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The UL36 open reading frame (ORF) encodes the largest herpes simplex virus type 1 (HSV-1) protein, a
270-kDa polypeptide designated VP1/2, which is also a component of the virion tegument. A null mutation was
generated in the UL36 gene to elucidate its role in the virus life cycle. Since the UL36 gene specifies an essential
function, complementing cell lines transformed for sequences encoding the UL36 ORF were made. A mutant
virus, designated KAUL36, that encodes a null mutation in the UL36 gene was isolated and propagated in these
cell lines. When noncomplementing cells infected with KAUL36 were analyzed, both terminal genomic DNA
fragments and DNA-containing capsids (C capsids) were detected; therefore, UL36 is not required for cleavage
or packaging of DNA. Sedimentation analysis of lysates from mutant-infected cells revealed the presence of
particles that have the physical characteristics of C capsids. In agreement with this, polypeptide profiles of the
mutant particles revealed an absence of the major envelope and tegument components. Ultrastructural
analysis revealed the presence of numerous unenveloped DNA containing capsids in the cytoplasm of KAUL36-
infected cells. The UL36 mutant particles were tagged with the VP26-green fluorescent protein marker, and
their movement was monitored in living cells. In KAUL36-infected cells, extensive particulate fluorescence
corresponding to the capsid particles was observed throughout the cytosol. Accumulation of fluorescence at the
plasma membrane which indicated maturation and egress of virions was observed in wild-type-infected cells
but was absent in KAUL36-infected cells. In the absence of UL36 function, DNA-filled capsids are produced;
these capsids enter the cytosol after traversing the nuclear envelope and do not mature into enveloped virus.
The maturation and egress of the UL36 mutant particles are abrogated, possibly due to a late function of this

complex polypeptide, i.e., to target capsids to the correct maturation pathway.

The herpes simplex virus type 1 (HSV-1) virion is comprised
of four structural elements: a DNA-containing core; an icosa-
hedral capsid, which encloses the genome; a layer that imme-
diately surrounds the capsid termed the tegument; and an
outer membrane or envelope, which encloses the whole struc-
ture and in which are embedded the viral glycoproteins (39, 55;
reviewed in references 40 and 47). The tegument represents
the most diverse structural element of the virus particle in
terms of both polypeptide composition and functions.

Virus-specified polypeptides that comprise the tegument
structure include those that function to activate transcription,
shut off host protein synthesis, and uncoat the virus genome, as
well as others whose functions are not yet known (reviewed in
references 40 and 47). The role of tegument is twofold. First,
the tegument can be envisioned as a structure that delivers
factors into the cytosol of the infected cell to facilitate the
initiation of a successful infection. Components of the tegu-
ment that mediate this process include VP16, a potent viral
transactivator of immediate-early genes (4, 8), and the virion
host shutoff polypeptide (vhs), which is responsible for shutoff
of host protein synthesis (28, 36). The second function of the
tegument is structural. VP16 is also required for the structural
integrity of the tegument; in its absence, enveloped particles
are not formed (1, 52). Both VP22, a major tegument compo-
nent, and vhs participate in direct physical interactions with
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VP16 (19, 43); therefore, VP16 may act as a nucleation factor
for formation of the tegument, and incorporation of other
proteins into the tegument layer may involve interaction with
this multifunctional polypeptide (19, 43, 51). There are also a
multitude of polypeptides that are minor components of the
tegument. Their functions are varied, such as kinase activity
(33), proteins that interact with ribosomes (41), proteins re-
quired for virus egress (2, 12), and others that are involved in
DNA packaging (42). The function of these proteins may add
yet greater complexity to the role of the tegument in the virus
replication cycle.

The morphogenesis of the DNA-filled capsid into an envel-
oped virion is a complex and poorly understood process. Cap-
sid assembly is a nuclear event resulting in the production of
three types of capsids, A, B, and C (21). B capsids contain
internal scaffold proteins 22a and 21, the viral protease
VP24, and the capsid shell virion proteins VPS5, VP19C,
VP23, and VP26. For C capsids, genomic DNA replaces the
scaffold proteins. A capsids are empty, i.e., devoid of any in-
ternal composition (reviewed in reference 47). Packaging of
viral DNA into capsid shells is a complex process requiring the
functions of several gene products, some of which remain cap-
sid associated (reviewed in reference 24). Initial envelopment
of the virion takes place at the inner nuclear membrane. The
progression of this particle as it matures into an infectious
virion is a contentious issue. Two pathways have been sug-
gested for final maturation of the virus. In the first scenario,
capsids are enveloped at the inner nuclear membrane and
translocate through the periplasmic space to the endoplasmic
reticulum and enter the cell secretory pathway (7, 13, 26). The
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FIG. 1. Schematic representation of the Bg/II D region of the KOS genome. The Bg/II D (25.9-kb) fragment encodes UL31 to UL38 (29). The direction of the UL36
transcript is indicated below the ORF. The UL36 OREF starts at genome nucleotide 80543 and stops at 71051. Three cell lines that express UL36 were made: B80, which
was transformed with the Bg/II D fragment (pKBGD); XS13, transformed with the Xbal-to-SnaB1 fragment (pKXSB); and HS30, transformed with the Hpal-to-SnaB1
fragment containing a deletion in the UL35 gene (pKUL36). The deletion in pPKAUL36 spans from the KpnlI to EcoRYV sites in UL36. Relevant restriction enzyme sites

and genome nucleotide numbers (29) in parentheses are indicated at the top.

other model, for which recent studies lends strong support,
requires viruses to undergo initial envelopment at the inner
nuclear membrane but then fuse with the outer membrane to
release naked capsids into the cytosol. These capsids are trans-
ported to the Golgi compartment or other cytoplasmic or-
ganelles, where they are enveloped (5, 11, 20, 22, 34, 46, 49, 53,
54). These two opposing ideas raise the question of where
tegument proteins accumulate prior to their incorporation into
the maturing virus and the viral factors that traffic particles to
the maturation compartment.

