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The tegument is an integral and essential structural component of the herpes simplex virus type 1 (HSV-1)
virion. The UL37 open reading frame of HSV-1 encodes a 120-kDa virion polypeptide which is a resident of the
tegument. To analyze the function of the UL37-encoded polypeptide a null mutation was generated in the gene
encoding this protein. In order to propagate this mutant virus, transformed cell lines that express the UL37
gene product in frans were produced. The null mutation was transferred into the virus genome using these
complementing cell lines. A mutant virus designated KAUL37 was isolated based on its ability to form plaques
on the complementing cell line but not on nonpermissive (noncomplementing) Vero cells. This virus was unable
to grow in Vero cells; therefore, UL37 encodes an essential function of the virus. The mutant virus KAUL37
produced capsids containing DNA as judged by sedimentation analysis of extracts derived from infected Vero
cells. Therefore, the UL37 gene product is not required for DNA cleavage or packaging. The UL37 mutant
capsids were tagged with the smallest capsid protein, VP26, fused to green fluorescent protein. This fusion
protein decorates the capsid shell and consequently the location of the capsid and the virus particle can be
visualized in living cells. Late in infection, KAUL37 capsids were observed to accumulate at the periphery of
the nucleus as judged by the concentration of fluorescence around this organelle. Fluorescence was also
observed in the cytoplasm in large puncta. Fluorescence at the plasma membrane, which indicated maturation
and egress of virions, was observed in wild-type-infected cells but was absent in KAUL37-infected cells.
Ultrastructural analysis of thin sections of infected cells revealed clusters of DNA-containing capsids in the
proximity of the inner nuclear membrane. Occasionally enveloped capsids were observed between the inner and
outer nuclear membranes. Clusters of unenveloped capsids were also observed in the cytoplasm of KAUL37-
infected cells. Enveloped virions, which were observed in the cytoplasm of wild-type-infected cells, were never
detected in the cytoplasm of KAUL37-infected cells. Crude cell fractionation of infected cells using detergent
lysis demonstrated that two-thirds of the UL37 mutant particles were associated with the nuclear fraction,
unlike wild-type particles, which were predominantly in the cytoplasmic fraction. These data suggest that in the
absence of UL37, the exit of capsids from the nucleus is slowed. UL37 mutant particles can participate in the
initial envelopment at the nuclear membrane, although this process may be impaired in the absence of UL37.
Furthermore, the naked capsids deposited in the cytoplasm are unable to progress further in the morphogen-
esis pathway, which suggests that UL37 is also required for egress and reenvelopment. Therefore, the UL37
gene product plays a key role in the early stages of the maturation pathway that give rise to an infectious virion.

The tegument layer of the herpes simplex virus type 1
(HSV-1) virion is the structure between the DNA-containing
capsid and the envelope (34). It is one of the most complex and
diverse structures of the virion both in terms of protein com-
position and the functions encoded by the constituents of this
structure. A number of virus-specified polypeptides comprise
this structure, including those that function to activate tran-
scription, shut off host protein synthesis, uncoat the virus ge-
nome, and phosphorylate virus proteins and others whose
functions are still poorly defined (reviewed in references 35
and 44). The tegument displays a duality of functions in virus
replication due to the role that the tegument proteins play both
at early and late times in infection. The virion proteins incor-
porated into the tegument structure effectively jump-start the
replication cycle. Examples of these proteins include the po-
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tent transcriptional activator VP16 (5, 6, 31) and the virion
host shutoff (vhs) polypeptide that shuts off host protein syn-
thesis (20, 32). Tegument proteins also function late in infec-
tion. This is exemplified by VP16, which is required for virus
egress subsequent to exit of these particles from the nucleus (1,
27, 46). It has become increasingly evident that the tegument
proteins play a key role in virion morphogenesis.

Tegument proteins occupy approximately one-third of the
volume of the virion. A majority of the virion proteins are
residents of this structure. Major components of the tegument
include VP11/12, VP13/14, VP16, and VP22 (44). VP16 trans-
activates the immediate-early genes (5, 6, 31), and VP11/12
and VP13/14 function by modulating VP16 activity (23). Al-
though the function of VP22 is unclear, it has the unusual
property of cell-to-cell spread in transfected cells (14). Less-
abundant components of the tegument include the vhs
polypeptide (ULA41), the large tegument protein VP1/2
(UL36), and the products of genes UL37, UL17, UL13, UL11,
US11, US10, USY, and US3 (reviewed in references 35 and
44). The UL36 gene encodes the largest HSV-1 polypeptide,
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FIG. 1. Schematic representation of the BamHI H region of the KOS genome. The BamHI H region of KOS (7.5 kb) contains genes UL37 and
UL38 (22), with the latter being the gene for the capsid protein VP19C. The UL37 and UL38 ORFs specify 1,123 and 465 amino acid residues,
respectively. Two cell lines expressing UL37 in trans were constructed. 3B13 and BD45 were transformed with the BarmHI H and BamHI-to-Dral
fragments, respectively. The virus designated KA19C contains a deletion in the UL38 gene which eliminates residues 1 to 415 of VP19C (29).
Plasmid pKAUL37 was constructed by deletion of sequences between the NotI restriction enzyme site at the 5’ end and the Spel site at the 3’ end
of UL37. This resulted in the deletion of residues 86 to 1120. The relevant restriction enzyme sites and the genome nucleotide numbers in

parentheses are shown at the top of the figure.

the tegument protein VP1/2 (26), which is required for uncoat-
ing of the viral genome (4, 19). UL36 also encodes a late
function during infection, one that is required for virus matu-
ration (13). A null mutant in the UL11 gene product results in
a reduction in virus yield but does not abrogate infectivity (3).
The UL13 and US3 open reading frames (ORFs) specify pro-
tein kinase (7, 16) activity and the US11 gene has been shown
to bind RNA and to associate with ribosomes (36). The UL17
gene product is required for cleavage and packaging of viral
DNA (38). This catalogue of proteins and some of their iden-
tified functions exemplify the enormous variety in the activities
of the tegument structure.

