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The herpes simplex virus type 1 capsid is composed of seven capsid proteins which are termed VP5, VP19c,
VP21, VP22a, VP23, VP24, and VP26. Major capsid protein VP5 is encoded by the gene UL19. UL18, whose
transcript is 3' coterminal with that of VP5, specifies capsid protein VP23. Vero cell lines have been isolated
that are transformed with either the BglII N (UL19) or EcoRI G (UL16 to UL21) fragment of KOS. These cell
lines, selected for the ability to support the replication of a temperature-sensitive VP5 mutant, were used to
isolate VP5 and VP23 null mutants. The mutations in VP5 (K5AZ) and VP23 (K23Z) were generated by
insertion of the lacZ gene at the beginning of the coding sequences of the genes. Both mutants failed to form
plaques on the nonpermissive cell line, and therefore, VP23, like VP5, is an essential gene product for virus
replication. Both mutants expressed wild-type levels of infected-cell proteins upon infection of permissive and
nonpermissive cell lines. However, the VP5 (150-kDa) and VP23 (33-kDa) polypeptides were absent in lysates
prepared from K5AZ- and K23Z-infected Vero cells, respectively. No capsid structures were observed by
electron microscopic analysis of thin sections of K5AZ- and K23Z-infected Vero cells. Following sedimentation
of lysates from cells infected by the mutants, capsid proteins were not observed in the fractions where capsids
normally sediment. The amounts of DNA replicated in the VP5 and VP23 mutant and in KOS-infected Vero
cells were the same as in permissive cells. However, genomic ends were not evident in Vero cells infected with
the mutants, suggesting that the DNA remains in concatemers and is not processed into unit length genomes.

The herpes simplex virion is comprised of four distinct
components, the core, capsid, tegument, and envelope. The
electron-dense core contains the viral nucleic acid. An
icosahedral capsid structure encloses this core. An amor-
phous layer termed the tegument surrounds the capsid, and
the tegument is enveloped by a lipid membrane in which are
embedded the virus glycoproteins. The assembly of the
capsid is therefore an essential step in virion morphogenesis.
The herpes simplex virus type 1 (HSV-1) capsid is an
icosahedral shell (42) which is composed of seven proteins,
VP5 (150 kDa), VP19c (50 kDa), VP21 (43 kDa), VP22a (40
kDa), VP23 (33 kDa), VP24 (24 kDa), and VP26 (12 kDa) (9,
14, 16). There are approximately 900 molecules of VP5 per
capsid for equine herpes virus 1 (24) and a similar number for
HSV-1. Relative to 900 molecules of VP5 per capsid, there
are approximately 1,400 of VP26, 900 of VP22a, 700 of
VP19c, 400 of VP23, and 100 each of VP21 and VP24
(22-24).
Three types of capsids can be isolated from HSV-1-

infected cells. Capsids are visualized as light-scattering
bands in sucrose gradients and are designated A, B, and C,
in order of increasing distance sedimented (14). These differ
in protein and nucleic acid composition and in their eventual
fate in infected cells. A and C capsids are similar in protein
composition, but only C capsids contain viral DNA. B
capsids differ from A and C capsids in that B capsids contain
an abundant VP22a protein inside the shell. VP22a is inti-
mately involved in the packaging of viral DNA (27, 33, 38).
VP22a may function by forming a scaffold in the inner capsid
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space, and acquisition ofDNA results in concomitant loss of
VP22a from the capsid shell (4, 23). Conceptually, B capsids
may be the precursors to C capsids in the viral assembly
pathway, while A capsids may result from abortive attempts
at DNA packaging.
The capsid shell is made up of 162 capsomeres (42)

showing icosahedral symmetry of triangulation class T=16.
For this class, 12 capsomeres are pentavalent (pentons) and
the rest are hexavalent (hexons) (see, for example, refer-
ences 4, 13, and 36). VP5, which represents 60% of the
capsid mass, is the major component of the hexons and may
also form the penton structures (31, 40). The spatial distri-
bution of the other capsid proteins is largely unknown.
Hexamers are connected on the outer surface by Y-shaped
structures, and these maybe composed of VP26, as sug-
gested by Baker et al. (4). Minor proteins (VP21 and VP24)
may account for pentons or special capsid functions such as
acquisition of DNA during virus replication and release of
DNA following penetration of the virus into an infected cell.
VP5 extends from the outside to the inside of the capsid and
must engage in interactions with itself to form hexamers and
with the other major proteins (VP19c, VP23, and VP26) to
form the complete capsid (4, 13, 31, 36). VP19c binds HSV-1
DNA and forms one or more covalent disulfide bonds with
VP5 (6, 43). DNA is packaged within the central region of
the capsid, occupying the entire space out to the beginning of
the capsid shell (5).
The functions and properties of the capsid proteins are

