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At least seven viral genes encode proteins (UL6, UL15, UL17, UL25, UL28, UL32, and UL33) that are
required for DNA cleavage and packaging of herpes simplex virus type 1 (HSV-1) DNA. Sequence analysis
reveals that UL15 shares homology with gp17, the large catalytic subunit of the bacteriophage T4 terminase.
Thus, UL15 may play a direct role in the cleavage of viral DNA replication intermediates into monomers. In
this study, we asked whether UL15 and other cleavage and packaging proteins could be detected in capsids
isolated from infected cells. Consistent with previous studies showing that UL6 and UL25 are minor protein
constituents of the capsids, we detected these proteins in both B and C capsids. In contrast, the previously
identified full-length version (81 kDa) of UL15 was found predominantly in B capsids and in much smaller
amounts in C capsids. In addition, the UL28 protein was found predominantly in B but not C capsids in a
distribution similar to that of the 81-kDa version of UL15. These results suggest that UL28 and the 81-kDa
form of UL1S5 are transiently associated with capsid intermediates during the packaging process. Surprisingly,
however, a previously unidentified 87-kDa form of UL15 was found in the B and C capsids and in virions.
Analysis of cells infected with mutants individually lacking UL6, UL15, UL25, UL28, or UL32 demonstrates
that the lack of one cleavage and packaging protein does not affect the expression of the others. Furthermore,
this analysis, together with guanidine HCI extraction analysis of purified capsids, indicates that UL6, UL25,
and UL28 are able to associate with B capsids in the absence of other DNA cleavage and packaging proteins.
On the other hand, the two UL15-related proteins (81 and 87 kDa) do not associate efficiently with B capsids
in cells infected with UL6 and UL28 mutants. These results suggest that the ability of the UL15-related

proteins to bind to B capsids may be mediated through interactions with UL6 and UL28.

In cells infected with herpes simplex virus type 1 (HSV-1),
three types of intracellular capsids have been identified by
sucrose gradient sedimentation and electron microscopic anal-
ysis: A capsids (empty), B capsids (containing scaffold protein),
and C capsids (containing DNA) (14, 18, 31, 39). The shells of
all three capsid types have a similar structural composition:
they contain VPS5 (major capsid protein), VP19C, VP23 (tri-
plex proteins), and VP26 (9, 16, 17, 27, 31, 35, 37, 38, 54).
DNA-containing C capsids represent the products of success-
ful DNA packaging events. B capsids were initially thought to
be analogous to phage proheads in that B capsids contain a
protein scaffold composed mainly of VP22a, which is lost from
capsids when DNA is packaged. However, in a cell-free capsid
assembly system, a fourth form of capsids has been recently
discovered, which is a spherical, unstable structure containing
the precursor form of the scaffold protein (30, 48). It has been
suggested that these less-angular and more-open structures
rather than B capsids are authentic procapsid intermediates.
Although B capsids may be a dead-end product of the capsid
maturation process, they represent the most closely related
structures to procapsids that can be isolated as stable struc-
tures. The empty A capsids which lack both DNA and scaffold
are thought to result from abortive attempts at DNA encapsi-
dation (34).

At least seven genes encode proteins (UL6, UL15, UL17,
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UL25, UL28, UL32, and UL33), that are required for the
DNA cleavage and packaging process, in which replicated con-
catemeric DNA is cleaved into unit-size monomers and encap-
sidated into preformed capsids (41; for a review, see reference
49). The functions of each of the cleavage and packaging pro-
teins have not been elucidated. Mutant viruses defective in
ULe6, UL15, UL17, UL28, UL32, or UL33 are defective in
DNA cleavage and packaging, and cells infected with these
mutants produce only B capsids (2, 4, 24, 25, 33, 41, 47, 52).
The absence of A and C capsids is taken as evidence that
cleavage and packaging was not even attempted in cells in-
fected with these mutants. These results suggest that these
proteins function at relatively early stages of the cleavage and
packaging process. A recently described mutant virus defective
in UL25, on the other hand, is capable of DNA cleavage; the
accumulation of A and B capsids in cells infected with this
mutant virus indicates that UL25 is required for stable reten-
tion of DNA in capsids (26). Thus, it is likely that UL25
functions later in the process than the other known cleavage
and packaging proteins (26). The phenotype of the UL25 mu-
tant is somewhat reminiscent of that of UL12 (alkaline nucle-
ase)-null mutants, which are capable of cleavage of viral ge-
nomes and which also display an elevated ratio of A to B
capsids (42). We have proposed that in cells infected with the
ULI12-null mutant, abnormally processed DNA is packaged,
leading to the accumulation of unstable DNA-containing cap-
sids which fail to bud from the nucleus and disgorge viral DNA
to generate elevated levels of A capsids.

One key component of the cleavage and packaging machin-
ery of the better-studied double-stranded DNA bacteriophages
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is a two-subunit terminase which binds and cleaves concate-
meric viral DNA into monomers and translocates the DNA
into capsids by using energy from ATP hydrolysis (reviewed in
reference 7). In addition to the terminase complex, the bacte-
riophage cleavage and packaging machinery also includes a
prohead with an internal scaffold and a portal vertex through
which DNA is taken up (reviewed in reference 7). The portal
protein is found as a dodecameric ring at the unique vertex of
most bacteriophages and is considered an integral part of the
capsid itself (reviewed in reference 5). The terminase complex,
however, is only transiently associated with proheads and is not
found in mature capsids (28). Other phage packaging proteins,
such as lambda gpD, have been reported to form a stable
association with mature capsids, but these proteins are not
found in procapsids (19, 20). They are believed to function
later in the cleavage and packaging process to enhance the
stability of DNA-containing capsids (45).

By analogy with bacteriophages, the presence or absence of
HSV-1 cleavage and packaging proteins in procapsids and ma-
ture virions may provide clues as to their possible functions.
UL6 and UL25, two of the HSV-1 DNA cleavage and pack-
aging proteins, are found in capsids and in mature virions (1,
24, 26, 32). We recently showed that UL32, another cleavage
and packaging protein, cannot be detected in capsids or in
virions (25). We have proposed that this protein may be in-
volved in the efficient localization of procapsids to the location
within the cell at which cleavage and packaging occur. We and
others have previously demonstrated that two proteins from
the UL1S5 locus are expressed in infected cells: a full-length
81-kDa form and a 30-kDa protein translated separately from
the UL15.5 open reading frame (4, 52). In this report, we
examined whether any UL15 species could be detected in cap-
sids. We report that the 30-kDa UL15.5 protein cannot be
detected specifically in any capsid form, whereas the 81-kDa
form of UL1S is detected predominantly in B capsids and in
much lower levels in C capsids and in virions. In addition, the
UL2S protein was found predominantly in B but not C capsids
in a distribution pattern similar to that of the 81-kDa version of
UL15. Taken together with the previous report that UL15
shares homology with the ATP binding motif of the catalytic
subunit (gpl7) of bacteriophage T4 terminase (15), these re-
sults suggest that UL15 and UL28 may constitute the two
subunits of the putative HSV-1 terminase. Moreover, we found
that while the capsid association of UL6, UL25, and UL28
does not require the presence of other DNA cleavage and
packaging proteins, cells infected with UL6 or UL28 mutants
display altered associations of UL15 with capsids. This suggests
that both UL6 and UL28 play a role in mediating the interac-
tion of UL15 with capsids. Models for the possible roles of
UL6, UL1S, and UL28 in the cleavage and packaging process
will be discussed.

