












with recombinant baculoviruses expressing the six HSV-1 cap-
sid proteins (48, 50, 51). This system was used to determine if
UL25 would associate with capsids in the absence of tegument
proteins. Sf9 cells were infected with a mixture of recombinant
baculoviruses expressing the UL18, UL19, UL26, UL26.5,
UL35, and UL38 genes alone or along with baculoviruses ex-
pressing the HSV UL25, UL6, and UL9 genes. Cells were
harvested at 64 h postinfection, and cell extracts were layered
onto 20 to 60% sucrose gradients. Following sedimentation,
the B-capsid band was harvested from the sucrose gradient.
The protein composition of the banded B capsid was then
determined by Western blot analysis (Fig. 10). Separate blots
were probed for capsid proteins VP5, VP19C, and VP23 (Fig.
10A), scaffold proteins VP21 and VP22a (Fig. 10B), UL25
(Fig. 10C), UL6 (Fig. 10D), and UL9 (Fig. 10E), using antisera
specific for each protein. Baculoviruses expressing the UL6
and UL9 proteins were included in these experiments as pos-
itive (UL6) and negative (UL9) controls since UL6 has previ-
ously been shown to be a minor capsid protein (3) whereas
UL9 should not be found associated with capsids. Both UL25
(Fig. 10C, lanes 6 and 9) and UL6 (Fig. 10D, lanes 6 and 9)
were detected in B capsids isolated from KOS-infected Vero
cells and in capsids assembled in insect cells. In contrast, UL9
(Fig. 10E, lanes 6 and 9) was not found in capsids assembled in
either Vero cells or insect cells. Surprisingly, UL25 (Fig. 10C,
lane 7) and UL6 (Fig. 10D, lane 7) but not UL9 (Fig. 10E, lane

FIG. 7. Transmission electron micrographs of thin section preparations of
virus-infected cells. Vero cells (A and B) or 8-1 cells infected with KUL25NS
were fixed at 16 h postinfection, and thin sections were prepared for EM analysis.
In panel A, the arrow points to the region that is enlarged in panel B; in panel
C, the arrowheads point to enveloped C capsids. Magnifications: (A and C)
332,500; (B) 3107,250.
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7) were found to band in the same region of the sucrose
gradient as B capsids when these proteins were expressed in
insect cells in the absence of HSV capsid proteins. This unex-
pected observation suggested that UL25 and UL6 form insol-
uble aggregates when overexpressed in insect cells and that
these aggregates purify with B capsids. It should be noted that
we have analyzed the distribution of UL25 across a sucrose
gradient of HSV-infected Vero cells and found that as with the
baculovirus samples, the UL25 protein is found from the top to
the bottom of the gradient, with slightly more UL25 associated
with the region where capsid bands are found (data not
shown).

To determine whether UL25 and UL6 were stably incorpo-
rated into capsids made in insect cells or if they were simply
aggregates that copurified with B capsids, we treated the sam-
ples with GuHCl (see Materials and Methods). Treatment of
purified capsids with 2 M GuHCl has been shown to result in
selective removal of some capsid proteins without altering the
icosahedral capsid shell (36). Purified HSV B capsids treated
with 2 M GuHCl remove VP21, VP22a, VP24, and VP26 (36).
Patel et al. (38) have shown that UL6 remains stably associated
with HSV B capsids treated with 2 M GuHCl. As shown in Fig.
10B, proteins VP21 and VP22a were completely removed from
B capsids made in Vero (lane 1) or insect (lanes 4 and 5) cells,
while proteins VP5, VP19C, and VP23 remained associated
with capsids (Fig. 10A, lanes 1, 4, and 5). Gradient-purified B
capsids isolated from Vero cells (Fig. 10C and D, lanes 1) or
from insect cells (Fig. 10C and D, lanes 4) that had been
extracted with 2 M GuHCl were found to retain UL25 and
UL6 but not UL9 (Fig. 10E, lane 4). In contrast, treating the
region that corresponded to where B capsids would band that
was isolated from gradients of insect cells infected with bacu-
loviruses expressing UL25 or UL6 alone eliminated these pro-
teins (Fig. 10C and D, lanes 2). These data indicate that the
UL25 and UL6 proteins are tightly associated with capsids and
that their presence is not the result of protein aggregates that
happen to purify with B capsids on sucrose gradients. In addi-
tion, these results demonstrate that both UL25 and UL6 will
associate with capsids in the absence of tegument or envelope
proteins.

DISCUSSION

Studies with ts mutants whose mutations map within HSV-1
genes UL6, UL15, UL25, UL28, UL32, and UL33 have shown
that these six genes are essential for DNA cleavage and pack-
aging and in production of A and C capsids. To further inves-
tigate the role of these six genes in cleavage and packaging,
additional mutants with defined lesions in these genes have
been constructed. To isolate these mutants, complementing
cell lines that could be used to propagate viruses containing

lethal mutations in these genes were constructed. HSV-1 mu-
tants which fail to express the UL6, UL15, and UL28 proteins
have been described elsewhere (6, 37, 49, 56). The results of
studies with these null mutants support what was found with ts
mutants, since these null viruses did not cleave or package
replicated viral DNA and only B capsids were found in cells
infected with these mutants. These results are consistent with
the hypothesis that the DNA cleavage/packaging complex con-
tains both intact capsids plus the cleavage/packaging proteins.
Studies with mutants that fail to assemble capsids due to the
deletion of an essential capsid protein support this model,
since these mutants fail to cleave replicated viral DNA (18).