The UL37 ORF produces a 120-kDa polypeptide that is
expressed late in the infectious cycle (40). This protein is phos-
phorylated like many of the tegument proteins but the kinase
involved may be cellular in origin (2). It is present in virions,
specifically in the tegument (25, 39). It was shown that the
UL37 polypeptide is retained on single-stranded DNA agarose
columns in the presence of ICP8, the major DNA binding
protein, suggesting that it may be part of a higher-order com-
plex that associates with DNA (40, 41). The UL37 polypeptide
is distributed throughout the infected cell but is predominantly
localized to the cytoplasm (24, 25, 39). Recent studies have
identified a nuclear export signal which may be responsible for
this distribution (45). There is a certain degree of flexibility
with regards to the composition of the tegument as has been
shown for VP22 (21) and the gene products encoded by UL47
and ULA48 (47). However, the copy number of the UL37
polypeptide, which is low in the virion, is invariant (24) and
may reflect a difference between this tegument protein and the
other abundant proteins in this structure. When this study was
initiated, the function of UL37 was unknown. Since it ap-
peared to be associated with a DNA binding protein and be-
cause it was a structural protein, it was thought that it may play
a role in the association or disassociation of DNA with the
capsid structure.

The aim of the research presented in this paper was to
analyze the function of the UL37-encoded tegument polypep-
tide in the virus replication cycle. A null mutation was gener-
ated in the gene encoding this polypeptide. Since this gene
product was thought to specify an essential function, trans-
formed cell lines were derived that expressed the UL37 gene in
trans. These cell lines permitted the isolation of a null mutant
in the UL37 gene. The null mutation abrogates virus matura-
tion and the data shown below give new insight into the role of
UL37 in the formation of an infectious particle.

MATERIALS AND METHODS

Cells and viruses. Vero cells and transformed 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. (11). Virus
stocks of strain KOS (HSV-1) and the mutant viruses were prepared as previ-
ously described (11). Initially 3B13 was used as the permissive cell line for the
propagation of the UL37 null mutant, and subsequently BD45 was used and gave
yields of approximately 1,000 PFU/cell.

Antibodies. Rabbit antiserum 780 was a generous gift from Frank Jenkins. This
serum was raised against a malE fusion protein expressing the carboxyl one-third
of UL37 (2).

Plasmids. pKBH contains the 7.5-kb BamHI H fragment of the KOS genome
(genome nucleotides 79441 to 86980) cloned into pUC19 and contains the ORFs
of UL37 and UL38 (Fig. 1) (22). This plasmid was digested with NotI and Spel,
resulting in a deletion of 3.1 kb. The ends were filled in with Klenow and a
14-mer Spel linker containing translation stop codons in all three reading frames
was ligated into the site of the deletion. This plasmid was designated pKAUL37.
pKBD contains the 4.9-kb BamHI-Dral fragment derived from pKBH (Fig. 1)
and encodes just the UL37 ORF. Plasmids pKNotl, which encodes the UL26
OREF (10), and pKEL, which contains the EcoRI L fragment of HSV-1 (11), have
previously been described.

Construction of transformed Vero cell lines. The procedure of DeLuca et al.
(8) was followed for transformation of Vero cells and was also described by Desai
et al. (9). Subconfluent monolayers of Vero cells were cotransfected with pSV2-
neo (1.0 pg) (43) and a three- or fivefold molar excess of the plasmid encoding
the UL37 gene. These same cells were also transformed with pKEL (11) and
pKNotI (10). G418-resistant colonies were tested for the ability to support the
replication of KUL26AZ, a null mutant of the UL26 ORF (10). One such cell
line, designated 3B13, was chosen for the isolation of the UL37 null mutant.
Subsequently, after the isolation of the UL37 null mutant, cells were similarly
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transformed with a plasmid (pKBD) encoding the BamHI-to-Dral fragment
derived from pKBH (Fig. 1) which encodes just the UL37 ORF. Out of 63
G418-resistant cell lines derived, 8 complemented the growth of the UL37 null
mutant. One cell line designated BD45 was used thereafter for propagation of
KAUL37.

Marker transfer and marker rescue. Marker transfer of the null mutation was
essentially carried out as described by Person and Desai (29). Subconfluent
monolayers of cells (0.75 X 10°) in 60-mm-diameter dishes were cotransfected
with 2 pg of linearized plasmid and 5 pg of infected cell DNA. When foci were
observed (48 h after transfection), the cell monolayers were harvested, freeze-
thawed once, and sonicated, and the total virus progeny was titered. Single
plaque isolates were tested for their ability to plate on the noncomplementing
Vero cells and the complementing cell lines. Isolates that exhibited the mutant
phenotype were plaque purified three times prior to further characterization. A
KAULZ37 rescued virus was isolated following cotransfection of BD45 cells with
KAUL37 virus DNA and linearized pKBD. The transfection progeny was
screened for the ability to plate on the noncomplementing Vero cell line. One
virus, designated KAUL37R, that displayed this phenotype was purified and
characterized.

Southern blot hybridization. Southern blot analysis was performed as de-
scribed by Desai et al. (9).

Western blot analysis. Unlabeled infected cell extracts were resolved by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to Immobilon-P membranes (Millipore) in Tris-glycine buffer using a
Bio-Rad mini-transblot apparatus. Transfer buffer and procedures were used
according to the manufacturer’s protocol. The membrane was incubated in 5%
bovine serum albumin (BSA) in TN buffer (10 mM Tris [pH 7.4], 150 mM NaCl)
overnight at 4°C to block nonspecific reactivity. Filters were then incubated with
an appropriate dilution of antibody in 5% BSA-TN for 90 min at room temper-
ature. Following antibody reactivity, the membranes were washed three times for
7 min each at room temperature in TN followed by two washes in TN containing
0.5% NP-40 (10 min each) and finally three washes in TN buffer (7 min each).
Antigen detection was performed by incubation with '*°I-labeled protein A
(NEN-DuPont) diluted 1:1,000 in 5% BSA-TN for 2 h at room temperature. The
filters were washed as described above and dried prior to autoradiography.

