-40,
(iii) 0.5% Triton X-100 plus 0.5% sodium deoxycholate (Doc), and (iv) 1% NP-40 plus 1 M NaCl. The extracted virions were separated by
centrifugation into a capsid-containing pellet and a supernatant. Proteins in the various fractions were resolved by SDS-PAGE, transferred to an
Immobilon P membrane, and visualized by autoradiography to detect all virion proteins. (C) The same membrane was then probed using
ULA41-specific antiserum to detect the Vhs polypeptide. (D) Wild-type virions were extracted with 1% NP-40 plus 1 M NaCl, after which the capsids
were pelleted. The capsids, retaining approximately 50% of the Vhs protein, were washed further with TNE containing 0 M, 0.5 M, 1 M, or 2 M
GuHCI. The washed capsids were pelleted through a cushion of 25% sucrose, resuspended, and analyzed by SDS-PAGE and Western blotting to
detect the Vhs polypeptide. The amount of Vhs remaining bound to capsids washed with various concentrations of GuHCI was quantified by
densitometric scanning and expressed as a percentage of the amount bound to TNE-washed capsids.

gation through gradients of 10% to 30% dextran T-10 (Fig. 9A,
lanes b and c), as were *?P-labeled wild-type virions (Fig. 9A,
lane a). Comparison of the profiles of wild-type and Vhs-ASma
virions aided in the visualization of the wild-type Vhs polypep-
tide, since the Vhs protein of Vhs-ASma is not incorporated
into virions (58). Comparison of the protein profiles of *>S-
labeled and *?P-labeled wild-type virions illustrates the previ-
ous finding (58) that the virion copies of Vhs are phosphory-
lated (Fig. 9A, lanes a and c). *>S-labeled virions were then
extracted with buffer containing one of the following: (i) 1%
NP-40, (ii) 1% Triton X-100, (iii) 1% NP-40 plus 1 M NaCl, or
(iv) 0.5% Triton X-100 plus 0.5% sodium deoxycholate. After
extraction, the virion preparations were separated by centrif-
ugation into a capsid-containing pellet and a supernatant con-
taining the solubilized proteins. These fractions were analyzed
by SDS-PAGE, followed by Western blotting and/or autora-
diography (Fig. 9). Vhs and other tegument proteins fell into

two categories with regard to the buffer conditions required to
initiate their extraction from virions. In accord with previous
results (88), extraction with 1% NP-40 or 1% Triton X-100
solubilized most of the envelope glycoproteins, as well as some
of the tegument proteins VP7/8 and VP16 (Fig. 9). However,
these extraction conditions did not release any detectable Vhs
from the capsids or detectable amounts of the other tegument
proteins, VP13/14 and VP22. In contrast, extraction of virions
with 1% NP-40 plus 1 M NaCl or with 0.5% Triton X-100 plus
0.5% sodium deoxycholate released some of the VP13/14 and
VP22 and approximately half of the Vhs protein into the sol-
uble supernatant fraction.

This raised the possibility that virions contain two popula-
tions of the Vhs polypeptide: one population that can be re-
leased relatively easily by extraction with nonionic detergents
plus salt or sodium deoxycholate and a second population that
is bound to capsids more tightly. To investigate this possibility,
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FIG. 10. Enveloped cytoplasmic virions contain only the 58-kDa
form of Vhs. Enveloped cytoplasmic virions (lane 3), and intranuclear
B (lane 1) and C (lane 2) capsids were purified as described in the text
and analyzed by SDS-PAGE and Western blotting using Vhs-specific
antiserum. The locations of the 59.5-kDa and 58-kDa forms of Vhs are
indicated to the left of lane 1.

virions were extracted with 1% NP-40 plus 1 M NaCl and then
separated by centrifugation into a capsid-containing pellet and
a soluble supernatant. The pellet, which contained approxi-
mately half of the initial amount of Vhs, was resuspended and
then washed with increasing concentrations of GuHCI to see if
this released any of the remaining Vhs protein. The GuHCI
washes had a similar effect upon the remaining Vhs as they had
upon the Vhs polypeptides that were associated with intranu-
clear capsids (Fig. 9). Although some of the Vhs was removed,
60% to 70% remained associated with the capsids even after
washing with 2 M GuHCI. The results support a model in
which virions contain two populations of Vhs, one of which is
strongly associated with the capsid, just as intranuclear capsids
contain tightly bound copies of the Vhs protein.