MATERIALS AND METHODS

Cells, viruses, and antibodies. African green monkey kidney cells (Vero;
American Type Culture Collection, Rockville, Md.) were propagated and main-
tained as described previously (50). Cell lines permissive for the individual DNA
cleavage and packaging mutant were propagated as described above, but with the
addition of 100 pg of the antibiotic G418 (Geneticin, a neomycin analog; GIBCO
Laboratories, Grand Island, N.Y.) per ml of medium. The KOS strain of HSV-1
was used as the wild-type virus. Mutant HSV-1 viruses in which the ICP6::lacZ
mutagenic cassette was used to disrupt UL6 (hr74), UL15 (hr81-1 and hr81-2), or
UL32 (hr64) have been described previously (24, 25, 52). Insertion mutants were
propagated on complementing cell line UL6-31 (UL6), C-2 (UL15), or 158
(UL32) (24, 25, 52). Mutant KUL25NS virus containing an in-frame stop codon
in the UL25 gene and gCB virus containing a 1,881-bp deletion in the UL28
gene, as well as permissive cell lines (8-1 and Al, respectively), were kindly
provided by Fred Homa (Pharmacia and Upjohn, Kalamazoo, Mich.) (26, 47).
An anti-ICP8 polyclonal antibody was a kind gift from William Ruyechan
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(SUNY, Buffalo, N.Y.) (43), and an anti-VP5 polyclonal antibody (NC-1) was a
kind gift from Gary H. Cohen and Roselyn J. Eisenberg (University of Pennsyl-
vania, Philadelphia) (13). The polyclonal anti-UL6 and anti-UL15 antibodies
were described previously (24, 25, 52). The polyclonal anti-VP16, anti-UL25, and
anti-UL28 antibodies were generously provided by Daniel J. Tenney (Bristol-
Myers Squibb, Wallingford, Conn.). The anti-UL32 polyclonal antibody was
kindly donated by Bernard Roizman (University of Chicago, Chicago, IlL.) (12).

Cell fractionation. Cell fractionation of infected Vero cells was carried out
with a modification of a previously described procedure (51). KOS virus-infected
Vero cells were lysed in hypotonic buffer (20 mM HEPES [pH 7.9], 10 mM KCl,
20 mM NaF, 0.1 mM Na;VO,, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 3 pg of aprotinin per ml, 1 pg of pepstatin per ml, 1 mM dithiothreitol,
10% glycerol) containing 0.2% Nonidet P-40 (NP-40). After 10 min of incubation
on ice, cell lysates were subjected to centrifugation in a microcentrifuge (12,400
rpm) at 4°C for 1 min. The supernatant was collected and designated as the first
cytoplasmic extract. The pellet was resuspended in hypotonic buffer containing
0.2% NP-40, and the extraction was repeated. The supernatant was saved and
designated as the second cytoplasmic extract. The pellet (containing crude nu-
clei) was resuspended in high-salt buffer (hypotonic buffer with 20% glycerol and
420 mM NaCl) and incubated at 4°C for 30 min. The resuspended nuclei were
then subjected to centrifugation (12,400 rpm in microcentrifuge) at 4°C for 10
min. The supernatant was collected as the first nuclear extract. The pellet was
subjected to high-salt-buffer extraction a second time, and the supernatant was
saved and designated as the second nuclear extract. The pellet was designated as
the insoluble fraction.

Analysis of capsids and virions. HSV-1 capsids were isolated as described by
Sherman and Bachenheimer (44) with some modifications. Five 152-cm? flasks of
confluent Vero cells were infected with either KOS virus or mutants defective in
individual DNA cleavage and packaging genes at a multiplicity of infection
(MOI) of 6 PFU per cell. At 20 h postinfection, cells were collected by centrif-
ugation at 4,000 rpm in a GSA rotor for 10 min, rinsed with phosphate-buffered
saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,
[pH 7.4]), resuspended in lysis buffer (a phosphate buffer containing 40 mM
phosphate [pH 7.4] and 150 mM NaCl) containing 0.5% NP-40 and proteinase
inhibitors (1 mM PMSF, 5 pg of pepstatin A per ml, 5 pg of leupeptin per ml),
and incubated at 4°C for 30 min. Cell lysates were then snap frozen and thawed
and cleared of cell debris by centrifugation at 6,000 rpm in an SS-34 rotor for 10
min and subsequently at 2,500 rpm in a microcentrifuge for 3 min. The super-
natant was then subjected to probe sonication, layered onto a 15 to 45% (wt/wt
[in phosphate buffer]) sucrose gradient, and centrifuged at 35,000 rpm for 30 min
in an SW40 rotor. All centrifugation steps were carried out at 4°C. Capsid bands
were identified by light scattering upon illumination with a halogen fiber optic
lamp. The gradients were collected with a piston gradient fractionator (BioComp
Instruments, Inc., New Brunswick, Canada) at 1 ml per fraction. Trichloroacetic
acid was added to a final concentration of 10%, and the samples were stored at
—20°C overnight. The precipitated proteins were collected by centrifugation in a
microcentrifuge at 12,400 rpm for 30 min and resuspended in 150 pl of 1X
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer. Mature virions were prepared as described previously (46). Sucrose gra-
dient fractions and purified virions were subjected to SDS-PAGE and Western
blot analysis as described below.

Preparation of extracellular extracts. One 152-cm? flask of 80% confluent
Vero cells was infected with wild-type or mutant strains of HSV-1 at an MOI of
10 PFU per cell for 20 h. The media were carefully decanted into a 50-ml
centrifuge bottle and subjected to low-speed centrifugation (4°C) at 5,000 rpm in
an SS-34 rotor for 10 min to remove cell debris. The supernatant was collected
and subjected to low-speed centrifugation a second time. The resulting super-
natant was then subjected to centrifugation (4°C) at 15,000 rpm in an SW28 rotor
for 2 h to pellet extracellular particles. The pellet was resuspended in 100 pl of
1X SDS sample buffer and used for analysis.

GuHCI extraction. Guanidine hydrochloride (GuHCI) extraction was per-
formed as described by Newcomb and Brown (29). In brief, B capsids were
purified following sucrose gradient centrifugation and were diluted in lysis buffer
(phosphate buffer containing 0.5% NP-40 and the proteinase inhibitor cocktail).
A 6.0 M concentration of GuHCI was slowly added to the capsid samples with
rigorous stirring to final concentrations of 0, 0.5, 1.0, or 2.0 M. The samples were
incubated on ice for 1 h with occasional agitation, and the capsids were recovered
by centrifugation through 150 wl of a 25% sucrose cushion (in phosphate buffer)
in an SW50.1 rotor at 23,000 rpm for 1 h. The capsids were resuspended in 150
wl of 1X SDS sample buffer for analysis.