Sedimentation analysis of capsids. Sedimentation analysis of capsids from
infected cells was performed as described by Desai et al. (9) and Person and
Desai (29). All gradients were made using a BioComp Gradient Mate (Bio-
Comp). Generally, lysates for sedimentation were prepared from cells (107) in
100-mm-diameter dishes. Infected cells were harvested by scraping into phos-
phate-buffered saline (PBS), pelleted, washed once in PBS, and repelleted. The
cell pellet was resuspended in 2X capsid lysis buffer (CLB; 2% Triton X-100, 2
M NaCl, 10 mM Tris [pH 7.5], and 2 mM EDTA) and the lysate was sonicated
prior to sedimentation. This procedure was used to derive the total capsid
population from infected cells. Crude fractionation of infected cells was per-
formed by lysis of cells in Triton lysis buffer (2% Triton X-100, 300 mM NaCl,
0.5% deoxycholic acid in PBS). The nuclei were pelleted, lysed in 2X CLB, and
sonicated, and the nuclear lysate and the supernatant representing the cytoplas-
mic fraction were sedimented.

Electron microscopy. Vero cells (107) in 100-mm-diameter dishes were in-
fected at a multiplicity of infection (MOI) of 10 PFU/cell. The samples were
processed for transmission electron microscopy (TEM) as described by Hen-
dricks et al. (18). The cells were fixed for 1 h at room temperature in a solution
containing 2.5% glutaraldehyde in 100 mM cacodylate. The cells were then lifted
off the dish, pelleted, and subsequently osmicated in Palade’s OsO, (1 h at 4°C).
The pellet was then washed three times in 100 mM cacodylate, pH 7.4, treated
with 1% tannic acid for 30 min at room temperature, washed three times in
double-distilled water, and incubated overnight in Kellenberger’s uranyl acetate
(18). The pellet was then dehydrated through a graded series of ethanol and
embedded in EMBED-812. Sections were cut on a Leica Ultracut UCT ultra-
microtome, collected onto 400-mesh nickel grids, poststained in uranyl acetate
and lead citrate, and observed in a Philips EM410 TEM.

Confocal and deconvolving 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 out
using the Noran “Oz” confocal microscope as described by Desai (13). Decon-
volution microscopy was carried out using an Applied Precision Deltavision
Imaging System. Stacks were collected and deconvolved, selected images were
rendered in three dimensions (3-D) utilizing Deltavision software, and the figure
was prepared in Adobe Photoshop.

Data preparation. For figure preparation, autoradiographs were scanned at
300 dots per inch into Adobe Photoshop. Electron microscope negatives were
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scanned in the same manner. Confocal images were saved as 8-bit TIFF files and
imported into Photoshop for figure presentation.

RESULTS

Isolation of transformed cell lines that express the UL37
ORF. At the onset of this study it was assumed that the UL37
gene encodes a protein with an essential function. This as-
sumption was based on the inability to isolate a UL37 mutant
virus on Vero cells. Therefore, complementing cell lines were
needed that would support the replication of viruses specifying
mutations in the gene encoding UL37. Since we did not have a
mutant virus in the UL37 locus to select for complementing
cells, we used an indirect approach to obtain helper cell lines.
Previously we had simultaneously transfected cells with plas-
mids expressing different capsid genes and obtained cells that
express all the transfected genes (9, 10, 29). The goal was to
select for cells expressing the UL26 gene products and to use
these cells to isolate a UL37 null mutant with the hope that
these cells would also express UL37. Vero cells were simulta-
neously cotransfected with pSV2neo (43) and plasmids pKBH,
pKNorl (10), and pKEL (11). Plasmid pKBH contains genes
UL37 and UL38 (Fig. 1), pKNorI contains the UL26 ORF, and
pKEL contains the UL35 ORF (22). A plasmid carrying UL35
was also included because at that time we did not know it was
unessential for replication of the virus in cell culture (11).
Colonies that were resistant to the drug G418 were harvested
and tested for their ability to complement KAUL26Z, a null
mutant virus of UL26 (10). Forty-seven G418-resistant stable
transformants were isolated, of which five were able to support
the replication of KAUL26Z. Of these, 3B13 (Fig. 1) gave the
highest plating efficiency for KAUL26Z and was used in the
subsequent experiments. Although this indirect approach was
not ideal, the goal was to use these cell lines to isolate a UL37
null mutant virus. This mutant could then be used to select for
complementing cell lines that were transformed with only the
UL37 gene.

Construction and isolation of a null mutant in the UL37
gene. The construction of a null mutation in the UL37 gene
and transfer of the mutation to the KOS genome were carried
out using the 3B13 transformed cell line as host. The BamHI H
fragment of HSV-1 strain KOS (pKBH) was used for this
construction (Fig. 1). Most of the UL37 ORF was deleted by
digestion of pKBH with NotI and Spel followed by religation.
A Spel linker containing translation termination signals in all
three reading frames was inserted at the site of this deletion. In
addition to polypeptide termination after amino acid residue
86, residues 86 to 1120 were deleted by this procedure, and this
plasmid was designated pKAUL37. A virus designated KA19C
(Fig. 1) was isolated in our laboratory and specifies a null
mutation in the UL38 ORF (29). UL38 encodes the essential
capsid protein VP19C (29, 32). This virus was propagated on
cell line C32, a Vero cell line transformed with the gene that
encodes UL38 but not UL37 (29). Although 3B13 cells were
transformed with the BamHI H DNA fragment, which encodes
UL37 and UL38, they did not support the growth of the
VP19C null mutant. Preliminary experiments indicated that
these cells might express UL37.