UL36 encodes the largest HSV-1 polypeptide, the tegument
protein VP1/2 (23, 25, 29, 30, 31, 39, 45). The UL36 gene
product is a 273-kDa polypeptide that is expressed as a true-
late gene (30). There are approximately 100 to 150 copies of
this protein per virion (23); however, in terms of protein mass
it is a significant component of the tegument, as much as 50%
of the VP16 mass. It has been implicated in uncoating of the
viral genome based on the characterization of a temperature-
sensitive mutant in this gene, tsB7 (3, 4, 27). The phenotype of
this virus at the restrictive temperature is the accumulation
of DNA-filled capsids at the nuclear membrane. The DNA is
released into the nucleus only after a shift-down to the per-
missive temperature (3). Studies have also shown that it binds
the packaging sequence of the HSV-1 genome and therefore
may play some role in DNA packaging/transport (10). An
intimate association of VP1/2 with the capsid is suggested by
reports in the literature that demonstrate interaction of VP1/2
with VP5 (30) and the tight association of this polypeptide with
the capsid structure (21). The human cytomegalovirus homo-
logue of UL36, HMWP, has been shown to interact with the
counterpart of the HSV-1 UL37 gene (M. E. Harmon and
W. G. Gibson, unpublished data). In addition, cryoelectron
microscopy of virions has recently identified tegument-capsid
interactions (9, 48, 59).

The aim of this study was to isolate a null mutant in the
UL36 gene in order to characterize its function in the virus
replication cycle. Since UL36 specifies an essential function,
transformed cell lines that expressed the gene in trans were
derived. These cell lines permitted the isolation of a null mu-
tant in the UL36 gene. The phenotype of this mutant dem-
onstrates the complexity of tegument protein functions. The

absence of the UL36-encoded polypeptide results in the accu-
mulation of numerous cytosolic DNA-containing capsids that
do not mature into enveloped virus.

MATERIALS AND METHODS

Cells and viruses. Human embryonic lung (HEL) cells, Vero cells, and trans-
formed Vero cell lines were grown in minimum essential medium (alpha medium
supplemented with 10% fetal calf serum [Life Technologies]) and passaged as
described by Desai et al. (16) Virus stocks of the KOS strain of HSV-1 and the
mutant viruses were prepared as previously described (16). The HS30 cell line
was used to propagate KAUL36 virus, and typical yields were approximately 600
PFU/cell during a single cycle of growth. David Knipe (Harvard Medical School,
Boston, Mass.) kindly provided the temperature-sensitive mutant zsB7.

Plasmids. The 25.9-kb Bgl/II D fragment of KOS (Fig. 1) which encodes UL31
to UL38 (29) was cloned into a modified pUC19 plasmid containing a Bg/II
restriction site. This plasmid (pKBGD) was used to obtain a 13.4-kb Xbal-to-
SnaB1 fragment (Fig. 1), which was cloned into the Xbal site and a filled-in
EcoRI site of pUCI19 to give pKXSB. A 3.6-kb deletion in the UL36 gene was
generated by digestion of pKXSB with KpnI and EcoRV; the Kpnl site was blunt
ended and ligated with the EcoRV end to generate pKAUL36. To generate a
plasmid expressing just UL36, pKXSB was digested with Xbal, the overhang was
filled in with Klenow enzyme, and the fragment was digested with BstBI to
generate the pKXSB:XB vector. A plasmid specifying a deletion in the UL35
gene, pKA26 (16), was digested with Hpal and BstB1; the 400-bp fragment was
isolated and cloned into the pKXSB:XB vector. This plasmid was designated
pKUL36.

Construction of transformed Vero cell lines. The procedure of DeLuca et al.
(14), also described by Desai et al. (15), was used for transformation of Vero
cells. Subconfluent monolayers of Vero cells (10° cells in 100-mm-diameter-
dishes) were cotransfected with pSV2-neo (1.0 ng) (44) and a molar three- or
fivefold excess of the plasmid carrying the UL36 gene. For propagation of the
UL36 mutant, Vero cells were transformed with the Bg/II D fragment of HSV-1
(pKBGD). This fragment encodes UL31 to UL38 (Fig. 1) (29). G418-resistant
cell lines were selected for UL36 expression by the ability to plaque tsB7 (27) at
the nonpermissive temperature. One cell line, designated B80, gave the highest
complementing activity and was used for subsequent experiments. Cells were
also transformed with pKXSB, which carries genes UL34 to UL36 (Fig. 1). Out
of 57 G418-resistant transformants obtained, 5 were able to plaque tsB7 at the
nonpermissive temperature. Cell line XS13 was chosen for further characteriza-
tion. Finally, cells were also transformed with pKUL36 (Fig. 1), which carries
only UL36. Cells were again selected for the ability to support the replication of
tsB7 at 39.5°C; out of 65 cell lines derived, 12 transformants exhibited this
property. Cell line HS30 was used for all subsequent experiments.