Only the 58-kDa form of Vhs is found in enveloped cyto-
plasmic virions. Although the 58-kDa and 59.5-kDa forms of
Vhs are both associated with intranuclear B and C capsids,
only the 58-kDa form is found in extracellular virions (58). This
implies that the 59.5-kDa form is converted to 58 kDa or lost
from the virus particle at some stage between binding to in-
tranuclear capsids and the release of mature virions from in-
fected cells. To better define the step at which this conversion
or loss takes place, we analyzed whether both the 58-kDa and
59.5-kDa forms, or only the 58-kDa polypeptide, are found in
enveloped virions isolated from the cytoplasm. The Western
blot in Fig. 10 clearly shows that, as is the case for extracellular
virions, enveloped cytoplasmic virions contain only the 58-kDa
form of Vhs.

L particles contain a 58-kDa form but not the 59.5-kDa form
of Vhs. The preceding experiments indicate that intranuclear
capsids and virions both contain a population of Vhs that is
strongly associated with capsids. While this suggests that some
copies of Vhs are incorporated into virions through a pathway
involving binding to intranuclear capsids, other data suggest
that some copies of Vhs are added to assembling virions in the
cytoplasm through interactions with other tegument proteins
or the tails of envelope glycoproteins. In particular, McLauchlan
et al. have reported that L particles exhibit virion host shutoff
activity, although they did not assay for the Vhs protein directly
(42). Since L particles are noninfectious enveloped particles
that contain tegument and glycoproteins, but no capsids, the
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FIG. 11. L particles contain a 58-kDa, but not the 59.5-kDa, form
of Vhs. [**S]methionine-labeled virions (lanes 1 and 2) and L particles
(lanes 3 and 4) were purified from the extracellular medium from
cultures of BHK-21 cells infected with wild-type HSV-1. Proteins were
resolved by SDS-PAGE and transferred to an Immobilon P mem-
brane, after which the membrane was subjected to autoradiography
(A) (lanes 1 and 3) to detect all labeled viral proteins or probed using
a ULA4l-specific antiserum (W) (lanes 2 and 4) for immunologic de-
tection of the Vhs polypeptides.

incorporation of Vhs into L particles would not be due to
Vhs-capsid protein interactions.

To investigate this more fully, [**S]methionine-labeled viri-
ons and L particles were isolated from the extracellular media
of cultures of infected BHK-21 cells and analyzed by SDS-
PAGE and Western blotting to detect the Vhs polypeptides or
by autoradiography to detect the other viral proteins (Fig. 11).
BHK-21 cells were used because, in our hands, they produce
much larger amounts of L particles than Vero cells (data not
shown). As expected, L particles contained large amounts of
the major tegument proteins VP16 and VP7/8 but little if any
of the major capsid protein, VPS5 (Fig. 11, lane 3). Virions and
L particles both contained readily detectable amounts of the
Vhs protein (Fig. 11, lanes 2 and 4). However, as for virions, L
cells contained only a 58-kDa form of Vhs.

Subcellular localization of Vhs by indirect immunofluores-
cence. The experiments described above suggest that Vhs is
present in both the nucleus and cytoplasm of infected cells. To
investigate this, the intracellular distribution of Vhs was exam-
ined in infected as well as transfected cells, by indirect immu-
nofluorescence using antiserum raised against a LacZ-Vhs fu-
sion protein containing Vhs amino acids 239 through 489 (58).
By 11.5 h after infection with wild-type virus, most cells showed
Vhs staining at many sites throughout the cytoplasm, including
intense staining at some perinuclear sites (Fig. 12A). In addi-
tion, a particularly striking feature of infected cells was a thin,
intense band of Vhs staining around the nuclear rim. Some
cells also showed a less intense, diffuse staining throughout
their nuclei. Whether this was due to the presence of Vhs in
the nucleoplasm or to visualization of nuclear rim staining at
the nuclear membrane overlaying some nuclei in this optical
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FIG. 12. Indirect immunofluorescence localization of Vhs in in-
fected and transfected cells. Vero cells were infected with 2.5 PFU/cell
of wild-type HSV-1 (A) or the Vhs mutant N237 (B) or were trans-
fected with the wild-type Vhs expression plasmid pKOSamp (C). At
11.5 h after infection or 24 h after transfection, the cells were fixed and
stained for indirect immunofluorescence using rabbit antiserum raised
against a LacZ-Vhs fusion protein containing amino acids 239 through
489 of wild-type Vhs and were examined using a Zeiss LSM confocal
microscope.