Silver staining, Western blotting, and quantitative analysis. Cell lysates or
sucrose gradient fraction samples resuspended in 1X SDS-PAGE sample buffer
were heated at 95°C for 5 min, vortexed vigorously for 30 s, and subjected to
electrophoresis on an SDS-10% polyacrylamide gel. The gels were then analyzed
by silver staining or Western blotting. Silver staining was carried out as described
previously (3). The ECL (enhanced chemiluminescence) method of Western
blotting analysis was performed for all proteins except UL6 according to the
manufacturer’s instructions (Amersham, Buckinghamshire, England) as previ-
ously described (53). Because the anti-UL6 antibody did not perform well by the
ECL method, UL6 immunoblots were performed with an alkaline phosphatase-
conjugated goat anti-rabbit immunoglobulin G (Promega, Madison, Wis.) and
alkaline phosphatase color development as previously described (24). The anti-
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FIG. 1. Distribution of UL15 and UL15.5 in infected-Vero-cell extracts.
Vero cells were infected with KOS at an MOI of 10 PFU per cell for 16 h. Cell
lysates were fractionated into cytoplasmic, nuclear, and insoluble fractions as
described in Materials and Methods. Proteins were revealed by ECL Western
blot analysis with an anti-UL15 polyclonal antibody. The exposure time for the
blot shown here was 5 min. The positions and sizes of UL15 and UL15.5, along
with the migration of size markers (in kilodaltons), are indicated.

UL29, anti-VP16, anti-VP5, anti-UL6, anti-UL1S5, anti-UL2S5, anti-UL28, and
anti-UL32 polyclonal antibodies were used as the primary antibodies at dilutions
of 1:2,000, 1:1,000, 1:10,000, 1:1,000, 1:2,000, 1:2,000, 1:1,000, and 1:2,000 (in 5%
nonfat milk in PBST [PBS containing 0.2% Tween 20]), respectively. Protein
quantification was performed as suggested by the manufacturer’s instructions with
bands which were in the linear response range. The protein bands were quanti-
fied with ImageQuaNT, version 1.2 (Molecular Dynamics, Sunnyvale, Calif.).

RESULTS

Expression of UL15 in mammalian cells. A detailed bio-
chemical analysis of the function of UL1S5 in the cleavage and
packaging process will require the expression of the soluble
ULIS5 protein. Full-length UL15 expressed in insect cells in-
fected with recombinant baculovirus, however, was found to be
present in the insoluble fraction (data not shown). We next
examined ULIS5 expression in HSV-Il-infected mammalian
cells. Vero cells were infected with strain KOS of HSV-1 and
fractionated into two cytoplasmic fractions, two nuclear frac-
tions, and an insoluble fraction (see Materials and Methods).
Each fraction was examined by immunoblotting with a poly-
clonal antibody raised against the second exon of UL15 (52).
The full-length 81-kDa UL1S5 protein was detected in both the
first nuclear fraction and the insoluble fraction (Fig. 1, lanes 5
and 7). The presence of UL15 in the insoluble fraction was not
due to incomplete nuclear extraction, since no soluble UL15
was detected in the second nuclear fraction (Fig. 1, lane 6).
Consistent with previous results obtained by immunofluores-
cence (53), very little UL15 was detected in either of the two
cytoplasmic fractions. We estimate that about 50% of the
ULI1S5 protein expressed during viral infection is in an insoluble
form. Interestingly, UL15.5, an N-terminally truncated gene
product of the UL1S5 open reading frame (52), was found only
in the insoluble fraction (Fig. 1, lane 7). Figure 1 also shows a
total-cell extract from KOS-infected cells and indicates that in
addition to the previously described 81- and 30-kDa ULI15
bands, several other bands also react with the UL15 antiserum
(lane 2); these may represent proteolytic products of the 81-
kDa UL1S protein or other proteins which cross-react with the
antiserum. In summary, full-length UL1S5 is partially soluble in
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infected-cell extracts. The insoluble fraction of UL15 may rep-
resent protein which is associated with capsids or with nuclear
matrix.

Expression of DNA cleavage and packaging proteins in in-
fected mammalian cells. The involvement of at least six genes
in the HSV-1 DNA cleavage and packaging process suggests
potentially complex protein-protein interactions among vari-
ous components. It is possible that one or more of these pro-
teins may regulate the expression of the others at the transcrip-
tional, translational, or posttranslational levels. In order to test
this possibility, Vero cells were infected with KOS or mutant
viruses defective in UL6, UL15, UL25, UL28, or UL32, and
the cell lysates were examined by immunoblot analysis (Fig. 2).
Since all viruses used in this experiment are expected to exhibit
a normal pattern of early protein expression, the levels of
UL29 (ICP8) detected by an anti-ICP8 antibody were used to
indicate the relative amount of lysate added to each lane of the
SDS-PAGE gel. Figure 2 shows that mutant viruses defective
in UL15 express other cleavage and packaging proteins (i.e.,
ULe6, UL25, UL28, and UL32) at levels similar to those ex-
pressed in cells infected with wild-type virus; as expected, these
mutant viruses are not capable of expressing UL15 (lanes 4 and
5). Likewise, the levels of individual cleavage and packaging
proteins expressed in cells infected with either KOS, UL25, or
UL32 mutant viruses do not vary significantly. In cells infected
with the UL6 and UL28 mutants, the slightly lower levels of
UL15 and UL25 are likely due to a smaller amount of cell
lysate loaded, as indicated by the levels of UL29 (Fig. 2, lanes
3 and 7). In several independent experiments, expression levels
of UL6, UL15, UL25, and UL32 were not significantly lower in
cells infected with mutant viruses lacking UL6 or UL28 (data
not shown). Thus, we have demonstrated that the five DNA
cleavage and packaging proteins tested are not coregulated.