In order to recombine the UL37 null mutation into the virus
genome, a marker rescue, marker transfer experiment was
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performed. The goal was to use plasmid pKAUL37 in cotrans-
fection assays with KA19C viral DNA to rescue the deletion in
UL38 (VP19C) and at the same time to transfer the UL37
mutation into the virus (Fig. 1). Such viruses would be identi-
fied by plating on 3B13 cells, which support the growth of
wild-type viruses or those containing a null mutation in UL37,
but not in KA19C. Cells were cotransfected with linearized
pKAUL37 and viral DNA derived from KA19C. The viruses
that could arise from this transfection are the original parent,
KA19C; wild-type virus by rescue of the UL38 deletion but not
transfer of the UL37 mutation; a double mutant recombinant
of both AUL37 and AUL38; and the desired UL37 mutant.
Only the wild-type virus and the UL37 null mutant could rep-
licate on 3B13 cells. Progeny virus from the transfection was
harvested and assayed for the ability to form plaques on 3B13
cells. Those plaques that arose on this cell line were then tested
for the ability to plate on Vero and C32 cells. Approximately
50% of the isolates grew only on 3B13 monolayers and not on
Vero or C32 cells. Therefore, in these viruses the deletion in
KA19C was rescued and at the same time the mutation in
UL37 was transferred into virus. One such virus was purified
further and was designated KAUL37. Since this virus was un-
able to replicate on Vero cells, UL37 specifies an essential
function. To confirm the introduction of the plasmid-specified
mutation into the virus, the genome of KAUL37 was examined
by Southern blot hybridization. Small batches of infected cell
DNA were prepared and digested with restriction enzymes and
the resulting fragments were analyzed by blot hybridization
(Fig. 2). The probe (BamHI H) hybridized to a 2.5-kb Notl
fragment within the UL37 gene and to 10.2- and 4.4-kb frag-
ments 5" and 3', respectively, of this NotI fragment (lane 1). In
KAUL37 DNA, hybridization was only observed to a 14-kb
fragment (lane 2) due to the deletion of the two NotI sites in
BamHI H (Fig. 1). For KOS DNA digested with BamHI and
Spel (lane 3), the probe hybridized to 6.3- and 1.3-kb frag-
ments. In KAUL37 DNA (lane 4) the 6.3-kb fragment was
reduced in size to 3.2 kb due to the deletion in UL37 followed
by the addition of a Spel linker. Therefore, KAUL37 contains
the specified deletion in the UL37 ORF.

Isolation of a complementing cell line that expresses only
the UL37 gene. The 3B13 cell line was transformed with mul-
tiple ORFs and was useful for the initial isolation of the UL37
null mutant; however, the presence of multiple genes in this
cell line may obscure mutations that are not in the UL37 gene.
Therefore, cell lines were generated that express only the
UL37 OREF. Vero cells were transformed with a plasmid that
contains the BamHI-Dral fragment derived from pKBH (Fig.
1). This fragment encodes just the UL37 ORF (22). Trans-
formed colonies were isolated and screened for their ability to
support the replication of the UL37 null mutant. Out of 63
G418-resistant cell lines isolated, 8 were able to support the
replication of KAUL37. One cell line designated BD45 was
chosen for further analysis. Single-step growth experiments of
the UL37 null mutant were performed in Vero, 3B13, and
BDA4S5 cells. The mean burst size calculated from a number of
experiments in BD45 cells was 1,400 PFU/cell, whereas the
burst size in 3B13 cells was consistently 10-fold less. The burst
size of KOS in Vero cells was 1,000 PFU/cell. The ability to
propagate the UL37 mutant in a cell line that expressed only
UL37 provided strong genetic evidence that the mutation re-
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FIG. 2. Southern blot analysis of the KAUL37 genome. Two mi-
crograms of KOS (lanes 1 and 3) and KAUL37 (lanes 2 and 4) viral
DNA was digested with NorI (lanes 1 and 2) or BamHI and Spel (lanes
3 and 4) and resolved by agarose gel electrophoresis prior to analysis
by Southern blot hybridization. Filters were probed with a **P-labeled
DNA probe corresponding to the BamHI H fragment. The size of
hybridized fragments in kilobases is indicated at the sides of the gel.
The schematic at the bottom of the figure shows the BamHI H region
of HSV-1. The open box depicts the UL37 ORF, the filled box depicts
the UL37 deletion, and the line at the bottom depicts the probe used
for hybridization. Relevant restriction enzyme sites are shown at the
top.

sides in the UL37 locus. A marker-rescued virus was con-
structed to further ensure that the UL37 mutant phenotype
was due solely to the absence of the mutated gene. This virus
was isolated following cotransfection of BD45 cells with
KAUL37 viral DNA and a plasmid encoding the wild-type copy
of the UL37 gene (pKBD). The transfection progeny was
tested for the ability to replicate on noncomplementing cells
and plaques were detected on these cells indicative of success-
ful rescue of the UL37 mutation. One isolate was further
purified and designated KAUL37R. This virus gave a mean
burst size of 1,000 PFU/cell when grown in Vero cells com-
pared to wild-type virus (KOS), which gave a burst size of 1,110
PFU/cell. This revertant virus behaved similarly to wild-type
virus as judged by its replication in Vero cells. Therefore, the
UL37 mutation was rescued by DNA sequences encoding the
UL37 gene.
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FIG. 3. Western blot analysis of KAUL37-infected cells. Vero
(lanes 1 and 2), 3B13 (lanes 3 and 4), and BD45 (lanes 5 and 6) cells
were infected at an MOI of 10 PFU/cell with KOS (lanes 1, 3, and 5)
or KAUL37 (lanes 2, 4, and 6). Infected cells were harvested 24 h after
infection and protein extracts were prepared. Total infected cell
polypeptides were resolved by SDS-PAGE (12% acrylamide) and
transferred onto a membrane. The proteins on the filter were incu-
bated with UL37 antisera (708; see reference 2) and hybridization was
monitored by '*I-labeled protein A.

The UL37 polypeptide was not detected in Vero cells in-
fected with KAUL37. Analysis of [>*S]methionine-labeled in-
fected cell lysates using SDS-PAGE showed that the UL37
mutant accumulates the full spectrum of infected cell polypep-
tides upon infection of Vero cells (data not shown). In order to
confirm the absence of the UL37 polypeptide in Vero cells
infected with KAUL37, Western blot assays were carried out
on infected cell extracts using antisera raised to the carboxy
one-third of the protein (2) (Fig. 3). Radioactivity correspond-
ing to the polypeptide encoded by the UL37 gene product was
observed in lysates prepared from KOS-infected Vero cells
(lane 1). This polypeptide was not detected in extracts derived
from KAUL37-infected Vero cells (lane 2). The UL37
polypeptide was observed in extracts derived from BD45 cells
infected with KAUL37 (lane 6). However, the UL37 protein
was barely detectable using this assay in KAUL37-infected
3B13 cells (lane 4). The reduced accumulation of the UL37
polypeptide in 3B13 cells most likely accounts for the poor
yield of KAUL37 obtained in these cells.