unclear. Temperature-sensitive (ts) lesions in the genes that
encode VP5 (29, 41) and VP19c (26) result in the absence of
mature capsids at the nonpermissive temperature. UL26
encodes a family of related proteins, including VP22a, which
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are processed after translation (18-20, 27, 28). Temperature-
sensitive mutants for UL26 gene products synthesize viral
DNA and B capsids at the nonpermissive temperature but
are unable to package this DNA to produce C capsids (33,
38).
The overall goal of our work is to construct null mutants

for all of the capsid genes to identify the steps in the
assembly of HSV-1 capsids and to characterize the role of
each protein in this process. Null mutants are desirable since
they allow comparisons to be made in the presence and in
the complete absence of each protein. Complications due to
transdominant effects of mutant polypeptides are also
avoided. The capsid proteins are expected to be essential for
virus replication on the basis of the finding that ts mutations
have been mapped to genes that specify VP5, VP19c, and
VP22a (26, 27, 41). Therefore, transformed cell lines that
express these genes in trans are required for propagation of
mutant viruses. In this report, we describe the isolation of
transformed cell lines that express VP5 and VP23, which are
encoded by genes UL19 and UL18, respectively (10, 39).
Furthermore, we have isolated and initiated the character-
ization of null mutants for these genes.

MATERUILS AND METHODS

Cells and viruses. Human embryonic lung (HEL) cells
were grown and maintained as described by Person et al.
(25). Vero cells and the E43 and G5 transformed cell lines
were grown in Eagle's minimum essential medium supple-
mented with 10% fetal calf serum (GIBCO-BRL) and pas-
saged as were HEL cells. Virus stocks of KOS (HSV-1) and
of the VP5 (K5AZ) and VP23 (K23Z) null mutants were
prepared as previously described (25). The KOS isolate used
was passaged twice from the P17 stock obtained from
Priscilla A. Schaffer (Harvard University) in 1973. G5 was
used as the permissive cell line for propagation of the null
mutants and gave yields of approximately 200 PFU per cell.

Plasmids. The EcoRI G (16.2-kb) and BglII N (5.7-kb)
fragments of KOS were cloned into the EcoRI site of pUC9
and the BamHI site of pUC19 and were designated pKEG
and pKBgN, respectively (see Fig. 1). Plasmids are desig-
nated as to the source of viral DNA (K for the KOS strain)
and as to the restriction fragment, EG for the G fragment of
restriction endonuclease EcoRI. A null mutation in VP5 was
generated first by partial digestion of pKBgN with Ncol,
which deleted 1.8 kb; this was followed by ligation with a
10-bp BglII linker (see Fig. 2A). The lacZ gene, derived as a
BamHI cassette from pSC8 (8), was then cloned into the
BglII site. This cassette does not contain an initiation codon
but does have a TAA termination codon. The construction of
a VP23 null mutation was initiated by subcloning a 1.1-kb
PvuI-StuI fragment into SmaI-HincII-cut pUC19 after blunt
ending the PvuI site with T4 DNA polymerase (see Fig. 2B).
This clone contains approximately 500 bp of the sequences
both upstream and downstream of the VP23 initiation codon
(20). The plasmid was cut with NruI, which cuts in the 11th
codon of VP23, and a 10-bp XhoI linker was inserted to
create pKPSX. The lacZ sequence from pSC8 was obtained
as an XhoI cassette and cloned into the XhoI site of pKPSX
such that expression of LacZ initiates at the VP23 ATG and
the protein is synthesized fused in frame with the first 10
codons of VP23.

Antibodies. Monoclonal antibody LP12 directed to VP5
was a kind gift from Anthony C. Minson (University of
Cambridge). Polyclonal rabbit serum CP3 was prepared
against VP23 isolated by preparative sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) of purified
B capsids. This serum was prepared by East Acres Biolog-
icals. Capsids were purified by sedimentation of infected-cell
lysates through 20 to 50% sucrose gradients.