The 81-kDa version of UL1S is associated predominantly
with B but not C capsids. By analogy with the double-stranded
DNA bacteriophages, it is expected that components of the
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FIG. 2. Analysis of total-cell lysates from cells infected with wild-type and
mutant viruses defective in individual DNA cleavage and packaging genes. Vero
cells were either mock infected or infected with wild-type KOS virus or mutant
UL6 (hr74), UL1S5 (hr81-1 and hr81-2), UL25 (KUL25NS), UL28 (gCB), or
UL32 (hr64) virus at an MOI of 10 PFU per cell for 16 h. Total-cell lysates were
examined for the expression of individual proteins (except UL6) as indicated by
ECL immunoblotting. All immunoblottings for UL6 in this paper were carried
out by alkaline phosphatase color development as described in Materials and
Methods.
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FIG. 3. Sucrose gradient analysis of lysates from KOS-infected cells. KOS-
infected cell lysates were fractionated by ultracentrifugation on a 15 to 45%
(wt/wt) sucrose gradient (in phosphate buffer) as described in Materials and
Methods. Ten fractions from the gradient were collected and examined for
individual proteins as indicated. (A) Gradient fractions were examined by im-
munoblotting with the appropriate antibodies for VP5, UL6, UL15, UL25, and
UL2S8 as indicated. The UL15-related bands were revealed by exposure for 20
min. KOS lysate represents a total-cell lysate from KOS-infected cells; Mutant
lysate represents a mock-infected-cell lysate (A), or a total-cell lysate from cells
infected with the mutant virus defective for UL6 (B), UL15 (C), UL25 (D), or
UL28 (E); Mutant B capsid represents the B capsids isolated from cells infected
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HSV-1 cleavage and packaging machinery will exhibit various
types of interactions with procapsids. UL6 and UL25 have
been detected in all three types of capsids (A, B, and C) and in
mature virions (1, 25, 26, 32), whereas UL32 cannot be detect-
ed in capsids or virions (25). In this study, we asked whether
ULL15 and UL28 are associated with capsids. Vero cells were
infected with KOS, and cell lysates were loaded onto a 15 to
45% sucrose gradient and subjected to velocity ultracentrifu-
gation. The gradient was then fractionated into 10 fractions
(Fig. 3A). Fractions containing A (fraction 5), B (fraction 6),
or C (fraction 8) capsids were identified by light scattering as
described in Materials and Methods. The assignment of A, B,
and C capsids to fractions 5, 6, and 8, respectively, was con-
firmed by silver staining: bands corresponding to VPS5 were
detected in fractions 6 and 8, whereas VP22a (scaffold) was
detected only in fraction 6 (data not shown). The presence of
capsids in these fractions was also confirmed by immunoblot
analysis with an antibody against the major capsid protein
(VP5) (Fig. 3A, panel A). Only fractions 6 and 8 contain
elevated levels of VP5. The failure to detect VPS5 in fraction 5
is likely due to the lower abundance of A capsids compared to
B and C capsids. Samples were also analyzed for the presence
of DNA cleavage and packaging proteins by immunoblot anal-
ysis with the appropriate antisera. As previously reported (1,
25, 26, 32), UL6 and UL25 were detected predominantly in
fraction 6 (containing B capsids) and fraction 8 (containing C
capsids) (Fig. 3A, panels B and D). The failure to detect UL6
and UL25 in A capsids in this experiment is probably due to
the small amount of A capsids present. Under the same con-
ditions, VP16 was found in all fractions of the gradient, con-
sistent with previous reports (19) (data not shown). The rela-
tive amounts of individual proteins in various fractions were
determined by quantitative analysis as described in Materials
and Methods (Fig. 3B). The levels of UL6 and UL25 clearly
peaked in the B and C capsid-containing fractions. The ele-
vated levels of UL6 and UL25 in C compared to B capsids
likely reflect the higher levels of C capsids in this experiment
(Fig. 3B).

The same gradient fractions were examined for the presence
of UL15 by immunoblot analysis. An 81-kDa protein corre-
sponding to the previously identified full-length UL15 protein
(52) was found predominantly in fraction 6 (containing B cap-
sids) (Fig. 3A, panel C). While fraction 8 (containing C capsids)
contains higher levels of VPS5, UL6, and UL25 than does frac-
tion 6, much lower levels of the 81-kDa band was detected in
this fraction. The specificity of the antibody was also examined
in this blot: the 81-kDa protein band is clearly detected in a
total-cell lysate from KOS-infected cells, but not in a total-cell
lysate from cells infected with 4r81-1 (a UL15 mutant) or
in purified B capsids from Ar81-1-infected cells (Fig. 3A, panel
C). Further indication of the predominant association of UL15
with B but not C capsids comes from the quantification shown
in Fig. 3B. The level of ULI1S5 in B capsids is higher than that
seen in C capsids, despite the higher level of C capsids com-
pared to B capsids in this experiment. In addition, the 30-kDa
productofthe UL15.5 openreading frame was detected through-
out the gradient, indicating that this protein is not likely to

with a mutant virus defective for UL6 (B), ULI15 (C), UL25 (D), or UL28 (E).
(B) Quantification of the immunoblots from Fig. 3A was carried out as described
in Materials and Methods. The y axis shows the relative amount of each protein
in each fraction calculated as a percentage of the total amount of protein. The
total amount of protein was calculated by summing the amount of protein in each
fraction. Fractions 5, 6, and 8 contain the A, B, and C capsids, respectively. The
top and bottom of the gradient are indicated.
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FIG. 4. Detection of UL15-related proteins in cell lysates and purified cap-
sids. Lysates from cells mock infected or infected with KOS or a mutant virus
defective in UL15 (hr81-1) for 16 h were prepared as described in Materials and
Methods. B capsids from cells infected with either KOS, Ar81-1, KUL25NS
(lacking UL25), or hr64 (lacking UL32) were purified by sucrose gradient sedi-
mentation as described in Materials and Methods. The UL15-related bands were
revealed by exposure for 20 min. Infected-cell lysates as indicated are shown in
lanes 1 to 3. Lanes 4 to 8 show B capsids from cells infected as indicated. In lane
6, B capsids from cells infected with KOS were added to a preparation of B
capsids from cells infected with /781-1 to determine whether minor anti-UL15
antibody-reacting bands could be distinguished. Four major bands (91, 87, 81,
and 75 kDa) which react with the UL15 antiserum are indicated. The 91-kDa
band marked with an arrowhead likely represents a partial degradation product
of VP5 (see text).

be specifically associated with capsids (data not shown). In
summary, we conclude that in contrast to UL6 and UL25, the
81-kDa ULL15 protein is predominantly associated with B cap-
sids.

Detection in capsids of a previously unidentified 87-kDa
protein which reacts with UL15 antiserum. Interestingly, the
UL15 immunoblot in Fig. 3A reveals the presence of an 87-
kDa band in addition to the full-length 81-kDa ULI1S5 protein
band (Fig. 3A, panel C). This 8§7-kDa band was detected weak-
ly in fraction 6 (B capsids) and more strongly in fraction 8 (C
capsids), correlating with the levels of UL6, UL25, and VP5
(Fig. 3B). Thus, while the 81-kDa protein is found predomi-
nantly in B capsids, the 87-kDa band is found in both B and C
capsids. This 87-kDa protein was also undetectable in either
UL15-null mutant-infected-cell lysate or B capsids lacking
ULI15, and, surprisingly, it was not detected in the KOS-in-
fected cell lysate. In order to address whether the 87-kDa form
seen in B and C capsids is related to UL1S5 rather than a
cross-reacting protein, we examined purified B capsids from
cells infected with KOS or with mutants lacking UL15, UL25,
or UL32 (Fig. 4). In this experiment, larger amounts of infect-
ed-cell lysates and purified capsids were loaded in order to de-
tect minor forms of UL15. B capsids from cells infected with
KOS (Fig. 4, lane 5) or with mutants defective in UL25 (Fig. 4,
lane 4) or UL32 (Fig. 4, lane 8) exhibit multiple bands which
react with the UL15 antiserum, including 75-, 81-, and 87-kDa
bands and a more slowly migrating band marked with an arrow
which corresponds to a protein with a size of 91 kDa. In the
blot shown in Fig. 4, lanes 4 and 5, the 75-kDa protein is not
visible; however, in other experiments, it can be detected (data
not shown). The 91- and 75-kDa bands were also detected in
capsids from cells infected with a mutant defective for UL15
(Fig. 4, lane 7), suggesting that these two bands may represent
cross-reacting proteins rather than specific UL15-related pro-
teins. The 91-kDa band appears to also react with the VPS5 an-
tibody, suggesting that it may represent a partially degraded
form of VP5 (data not shown). The 81- and 87-kDa bands were
not detected in B capsids from cells infected with a mutant
defective for UL15. A strong 81-kDa band and a weak 87-kDa
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band were also detected in the total KOS-infected-cell lysate
(lane 2) but not in mock-infected or UL15 mutant-infected-cell
lysates (lanes 1 and 3, respectively). These results indicate that
the 81- and 87-kDa bands likely represent distinct forms of
ULIS rather than cross-reacting species; however, we cannot
rule out the possibility that the 87-kDa protein is not related to
UL1S5 but is fortuitously recognized by the anti-UL15 antibody.
The ultimate confirmation of its identity will require amino
acid sequence analysis.