Radiolabelling of infected cells. Confluent monolayers of Vero cells in two
100-mm-diameter petri dishes (approximately 107 cells) were infected at a mul-
tiplicity of infection (MOI) of 10 PFU/cell. After adsorption, 5 ml of labeling
medium was added to each culture. Labeling medium for [>*S]methionine con-
sisted of 70% Dulbecco’s modified Eagle medium without methionine, 25% F12
(contains 5 g of methionine/ml), and 5% fetal bovine serum (Life Technolo-



11610 DESAI

gies). Labeling medium for [*H]thymidine consisted of F12 medium supple-
mented with 5% fetal bovine serum. Eight hours after infection, 150 nCi of
[*S]methionine or 150 wCi of [*H]thymidine (DuPont-NEN) was added to each
culture, and incubation continued until 24 h postinfection. Cells were scraped
into phosphate-buffered saline (PBS); cultures from duplicate plates were com-
bined and pelleted at 3,500 X g for 5 min at 4°C.

Sedimentation analysis of capsids. Sedimentation analysis of capsids from
radiolabeled extracts derived from infected Vero cells was performed as de-
scribed by Desai et al. (15) and Person and Desai (35).

Virus purification. Intracellular viruses were purified by rate velocity sedimen-
tation in sucrose gradients. Radiolabeled infected cells were subjected to three
freeze-thaw cycles and sonicated. Virus was pelleted in a Beckman SW41 rotor
at 24,000 rpm for 45 min. Virus was resuspended in a small volume of growth
medium and layered onto 20 to 50% (wt/vol in PBS) sucrose gradients. Centrif-
ugation was performed in the SW41 rotor for 60 min at 34,000 rpm. Radioactivity
present in the fractions collected was determined by liquid scintillation counting.
In some cases the sedimented particles were visualized as light-scattering bands.
All gradients were made using a BioComp Gradient Mate (BioComp).

TEM. Vero cells (5 X 10°) in 35-mm-diameter dishes were infected at an MOI
of 10 PFU/cell. Infected cells were fixed in 2.5% glutaraldehyde in 0.1 M caco-
dylate buffer containing 250 mM CaCl,. The samples were then postfixed in 1%
osmium tetroxide (reduced with 1% KFeCN) and stained with 2% uranyl ace-
tate, dehydrated through a graded series of ethanol, and embedded in Epon
resin. Thin sections (70 to 90 nm) were cut, mounted on carbon-coated grids,
stained with lead citrate (0.3%) and uranyl acetate (2%), and examined at 60 kV
in a Philips transmission electron microscope (TEM).

Confocal microscopy. Confluent monolayers of cells in eight-well LabTek
chamber slides (2.5 X 10° cells per tray) were infected at an MOI of 10 PFU/cell.
At various times postinfection, the cells were rinsed twice in PBS and overlaid
with PBS for microscopy. Confocal analysis was carried with a Noran Oz confocal
microscope, which consists of an Olympus inverted fluorescence microscope
using a Kr-Ar ion laser. Cells were viewed with 60X and 100X (oil) objectives
and the fluorescein isothiocyanate-narrow channel. The full area was scanned in
slow mode, with medium resolution and a sampling time of 400 ns (2 s/image).
The confocal slit was set at 10 pm in most cases. Images of the cells were
collected in several focal planes, usually through the middle of the cells and in
planes above and below the cell. The thickness of the optical section was 0.52
pwm.

Data preparation. Autoradiographs were scanned on a Umax Powerlook II
scanner. The images were scanned at 300 dots/in. into Adobe Photoshop 3.0 and
were transported as PICT files into Microsoft Powerpoint for presentation and
printing. The confocal images presented in Fig. 8 were saved as TIFF files (24
bit) transferred into Adobe Photoshop 5.0 for final presentation. The electron
microscope (EM) negatives for Fig. 7A to C were also scanned into Adobe
Photoshop 5.0 for final presentation.

RESULTS

Isolation of transformed cell lines that express the UL36
OREF. Since UL36 specifies an essential function (3, 27), isola-
tion of a null mutant in this gene requires a transformed cell
line that expresses this protein in frans. Several cell lines have
been derived that were cotransformed with the neomycin gene
and sequences encoding the UL36 gene. These cell lines were
selected for the ability to complement the growth of tsB7 (27),
which encodes a temperature-sensitive lesion in the UL36
gene, at the nonpermissive temperature. Cell line B80 was
transformed with the Bg/II D fragment (26 kb) of HSV-1 strain
KOS, which carries genes UL31 to UL38 (Fig. 1) (29). In ad-
dition to supporting the growth of a virus specifying a lesion in
UL36, this cell line also supported the growth of mutants in
UL37 and UL38. The expression in trans of the other genes
present in this sequence was not tested for. This cell line was
used for initial marker transfer experiments but was not useful
for isolation of the UL36 null mutant because the large size of
the transfected sequence resulted in a high yield of background
wild-type virus. Therefore, cell lines transformed with smaller
DNA fragments were isolated. Cell line XS13 was transformed
with sequences spanning from the Xbal site to the SnaBl1 site
in UL37 (13.4 kb [Fig. 1]). Since both B80 and XS13 cell lines
expressed additional gene products, a cell line that expressed
just the UL36 gene was derived. Manipulation of the existing
plasmids was carried out to generate the sequences encoding
the UL36 open reading frame (ORF) and the 5" and 3’ flank-
ing sequences required for its expression. Since the 3’ flanking
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sequences includes the UL35 ORF, a deletion that abrogated
UL35 expression (16) was transferred into a plasmid that spans
from the Hpal site to the SnaBl site (Fig. 1). This plasmid
encodes just UL36 (12 kb) and was used to transform Vero
cells. Out of 65 neomycin-resistant clones isolated, 12 comple-
mented the growth of £sB7 at the nonpermissive temperature.
One cell line, designated HS30, was used to isolate and prop-
agate a UL36 null mutant virus.