Construction of transformed Vero cell lines. The procedure
of DeLuca et al. (11) was followed for transformation of
Vero cells. Subconfluent monolayers of Vero cells (2 x 106)
in 100-mm-diameter petri dishes were cotransfected with
pSV2neo (1.5 ,ug) (35) and either pKBgN (5 ,ug) or pKEG (30
jig) by using the calcium precipitation procedure of Graham
and Van der Eb (15). At 24 h after transfection, the cells
were harvested and plated at a density of 4 x 105/100-mm
dish in medium containing 1 mg of G418 (GIBCO-BRL) per
ml. The medium was replenished every 3 days. G418-
resistant colonies were harvested by using Perspex cloning
chambers and tested for the ability to support the replication
of ts1178 (41). Positive isolates were colony purified twice
and then further characterized. Cell line E43 was trans-
formed with the BglII N fragment, and G5 was transformed
with the EcoRI-G sequence.
Marker transfer of null mutations. Subconfluent monolay-

ers of E43 or G5 cells in 60-mm dishes were cotransfected
with 2 jig of a linearized plasmid and 10 jig of KOS genomic
DNA extracted from crude virion preparations. The calcium
precipitation technique of Graham and Van der Eb was used
with the dimethyl sulfoxide enhancement modification of
Stow and Wilkie (37). When foci were observed (48 h after
transfection), the cell monolayers were harvested, freeze-
thawed once, and sonicated and the titer of the total virus
progeny was determined. To isolate viruses that expressed
3-galactosidase, plaques were allowed to form under meth-

ylcellulose for 48 h after infection. This overlay was replaced
with 1% low-melting-point agarose in medium containing 300
,ug of Bluo-gal (GIBCO-BRL) per ml. Plaques that stained
blue were picked and further plaque purified three times by
limiting dilution in 96-well trays.

Southern blot hybridization. DNA sequences were de-
tected after agarose electrophoresis as described by South-
ern (34), by using random-primer-labelled probes (12).

Sedimentation analysis. HEL cells (3 x 107) were infected
at a multiplicity of infection (MOI) of 10 PFU per cell. At 6
h after infection, the monolayers were washed twice with
tricine-buffered saline (25), methionine-free medium contain-
ing 750 ,uCi of [35S]methionine (NEN-DuPont) was added,
and the mixture was incubated for a further 6 h. The cells
were washed once with tricine-buffered saline, harvested,
and pelleted at 3,500 x g for 15 min at 4°C. The cell pellet
was suspended in capsid lysis buffer (500 mM NaCl, 20 mM
Tris [pH 7.5], 1 mM EDTA [pH 8.0], 1% Triton X-100, 0.5
mM tosyl lysyl chloromethyl ketone) and left on ice for 5
min, and the nuclei were pelleted by centrifugation at 3,500
x g for 30 min at 4°C. The resulting nuclei were freeze-
thawed three times and sonicated, and the DNAwas sheared
by being passed through a 26.5-gauge needle several times.
The nuclear lysate was layered onto a 20 to 50% (wt/wt)
sucrose gradient (in 300 mM NaCl, 20 mM Tris [pH 7.5], 1
mM EDTA [pH 8.0], 0.5 mM tosyl lysyl chloromethyl
ketone) and centrifuged at 24,000 rpm for 100 min in a
Beckman SW41 rotor at 4°C. Fractions were collected and
precipitated with an equal volume of 16% trichloroacetic
acid. The trichloroacetic acid-precipitated protein was resus-
pended in sample buffer, and a fraction of this was analyzed
by SDS-PAGE.

Immunoprecipitation and SDS-PAGE. Radiolabelling of
infected cells, immunoprecipitation of antigen, and SDS-
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FIG. 1. The EcoRI-G region of the KOS genome. The 16.2-kb
EcoRI G fragment was cloned into pUC9. Restriction sites are
shown in the top line for BglII (Bg) and EcoRI (E). The remainder of
the figure is from sequence analyses of HSV-1 strain 17 (20, 21).
ORFs and directions of translation are as indicated, as are tran-
scripts (*-) and polyadenylation signals ( t ). Nucleotide numbers
from the left end of the strain 17 genome are given at the bottom in
kilobases. The EcoRI G fragment specifies genes UL16 through
UL21. UL18 and UL19 encode two of the capsid proteins, VP23 and
VP5, respectively. The BglII N fragment of KOS specifies only the
ULI9 gene. The transcripts were mapped by Costa et al. (10).

PAGE analyses were performed as described by Cai et al.
(7).

RESULTS
Isolation of transformed cell lines expressing capsid genes.