section is uncertain. Either possibility indicates a nuclear pres-
ence for some copies of Vhs. The specificity of the staining for
Vhs was indicated by the virtual absence of staining in cells
infected with the Vhs mutant N237 (Fig. 12B). N237 is a viable
nonsense mutant encoding a truncated Vhs polypeptide con-
taining amino acids 1 through 237 of the wild-type protein and
which therefore lacks the portion of Vhs that reacts with the
antiserum. Cells transfected with a plasmid expressing wild-
type Vhs exhibited Vhs staining throughout much of the cyto-
plasm (Fig. 12C), some of which was concentrated in punctuate
spots. This is consistent with earlier observations that transfec-
tion with a wild-type Vhs allele induces the decay of cytoplas-
mic mRNAs (29, 54). However, transfected cells lacked the
intense nuclear rim staining characteristic of infected cells,
suggesting that the nuclear rim localization requires the ex-
pression of additional viral proteins beside Vhs.

DISCUSSION

These studies were initiated to investigate the pathway(s) by
which Vhs is packaged into virions and the role of the 59.5-kDa
Vhs form during HSV-1 infections. Previous studies showed
that infected cells contain two forms of Vhs: a phosphorylated
58-kDa polypeptide that is incorporated into virions and a
more highly phosphorylated 59.5-kDa protein that, while
present in infected cells, is not incorporated into virions (58).
The principal contribution of the present experiments is to
demonstrate the association of both the 59.5-kDa and 58-kDa
Vhs polypeptides with intranuclear B and C capsids. The im-
plication is that at least some copies of Vhs are incorporated
into virions by binding capsids in the nucleus prior to primary
envelopment. The association of the 59.5-kDa polypeptide
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with intranuclear capsids also suggests that it may be an inter-
mediate in this Vhs packaging pathway.

Several observations indicate that the association of Vhs
with B and C capsids is valid and is not due to artifactual
sticking of Vhs to capsids or to contamination of the B and C
capsid preparations with enveloped cytoplasmic virions, envel-
oped primary virions, or cytoplasmic capsids resulting from the
de-envelopment of primary virions. First, the overall protein
profiles of the capsids were similar to those previously pub-
lished for B and C capsids (23, 24, 28, 50, 51) and showed no
obvious contamination with tegument or envelope proteins.
Second, the B and C capsid preparations lacked detectable
VP16, a major tegument protein that is easily detected within
enveloped cytoplasmic and extracellular virions (27, 58, 62, 69,
72). VP16 has also been reported to be a component of envel-
oped primary virions (49) and to be associated with nonenvel-
oped cytoplasmic capsids (46). However, it has been reported
to not be associated with intranuclear B and C capsids (82).
Thus, our observation that VP16 was missing from B and C
capsid preparations that contained Vhs indicates that they
were not contaminated with appreciable amounts of enveloped
cytoplasmic or primary virions or nonenveloped cytoplasmic
capsids. Third, the presence of the 59.5-kDa Vhs polypeptide
on intranuclear capsids cannot be explained by contamination
of the capsid preparations with enveloped cytoplasmic virions,
because purified cytoplasmic virions lack the 59.5-kDa form of
Vhs. Fourth, washing B capsids with increasing concentrations
of GuHCI led to only the gradual and incomplete removal of
Vhs from the capsids. The 59.5-kDa and 58-kDa Vhs polypep-
tides were removed with approximately equal efficiencies,
more completely than some integral capsid proteins (50) but
not as readily as others, indicating that the association of both
Vhs forms with B capsids is strong and probably not due to
fortuitous sticking. Finally, indirect immunofluorescence using
anti-Vhs antibody indicates that a portion of Vhs is localized to
a thin band around the nuclear rim, reminiscent of the UL31
and UL34 polypeptides, which modify the nuclear lamina and
play a role in primary envelopment (59, 60). Whether this
localization reflects an accumulation of Vhs just inside the
inner nuclear membrane or in primary virions between the two
nuclear membranes is uncertain. However, in either case, the
results are consistent with the idea that some molecules of Vhs
bind intranuclear capsids prior to primary envelopment at the
inner nuclear membrane.