The replication properties of KAUL37. The virus isolated
above and designated KAUL37 was unable to form plaques on
noncomplementing Vero cells. This indicated that UL37 spec-
ifies an essential function. To quantitate this growth defect the
plating efficiency of KAUL37 and also its growth properties
were examined. The plaquing efficiency of wild-type virus
KOS, KAUL37, and the revertant virus KAUL37R was exam-
ined on Vero and BD45 cells (Table 1). The plating efficiency
of KOS and KAUL37R was similar on both Vero and BD45
cells. The stock of KAUL37 used in this assay gave a titer of
10" PFU/ml on BD45 cells. When the mutant was plated on
Vero cells at a concentration of 1.0 PFU/cell (10° PFU), there
was complete lysis of the cells. Dilution to 0.1 PFU/cell did not
reveal any plaques on Vero cells; therefore, the titer on Vero
cells could not be determined but was judged to be less than
10°.

Single-step growth assays were performed to determine the
growth properties of the UL37 mutant in Vero cells. Replicate
Vero cell monolayers were infected with KOS, KAUL37, and
KAUL37R at an MOI of 10 PFU/cell and the virus yield at
different times postinfection was determined (Fig. 4). Both
KOS and KAUL37R replicate to appreciable levels in Vero
cells. At the end of a 24-h growth cycle both viruses gave a
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TABLE 1. Plating efficiency of wild-type HSV-1 strain KOS,
KAUL37, and KAUL37R on Vero and BD45 cells

Plating efficiency (PFU/ml) on:

Virus
Vero cells BD45 cells
KOS 1.1 X 10 8.9 x 10°
KAUL37 <10° 1.33 x 10%°
KAUL37R 5.4 x 10° 4.6 X 10°

burst size of approximately 1,000 PFU/cell. As expected, the
UL37 mutant did not grow in Vero cells. Infection of the
complementing cells (BD45) with KAUL37 gave a yield of
1,400 PFU/cell following a single cycle of growth. Thus, UL37
is essential for virus replication.

Capsid formation in KAUL37-infected cells. Previously,
Southern blot analysis of KAUL37-infected cell DNA revealed
the presence of genome termini indicative of cleavage of viral
DNA into genome-length molecules (data not shown). The
detection of cleaved DNA suggested that DNA-filled capsids
may be present in KAUL37-infected cells. To confirm this and
to study the assembly process, capsids were analyzed by sedi-
mentation of radiolabeled nuclear extracts through sucrose
gradients. The result of this experiment is shown in Fig. 5.
Three peaks of radioactivity were detected for KOS (panel A)
nuclear extracts and they correspond to DNA-filled C capsids
(fraction 5), scaffold-filled B capsids (fraction 9), and empty A
capsids (fraction 11). A, B, and C capsids all contain the shell
proteins (VP5, VP19C, VP23, and VP26) and the protease
VP24. The scaffold protein 22a was detected only in B capsids,
as expected. Capsids were detected in KAUL37 (panel B)
extracts and were of similar composition and sedimentation
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FIG. 4. Single-step growth of KAUL37. Vero cells in 35-mm-diam-
eter dishes (10° cells) were infected with KOS, KAUL37, and
KAUL37R at an MOI of 10 PFU/cell. At various times postinfection
the cultures were harvested and the virus yield was determined by
titration on BD45 cells.
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FIG. 5. Capsid formation in KAUL37-infected cells. Vero cell
monolayers (107 cells in 100-mm-diameter dishes) were infected with
KOS (A) and KAUL37 (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 analyzed by SDS-PAGE (17%
acrylamide). Direction of sedimentation was from right to left. The
positions of capsid proteins are indicated on the right of the figure for
KOS. The positions at which A, B, and C capsids sediment are indi-
cated below the figure.

profile to wild-type capsids. Therefore, capsid assembly and
viral DNA packaging into capsids were detected in Vero cells
infected with the UL37 null mutant.

Observation of the cellular localization of KAUL37 capsids
using a GFP tag. In order to visualize the fate of the UL37
mutant particles in living infected cells a green fluorescent
protein (GFP) tag was used. The tag used in this case was a
fusion between the smallest capsid protein of HSV-1, VP26,
and GFP. K26GFP is a virus that expresses this VP26-GFP
fusion protein (12). This virus replicates with the same growth
properties as wild-type virus. The fusion protein decorates the
capsid surface, and consequently the virus capsid and the ma-
ture virion are tagged with a fluorescent tag that can be visu-
alized in living cells using light microscopy. The VP26-GFP
marker was crossed into the genome of the UL37 mutant by
coinfecting cells (BD45) with K26GFP and the null mutant
virus. Individual plaques were scored with the fluorescence
microscope and for a host-range phenotype. Viruses were iso-
lated that gave rise to fluorescent plaques on the complement-
ing cell line but not on Vero cells. The UL37 null mutant virus
containing the VP26-GFP marker was designated KAUL37-
GFP. Capsids isolated from cells infected with this virus con-
tained the VP26-GFP protein (data not shown), and therefore
the absence of UL37 did not alter the ability of the GFP fusion
to bind to capsids. Cells were infected with the GFP-tagged
viruses and imaged using the confocal microscope (Fig. 6).
During the course of the wild-type infection the fluorescence
visualized followed the typical course predictive of the virus
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replication cycle. Thus, early in infection fluorescence was pre-
dominantly nuclear, indicative of capsids being assembled
(data not shown). This was also seen in the UL37 null mutant-
infected cells. As time progressed fluorescence was detected at
the plasma membrane and began to accumulate here, indica-
tive of wild-type virus that had matured and translocated to the
cell surface (panels A and C).