The capsid gene products are essential for virion morpho-
genesis, and therefore a prerequisite for the isolation of null
mutants for these genes is construction of transformed cell
lines that express these genes in trans. Vero cells were
therefore cotransfected with pSV2neo (35) and plasmids that
express only UL19 (pKBgN) or genes UL16 through UL21
(pKEG) (Fig. 1) (21). Colonies that were resistant to the drug
G418 were harvested and tested for the ability to comple-
ment the lesion in ts1178. This mutant is a member of the G
complementation group, and the lesion in it has been
mapped to the VP5 locus (29, 41). Cell lines that tested
positive for complementation were colony purified twice and
then characterized further. Cell lines E43 and G5 were
transformed with the BglII-N and EcoRI-G sequences, re-
spectively. The cell lines were tested for the ability to
support the growth of ts1178 at 34 and 39°C. E43 gave a
plaquing efficiency for ts1178 (39/34°C) of 62%, and G5 gave
a plaquing efficiency of 80% (Table 1). E43 was used as the
permissive cell line for isolation of a VP5 null mutant. G5
was used to isolate a VP23 null mutant and to propagate both

TABLE 1. Complementation of ts1178 by transformed Vero cells

Plating efficiency of tsll78a at:
Cell type

34'C (PFU/ml) 39°C (PFU/ml) 39/34-C (%)

Vero 2.1 x 1010 6.5 x 106 0.031
E43 1.2 x 1010 7.5 x 109 62
G5 2.5 x 1010 2.0 x 1010 80
a The data shown are averages of two experiments.
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FIG. 2. Construction of UL19 and UL18 null mutation plasmids
by insertion of a lacZ cassette. (A) The UL19 ORF is depicted at the
top in the left-to-right orientation. Immediately underneath is the
BglII N fragment of KOS that was cloned into the BamHI site of
pUC19. The five NcoI sites are shown (N). A 1.8-kb NcoI deletion
was constructed by a partial digest. The UL19 start codon is within
the most 5' NcoI site. Following a fill-in reaction, a 10-bp BglII (Bg)
linker was added at the site of the deletion. The resulting plasmid
was digested with BglII, and the BamHI lacZ cassette from pSC8 (8)
was introduced in the orientation indicated. (B) The UL18 ORF is
illustrated together with a map of restriction sites in this gene and
the surrounding sequences. A 1.1-kb PvuI (P)-to-StuI (S) fragment
was cloned into the SmaI-HincII sites of pUC19 after treating the
PvuI end with T4 DNA polymerase. A 10-bp XhoI (X) linker was
inserted into the NruI (Nr) site of this plasmid. NruI cleaves this
sequence in codon 11 of UL18. An XhoI lacZ cassette derived from
pSC8 was then cloned into this XhoI site.

mutants. Virus stocks of the VP5 null mutant prepared on
E43 cells gave lower titers and smaller plaques than when G5
was used. Chromosomal DNA extracted from G5 was ana-
lyzed by Southern blot hybridization using the EcoRI G
fragment as a probe. A 16-kb fragment was detected in G5
DNA, and this was present at 10 to 20 copies per cell (data
not shown).

Construction and isolation of VP5 and VP23 mutants. The
goal of these experiments was to construct mutations in the
VP5 and VP23 genes and transfer these into the KOS
genome by using E43 and G5 as permissive host cells. To
construct the VP5 mutation, the 5.7-kb BglII N fragment was
subcloned into the BamHI site in pUC19 (Fig. 2). Figure 2A
depicts the UL19 (VP5) open reading frame (ORF) in the
left-to-right orientation. BglII-N of KOS contains five NcoI
sites, and the most 5' site contains within it the ATG
initiation codon of VP5 (20). Partial NcoI digestion was used
to cleave at three of these sites, and this step resulted in a
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FIG. 3. Southern blot analysis of VP5 and VP23 null mutants.
DNAs (2 ,ug) extracted from KOS (lanes 1, 3, 5, and 7)-infected Vero
cells and K5AZ (lanes 2 and 4)- and K23Z (lanes 6 and 8)-infected G5
cells were digested with restriction endonucleases EcoRI (lanes 1
and 2), BglII (lanes 3 and 4), StuI (lanes 5 and 6), and Sall (lanes 7
and 8). The resulting restriction fragments were separated on a 1%
agarose gel and transferred to nitrocellulose. Filters were hybridized
to a 32P-labelled probe corresponding to BglII-N (lanes 1 to 4)
sequences or the 1.1-kb PvuI-StuI (lanes 5 to 8) fragment. The
numbers beside the lanes indicate molecular sizes in kilobases.