2-D gel electrophoresis resolved three forms of the Vhs
polypeptide, two with an apparent molecular mass of 58 kDa
and one 59.5-kDa form. This is consistent with the observation
that the primary Vhs translation product and the phosphory-
lated virion form of the protein comigrate at 58 kDa on SDS-
PAGE. It also provides a potential explanation for why the
primary translation product never appeared to be completely
chased to 59.5 kDa when the products of a pulse-chase exper-
iment were analyzed by SDS-PAGE, since some of the 59.5-
kDa packaging intermediate would be converted to the 58-kDa
virion form, which is indistinguishable from the primary trans-
lation product on SDS-PAGE. While the difference between
the apparent molecular masses of the 59.5-kDa and 58-kDa
forms is due primarily to a difference in phosphorylation, it is
not clear that the less acidic of the two major 58-kDa forms
observed on 2-D gels is the primary Vhs translation product or
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that the two 58-kDa forms differ only in the extent of phos-
phorylation. The primary translation product may be short-
lived and not very abundant and may fall in the smear of minor
58-kDa products seen in the Western blot of the 2-D gel. In
addition, preliminary data indicate that one or more Vhs forms
are modified by the addition of O-linked N-acetylglucosamine
(M. Patterson and G. S. Read, unpublished data), a modifica-
tion that is observed on many cytoplasmic and nuclear proteins
(83-86). Clearly, further experiments are required to fully
characterize the covalent modifications of the various forms
of Vhs.

In pulse-chase experiments, processing of Vhs to 59.5 kDa
could be detected within 15 min of translation, suggesting that
it occurs in the cytoplasm. However, while some of the 59.5-
kDa polypeptide was found in the cytoplasm, it was signifi-
cantly enriched in the nucleus, suggesting that processing to
59.5 kDa correlates with transport to or retention in the nu-
cleus. This, together with the data on the association of Vhs
with B and C capsids, suggests a pathway for Vhs packaging in
which some of the 58-kDa primary translation product is pro-
cessed to 59.5 kDa, transported to the nucleus, binds intranu-
clear capsids, and is converted to the phosphorylated 58-kDa
virion form at some point prior to or coincident with final
envelopment.

While this is an attractive model in outline, several impor-
tant questions remain. First, even though the 59.5-kDa
polypeptide is enriched in the nucleus, there is no direct evi-
dence that prior processing to 59.5 kDa is actually required for
nuclear import. A significant amount of 58-kDa Vhs is found in
the nucleus, and it is possible that some of the primary trans-
lation product is processed directly to the phosphorylated 58-
kDa virion form, enters the nucleus, and binds B and C capsids
without having to pass through the 59.5-kDa form of the pro-
tein. Within the nucleus, at least some B and C capsids contain
tightly bound copies of the 59.5-kDa and 58-kDa polypeptides.
Given the strength of this association, it is attractive to postu-
late that the Vhs polypeptides remain bound to capsids
throughout the subsequent steps of primary envelopment, de-
envelopment, and final envelopment at the trans-Golgi. If this
is the case, bound copies of the 59.5-kDa protein must be
subsequently converted to the 58-kDa virion form while asso-
ciated with capsids. Alternatively, one cannot exclude the pos-
sibility that bound copies of Vhs are lost from intranuclear
capsids and then replaced by new Vhs molecules at a later
stage of virion maturation. However, if this is the case, it is
unclear what would cause the dissociation of strongly bound
copies of Vhs from the capsids. In addition, although the pop-
ulations of intranuclear B and C capsids contain bound copies
of the 59.5-kDa and 58-kDa polypeptides, it is unclear whether
individual B or C capsids contain both forms of Vhs or just the
59.5-kDa or 58-kDa polypeptides. Clearly, many details of this
pathway remain to be elucidated.