Construction and isolation of a null mutation in the UL36
gene. A null mutation in UL36 was generated by digestion of
pKXSB with Kpnl (79456) at the 5" end of the UL36 ORF and
EcoRV (75877) (Fig. 1). This resulted in a deletion of 3,600
nucleotides and of amino acid residues 362 to 1555 (total UL36
residues = 3,164 [29]). The deletion also created a frameshift
and premature translation termination 42 amino acid residues
beyond the junction of the deletion. This plasmid, designated
pKAUL36, was used in marker transfer experiments (35) using
KOS genomic DNA and the HS30 cell line. Single plaques
derived from the transfection progeny were tested for the abil-
ity to replicate on HS30 cells but not on Vero cells. A number
of isolates that exhibited this phenotype were identified, and
initial Southern blot analysis of their genomes indicated cor-
rect transfer of the UL36-specified deletion into the virus ge-
nome. One isolate was further purified, and Southern blot
analysis of the virus genome was carried out to confirm the
introduction of the deletion (data not shown). All studies
presented below were carried out with this virus, designated
KAUL36. This virus usually gave a burst size of 600 PFU/cell
when grown in HS30 cells (KOS gave a burst size of approxi-
mately 1,000 PFU/cell). Virus stocks of KAUL36 grown in
HS30 cells contained approximately 0.003% recombinant wild-
type virus. Since it was possible to isolate and propagate the
UL36 null mutant on a cell line that expresses only UL36,
the resulting phenotype of this virus must therefore be due to
the mutation in UL36 alone. In addition, a marker-rescued
virus was made by cotransfecting HS30 cells with KAUL36
genomic DNA and pKUL36. When the cotransfection progeny
were plated on Vero cells, several plaques formed on these
monolayers. One such plaque was further purified and desig-
nated KAUL36R. This marker-rescued virus had growth prop-
erties similar to those of wild-type virus. The burst sizes of
wild-type virus and KAUL36R, determined in Vero cells fol-
lowing a single 24-h cycle of growth, were 1,435 and 1,400
PFU/cell (averages of four separate infections), respectively.

The UL36 polypeptide was not detected in Vero cells in-
fected with KAUL36. To confirm the absence of the UL36
polypeptide in Vero cells infected with KAUL36, [**S]methi-
onine-labeled infected cell polypeptides were analyzed by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The result (Fig. 2) shows that the UL36 null mutant
(lane 3) synthesizes the whole spectrum of infected cell
polypeptides during the course of the replication cycle, similar
to that observed in wild-type-infected cells (lane 2). The only
detectable difference was the absence of a polypeptide which
has a mobility greater than that of the 220-kDa protein stan-
dard and which presumably corresponds to UL36. This
polypeptide was readily visible in the KOS-infected cell lysates
(lane 2). There were additional, less abundant proteins that
migrated in the gel with mobilities greater than that of the
full-length UL36 protein. These were UL36 specified because
they were absent in the null mutant (lane 3); some probably
correspond to the smaller form of UL36 that migrates with a
mobility of 260 kDa and is designated ICP3 (23, 25, 45).

Cleavage of viral DNA in KAUL36-infected cells. Southern
blot analysis was carried out to determine the processing of
replicated DNA into unit-length molecules in the absence of
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FIG. 2. Infected cell polypeptide synthesis in KAUL36-infected cells. Vero
cells (10° in 35-mm-diameter dishes) were infected with KOS (lane 2) and
KAUL36 (lane 3) at an MOI of 10 PFU/cell or mock infected (lane 1). The
infected cells were metabolically labeled with [**S]methionine from 9 to 24 h
postinfection. Cells were solubilized in Laemmli sample buffer, and the proteins
were analyzed by SDS-PAGE (9% acrylamide). Protein standards (lane M)
correspond to 220, 97.4, 66, and 46 kDa (the 97.4-kDa marker migrates as a
doublet in our gels). The closed circle indicates the position of the UL36 protein
in KOS lysates.

the UL36 gene product. Cells were infected with KOS and
KAUL36, and infected cell DNA was extracted 24 h after
infection (18). The DNA was analyzed by Southern blot hy-
bridization using the BamHI K junction fragment as a probe
(Fig. 3). The probe hybridized to the K junction fragment and
the two end (Q and S) fragments of KOS DNA extracted from
Vero infected cells (lane 1). This result was consistent with the
presence of linear unit-length genomes. This same pattern of
hybridization was observed in DNA extracted from Vero cells
infected with KAUL36 (lane 2). Therefore, cleavage of viral
DNA, and presumably DNA packaging into capsids, occurs in
KAUL36-infected cells. The presence of multiple bands of the
S fragment is due to the heterogeneity of a sequences at the
left end of the genome.