deletion of 1.8 kb. The deletion was created so that the
length of the resulting transcript would not be much greater
than that of wild-type VP5. In addition, partial cleavage was
employed because of a concern that the sequence between
the fourth and the fifth sites contains the VP23 promoter
element. There is also a polyadenylation signal at the end of
the UL19 ORF which may be utilized by UL19 and/or UL20.
The 5' NcoI site was filled in, and a 10-bp BglII linker was
added. Finally, the lacZ gene, derived as a BamHI cassette
from pSC8 (8), was introduced into the BglII site in the
orientation shown. The lacZ gene utilizes the VP5 promoter
and initiation codon. The LacZ polypeptide in this construct
starts at its ninth codon (GTG) and is preceded by three
fusion codons. Translation termination occurs at the LacZ
TAA codon. The VP23 gene (UL18) (39) contains at its 10th
and 11th codons an NruI site which was used to insert the
lacZ gene (Fig. 2B). A 1.1-kb StuI-to-PvuI fragment was
cloned into the SmaI-HincId sites of pUC19. A 10-bp XhoI
linker was introduced into the NruI site, and the lacZ gene,
obtained as anXhoI cassette from pSC8, was cloned into this
site such that expression of this gene is driven by the UL18
promoter and the LacZ polypeptide is synthesized as a
fusion product containing the first 10 codons of VP23.
Expression of LacZ was used to screen for mutant viruses
by virtue of their ability to form blue plaques when overlaid
with Bluo-gal in cotransfection experiments.

Linearized plasmid DNA and intact KOS DNA were used
to cotransfect E43 or G5 cells. Progeny virus was harvested
and assayed for the ability to form blue plaques in a Bluo-gal
overlay. Blue plaques were plaque purified three times
before stocks were prepared. The VP5 and VP23 mutants
were designated K5A&Z and K23Z, respectively. To confirm
the introduction of the lacZ gene into these viruses, small

TABLE 2. Plating efficiency of viruses on transformed cells

Plating efficiency (PFU/ml) on:
Virus

Vero E43 G5

KOS 2.6 x 1010 1.9 x 1010 2.4 x 1010
K5AZ 7 x 105 6.7 x 109 1.03 x 1010
K23Z 3 x 106 2.9 x 106 1.51 x 1010

batches of viral DNA were prepared from infected cells and
analyzed by Southern blot hybridization. Results of this
experiment are shown in Fig. 3. In the case of K5AZ, a
deletion of 1.8 kb was created, followed by addition of the
3-kb lacZ fragment. This resulted in an overall insertion of
1.2 kb. Digestion of viral DNA with BglII resulted in the
appearance of a band corresponding to the 5.7-kb BglII N
fragment in KOS DNA (lane 3), and this increased in size to
6.9 kb in the K5AZ digest (lane 4). The presence of an EcoRI
site in the lacZ gene resulted in cleavage of the EcoRI G
fragment (16.2 kb) of KOS (lane 1) into 9.4- and 8-kb
fragments in the mutant (lane 2). KOS DNA restricted with
Stul and Sall give rise to bands that were 4.3 (lane 5) and 3.3
(lane 7) kb in size, respectively. These fragments both
increased in size by 3 kb in the K23Z digest (lanes 6 and 8),
owing to insertion of the lacZ gene.

Phenotypic characterization of the mutants. The plating
efficiency of the viruses was tested on different cell lines to
further confirm the genotype of these mutants. Stocks of the
mutant viruses prepared in G5 cells were plated on mono-
layers of either Vero, E43, or G5 cells. The results of this
assay are shown in Table 2. As expected, both mutants gave
rise to plaques on G5 monolayers, and only K5AZ formed
plaques on E43 cells (transformed with only the BglII-N
sequence). The levels of wild-type virus in the mutant stocks
represent recombination between homologous DNA se-
quences present in the mutant virus genomes and in the
chromosome of the transformed cell line. The percentages of
wild-type virus in K5AZ and K23Z stocks were 0.007 and
0.02%, respectively. Similar results have been obtained with
other independent stocks of these viruses.
The next series of experiments was carried out to confirm