Expression of UL25 protein was first detected at 6 h postin-
fection, and the expression levels were found to increase out to
20 h postinfection (Fig. 4B). The pattern of expression of UL25
was similar to that of the UL26 and UL26.5 proteins (Fig. 4C
and D), indicating that UL25 is expressed with late kinetics
(Fig. 4). The presence of nearly identical patterns of expression
of the UL26 and UL26.5 proteins in KUL25NS-infected Vero
cells (Fig. 4C) and in KOS-infected Vero cells (Fig. 4D) dem-
onstrates that the UL25 mutant enters cells and replicates with
near wild-type kinetics. Therefore, it does not appear that the
UL25 protein is required for virus penetration as was found
with the UL25 ts mutant (1).

Ali et al. (3) have shown that the UL25 protein is associated
with purified HSV virions. In this study, we show that the UL25
protein is stably associated with all three types of capsids. To
discount the possibility that the UL25 protein was a tegument
protein that nonspecifically associates with capsids, we showed
that treatment of HSV-1 B capsids with 2 M GuHCl did not
remove UL25. In addition, the UL25 protein was found to be
stably associated with B capsids made in insect cells, and 2 M
GuHCl treatment of these capsids did not remove the UL25
protein. Taken, together these observations strongly indicate
that the UL25 protein is a minor component of HSV-1 capsids.

The one surprising observation that resulted from these
studies was that cleaved/unpackaged genome-size DNA was
present in Vero cells infected with the UL25 null mutant. As
described above, this is a novel phenotype since all previously
described mutants within this group fail to cleave and package
DNA into preformed B capsids. The presence of nearly equal
amounts of both A and B capsids and no C capsids in Vero cell
infected with the UL25 null virus suggested that the cleaved
DNA may have resulted from an abortive packaging event. In
Vero cells infected with the UL25 null virus, replicated DNA

FIG. 8. Rate-velocity sedimentation of capsids from Vero or 8-1 cells in-
fected with KOS or KUL25NS. Cells (two T225 flasks) infected with the indi-
cated virus at an MOI of 5 PFU per cell were harvested at 24 h postinfection, and
lysates were layered onto 20 to 60% sucrose gradients and centrifuged at 24,000
rpm (SW41 rotor) for 1 h. The positions of A-, B-, and C-capsid bands are
indicated.

FIG. 9. Analysis of virus capsids. A, B, and C capsids isolated from the
sucrose gradients shown in Fig. 8 were run on SDS–12.5% polyacrylamide gels
and immunoblotted with antisera NC1, NC2, and NC5 (A), which detect capsid
proteins VP5, VP19C, and VP23, respectively, or with a UL25 polyclonal anti-
serum (B). Positions of the capsid proteins (A) and the UL25 protein (B) are
indicated. The migration of protein size markers (in kilodaltons) is shown at the
side of each panel.
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is cleaved into genome-size molecules but the DNA fails to be
packaged in capsids in the absence of the UL25 protein. The
abortive packaging event resulted in the loss of the scaffold
protein and generation of an empty A capsid. The cleavage of
viral DNA in KUL25NS-infected Vero cells appears to be
nearly as efficient as in KOS-infected Vero cells or KUL25NS-
infected 8-1 cells, as evidenced by similar levels of genome-size
DNA (Fig. 6). Therefore, cleavage and packaging occur at near
wild-type levels with the UL25 null virus. The absence of
DNase-resistant DNA and the abundance of A capsids suggest
that UL25 may function to retain DNA in the capsid following
the cleavage event.

A defect in the release of DNA-containing capsids from the
nucleus while retaining the ability to cleave DNA has been
shown with a UL12 null virus (33). As mentioned earlier, the
UL12 gene is not essential, but the titers of mutants lacking
this protein are reduced over 100-fold. Mutants which fail to
express the UL12 protein make an overabundance of A cap-
sids. Significant amounts of DNase-resistant DNA are found in
the nucleus, but very little if any is found in the cytoplasm.
Therefore, it appears that the DNA-containing capsids made
in the absence of the UL12 protein are unstable. In contrast,
no DNA-containing capsids are found in the absence of the
UL25 protein, suggesting that the DNA is only transiently
associated with capsids and further supporting a role for UL25
in maintaining DNA in capsids following cleavage.