Capsid formation in KAUL36-infected cells. The state of
viral DNA, examined as described above, suggested that the
DNA would be packaged into capsids (15). To determine
whether this was the case and to study the assembly process,
capsid formation was studied by sedimentation of radiolabeled
nuclear extracts through sucrose gradients. Cell monolayers
were infected with KOS or the mutant virus and metabolically
labeled with [**S]methionine from 8 to 24 h postinfection.
Nuclear lysates were prepared and layered onto sucrose gra-
dients. After sedimentation, fractions were collected and ana-
lyzed by SDS-PAGE (Fig. 4). The three peaks of radioactivity
detected for KOS-infected cell extracts (Fig. 4A) corresponded
to the faster-sedimenting C capsids (fraction 4 to 5) and the
scaffold-filled B (fraction 8) and empty A (fraction 10) capsids.
A, B, and C capsids contain VP5, VP19C, VP23, VP24, and
VP26. Protein 22a was detected in B capsids, as expected.
Some 22a was observed in the fraction corresponding to A
capsids due to contamination with B capsids. Capsids detected
in KAUL36 extracts (Fig. 4B) were similar in composition and
sedimentation profile to wild-type capsids. Therefore, the ab-
sence of the UL36-specified function does not abrogate capsid
assembly.

Virion morphogenesis in KAUL36-infected cells. Since
DNA-filled capsids were present in noncomplementing cells
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infected with the UL36 null mutant, the next step was to
determine whether they mature into virions in these infected
cells. In initial studies using sedimentation assays, HEL cell
monolayers were infected with KOS and KAUL36, and then
intracellular virus was harvested and purified by rate velocity
sedimentation through 20 to 50% sucrose gradients. Nuclear
lysates prepared from KOS-infected cells were similarly sedi-
mented. Virus and capsids were visualized as light-scattering
bands in the gradients. This analysis revealed the presence of a
thick light-scattering band for the mutant that had sedimenta-
tion properties similar to those of C capsids observed in nu-
clear lysates. A broad light-scattering band corresponding to
enveloped virions was detected in gradients of KOS lysates but
not in gradients from mutant lysates. A light-scattering band
which sedimented at the position of C capsids was also ob-
served in gradients of KOS-infected cell lysates, but at much
lower levels. Light-scattering bands corresponding to A and B
capsids were also visible in both KOS and KAUL36 gradients.
The sedimentation properties of these mutant particles were
investigated using [°H] thymidine-labeled extracts, which were
subjected to similar sedimentation conditions in sucrose gra-
dients (Fig. 5A). Maximal incorporation of radioactivity into
particles was detected in fractions 3 and 4 for KAUL36. This
coincides with the position at which C capsids sediment. For
KOS, the radioactivity corresponding to labeled virions peaked
in fraction 10 of the gradient and for C capsids in fractions 3
and 4. The amounts of the UL36 particles as judged by both
incorporation of radioactivity and the intensity of the light-
scattering band was always much greater than for wild-type
particles. Therefore, no enveloped virions were detected in
KAUL36-infected cells. Sedimentation experiments were also
performed for the rescued virus, KAUL36R, using [*H]thymi-
dine-labeled extracts prepared in Vero cells. In this experi-
ment, radioactivity corresponding to C capsids peaked in frac-
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FIG. 3. Cleavage of viral genomic DNA in KAUL36-infected cells. Vero
(lanes 1 and 2) and HS30 (lanes 3 and 4) cells (10° in 35-mm-diameter dishes)
were infected with KOS (lanes 1 and 3) and KAUL36 (lanes 2 and 4) at an MOI
of 10 PFU/cell. Infected cell DNA was prepared 24 h postinfection, and 2 ug was
digested with BamHI. The restriction fragments were analyzed by Southern blot
hybridization using a 3P-labeled DNA fragment corresponding to the BamHI K
junction fragment. The BamHI K junction fragment and terminal Q and S
fragments are indicated at the right; shown below the blot is a schematic repre-
sentation of the HSV-1 genome and locations of the BarmHI junction and ter-
minal fragments.
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FIG. 4. Capsid formation in KAUL36-infected cells. Vero cell monolayers
(107 cells) were infected with KOS (A) and KAUL36 (B) at an MOI of 10
PFU/cell and labeled with [**S]methionine from 8 to 24 h postinfection. Nuclear
extracts were prepared and layered onto 20 to 50% sucrose gradients. Fractions
collected after sedimentation were TCA precipitated, and the proteins in the
fractions were resolved by SDS-PAGE (17% acrylamide). Direction of sedimen-
tation was from right to left. The positions of capsid proteins are indicated at the
left for KOS; the positions at which A, B, and C capsids sediment are indicated
at the bottom.

tion 3, and that for virions peaked in fraction 5 (Fig. 5B). This
was due to differences in the time the particles were sedi-
mented and fractionation of the gradient. The light-scattering
band corresponding to enveloped virus was much broader in
these extracts, and the levels of unenveloped C capsids de-
tected in KOS extracts were consistently lower in Vero cells
than in HEL cells. This appeared to be a cell type phenotype.
The data presented in Fig. 5B show that the sedimentation
profile of KAUL36R DNA-containing particles was similar to
that of wild-type virus.