the absence of either VP5 or VP23 in extracts from mutant-
infected nonpermissive cells. Vero and G5 cells were in-
fected with KOS, K5AZ, and K23Z at an MOI of 10 PFU per
cell and metabolically labelled with [35S]methionine from 9
to 24 h postinfection. Total infected-cell polypeptides were
examined by SDS-PAGE (Fig. 4A). Results are shown for
KOS-, K5AZ-, and K23Z-infected Vero (lanes 2 through 4)
and G5 (lanes 6 through 8) cells, respectively. Both K5A&Z
(lane 3) and K23Z (lane 4) synthesized wild-type levels of
infected-cell proteins under nonpermissive conditions. How-
ever, the band corresponding to the 150-kDa VP5 protein
was absent in K5AZ lysates and the 33-kDa band corre-
sponding to VP23 was absent in K23Z lysates (arrowheads).
These proteins were present in lysates prepared from mu-
tant-infected G5 cells (lanes 7 and 8), albeit at lower levels.
Apparently, the expression of VP5 and VP23 from the
integrated copy of EcoRI-G in G5 cells is lower than expres-
sion of these proteins from the wild-type virus. Expression
of VP23 in K5AZ was increased relative to its expression in
KOS (compare lanes 2 and 3). The reason for this is unclear.
The same protein lysates were reacted with either a mono-
clonal antibody to VP5 (LP12) or a polyclonal rabbit serum
raised against VP23 (CP3). Immunoprecipitates were ana-
lyzed by SDS-PAGE, the results of which are shown in Fig.
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FIG. 4. Synthesis of viral polypeptides in K5AZ- and K23Z-
infected cells. Vero (lanes 1 to 4) and G5 (lanes 5 to 8) cells were
infected at an MOI of 10 PFU per cell with KOS (lanes 2 and 6),
K5AZ (lanes 3 and 7), or K23Z (lanes 4 and 8) or were mock infected
(lanes 1 and 5). Cells were metabolically labelled with [35S]methio-
nine from 9 to 24 h after infection. Lysates prepared from the cells
were subjected to SDS-12% PAGE (panel A) or precipitated with
antibody LP12 (VP5) (panel B) or CP3 (VP23) (panel C), and the
resulting immunoprecipitates were analyzed by SDS-12% PAGE.

4B and C. The results of the immunoprecipitation assay
further confirm these findings.

Ultrastructural analysis of mutant-infected cells. The VP5
and VP23 null mutants were examined by electron micros-
copy to determine whether they form mature capsids or
accumulate visible capsid precursors under nonpermissive
conditions. Mutant and parental viruses were used to infect
permissive and nonpermissive cells, and the nuclei in tissue
sections were examined by electron microscopy. Samples
were fixed in glutaraldehyde at 12, 18, and 24 h after
infection. Results of the 12-h infection are shown in Fig. 5.
Capsids were detected in KOS-infected Vero cells (A) and in
G5 cells infected with K5AZ (B) or K23Z (E). No capsid-like
structure was observed in Vero cells infected with either
K5AZ (C) or K23Z (F). The nuclei of the mutant-infected
Vero cells appeared to be similar to those of mock-infected
Vero cells (D), except for the condensation of chromatin
material, a feature characteristic of infected cells. Most of
the tissue slices showed capsids in preparations of K5A&Z-
and K23Z-infected G5 cells or in KOS-infected Vero cells.
However, no capsids were observed for approximately 30
sections each of the mutant-infected Vero cells.

Sedimentation analysis of mutants. The absence of mature
capsids in Vero cells infected with K5AZ and K23Z does not

FIG. 5. Electron micrographs of thin sections of infected cells.
Monolayers of Vero cells were infected with KOS (A), K5AZ (C), or
K23Z (F) or were mock infected (D), and G5 cells were infected with
K5AZ (B) or K23Z (E) at an MOI of 10 PFU per cell. At 12 h
postinfection, cells were fixed in 2.5% glutaraldehyde in phosphate-
buffered saline and embedded in Scipoxy 812 resin, and 50- to
70-nm-thick sections prepared for examination in a JEOL 100 CX
electron microscope. Electron microscopic analysis was performed
at the Structural Biology Center, University of Pittsburgh. Magni-
fications were x27,750 for panels A to D and x25,900 for panels E
to F. Capsids are marked with arrowheads.