Since cleavage and packaging of HSV DNA require fully
formed capsids, some cleavage/packaging proteins may inter-
act with capsids. It has been reported that UL6 is found in all
three capsid forms whereas the UL15 protein is present in B
capsids (38, 57). In this report, we show that UL25 is stably
associated with A, B, and C capsids. Site-specific cleavage of
the concatemers is found at unique sites within a sequences
which are present at both genomic termini and at the internal
repeated sequences (47, 53, 56). The a sequences appear to
specify when a genome equivalent has entered the capsid and
where the viral DNA should be cleaved. The a sequences could
serve as a site to which cleavage/packaging proteins such as
UL25 bind in retaining DNA in the capsid.

The process of HSV-1 capsid assembly and DNA packaging
appears to be analogous to the pathway found with double-
stranded DNA (dsDNA) bacteriophages such as T4, P22, and
lambda (8, 9, 12, 13, 23, 24, 41, 42). The pathway in both
HSV-1 and dsDNA bacteriophages initially involves the assem-
bly of a spherical, unstable procapsid which then matures to
the stable angular capsid (13, 23, 35, 41, 52). The bacterio-
phage and HSV procapsid lack DNA but contain scaffolding
protein. As with HSV, bacteriophage DNA is synthesized as
head-to-tail concatemers that are cleaved to monomers and
packaged into capsids, with the loss of the scaffolding protein.
The prohead is the capsid in which DNA packaging is initiated
in the dsDNA bacteriophages. Transfer of DNA into bacterio-

FIG. 10. Protein composition of HSV particles made in KOS-infected Vero cells or Sf9 cells infected with recombinant baculoviruses expressing HSV proteins. Cells
were harvested at 12 h (Vero cells) or 64 h (Sf9 cells) postinfection, and cell extracts were loaded onto 20 to 60% sucrose gradients. Following centrifugation, B capsids
were harvested. If there was no visible band on the gradient, then the region of the gradient where B capsids should band was harvested. A portion of each sample
was removed for Western analysis, and the remainder of the sample was treated with 2 M GuHCl as described in Materials and Methods. Following guanidine
treatment, particles were purified by banding on a 20 to 60% sucrose gradients. Purified particles before (lanes 6 to 10) and after (lanes 1 to 5) GuHCl treatment were
separated on SDS–12.5% polyacrylamide gels and immunoblotted. The blots were probed with antisera NC1, NC2, and NC5 (A), antiserum MCA406 (B), UL25
polyclonal antibody (C), UL6 polyclonal antibody (D), and UL9 monoclonal antibody (E). Samples include particles isolated from Vero cells infected with KOS (lanes
1 and 6), particles isolated from Sf9 cells infected with a mixture of recombinant baculoviruses expressing the six HSV-1 capsid proteins alone (lanes 5 and 10) or along
with recombinant baculoviruses expressing the UL6, UL9, and UL25 proteins (lanes 4 and 9), and particles isolated from Sf9 cells infected with a single recombinant
baculovirus expressing UL25 (A to C and E, lanes 2 and 7), UL9 (A to E, lanes 3 and 8), or UL6 (D, lanes 2 and 7). (C to E) Lane E contains total cell lysate of Sf9
cells infected with recombinant baculovirus expressing UL25 (C), UL6 (D), and UL9 (E). The position of the capsid proteins VP5, VP19C, and VP23 (A), scaffold
proteins VP21 and VP22a (B), UL25 protein (C), UL6 protein (D), and UL9 protein (E) are indicated.
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phage proheads requires a protein complex consisting of the
terminase protein, the portal protein, and accessory proteins.
It has been speculated that the UL15 protein may function as
a terminase, based on its homology with the large subunit of T4
terminase (16). In bacteriophages, the terminase is only tran-
siently associated with the capsid, while the other proteins
required for packaging (including the portal protein) are
mainly structural components of the capsid. The substrates for
DNA packaging are replication-generated concatemers, and
the DNA is cleaved into genome-size molecules at the time of
packaging. The portal protein is found at one vertex (site
where phage tail is attached) of the capsid arranged in a single,
ring-shaped dodecamer (9, 41). The DNA has been postulated
to enter the procapsid through the hole in the center of the
portal protein dodecamer. Procapsids missing the portal pro-
tein do not package DNA. There is a mechanism which deter-
mines when the procapsid is filled with DNA and activates the
nucleolytic cleavage and releases the internalized DNA from
the concatemer. Genetic studies have linked the portal protein
to this cleavage event (12). Following cleavage, the DNA is
unstably packaged and unless additional proteins are added to
the portal vertex the DNA can come back out of the capsid
(30). Although there is no obvious equivalent of the portal
vertex in the HSV procapsid, some of the minor capsid pro-
teins (such as the UL6 protein) may serve this function. The
function of the UL25 protein appears to be similar to that of
the proteins added after DNA is packaged in the dsDNA
bacteriophages that aid in retaining the DNA in the capsid.

In summary, we have described a system for studying the
role of the UL25 gene product in HSV-1 morphogenesis.
UL25-transformed Vero cell lines which allow for the isolation
and preparation of mutant virus stocks have been established.
The availability of the complementing cell lines will allow for
the isolation of additional UL25 mutants containing both de-
letion and nonsense mutations. Characterization of these mu-
tants should be useful in understanding the role of the UL25
protein in packaging of viral DNA.
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