We next asked whether the 81- and 87-kDa proteins could
also be detected in mature virions isolated from KOS-infected
cells. A prominent 87-kDa band was observed in purified viri-
ons from KOS-infected cells, while the 81-kDa form was not
detected (Fig. 5A, lane 3); in longer exposures, a faint 81-kDa
band was observed (data not shown). Mock- and KOS-infect-
ed-cell lysates were subjected to electrophoresis in parallel for
comparison; the 81-kDa band is the only band seen in KOS-
infected-cell lysates at this exposure (Fig. 5A, lane 2, see figure
legend). To confirm that the 87-kDa band is present in the
virion, an experiment was performed to analyze extracellular
particles from cells infected with KOS or mutants lacking
ULI15 or UL32 (as described in Materials and Methods). Since
mutants lacking UL15 and UL32 would not be expected to
produce mature virions, these samples provide a control for
cell breakage and release of intracellular proteins. Extracellu-
lar particles from KOS-infected cells contain a major 87-kDa
band and a minor 81-kDa band which react with the UL15
antiserum (Fig. 5B, lane 5). A small amount of the 81-kDa
band was also detected in the media from cells infected with a
mutant lacking UL32 (Fig. 5B, lane 3). This result suggests that
the 81-kDa band present in extracellular particles from KOS-
infected cells may represent intracellular UL1S released into
the media by cell breakage. No bands are detected in the
extracellular extract from cells infected with mutants lacking
UL15 (Fig. 5B, lane 4). Unlike the 81-kDa full-length UL15
protein, which is predominantly associated with B capsids, the
87-kDa protein is present in both B and C capsids (Fig. 3A,
panel C). Taken together, these results indicate that the 87-
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FIG. 5. Detection of ULI15-related proteins in infected-cell extracts, extra-
cellular extracts, and virions. Infected-cell extracts were prepared as described in
the legend to Fig. 4. Extracellular extracts and purified virions were prepared as
described in Materials and Methods. (A) Detection of UL15-related proteins in
purified virions and infected-cell extracts as indicated. Lanes 1 and 2 represent
lysates from cells either mock infected or infected with KOS, respectively; lane
3 represents purified virions from KOS-infected cells. The positions of 81- and
87-kDa ULI15-related proteins are indicated. The immunoblot was exposed for 1
min. (B) Infected-cell lysates were prepared as described above (lanes 1 and 2).
Extracellular extracts from cells infected with KOS (lane 5), 4r81-1 (lane 4), or
hr64 (lane 3) were prepared as described in Materials and Methods. This im-
munoblot was exposed for 20 min to detect minor forms of ULI15-related pro-
teins. B capsids from cells infected with KOS are shown in lane 6 for comparison.
The positions of the 75-, 81-, 87-, and 91-kDa bands are indicated.
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FIG. 6. Sucrose gradient analysis of lysates from cells infected with hr74
lacking UL6. Gradients similar to those described in the legend to Fig. 3 were
collected into nine fractions. Fraction 6 contains B capsids. (A) Immunoblot
analysis was performed to detect VPS5 (panel A), UL15 (panel B), UL25 (panel
C), and UL28 (panel D). A long (20 min) exposure of the UL15 immunoblot is
shown. The first lane represents a KOS-infected-cell lysate. (B) Quantitative
analysis was performed as described in the legend to Fig. 3.

kDa version of UL15 is likely to be virion associated. Figure 5B
also shows that the 87-kDa form of UL15 in B capsids from
KOS-infected cells runs in an identical position to the 87-kDa
band seen in virions (compare lanes 5 and 6). In summary, the
81-kDa version of UL1S, which is the predominant species in
infected-cell extracts, was detected predominantly in B capsids
but was found at much lower levels in C capsids and in virions.
A previously unidentified 87-kDa protein which reacts with the
ULI1S5 antiserum, however, was detected in B capsids and C
capsids and was found to be present in large amounts in viri-
ons.

UL28 is associated predominantly with B but not C capsids.
Next, we examined gradient fractions from cells infected with
KOS for the presence of UL28 (Fig. 3A, panel E). Interest-
ingly, UL28 can only be detected in fraction 6 containing B
capsids, although fraction 8 has higher levels of VPS5, UL6, and
UL25. The specificity of the antibody (47) used was also ex-
amined in this blot: while the 87-kDa band can be detected in
KOS-infected total Vero cell lysate and in gradient fraction 6,
it is absent in UL28 mutant-infected-cell lysate and in B cap-
sids purified from UL28 mutant-infected cells. Quantification
of the signals confirms that levels of UL28 peaked in fraction
6, which contains B capsids (Fig. 3B). Therefore, we conclude
that like the 81-kDa form of UL15, UL28 is associated pre-
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dominantly with B capsids; much smaller amounts of the 81-
kDa forms of UL15 and UL28 were detected in C capsids.

UL6 and UL28 are required for UL15 to associate with B
capsids. We next asked whether other cleavage and packaging
proteins are essential for the observed association of UL15
with B capsids. Sucrose gradient fractions from lysates of Vero
cells infected with mutants lacking individual cleavage and
packaging genes were analyzed by immunoblotting as de-
scribed above. Capsids were identified by light scattering and
by the presence of VP5. The blotted membranes were inten-
tionally overexposed in order to reveal any possible association
of the cleavage and packaging protein with capsids. Although
long exposures may detect specific as well as nonspecific as-
sociations of cleavage and packaging proteins with capsids,
we reasoned that a comparison of relative signal strengths in
capsid-containing fractions with neighboring fractions would
indicate whether a protein is specifically associated with cap-
sids. Figure 6A shows the fractionation pattern from cells in-
fected with a mutant defective in UL6, previously shown to
produce only B capsids (24, 33). In these cells, the 81-kDa form
of UL15 was found in most of the fractions across the gradient;
quantification of the bands seen in Fig. 8A indicates, however,
that fraction 6 containing B capsids does not contain signifi-
cantly higher levels of this form of the UL15 protein than do
neighboring fractions (Fig. 6B). Thus, although ULI5 is ex-
pressed at wild-type levels in cells infected with a mutant lack-
ing UL6 (Fig. 2), it does not appear to associate specifically
with B capsids in these cells. In addition, under these condi-
tions, we failed to detect the 87-kDa UL15-related protein in
the B capsid fraction, whereas the 91-kDa VPS5 cross-reacting
species (marked with an arrowhead in Fig. 6A) can be seen. In
contrast, UL25 and UL28 were detected predominantly in
fraction 6 (Fig. 6A, panels C and D, and 6B). These results
suggest that UL6 may be required for the efficient association
of the 81- and 87-kDa UL15-related proteins with B capsids,
while the capsid associations of UL25 and UL28 are indepen-
dent of the presence of UL6. Further evidence that UL15 does
not specifically associate with B capsids in cells infected with
mutants lacking UL6 is presented below.