The polypeptide composition of the UL36 particles was de-
termined by similar sedimentation experiments using virus la-
beled with [**S]methionine. Infected cell lysates were subject-
ed to rate velocity sedimentation through 20 to 50% sucrose
gradients; the light-scattering bands visualized corresponded
to all three capsid types for KOS and KAUL36 gradients. A
light-scattering band corresponding to enveloped virions was
evident only for the KOS infections. The most abundant par-
ticles evident in the gradients of KOS were enveloped viruses,
and those of the UL36 mutant were C capsid particles. Thus,
these two particles were harvested by side puncture and re-
sedimented through 20 to 50% sucrose gradients. This second
sedimentation was necessary to obtain relatively pure prepa-
rations of these particles. The gradient was fractionated, and
the fractions were analyzed by SDS-PAGE. The results shown
in Fig. 6B demonstrate that the UL36 mutant particles (frac-
tion 5) obtained from infected cell lysates have a composition
similar to that of C capsids detected in nuclear lysates (Fig. 4B,
fractions 4 and 5). The shell proteins VPS5, VP19C, VP23, and
VP26 are evident, as is the protease (VP24). These proteins
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are also present in the KOS (Fig. 6A) peak fractions (7 to 9).
However, major envelope proteins, such as glycoproteins B
and C (gB and gC) or the major tegument component such as
VP16 which are readily observed in KOS fractions (Fig. 6A)
are absent in the UL36 mutant particles (Fig. 6B). Therefore,
the UL36 particles are similar in polypeptide composition to C
capsids; that is, they lack both the tegument and envelope pro-
teins.

The UL36 null mutant accumulates unenveloped capsids in
the cytoplasm of infected cells. Ultrastructural analysis of cells
infected with the UL36 null mutant was carried out to obtain
a graphic picture of the mutant particles detected by sedimen-
tation analysis. Vero cell monolayers were infected with KOS
or KAUL36, and the cells were fixed at 16 h postinfection; thin
sections were prepared, stained, and examined by TEM (Fig.
7). In KOS-infected cells, enveloped (Fig. 7A) and in some
instances unenveloped (data not shown) capsids were observed
in the cytoplasm. The latter result is consistent with reports of
the presence of cytoplasmic unenveloped particles (11). In cells
infected with KAUL36, numerous particles that appear to be
DNA-filled capsids were observed in the cytoplasm (Fig. 7B
and C). These particles lack both the tegument layer and an
envelope structure. The DNA present in these capsids binds to
the heavy metal stains used, resulting in the greater electron
density observed in these micrographs. Some capsids do not
contain DNA and appear to contain the scaffold within the
core. The reason why these were present in the cytoplasm was
not clear; however, the majority of the particles detected con-
tain DNA. In a cell infected with KAUL36, numerous particles
between the inner and outer nuclear membranes were evident
(Fig. 7D). These particles were enveloped or in the process of
envelopment. In the higher magnification shown in Fig. 7E are
three particles in different cellular locations: an intranuclear
capsid, a capsid that is enveloped, and an unenveloped capsid
in the cytoplasm. This rare image of a cell displaying viruses
traversing the nuclear envelope demonstrates that it is possible
for the UL36 mutant capsids to traverse the nuclear envelope
by envelopment at the inner nuclear membrane followed by
deenvelopment at the outer nuclear membrane, resulting in
the release of naked capsids into the cytosol. Thus, the absence
of UL36 function results in the accumulation of unenveloped
capsids in the cytoplasm. In addition, the mutation in UL36
appears not to hinder capsids from enveloping at the inner
nuclear membrane, as judged by this ultrastructural assay.

Analysis in living cells of the replication of KAUL36 tagged
with VP26-GFP. Due to the static nature of the EM analysis
and the fixation process used, an assay was required to visual-
ize the fate of the UL36 mutant particles in living cells. Re-
cently a virus, K26GFP, that contained the green fluorescent
protein (GFP) fused to VP26 was constructed (17). VP26 is the
smallest capsid protein; a component of the shell, it decorates
the outer surface of the capsid structure by virtue of its inter-
action with the major capsid protein, VP5 (38, 56, 58). When
GFP was fused to the N terminus of VP26, the fusion protein
retained the ability to bind to the capsid shell. The virus capsid,
and consequently the mature virion, is fluorescently tagged and
can be visualized in living cells, allowing the progression of
virions during the maturation process to be followed. The
VP26-GFP marker was crossed into the genome of the UL36
mutant. This was achieved by coinfecting HS30 cells with
K26GFP and KAUL36 viruses. K26GFP contains the VP26-
GFP fusion construct in the KOS background. Individual
plaques were scored in the fluorescence microscope and for
a host range phenotype. Viruses that replicated on the com-
plementing cell line but not Vero cells and that were fluores-
cent were isolated. The UL36 null mutant virus containing the
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FIG. 5. Particle formation in KAUL36-infected cells. HEL (2 X 107) (A) and Vero (107) (B) cells infected with KOS (A and B), KAUL36 (A and B), and KAUL36R
(B) at an MOI of 10 PFU/cell were metabolically labeled with [*H]thymidine from 8 to 24 h postinfection. Intracellular virus was pelleted, loaded onto 20 to 50% sucrose
gradients, and subjected to rate velocity sedimentation. The radioactivity present in the fractions collected was determined by liquid scintillation. Fraction 1 corresponds

to the bottom of the tube.