preclude the existence of capsid precursors which may
accumulate in these cells. Therefore, nuclear extracts of
mutant-infected cells were analyzed by sedimentation
through sucrose gradients. HEL cells were used as the
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FIG. 7. Southern blot analysis of replicated viral DNA. Mono-
layers of Vero cells were infected with KOS (lane 2), K5AZ (lane 3),
or K23Z (lane 5) or were mock infected (lane 1), and G5 cells were
infected with K5AZ (lane 4) or K23Z (lane 6) at an MOI of 10 PFU
per cell. At 12 h postinfection, total DNA was extracted and 2.5 ,ug
was digested with BamHI. The restriction fragments were separated
on a 1% agarose gel and transferred to nitrocellulose. The filter was
hybridized to a 32P-labelled probe corresponding to BamHI-K
sequences. The junction, K (5.9 kb), and terminal, Q (3.4 kb) and S
(3.0 kb), fragments are indicated.
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FIG. 6. Sedimentation analysis of nuclear lysates from infected
HEL cells. HEL cells were infected with KOS (A), K5AZ (B), or
K23Z (C) at an MOI of 10 PFU per cell. Cells were metabolically
labelled with [35S]methionine from 6 to 12 h postinfection. Nuclear
lysates were layered onto 20 to 50% sucrose gradients and sedi-
mented at 24,000 rpm for 100 min in a Beckman SW41 rotor.
Fractions were collected, and proteins were analyzed by SDS-17%
PAGE. The direction of sedimentation is from left to right. The
mobilities of the seven capsid proteins are marked. The positions of
protein standards in order of decreasing molecular mass (200, 97, 68,
43, 29, 18, and 14 kDa) are marked to the left of panel A.

nonpermissive cell line. Cell monolayers were infected with
KOS or the mutant viruses and labelled with [35S]methionine
from 6 to 12 h postinfection. Nuclear lysates were prepared
and layered onto 20 to 50% sucrose gradients. After sedi-
mentation, fractions were collected and analyzed by SDS-
PAGE (Fig. 6). Fraction 1, at the left of Fig. 6, corresponds
to the top of the centrifuge tube. Two peaks of radioactivity
were observed for KOS-infected cells (Fig. 6A), correspond-
ing to the faster-sedimenting C capsids (fraction 11) and the
empty B capsids (fractions 6 through 8). Both B and C
capsids contained VP5, VP19c, VP23, VP24, and VP26.
VP22a and, perhaps, VP21 were detected only in B capsids,
as expected. We believe that the double band of radioactiv-
ity migrating at 33 to 37 kDa represents different phosphor-

ylated forms of VP23. VP23 in the virion has been shown to
be phosphorylated (17). This processing activity may be cell
type dependent, since VP23 in capsids isolated from the
nuclei of Vero cells migrates as a single band. Sedimentation
analysis of the mutant lysates (Fig. 6B and C) revealed no
cosedimenting capsid proteins in any of the fractions. Pre-
sumably, all of the capsid proteins were at the top of the
gradient. Bands with mobilities corresponding to approxi-
mately 150 and 30 kDa appeared in all of the fractions for all
of the virus-infected cells and therefore do not correspond to
capsid proteins.

Viral DNA analysis. Viral DNA analysis experiments were
carried out to determine the state of viral DNA in nonper-
missive cells infected with the VP5 and VP23 mutants. Both
mutants failed to form mature capsids or capsid-like struc-
tures upon infection of Vero cells. Nevertheless, the pro-
teins required for replication, processing, and packaging of
viral DNA are presumably expressed in both mutants.
Southern blot analysis was carried out to determine the level
of viral DNA replication and the processing of replicated
DNA into unit length molecules in the absence of capsid
structures. Vero and G5 cells were infected with KOS,
K5AZ, and K23Z. Infected-cell DNA was extracted and
analyzed by Southern blot hybridization by using the BamHI
K junction fragment as a probe (Fig. 7). In DNAs extracted
from KOS-infected Vero cells (lane 2) and G5 cells infected
with K5AZ (lane 4) and K23Z (lane 6), the K junction
fragment and the two end, Q and S, fragments were detected
by hybridization, a result consistent with the presence of
linear unit length genomes. The presence of multiple bands
of Q is due to the heterogeneity of a sequences at that end of
the genome. Only the junction fragment was observed in
DNA extracted from Vero cells infected with K5AZ (lane 3)
or K23Z (lane 5). Therefore, in the absence of VP5 or VP23
and, consequently, mature capsids, high-molecular-weight
viral DNA is not processed into unit length molecules. The
amount of the junction fragment detected and, therefore, the
extent of DNA replication are the same for mutant- and
wild-type-infected cells.
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DISCUSSION