The lysates from cells infected with mutant viruses lacking
ULI1S, UL25, UL28, or UL32 were also analyzed by sucrose
gradient sedimentation. In gradient fractions from cells in-
fected with a UL15 mutant virus, Ar81-1, UL6, UL25, and
UL28 appear to be specifically associated with the B capsid
fraction 6 (Fig. 7). This result indicates that the lack of UL15
does not affect the ability of these proteins to bind to B capsids.
In gradient fractions from cells infected with a UL25 mutant
virus, both A and B capsids were observed, consistent with
previous reports (26). In this experiment, UL6, the 81- and
87-kDa forms of UL15, and UL28 were detected in both A and
B capsids (Fig. 8A and B), indicating that UL6, UL15, and
UL28 are able to bind to capsids in the absence of UL25.
Interestingly, capsids in UL25 mutant-infected cells appear to
contain elevated levels of the 81-kDa forms of UL15 and UL28
compared to the levels seen in previous experiments. To con-
firm this observation, B capsid fractions from cells infected
with wild-type virus were directly compared with A and B
capsids from cells infected with the mutant virus lacking UL25
(Fig. 8C). While the levels of VPS5 in these capsid samples are
roughly similar, the levels of the 81-kDa versions of UL15 and
UL28 are clearly higher in the capsids from cells infected with
the UL25 mutant virus. The potential significance of this ob-
servation will be discussed below.

When gradient fractions from cells infected with a mutant
lacking UL28 were examined, UL6 and UL25 were found
predominantly in B capsids (Fig. 9A and B). The 81-kDa form
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FIG. 7. Sucrose gradient analysis of lysates from cells infected with Ar81-1
lacking UL15. Gradients similar to those described in the legend to Fig. 3 were
collected into nine fractions. Fraction 6 contains B capsids. (A) Immunoblot
analysis was performed to detect VPS5 (panel A), UL6 (panel B), UL25 (panel
C), and UL28 (panel D). (B) Quantitative analysis was performed as described
in the legend to Fig. 3.

of ULI1S5, however, can be detected across the gradient and
does not appear to peak in the B capsid fraction, indicating
that it is not specifically associated with B capsids (Fig. 9B).
The 87-kDa UL15-related protein cannot be detected in any of
the gradient fractions (Fig. 9A, panel C) in this blot. Thus
although ULL15 is expressed at wild-type levels in cells infected
with the UL28 mutant (Fig. 2), it does not appear to associate
specifically with B capsids in these cells. These results suggest
that UL28 may be required for the 81- and 87-kDa UL15-
related proteins to bind to B capsids. In gradient fractions from
cells infected with a UL32 mutant, UL6, UL25, UL28, and the
same four UL15-reactive bands seen in previous figures appear
to peak in the fraction containing B capsids (Fig. 10). Thus
UL32 is not required for the capsid association of the other
DNA cleavage and packaging proteins. The results from the
wild-type and mutant capsids tested are summarized in Table
1. In conclusion, our results suggest that UL6 and UL28 are
required for the 81- and 87-kDa UL15-related proteins to form
a specific association with B capsids. UL6, UL25, and UL28, on
the other hand, associate with capsids in a manner which is
independent of the presence of the previously described essen-
tial DNA cleavage and packaging proteins.

Treatment with 2 M GuHCI cannot completely extract UL15
from wild-type B capsids. In order to assess the stability of the
capsid association of UL15 and UL28, purified B capsids were
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FIG. 8. Sucrose gradient analysis of lysates from cells infected with KUL25NS
lacking UL25 (UL25 ). Gradients similar to those described in the legend to Fig.
3 were collected into nine fractions. Fractions 4 and 6 contain A and B capsids,
respectively. (A) Immunoblot analysis was performed to detect VPS5 (panel A),
UL6 (panel B), UL15 (panel C), and UL28 (panel D). A long (20 min) exposure
of the UL15 immunoblot is shown. (B) Quantitative analysis was performed as
described in the legend to Fig. 3. (C) Analysis of the 81-kDa UL15 and UL28
levels in capsids from cells infected with the wild type or KUL25NS. A or B
capsids were purified by sucrose gradient sedimentation. The amount of capsids
in each sample was determined by normalization to the amount of VPS5 present.
Roughly equal amounts of capsids were subjected to immunoblot analysis with
antisera against VP5, UL1S, and UL28. Lysates of cells infected with KOS were
also included to indicate the position of each of the proteins (lane 1).
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FIG. 9. Sucrose gradient analysis of lysates from cells infected with gCB
lacking UL28. Gradients similar to those described in the legend to Fig. 3 were
collected into nine fractions. Fraction 6 contains B capsids. (A) Immunoblot
analysis was performed to detect VPS5 (panel A), UL6 (panel B), UL15 (panel
C), and UL25 (panel D). A long (20 min) exposure of the UL15 immunoblot is
shown. The first lane represents a KOS-infected-cell lysate. (B) Quantitative
analysis was performed as described in the legend to Fig. 3.

treated with GuHCI at various concentrations (0, 0.5, 1.0, or
2 M), and the GuHCl-treated capsids were analyzed by SDS-
PAGE and immunoblotting. It has been reported previously
that GuHCI extraction selectively removes some components
of B capsids, such as VP22a (scaffold), VP24 (protease), and
VPS5 pentons from capsids, while other structural proteins,
such as VP19C and VP23 (triplex proteins), for the most part
remain in the capsids (29). As previously reported, 2 M GuHCI
treatment removed almost all VP24 and a substantial amount
of VP22a from the capsids, while most of the VP5, VP19C, and
VP23 proteins remain in capsids (data not shown). Immuno-
blot analysis indicates that a significant amount of the 81- and
the 87-kDa proteins in the B capsids was resistant to 2 M
GuHCl treatment (Fig. 11B, lane 5). Some UL28 was still
associated with capsids after 2 M GuHCI treatment; however,
the signal is much weaker than in untreated cells. The signif-
icance of this result is not clear; however, it is possible that
UL28 associates with capsids through interactions with a cap-
sid structural component, such as the penton, which is removed
by GuHCI treatment. In summary, we conclude that 2 M Gu-
HCI treatment cannot completely disrupt the capsid associa-
tion of the 81- or 87-kDa form of ULIS5.
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Treatment with 2 M GuHCI disrupts the association of
UL15 with capsids lacking UL6 or UL28. In the sucrose gra-
dients shown in Fig. 6A and 9A, UL15 was detected in many
fractions across the gradient. In order to test whether the
presence of ULILS5 in these B capsids is due to nonspecific
aggregation of ULL15, purified B capsids lacking the individual
cleavage and packaging proteins were treated with 2 M GuHCl
and examined by immunoblot analysis (Fig. 12). Treated and
untreated B capsid extracts were subjected to electrophoresis,
and the gels were either silver stained (Fig. 12A) or analyzed
by Western blotting (Fig. 12B). Figure 12A shows that 2 M
GuHCI removed VP22a and VP24 from wild-type and mutant
capsids (Fig. 12A). We found that as previously reported (26),
UL2S remains associated with capsids after GuHCI treatment
(Fig. 12B). Figure 12B also shows that GuHCI extraction did
not remove significant amounts of the 81- and 87-kDa UL15-
related proteins from B capsids from cells infected with KOS
(lanes 1 and 2) and mutants lacking UL32 (lanes 9 and 10) or
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FIG. 10. Sucrose gradient analysis of lysates from cells infected with hr64
lacking UL32. Gradients similar to those described in the legend to Fig. 3 were
collected into nine fractions. Fraction 6 contains B capsids. (A) Immunoblot
analysis was performed to detect VPS5 (panel A), UL6 (panel B), UL15 (panel
C), UL25 (panel D), and UL28 (panel E). A long (20 min) exposure of the UL15
immunoblot is shown. (B) Quantitative analysis was performed as described in
the legend to Fig. 3.
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TABLE 1. Summary of capsid association of DNA
cleavage and packaging proteins