In the UL37 null mutant-infected cells (Fig. 6B and D), the
most striking phenotype clearly observed in the majority of the
cells was the punctate fluorescence around the nuclear periph-
ery. Accumulation at the nuclear periphery was also seen oc-
casionally in wild-type-infected cells (see cell in panel C). To
analyze this phenotype further, deconvolving microscopy was
used on cells similarly infected with this mutant. Optical sec-
tions (0.2 wm thick) were collected of infected cells. These
stacks were deconvolved and 3-D rendered utilizing the Delta-
vision 3-D restoration software (API, Seattle, Wash.), thereby
allowing for a more detailed visualization of the GFP-labeled
capsids within the cell. The fluorescence observed was punc-
tate and regularly distributed about the periphery of the nu-
cleus, essentially forming discrete clusters of variable dimen-
sions (Fig. 7, 0° to 90° views). The side view (90°) demonstrates
clearly the large quantities of fluorescence emanating from the
nucleus in contrast to that detected in the cytoplasm. These
data show that GFP-labeled UL37 mutant capsids are re-
stricted to clusters and/or aggregates in the nucleus even at this
late stage of the infectious cycle. The other striking observation
in the mutant-infected cells was the absence of plasma mem-
brane fluorescence (Fig. 6B and D and Fig. 7). This would
indicate that egress of UL37 mutant particles to the cell sur-
face was disrupted. Cytoplasmic fluorescence was also present
in the UL37 mutant-infected cells (Fig. 6D). This fluorescence
was contained in larger puncta, indicating aggregates or clus-
ters of particles. The cytoplasmic fluorescence did not translo-
cate to the cell surface even late in the replication cycle. The
pattern of fluorescence observed in complementing BD45 cells
infected with KAUL37 was similar to that seen in wild-type-
infected cells. Thus, the mutant phenotype can be rescued in
the complementing cell line. In the absence of the UL37-
encoded function, fluorescence at the plasma membrane indic-
ative of mature viruses was never observed. Fluorescence ac-
cumulates around the nucleus; therefore, virus egress from the
nucleus to the cell surface was severely impaired.

Ultrastructural analysis of KAUL37-infected cells. Sedi-
mentation analysis of infected cell lysates revealed the pres-
ence of a diffuse light-scattering band corresponding to virions
in gradients of KOS and KAUL37R extracts. This was absent
in gradients of KAUL37 extracts, in which a very faint light-
scattering band at the position where C capsids sediment was
observed (data not shown). Additionally, light microscopy of
GFP-tagged particles revealed the absence of fluorescence at
the plasma membrane. We therefore undertook an ultrastruc-
tural analysis of cells infected with the UL37 null mutant in
order to elucidate the nature of the mutant particles detected
in the sucrose gradients and to visualize their fate in the in-
fected cell. Vero cell monolayers were infected with either
KOS (Fig. 8) or KAUL37 (Fig. 9) and the cells were fixed 16 h
after infection. Thin sections were prepared, stained, and ex-
amined by TEM. In KOS-infected cells enveloped virions were
evident in between the nuclear membranes (Fig. 8C, see ar-
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FIG. 6. Analysis in living cells of the replication of GFP-tagged KAUL37. Cells were infected with K26GFP (A and C) and KAUL37-GFP (B
and D) at an MOI of 10 PFU/cell. Live cells were visualized in a confocal microscope at 16 (A and B) and 18 (C and D) h after infection.

Magnification, X100.

row), in the cytoplasm (Fig. 8A and B), and in the extracellular
space (Fig. 8A), which is indicative of a productive infection.
Also present in the cytoplasm were naked capsids (Fig. 8B, see
asterisk). These could represent capsids that have exited the
nucleus and are in the process of translocating to a cytoplasmic
site for reenvelopment. In addition, capsids that appear to be
in the process of envelopment (Fig. 8B, see asterisk) were
detected. At low magnification, the endoplasmic reticulum
(ER) was seen to be hypertrophied in both wild-type- and
mutant-infected cells (Fig. 8A, see arrowheads). This amplifi-
cation of the ER is commonly observed late in infection and is
typical of HSV-infected cells (28, 34). In some cases capsids
are enclosed by these membranes (Fig. 8A, see asterisk). Sev-
eral electron micrographs of cells infected with KAUL37 were
examined, some of which are shown in Fig. 9. DNA-containing
capsids were observed in three locations of the cell. There were
groups of capsids close to the inner nuclear membrane (Fig.
9A and B), there were enveloped capsids between the inner
and outer nuclear membranes (Fig. 9C, see arrows), and there
were clusters of unenveloped capsids in the cytoplasm (Fig. 9A,

D, and E, see asterisks). These data provide a clear picture of
the fate of the UL37 mutant capsids. Examination of the cy-
toplasm of these infected cells did not reveal any enveloped
particles. In the image of the whole cell (Fig. 9A), the pheno-
type of the UL37 mutant is clear. Capsids cluster close to the
inner nuclear membrane (marked by arrows) and clusters of
unenveloped capsids are deposited in the cytoplasm (marked
by asterisks) close to the nucleus. In order to quantitate the
numbers of nuclear capsids versus cytoplasmic particles and
capsids, 20 cells were examined for each virus and the locations
and numbers of capsids were enumerated. The data from this
analysis are shown in Table 2. The total numbers of both
wild-type and mutant particles were pooled for this analysis.
The numbers of wild-type particles enumerated were lower
than those of the mutant due to the productive nature of the
infection and the egress of virus into the extracellular medium.
In wild-type-infected cells the distribution of the particles,
which included both enveloped capsids and naked capsids, was
similar in the different cell compartments. The quantitation of
the mutant particles shows that in these infected cells there is
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FIG. 7. KAUL37-GFP-infected Vero cells analyzed using deconvolving microscopy. Cells were infected as described in the legend for Fig. 6 for
15 h and fixed with 5% formaldehyde in PBS containing 2% sucrose. Images were collected on a Zeiss axiovert light microscope equipped with
a Deltavision 3-D Restoration system. The images were deconvolved and 3-D rendered, and optical planes of sections are presented from 0° to

90°. Bar = 10 pm. n, nucleus.

an accumulation of particles in the nucleus; 58% of the capsids
are still in the nucleus at this late stage of infection. Of these
nuclear capsids close to half (22%) were in the proximity of the
nuclear envelope. Thus, in the absence of UL37, capsids ap-
pear to accumulate in the nucleus. Some capsids do undergo
envelopment and are then deposited in the cytoplasm. The
cytoplasmic capsids, however, do not mature into enveloped
virions. These data together with the fluorescence results sug-
gest that the UL37 mutant particles are impeded in their exit
from the nucleus and subsequent maturation into virions is
abrogated.