While the above data strongly support a packaging pathway
involving the binding of Vhs to intranuclear capsids, other
experiments suggest a second packaging pathway, similar to
that proposed for a number of other tegument proteins, in
which Vhs is added to virions through interactions with other
tegument proteins in the cytoplasm following primary envel-
opment and de-envelopment of capsids or through interactions
with the cytoplasmic domains of viral envelope proteins at the
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surface of the trans-Golgi prior to final envelopment (4, 25, 30,
37, 39, 43-45, 49, 67). The data supporting such a second
pathway are severalfold. First, a subpopulation of Vhs has
been reported to be associated with lipid rafts in HSV-infected
cells (37). Second, as is confirmed in this study, Vhs is present
in L particles, enveloped structures that are released from
some infected cells and contain tegument and envelope pro-
teins but not capsids. While the precise relevance of L particles
to HSV assembly is not entirely clear, the presence of Vhsin L
particles indicates that it is capable of interactions with other
tegument or envelope proteins in the absence of capsids, giving
rise to enveloped tegument-like structures. Previous studies
showed that L particles possess virion host shutoff activity in
that they can induce mRNA decay in L-particle-infected cells
(42, 61). However, they did not demonstrate the presence of
the Vhs protein. The contribution of the present studies is to
show that L particles contain a 58-kDa Vhs polypeptide but
lack the 59.5-kDa form of the protein. The implication is that
the 59.5-kDa Vhs polypeptide is involved in the intranuclear
pathway of Vhs incorporation but not the cytoplasmic pathway.
Taken together, the data suggest a model in which virions
contain two populations of Vhs that are incorporated through
different pathways. The first involves binding of Vhs to intranu-
clear capsids prior to primary envelopment and includes the
59.5-kDa polypeptide as a packaging intermediate. The second
does not involve the 59.5-kDa form or interactions between
Vhs and capsids. Instead, the primary translation product is
phosphorylated to the virion form and incorporated into viri-
ons in the cytoplasm, presumably through interactions with
other tegument proteins or the tails of viral glycoproteins at
the site of final envelopment.

This model of two Vhs populations that are distinguished by
their packaging pathways is consistent with the observation
that virions contain two populations of Vhs as defined by their
ease of extraction with nonionic detergents and salt. Thus,
approximately half of the Vhs can be released from virions by
washing with 1% NP-40 and 1 M NaCl. The remaining Vhs
molecules are tightly associated with capsids, as evidenced by
the fact that they are removed only inefficiently and incom-
pletely by further washing with 2 M GuHCI; in this respect they
are similar to Vhs molecules bound to intranuclear B and C
capsids. Whether the population of Vhs molecules that are
tightly bound to capsids within virions corresponds to the pop-
ulation that initially interacted with capsids within the nucleus
remains to be determined.

While these studies provide evidence for two pathways of
Vhs packaging, the relative importance of the two pathways is
unclear; specifically, it is unclear what fraction of the Vhs
molecules in a virion are incorporated via each pathway. In
these experiments, L particles contained about half as much
Vhs per molecule of VP16 as did extracellular virions (Fig. 11).
However, one should not take this as a direct measure of the
fraction of Vhs that is incorporated into virions by the cyto-
plasmic pathway, because the precise relevance of L particles
to the assembly of infectious virions is unclear. Comparison of
autoradiograms of **S-labeled virions and capsids and Western
blots of the same virion and capsid preparations allows one to
estimate that, on average, intranuclear capsids contain about
20% as much Vhs per molecule of the major capsid protein
VPS5 as do extracellular virions (data not shown). However, this
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may underestimate the fraction of Vhs that is packaged via the
intranuclear pathway. Some molecules of Vhs may have disso-
ciated from B and C capsids during purification. In addition, it
is uncertain whether the B and C capsid preparations were
uniform populations in which every capsid contained Vhs mol-
ecules or whether they were mixtures containing some capsids
that had already bound Vhs and some capsids that had not.
The latter possibility would have an obvious effect on attempts
to estimate the number of Vhs molecules per capsid. Finally, it
is uncertain what would be the advantage to the virus of having
two pathways for Vhs packaging and whether the existence of
two pathways implies an additional function for Vhs beyond its
known role in mRNA decay. These are among the questions
currently under investigation.
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