Signal strength of DNA cleavage
and packaging protein”:

Vi e Ci$;fn0r UL15 ULI15

UL6 (g1 kDa) (87kDa) UL? UL28
Wild type B +++ A+ + +4++  ++
Wild type C +++ +P ++ F++ -
UL6 mutant B - +b - [FRIT T
ULI15 mutant B +++ = - +4++ ++
UL25 mutant A +++  +++ + - +4++
UL25 mutant B +++  +++ + - +++
UL28 mutant B +++ 4P - 444+ —
UL32 mutant B +++ 4+ + +++ ++
Wild type Virion ND¢ +/= +++ ND ND

“+++, ++, +, +/—, and — indicate the relative strength of the signal
detected on the immunoblots shown in Fig. 3A, 6A, 7A, 8A, 9A, and 10A.

» The 81-kDa ULI15 band was detected throughout the gradient.

“ND, not determined.

UL2S (lanes 11 to 14). On the other hand, GuHCI treatment
removed much larger amounts of UL15-related proteins from
B capsids from cells infected with mutants lacking UL6 (lanes
3 and 4) or UL28 (lanes 7 and 8). These results support the
notion that the UL15-related proteins detected in capsids lack-
ing UL6 or UL28 are not specifically associated with capsids.
Although GuHCI treatment removed a substantial amount of
UL28 from wild-type and mutant B capsids, we did not observe
a significant difference between wild-type and mutant capsids
with respect to the amount remaining in capsids after treat-
ment. In summary, the GuHCI results are consistent with the
notion that the specific association of UL15 with B capsids
requires the presence of UL6 and UL28, while the association
of UL28 with B capsids is independent of other cleavage and
packaging proteins.

DISCUSSION

Several observations were made in this report. (i) Approxi-
mately 50% of the ULLS5 expressed in Vero cells during viral
infection is present in the soluble nuclear fraction; the remain-
der is insoluble. This is in contrast to the situation in insect
cells infected with UL15-expressing recombinant baculovirus,
in which almost 100% of the UL15 was found in the insoluble
fraction. (ii) Previous reports that UL6 and UL25 are constit-
uents of A, B, and C capsids (1, 24-26, 33) were confirmed. (iii)
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FIG. 11. GuHCI extraction analysis of purified wild-type B capsids. B capsids
from KOS-infected Vero cells were purified by sucrose gradient sedimentation
and treated with GuHCI at 0, 0.5, 1.0, or 2.0 M as described in Materials and
Methods. Equal amounts of capsids treated with various concentrations of Gu-
HCI were analyzed by immunoblotting for the presence of UL15 and UL28. A
long (20 min) exposure of the UL15 immunoblot is shown. Lane 1 represents a
KOS-infected-cell lysate.
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FIG. 12. GuHCI extraction analysis of purified B capsids lacking individual
cleavage and packaging proteins. Capsids from Vero cells infected with KOS,
hr74 (UL67), hr81-1 (UL15™), KUL25NS (UL257), gCB (UL287), or hr64
(UL327) were purified from sucrose gradient and either mock treated or treated
with 2.0 M GuHCI. In this experiment, twice as much of the GuHCl-treated
capsid extract as the untreated extract was loaded in each lane. (A) A silver-
stained SDS-PAGE gel shows capsid structural proteins. Assignment of bands
was based on previous reports (29, 44). The molecular masses of protein size
markers (in kilodaltons) are given on the left. (B) Immunoblot analysis for the
presence of UL15, UL25, and UL28. A long (20 min) exposure of the UL15
immunoblot is shown.

An 81-kDa version of the UL1S5 protein was found predomi-
nantly in B capsids and in much smaller amounts in C capsids
and in virions. (iv) Another cleavage and packaging protein,
UL28, was also found predominantly in B but not C capsids in
a distribution similar to that of the 81-kDa version of UL15. (v)
A previously unidentified 87-kDa protein which reacts with the
ULL15 antiserum was detected in B capsids and as a very prom-
inent band in C capsids and in virions. (vi) Analysis of mutant
virus-infected cells demonstrated that UL6, UL15, UL25,
UL28, and UL32 are not coregulated. (vii) UL6, UL25, and
UL28 are able to associate with B capsids in the absence of
other DNA cleavage and packaging proteins; however, specific
capsid association of the 81- and 87-kDa forms of UL15
does not occur efficiently in the absence of UL6 or UL2S.
(viii) Elevated levels of the 81- and 87-kDa forms of UL15 and
UL28 were detected in B capsids from cells infected with a
mutant lacking UL25.

The roles of HSV-1 cleavage and packaging proteins have
not been elucidated. The insolubility of UL1S5 in insect cells
infected with recombinant baculoviruses has hampered at-
tempts to carry out biochemical analyses. In this report, we
have used the ability of various cleavage and packaging pro-
teins to associate with capsids to address the possible functions
of these proteins in the encapsidation process. The data in this
paper indicate that UL28 and the 81-kDa version of UL15
exhibit similar distribution patterns in capsids, in that both
appear to associate specifically with B capsids but not C cap-
sids. These results suggest that the interactions of UL15 and
UL28 with capsids may be transient during packaging. By anal-
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ogy with phage, the transient association of these two proteins
with capsid intermediates is consistent with the hypothesis that
they function as a two-subunit terminase. Several lines of in-
direct evidence support this hypothesis. (i) UL15 and UL28 are
both essential for cleavage and packaging as determined by the
analysis of mutants lacking these proteins (4, 47, 52). (if) UL15
exhibits sequence homology with the T4 terminase (15). (iii)
The putative ATP binding site of UL1S5 is essential for its
function (53). (iv) Bogner et al. have recently reported that the
human cytomegalovirus (HCMV) homolog of HSV UL28
binds the pac motif and may have specific nuclease activity (8).
(v) UL28, when expressed on its own, is localized to the cyto-
plasm in transfected cells but can enter the nucleus when
expressed in the presence of UL15, suggesting a possible in-
teraction between these two proteins (22). (vi) Finally, genetic
evidence suggests a possible association between the HCMV
homologs of UL15 and UL28 (23). Biochemical confirmation
that UL15 and UL28 function as a terminase complex will
await the development of an expression system which produces
soluble protein.

In phage systems, cleavage and packaging proteins exhibit
several distinct patterns of association with procapsids, mature
capsids, and virions (5, 7, 19, 20, 28). Portal proteins are found
as integral capsid components in both procapsids and mature
capsids, while scaffold and terminase proteins are only associ-
ated with procapsids and are not present in mature capsids. In
phage, the terminase interacts with portal proteins in the pro-
capsid; in herpesviruses, however, a unique portal vertex has
not been identified. It is possible that herpesviruses do not
have a unique portal vertex and that these structures are only
required in bacteriophages which also have a tail. Even if
HSV-1 does not have a unique vertex, it is still necessary for
the terminase complex to bind DNA and dock at the capsid.
The docking process may require an interaction between the
terminase and specific protein components in the capsid.