Association of the KAUL37 capsids with the nuclear frac-
tion of infected cells. The ultrastructural study revealed accu-
mulation of KAUL37 C capsids close to the inner nuclear
membrane. Unenveloped capsids were observed in the cyto-
plasm. GFP-tagged particles were also seen to accumulate at
the periphery of the nucleus as judged by fluorescence micros-
copy. Although cytoplasmic fluorescence was detected, no par-
ticles were transported to the cell surface. Previously it had
been observed that a virus specifying a null mutant in another
tegument protein encoded by UL36 was also defective for
maturation (13). The UL36 mutant particles, unlike those of
the UL37 mutant, were not restricted to the nucleus but were
distributed throughout the cytoplasm. Another noticeable dif-
ference between these two viruses was observed when infected
cell extracts were subjected to sedimentation in sucrose gradi-
ents. The quantity of DNA-filled C capsids as judged by the
incorporation of [*H]thymidine was much greater for the UL36
mutant than that for the UL37 mutant. Furthermore, when
extracts were treated with detergent the yields of C capsids for
the UL37 mutant were increased significantly. One possible
explanation for these observations was that the UL37 mutant
particles were tightly associated with the nucleus and are lib-
erated when the cells are treated with agents that lyse or
disrupt nuclei. In order to quantitate the association of
KAUL37 capsids with the nucleus, infected cells were fraction-
ated and the levels of DNA-filled capsids associated with the
nucleus and cytoplasm were determined by sedimentation as-
says in sucrose gradients. The quantities of DNA-filled capsids
were monitored by including [*H]thymidine during the infec-

tion. Infected cells were fractionated into crude nuclear and
cytoplasmic fractions by treatment with PBS containing 2%
Triton X-100, 300 mM NaCl, and 0.5% deoxycholic acid. The
supernatant and the pellet were both subjected to sedimenta-
tion in sucrose gradients. The pellet was lysed in 2X CLB (see
Materials and Methods) followed by sonication. This buffer
contained 2% Triton X-100 and a high salt concentration, and
this treatment solubilized and disrupted all membranes, thus
liberating capsids. This buffer also solubilizes virion envelopes,
thus converting KOS virion particles into C capsids. Following
sedimentation of the lysates the light-scattering bands of the
capsid particles were visualized and the radioactivity present in
the peak fractions which contained C capsids was determined
for each cellular fraction and illustrated in Fig. 10. Data are
plotted as a percentage of the total counts present in either the
cytoplasmic or nuclear fraction. For both the UL36 null mu-
tant and KOS gradients the majority of the radioactivity was
present in the cytoplasmic fraction. This was not the case for
the gradients of the UL37 null mutant lysates, in which 75% of
the radioactivity representing the DNA-filled capsids was
present in the nuclear fraction. The confluence of data ob-
tained from the ultrastructural, light microscopy, and fraction-
ation analyses therefore shows that late in infection the mat-
uration and processing of the KAUL37 DNA-containing
capsids were substantially slowed kinetically, resulting in sig-
nificant accumulations of capsids in the nucleus and unenvel-
oped capsids in the cytoplasm.

DISCUSSION

The UL37 gene product is a structural component of the
virion particle. Specifically it is a resident of the tegument of
the virion (25, 39). The functional role of this gene product in
the virus replication cycle was determined by the isolation of a
null mutant in the gene encoding UL37. Complementing cell
lines were derived that express the UL37 gene product upon
infection and these were used to isolate and propagate the null
mutant virus. The null mutation in the plasmid DNA encoding
UL37 was transferred into the virus genome by homologous
recombination using the complementing cell lines. A virus



VoL. 75, 2001 NULL MUTATION IN HSV-1 UL37 ABROGATES VIRUS MATURATION 10267

e ¢ 3 ; R i e LG kB8 2 : % o
FIG. 8. Wild-type-infected Vero cells exhibit normal distribution of virus particles by conventional TEM. (A) Particles were variously observed
at the plasma membrane (pm), in the nucleus (n), in hypertrophied ER nests (arrowheads), and generally throughout the cytoplasm (asterisks).
(B) Higher magnification of wild-type-infected cell shows normal distribution of enveloped and naked capsids. (C) Wild-type enveloped virus was
seen within the nuclear envelope (arrow). m, mitochondria. Bars = 0.5 pm.
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mutant capsids accumulate in clusters (arrows) within the nucleus, and in many cases the accumulation is quite large (asterisk), generally in close
proximity to the nuclear envelope. (C) UL37 mutant enveloped capsids are seen in the perinuclear ER cisternae (arrows). (D) UL37 mutant
capsids accumulate extensively in the cytoplasm (asterisks). (E) High magnification of boxed area in panel D showing extensive cytoplasmic
accumulation of UL37 mutant capsids (asterisk). er, endoplasmic reticulum; m, mitochondria; n, nucleus. Bars = 1.0 um (A), 0.5 pm (B and C),
1.0 pm (D), and 0.5 pm (E).
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TABLE 2. Distribution of HSV particles (capsids and virions) in
wild-type- and KAUL37-infected Vero cells observed by TEM

Distribution of HSV particles [no. of particles (%)]

Virus®
Extracellular ~ Cytoplasm Nucleus Nuclear periphery”
KOS 271 (6.9) 85(2.2) 297 (7.5) 67 (1.7)
KAUL37  155(3.9)° 842(21.4) 1,402(35.7) 817 (22.1)

“The total number of particles counted for both wild-type and mutant was
3,936 (n = 20 cells for each virus).

b Particles within 2 pm of the nuclear periphery.

¢ The particles of KAUL37 observed outside the cell were most likely light
particles.

designated KAUL37 was isolated and purified and was unable
to replicate on noncomplementing Vero cells. When the ge-
notype of this virus was examined by Southern blot analysis, it
was discovered that it contained the introduced null mutation,
thereby establishing for the first time the essential role of the
UL37 gene product in the replication of the virus.