VP26-GFP marker was designated KAUL36-GFP. Capsids iso-
lated from this virus contained the VP26-GFP protein (data
not shown); therefore, the absence of UL36 does not alter the
ability of the GFP fusion to bind to capsids. The VP26-GFP
marker was also crossed into the gB null mutant virus (K082).
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FIG. 6. SDS-PAGE analysis of KAUL36 particles. HEL cells (2 X 107) in-
fected with KOS and KAUL36 at an MOI of 10 PFU/cell were labeled with
[**S]methionine from 8 to 24 h after infection. Cell lysates were sedimented
through 20 to 50% sucrose gradients, the light-scattering bands were harvested
by side puncture, and the particles were pelleted and again sedimented through
20 to 50% sucrose gradients. Fractions collected after sedimentation were TCA
precipitated, and the proteins in the fractions were resolved by SDS-PAGE (17%
acrylamide). Fraction 1 corresponds to the bottom of the tube. Relevant virion
proteins are indicated at the right; protein standards (lane M) correspond to 220,
97.4, 66, 46, 30, and 14.3 kDa (indicated by the closed circles).

K082 undergoes a complete cycle of maturation in Vero
cells and produces enveloped particles that lack infectivity
(6). Cells were infected at high MOI with the GFP-tagged
viruses, and confocal analysis on living cells was performed
(Fig. 8). At 8 h following infection (Fig. 8A and B), the
fluorescence observed was predominantly nuclear for both
viruses, consistent with the assembly of capsids in the nu-
cleus. However, at late times (12 and 18 h postinfection) in
wild-type-infected cells (Fig. 8C and E), fluorescence began
to appear and accumulate at the plasma membrane, indic-
ative of maturing viruses that have translocated to the cell
surface. In the UL36 null mutant infected cells (Fig. 8D and
F), fluorescence did not accumulate at the plasma mem-
brane even at late times in infection. Therefore, virus egress
to the cell surface was disrupted. What was observed was
intense particulate fluorescence throughout the cytoplasm.
This fluorescence corresponds to the cytoplasmic capsids
observed by EM experiments. This observation in living cells
gave a more accurate picture of the numbers and cellular
location of UL36 mutant capsids. It was also interesting that
a number of the nuclei in cells infected with KAUL36 (Fig. 8D
and F) exhibited less fluorescence than wild-type-infected cells;
the reason for this is not known. In addition, some wild-type-
infected cells usually displayed an accumulation of fluorescence
around the nucleus (Fig. 8E). This presumably corresponds to
particles in the process of envelopment at the nuclear membrane.
This pattern of fluorescence was never seen in KAUL36-infected
cells. Yet as seen by EM (Fig. 7D and E), the UL36 mutant
particles traversed the nuclear envelope and were deposited in
the cytoplasm. It is possible that this event occurred rapidly in
KAUL36-infected cells and hence there was generally less nuclear
fluorescence. In HS30 cells infected with KAUL36 or Vero cells
infected with KO82-GFP, the pattern of fluorescence observed
was similar to that for wild-type-infected cells (data not shown).
Therefore, in the absence of the UL36-encoded function, virus
maturation and egress were arrested; consequently unenveloped
capsids accumulated in infected cells and were present through-
out the cytoplasm.
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DISCUSSION

The UL36 gene product is the largest structural component
of the virion particle; specifically, it is localized in the tegument
layer of the virion (23, 25, 29, 30, 31, 39, 45). The functional
role of this gene product in the virus replication cycle was
determined by the isolation of a null mutant in the gene.
Complementing cell lines were derived that express the UL36
gene product in trans, as judged by their ability to support the
growth of #sB7 (27) at the nonpermissive temperature. The null
mutation constructed in plasmid DNA was then transferred
into the virus genome by homologous recombination using
these complementing cell lines. A virus designated KAUL36
was isolated, purified, and found to be unable to replicate on
noncomplementing Vero cells. The genotype of the null mu-
tant was confirmed by Southern blot analysis, which showed
that the virus contained the null mutation.

The full spectrum of infected cell polypeptides are synthe-
sized in KAUL36-infected cells, as judged by SDS-PAGE anal-
ysis of radiolabeled protein lysates, the only exception being
the UL36 polypeptide. In addition, viral DNA was cleaved and
packaged into capsid structures, since both terminal end frag-
ments of the virus genome were detected and C capsids were
observed in nuclear extracts. However, these capsids do not
mature into enveloped viruses. This was demonstrated by sed-
imentation analysis of infected cell lysates, which showed that
the mutant virus particles have sedimentation properties sim-
ilar to those of C capsids. In addition, SDS-PAGE analysis of
the polypeptide composition of these particles showed that
they are devoid of the major envelope and tegument proteins.
This was confirmed by ultrastructural analysis of infected
cells, which revealed the presence of numerous unenveloped
DNA-filled capsids in the cytoplasm. Progression of the
UL36 mutant particles in living cells was followed by using the
VP26-GFP tag. At early times after infection, fluorescence
corresponding to intranuclear particles was observed. As the
infection progressed, fluorescence corresponding to wild-type
viruses was observed to accumulate at the plasma membrane,
indicative of virus maturation and egress to the cell surface. In
contrast, intense particulate fluorescence corresponding to the
UL36 mutant particles was distributed throughout the cyto-
plasm. Plasma membrane (cell surface) fluorescence indicative
of mature viruses was never detected. Therefore, the UL36
gene specifies a function required for the maturation of capsids
into enveloped virus and consequently their egress to the cell
surface, possibly by actively translocating particles to a cyto-
plasmic maturation compartment.