In this report, we demonstrate that UL6, UL25, and UL28
associate with capsids in cells infected with mutant viruses
individually lacking UL6, UL15, UL25, UL28, or UL32. We
previously showed that UL6 and UL25 associate with capsids
in cells infected with a mutant virus lacking UL32 (25). The
ability of UL6 and UL25 to associate with B capsids in the
absence of other cleavage and packaging proteins is consistent
with the observation that both can specifically associate with
capsids assembled from insect cells infected with recombinant
baculoviruses expressing the six capsid proteins and either UL6
or UL25 (26). The absence of specific capsid association of
ULL15 in mutants lacking UL6 may indicate that UL6 is re-
quired for docking of the putative terminase complex. The
presence of ULG6 in all forms of capsids examined, including B
capsids treated with GuHCI, indicates that it may be an inte-
gral component of the capsid itself (32). It will be of consid-
erable interest to determine the precise location of the UL6
protein within the capsid, because this may shed light on the
question of whether HSV capsids contain a unique portal ver-
tex. The observation that UL15 does not specifically associate
with capsids in cells infected with the UL28 mutant suggests
that the interaction with UL28 may also facilitate the binding
of ULI15 to the procapsid. Results from GuHCI extraction
experiments are consistent with the suggestion that UL1S is
specifically associated with B capsids and that this association
requires the presence of UL6 and UL28. The transient yet
stable interaction between UL15 and capsids is reminiscent of
the lambda DNA packaging system: stable packaging interme-
diates containing the terminase and prohead can be isolated by
sucrose gradient fractionation; however, the terminase is not
found in mature capsids (6, 28).
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The ability of UL28 to associate with B capsids in cells
infected with mutants lacking individual cleavage and packag-
ing proteins suggests that it is able to associate with one of the
structural components of the capsid itself or with an uniden-
tified component of the DNA cleavage and packaging machin-
ery. The lower abundance of UL28 in C capsids compared to
B capsids may indicate that its association with capsids may be
altered in response to conformational changes during capsid
maturation.

The identification of proteins in addition to the previously
described 81-kDa full-length version and the 30-kDa truncated
version of UL15 which react with the UL15 antiserum and as-
sociate specifically with capsids was unexpected. Two of these
bands (75 and 91 kDa) are apparent in B capsids from mutants
lacking UL15 and thus may represent proteins which cross-
react with the ULI15 antiserum. The 87-kDa protein, on the
other hand, is not present in B capsids from mutants lacking
UL15. This UL15-related protein was detected specifically in B
capsids and as a prominent band in C capsids and in virions.
Interestingly, the 87-kDa protein is present in much smaller
amounts in total-infected-cell lysates than in purified capsids.
This result suggests that the 87-kDa protein may be specifically
enriched in capsids and in virions. Further experiments will be
required to determine whether the 87-kDa band represents a
posttranslationally modified version of UL15.

While this report was being prepared, Salmon and Baines
reported the detection of 79-, 80-, and 83-kDa forms of UL15
gene-encoded proteins in B capsids (40). In that report, all
three forms of UL15 gene-encoded proteins were detected in
B capsids, C capsids, and virions. Furthermore, the 79- and 80-
kDa proteins were absent in B capsids isolated from cells
infected with UL6, UL17, or UL28 viral mutants. Although
some discrepancies exist between these two reports in the
relative amounts of various UL15 species present in different
types of capsids and virions, the overall conclusions are similar.
Differences in experimental procedures and antibodies used
may account for the discrepancies, and the correspondence be-
tween the forms of UL15 seen by Salmon and Baines (40) and
those reported in this paper is not clear at this time. Further
experiments will be required to clarify the remaining inconsis-
tencies between these two reports.

Recent evidence suggests that UL25 plays a role in a late
stage of the cleavage and packaging process, perhaps function-
ing to retain DNA in the capsid following its cleavage from
replicating DNA (26). UL25 may play a role analogous to the
lambda phage proteins gpD and gpF1 (21, 36, 45). Many lines
of evidence indicate that gpD functions to stabilize the DNA-
filled head (36). In addition, gpD may also play a role in the dis-
sociation of terminase from filled proheads (10). The lambda
gpF1 protein may enhance the turnover rate of the terminase
from capsids (11). An intriguing observation made in this re-
port is that UL15 and UL28 are present in somewhat higher
levels in capsids from cells infected with the UL25 mutant than
in cells infected with wild-type or other cleavage-packaging
mutants. If UL25 performs functions similar to those of gpD
and gpF1, capsids produced in cells infected with a UL25
mutant may represent trapped intermediates in the cleavage
and packaging process. The elevated levels of UL15 and UL28
in these capsids are consistent with this hypothesis.

Previous reports indicate that the protein composition of A
capsids is similar to that of C capsids (14, 18, 31); however,
minor capsid proteins have not been looked at. We report
herein that the 81-kDa forms of UL15 and UL28 are present in
A capsids lacking UL25 but not in wild-type C capsids, sug-
gesting a possible difference in protein composition between
the A and C capsids. Alternatively, it is possible that the ele-
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vated levels of UL15 and UL28 in mutant A capsids may reflect
the lack of UL25 in these capsids as discussed above.

A model for the possible roles of the various cleavage and
packaging proteins can be proposed based on the results pre-
sented in this paper taken together with other reports. We have
recently proposed that cleavage and packaging occur within
replication compartments at least at early times postinfection
(25). Furthermore, we suggested that UL32 plays a role at the
early stages of the cleavage and packaging process by promot-
ing the efficient localization of preformed capsids to replication
compartments (25). It is not clear whether UL6 and UL25 are
present during the capsid assembly process or are added at a
later stage; however, we propose that at least UL6 is present in
the procapsids in replication compartments prior to cleavage
and packaging. According to this scenario, UL15 and UL28
(two-subunit terminase) may recognize and bind viral DNA at
the a sequence and mediate docking of this complex to the
procapsid. The data shown in this report suggest that UL6 may
be required for this docking event. The association of UL15
with the capsid is apparently also stabilized by the presence of
UL28. Thus, the ability of the terminase to dock may depend
on interactions between the UL15 and UL6 proteins and on
interactions between UL28 and another unidentified protein
constituent of the capsid. The recent report that UL1S5 is not
associated with B capsids in cells infected with mutants lacking
UL17 suggests that UL17 may also play a role in stabilizing the
interactions of ULL5 with capsids (40). After docking, site-
specific cleavage of concatemeric viral DNA and translocation
of monomeric units of DNA into the capsid occur, presum-
ably mediated by the UL15-UL28 complex. Since only small
amounts of the 81-kDa versions of UL15 and UL28 were
detected in C capsids or in virions compared to those detected
in B capsids, we propose that after cleavage and packaging
have occurred, these two proteins may disassociate from cap-
sids. The presence of the 87-kDa version of UL15 in B capsids
and in virions is intriguing; however, it is not clear whether this
potentially modified form of UL15 plays an additional role in
the cleavage and packaging process. After viral DNA is pack-
aged, UL25 may not only stabilize the DNA-filled capsids but
also enhance the turnover rate of the terminase by disassoci-
ating it from the capsids. DNA-containing capsids would then
be competent to bud from the nuclear membrane. Refinement
and confirmation of this working model will require further
experimentation.
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