Cleavage and packaging of viral DNA occurred normally in
Vero cells infected with the UL37 null mutant since both
terminal end fragments 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 dem-
onstrated by sedimentation analysis of infected cell lysates,
which showed that the mutant virus particles have sedimenta-
tion properties similar to C capsids. Definitive evidence was
provided visually by the ultrastructural analysis of infected
cells. This revealed the presence of unenveloped DNA-filled
capsids in the cytoplasm. These cytoplasmic capsids were
present in clusters and they were never observed adjacent to
any membrane structures which would indicate an envelop-
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FIG. 10. Association of KAUL37 DNA-filled capsids with the nu-
clear fraction of infected cells. Vero cells (2 X 107 cells in 100-mm-
diameter dishes) were infected with KOS, KAUL37, and KAUL36 at
an MOI of 10 PFU/cell. Infected cells were metabolically labeled with
[*H]thymidine from 8 to 24 h after infection. Infected cells were frac-
tioned into crude cytoplasmic (CYTO) and nuclear (NUC) fractions
and the lysates were sedimented through 20 to 50% sucrose gradients.
The total radioactivity present in the peak fractions, which contained
C capsids, from each gradient is plotted as a percentage of the total
radioactivity, that is, the sum of the CYTO and NUC radioactivity.
Error bars indicate standard deviations of the data.
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ment process. The only enveloped KAUL37 virions observed
were those between the inner and outer nuclear membranes.
Therefore, the absence of UL37 has a profound effect on virus
maturation of cytoplasmic capsids.

Recent studies support a mechanism which involves envel-
opment of the capsid at the inner nuclear membrane followed
by de-envelopment at the outer nuclear membrane (references
15, 17 and 42 and references therein). The naked cytosolic
capsids are then translocated to a cytoplasmic site for final
maturation. Because the UL37 mutant cytoplasmic capsids do
not become enveloped, UL37 may be required for transloca-
tion of these capsids to a cytoplasmic site for reenvelopment
(via a motor, for example) or it may actually be required for
directly initiating reenvelopment (via recruitment of mem-
brane or membrane components). Since the mutant capsids
were never observed in close proximity to membrane struc-
tures (rather, in many cases, the clusters of capsids were prox-
imal to the nucleus) it seems reasonable that a credible role for
UL37 would be in the transportation of these capsids to the
site for reenvelopment and subsequent maturation.

The trafficking of the UL37 mutant capsids in cells was
followed by using the VP26-GFP tag. The UL37 capsids, as
assayed by fluorescence, were predominantly restricted to the
periphery of the nucleus and to large cytoplasmic clusters.
Plasma membrane fluorescence indicative of mature viruses
during their egress from the cell was not detected. One of the
most dramatic phenotypes of the UL37 mutation was the re-
striction of the capsids to the nucleus even at late times in
infection. This was seen by the accumulation of fluorescence of
GFP-tagged capsids at the nuclear periphery, by ultrastructural
analysis which showed groups of capsids adjacent to the inner
nuclear membrane, and by cell fractionation studies which
revealed that two-thirds of the capsids were still associated
with the nuclear fraction. This suggests that even though this
virus is able to undergo initial envelopment at the nuclear
membrane, this envelopment process is somehow slowed or
impaired, implicating UL37 in the envelopment process at the
nucleus. The exact mechanism by which this protein facilitates
envelopment at this site is unclear. Since the UL34-encoded
membrane protein is required for initial envelopment at the
nuclear membrane (36), it is possible that UL37 interacts with
this protein to facilitate the attachment of the capsid to mem-
branes, thus initiating envelopment. In any event the pheno-
type of the UL37 mutant indicates that it is required for initial
envelopment at the inner nuclear membrane and that subse-
quent to this it may be required for translocating capsids to a
cytoplasmic site for final envelopment. Therefore, UL37 ap-
pears to be a multifunctional protein required at different
stages in the maturation pathway.

The question of where and when the UL37 polypeptide is
incorporated into the maturing virion is important in light of
the UL37 null mutant phenotype. This would also define at
which point in the virus maturation process the function of
UL37 is required. Previous studies using antibodies to UL37 in
conjunction with immunofluorescence assays showed that flu-
orescence corresponding to UL37 protein was distributed
throughout the cell but that the fluorescence was more abun-
dant in the cytoplasm than in the nucleus (23, 24, 38). Recent
studies have shown that there is a nuclear export signal in the
UL37 coding region which may be responsible for this asym-
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metric distribution (44). The results of the null mutant suggest
that UL37 is required early in the maturation process, presum-
ably at the nuclear membrane. Therefore, UL37 may be incor-
porated at or close to the nuclear periphery. Immunoelectron
microscopy could reveal where and when the association of
UL37 with the maturing virion occurs. One corollary to the
phenotype of the UL37 mutation is that the absence of this
protein may have a global effect on the functions or localiza-
tion of other virion structural proteins. The absence of envel-
opment of cytoplasmic capsids may be due not to the absence
of UL37 per se but due to the disruption of complex protein-
protein interactions that take place during virion maturation.
The human cytomegalovirus homologue of UL37 has been
shown to interact with the homologue of UL36 (M. E. Harmon
and W. G. Gibson, unpublished data). The absence of UL37
may also affect the integrity and distribution of the host cell
secretory components or the cellular cytoskeleton, both of
which play an important role in trafficking capsids from the
nucleus to the cell surface.

What has become increasingly evident is the importance of
the tegument proteins in the maturation process of the envel-
oped virus. To date three tegument proteins have been shown
to have deleterious and lethal effects on the maturation pro-
cess. These are VP16 (1, 27, 46), VP1/2 (UL36) (13), and now
as described in this paper the product of the UL37 gene. The
last two proteins are minor components of the tegument and
yet they have a dramatic effect on the virus maturation process.
The null mutation in the UL36 gene product results in the
presence of numerous cytoplasmic capsids that are not envel-
oped (13). A simple explanation for this phenotype is that they
cannot be transported to the correct cellular compartment for
final envelopment. The phenotype of the VP16 null mutant is
similar in that cytoplasmic naked capsids were observed in
infected cells, even though capsids were initially observed to
envelop at the nuclear membrane (27). The phenotype of the
UL37 mutant suggests that this protein may act before VP16
and UL36 at an earlier stage of virion morphogenesis, namely,
for initial envelopment at the inner nuclear membrane, and
that subsequent to this it may be required for translocating
capsids to the cytoplasmic site for final envelopment.
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