A number of constituents of the tegument, including vhs (36,
37), VP11/12, VP13/14 (57), and others (50), can be lost with-
out significant effect on the virus replicative cycle in cell cul-
ture. The role of the major tegument protein VP16 in the
structural integrity of the tegument and the mature virion is
clearly critical (1, 52). Other tegument proteins that specify
maturation functions include the products of the ULI1 (2),
UL14 (12), and UL37 (P. Desai, unpublished data) ORFs. The
function encoded by the UL36 gene is also essential for virus
replication. Its role in the virus life cycle is complex: it acts at
the onset of the life cycle to uncoat the virus genome (3, 27);
late in infection it may be required to target capsids to a
cytoplasmic maturation compartment for final envelopment.
This dual functionality both early and late in infection is typical
of many tegument proteins.

The most dramatic phenotype of the UL36 mutation is the
inability of DNA-filled capsids to acquire a tegument/envelope
structure and consequently abrogation of infectious virus pro-
duction. The numerous particles present in the cytoplasm are
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FIG. 7. TEM analysis of KAUL36-infected cells. Vero cells infected with
KOS (A) and KAUL36 (B to E) at an MOI of 10 PFU/cell were fixed at 16 h
postinfection, thin sectioned, and processed for TEM. Magnifications were
X27,500 (A), X37,000 (B and C), X13,600 (D), and xX20,500 (E). Bars = 500 nm
(A and E), 200 nm (B and C), and 2,000 nm (D).
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FIG. 8. Analysis in living cells of the replication of GFP-tagged KAUL36. Cells infected with K26GFP (A, C, and E) and KAUL36-GFP (B, D, and F) at an MOI
of 10 PFU/cell were visualized live in a confocal microscope at 8 (A and B), 12 (C and D), and 18 (E and F) h after infection. Magnification was X60 (A, B, C, E, and
F) or X100 (D).
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not membrane bound, since they are easily isolated in large
quantities from infected cell lysates in the absence of deter-
gent. Since the particles are present in the cytoplasm, the cap-
sids must have traversed the nuclear membrane, presumably by
budding into the inner nuclear membrane followed by fusion
of these particles with the outer nuclear membrane to release
naked capsids into the cytosol. This was observed visually;
hence, UL36 may not be required for initial envelopment at
the nucleus. The mutant particles progress beyond the nucleus
but are randomly distributed throughout the cytoplasm. There-
fore, a second late function of UL36 may be to direct these
capsids to a cytoplasmic maturation compartment for final
envelopment. The cytoplasmic site would serve to add cytosolic
tegument proteins to the maturing capsid and envelop this
structure. This cytoplasmic compartment would be a critical
maturation point for the capsids as they traverse to the cell
surface. In the absence of UL36, the numerous C capsids
produced are not transported to this cytoplasmic site; they do
not become enveloped and are therefore never detected at the
cell surface. Immunofluorescence studies using antibodies to
UL36 have shown that the protein is concentrated at the nu-
clear periphery late in infection (32). In a normal infection,
UL36 maybe added to capsids as they exit the nucleus, and
they would then translocate to a cytoplasmic compartment for
final envelopment. How UL36 directs this translocation is un-
clear at present, but it may do so by interacting with the host
cell cytoskeleton and the secretory pathway. This speculation is
of course relevant only if HSV uses a two-stage method of
envelopment.

How the herpes simplex virion acquires its envelope is a
controversial issue. The two models proposed to explain how a
virus becomes enveloped, single envelopment versus the two-
stage envelopment process, each have supporters and evidence
in the literature. An elegant discussion by Whitely et al. (54) of
the evidence in favor of the two-stage mode of virus matura-
tion was published recently. Their studies involved an analysis
of the envelope composition of virions following restriction of
the essential glycoproteins gH (5) and gD (54) to different
cellular organelles. Their results showed that endoplasmic re-
ticulum-restricted glycoproteins are not incorporated into the
mature virion (5, 54), whereas Golgi-localized glycoproteins
are part of the mature envelope (54). These data strongly
suggest that HSV-1 uses membrane exchange during the mat-
uration process. The Golgi compartment is a crucial organelle
for the biogenesis of the infectious virion (20, 26, 49, 53, 54).
This compartment or a post-Golgi organelle may act as the site
where final maturation of the HSV-1 virus takes place. The
phenotype of the UL36 mutant does not definitively support
this model of maturation, since it has been argued that cyto-
plasmic unenveloped capsids observed for another mutant vi-
rus represent dead ends (7). It is possible that the location of
the UL36 mutant capsids in the cytoplasm is due to aberrant
fusion events that occur at the nuclear membrane. Neverthe-
less, it is compelling to argue that the function of the UL36
gene product may be to actively direct capsids to a maturation
compartment. In the absence of UL36, capsids acquire their
initial envelope from the inner nuclear membrane and then by
fusing with the outer membrane are released into the cytosol.
However, the mutant particles are not transported to the cor-
rect compartment for maturation, envelopment, and egress to
the plasma membrane.
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