The ability to construct transformed cell lines that express
a gene in trans has enabled the isolation of null mutations in
essential genes of HSV-1. We have isolated Vero cell lines
transformed with sequences that express VP5 alone (E43) or
both VP5 and VP23 (G5). These cell lines were selected for
by virtue of their ability to plaque ts1178, a ts mutant in VP5,
at the nonpermissive temperature. Null mutants were gen-
erated in the genes for VP5 (UL19) and VP23 (UL18) by
insertion of lacZ sequences at codons 1 and 11, respectively.
These were transferred into the KOS genome by homolo-
gous recombination by using transformed Vero cells as the
permissive line. Both the VP5 (K5AZ) and VP23 (K23Z)
mutants failed to replicate on Vero cells. Therefore, VP23,
like VP5, is an essential gene product. Only K5AZ replicated
on the cell line transformed with only the UL19 sequences.
The absence of expression of the VP5 and VP23 polypep-
tides in the respective mutants was confirmed by SDS-
PAGE analysis of protein lysates and immunoprecipitation
with antibodies specific for these proteins. Both mutants
expressed wild-type levels of infected-cell polypeptides un-
der nonpermissive conditions. Interestingly, expression of
VP23 in K5AZ was increased relative to wild-type levels.
The reason for this is unclear. The null mutants were unable
to assemble capsids upon infection of nonpermissive cells,
as judged by electron microscopic analysis of thin sections.
By using sedimentation analysis of nuclear extracts prepared
from KOS-infected cells, B and C capsids were detected.
However, for either the VP5 or the VP23 mutant, no capsid
structures were observed in the gradient at positions where
wild-type capsids sediment.
The amount of DNA replication is normal in K5AZ- and

K23Z-infected nonpermissive cells, but the DNA exists as
concatemers that are not processed to genome length mole-
cules. Normally during viral replication, concatemers are
cleaved into unit length genomes, presumably at the time of
encapsidation. It appears that if viral DNA is not packaged
into capsids it is not cleaved (27, 32). In addition to null
mutants for capsid genes that specify VP5 and VP23, ts
mutations in VP19c and VP22a also result in accumulation of
concatemeric DNA (26, 27). Unlike the other three capsid
proteins, VP22a is found in empty but not in DNA-filled
capsids (33, 38). In addition to the capsid components, ts
mutations that produce the same DNA-processing pheno-
type have been identified in five additional genes (1-3, 32).
Therefore, capsid formation is necessary, but not sufficient,
for cleavage of DNA into head-full lengths. While one of the
noncapsid proteins may possess enzyme activity for site-
specific cleavage, the requirement of five gene products is
puzzling. Since DNA cleavage is linked to packaging, it is
also surprising that one or more of these proteins have not
been detected as capsid-binding proteins.
The HSV-1 capsid is a complex structure composed of up

to seven proteins, each of which is important for assembly of
the mature capsid, which is then incorporated into the
virion. The steps that occur in the assembly of capsids have
not been elucidated. The isolation of mutations in each of the
seven capsid gene products should enable one to identify the
steps involved in capsid assembly and the role of each
protein in that pathway. ts lesions have been the primary
source of mutations in the capsid genes, and these have been
used to characterize the roles of VP5, VP19c, and VP22a in
capsid morphogenesis. Lesions in VP22a result in synthesis
of viral DNA and empty capsids; however, DNA packaging
is defective in these mutants (27, 38). ts mutations in VP5

(41) and VP19c (26) result in lack of mature capsid forma-
tion; nevertheless, small ring-like structures were observed
by electron microscopic analysis of cells infected with ts1178
(VP5) at the nonpermissive temperature (30). It is not clear
whether this latter result is due to leakiness in the ts
phenotype or a real precursor in the capsid assembly path-
way. To overcome problems of leakiness in the ts pheno-
type, null mutants need to be isolated so that the role of each
gene can be defined in its complete absence. To this end, we
have isolated null mutants for two important capsid proteins,
VP5 and VP23. We have not detected any structure that
resembles capsid precursors in infected cells. However,
these studies require sedimentation parameters different
from those employed for complete capsids (20 to 50%
sucrose gradients) and the experimental conditions, i.e., the
salt concentration, may have to be varied to stabilize inter-
actions between capsid molecules. The absence of large
macromolecular structures in the sucrose gradients shown
here does indicate that VP5 and VP23 play a major role in the
assembly of capsids.
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