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Herpes simplex virus type 1 packages its DNA genome into a precursor capsid, referred to as the procapsid.
Of the three capsid-associated DNA-packaging proteins, UL17, UL25, and UL6, only UL17 and UL6 appear to
be components of the procapsid, with UL25 being added subsequently. To determine whether the association
of UL17 or UL25 with capsids was dependent on the other two packaging proteins, B capsids, which lack viral
DNA but retain the cleaved internal scaffold, were purified from nonpermissive cells infected with UL17, UL25,
or UL6 null mutants and compared with wild-type (wt) B capsids. In the absence of UL17, the levels of UL25
in the mutant capsids were much lower than those in wt B capsids. These results suggest that UL17 is required
for efficient incorporation of UL25 into B capsids. B capsids lacking UL25 contained about twofold-less UL17
than wt capsids, raising the possibilities that UL25 is important for stabilizing UL17 in capsids and that the
two proteins interact in the capsid. The distribution of UL17 and UL25 on B capsids was examined using
immunogold labeling. Both proteins appeared to bind to multiple sites on the capsid. The properties of the
UL17 and UL25 proteins are consistent with the idea that the two proteins are important in stabilizing
capsid-DNA structures rather than having a direct role in DNA packaging.

Herpesviruses have a characteristic morphology, consisting
of an icosahedral capsid containing the linear double-stranded
DNA genome; an amorphous layer, referred to as the tegu-
ment, surrounding the capsid; and an outer envelope. Over 30
viral structural proteins have been identified in the mature
herpes simplex virus type 1 (HSV-1) particle, eight of which
are associated with the capsid (14, 35, 39). Three minor virion
proteins, UL17, UL25, and UL6, which are located on the
capsid, are important for packaging the viral DNA into the
capsid but are not essential for capsid formation (14, 24, 25, 30,
36–39). The viral genome is inserted into a spherical interme-
diate capsid, referred to as the procapsid, which is the precur-
sor of DNA-containing (C) capsids. During DNA packaging
the internal protein scaffold within the procapsid is cleaved and
removed (26, 28). At the same time the procapsid undergoes
extensive morphological changes into a more robust, angular-
ized capsid with a well-defined capsid floor (11).

In the absence of DNA packaging, cleavage of the protein
scaffold and structural transformation of the procapsid still
occur, provided that the UL26 protease is functional (1, 26).
The resulting angularized capsid, which retains the scaffolding
protein, is referred to as the B capsid. B capsids are relatively
stable, are present in large amounts in the nuclei of wild-type
(wt) virus-infected cells, and accumulate in nonpermissive cells
infected with DNA packaging null mutants. Although they
represent dead-end products of infection by wt HSV-1, their
structure closely resembles that of C capsids, and they have
proved very useful in investigating the roles of individual

DNA-packaging proteins during capsid maturation (19, 43,
44). Both UL17 and UL6 are present in similar amounts in
procapsids and B capsids whereas UL25 is found in much
lower levels in procapsids than in B capsids (31, 39). It has
therefore been proposed that UL25 is not a genuine procapsid
component but is incorporated into the capsid at a later stage
in the assembly process (31). UL17 and UL25 but not UL6 are
present in greater levels in C capsids than in B capsids, sug-
gesting that further binding sites for these two proteins are
exposed on the capsid after the DNA has been packaged (31,
39). UL17 has also been found in L particles, aberrant struc-
tures that contain a tegument and envelope but lack a capsid
(30, 39). This finding, together with the observation that virions
have approximately twofold-more UL17 than do C capsids,
suggests that UL17 is also a tegument protein (39).

UL6 is located at a single vertex on the capsid, forming the
portal for entry of viral DNA (19). Analyses of UL6 complexes
suggest that the portal has a ring structure composed of 12
copies of UL6, which is similar in morphology to the complexes
produced by portal or connector proteins from double-stranded
DNA bacteriophage (10, 19, 40, 41). Immunoprecipitation and
immunofluorescence experiments have revealed that UL6 in-
teracts with two other DNA-packaging proteins, UL15 and
UL28, which are believed to be transiently associated with the
capsid since they are not present in significant amounts in
DNA-containing capsids (31, 42, 43). UL15 and UL28 are
thought to form the terminase, which is responsible for recog-
nizing packaging signals on the viral DNA and cleaving the
replicated concatemeric viral DNA into monomeric units (2, 8,
43). By analogy with the mechanism of genome encapsidation
of double-stranded DNA-tailed bacteriophage (4, 7, 15), it is
likely that these two proteins, together with UL6, comprise the
molecular motor that inserts the DNA into the capsid. Another
packaging protein, UL33, interacts with UL28 and UL15 and
may also be a component of the packaging motor (3). Less
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information is available on the distribution and function of
UL17 and UL25 than on those of UL6. Preliminary experi-
ments have suggested that at least some UL25 is exposed on
the outer surface of capsids at multiple sites, indicating that its
role in DNA packaging may be indirect (23).

The phenotype of UL17 null mutants is very similar to that
of UL6 null mutants. In the absence of UL17 the concatemeric
replicated viral DNA is not cleaved into genome-sized pieces
and no DNA is encapsidated in the mutant virus-infected cells,
suggesting that, like UL6, UL17 is required at an early stage in
DNA packaging (30). By contrast, UL25 appears to function at
a later stage (14, 36) since low levels of viral DNA are cleaved
and packaged in nonpermissive cells infected with a UL25 null
mutant (36). In addition, greater numbers of empty capsids,
lacking the scaffolding protein, are present in the UL25 null
mutant-infected cells than in cells infected with wt virus or
mutants with defects in other packaging proteins (14).

In this report we have examined the amounts and distribu-
tion of UL17 and UL25 on wt and mutant B capsids to extend
our understanding of the roles of these two proteins.

MATERIALS AND METHODS

Cells. Baby hamster kidney 21 clone 13 (BHK) cells were grown in Glasgow
minimal essential medium supplemented with 10% tryptose phosphate, 10%
newborn calf serum, 100 units of penicillin, and 100 �g streptomycin per ml. The
transformed cell lines were all grown in Dulbecco’s minimal essential medium
containing 10% fetal calf serum and the same antibiotics.

Viruses. wt HSV-1 strain 17(syn�), wt HSV-1 strain KOS, and the KUL25NS,
lacZ-UL6�, and �UL17 mutants have been described previously (6, 14, 25, 30,
36). The UL17-stop virus contains a 16-bp insertion at position 32718 in the
HSV-1 strain 17 genome, with stop codons in all three reading frames, truncating
the UL17 open reading frame after codon 260 (30). The UL17-stop marker
rescuant, MRUL17-stop, was constructed by transfecting UL17RSC5 cells (de-
scribed below) with the plasmid pGX334 (containing the HSV-1 strain 17
genomic BglII p fragment; nucleotide coordinates 31097 to 35729 [13]) cleaved
with BglII, using Lipofectamine and Plus reagent (Invitrogen) according to the
manufacturer’s recommendations. Four hours after transfection the cells were
infected with 1 PFU per cell of HSV-1 UL17-stop and the cells were incubated
for a further 20 h at 37°C. The cells were harvested; marker rescuants, identified
by their ability to grow and form plaques on BHK cells, were plaque purified; and
a stock of virus was prepared. The yield of revertants in mock-transfected cells
was 80-fold lower than the level of marker rescuants in cells transfected with the
plasmid containing the BglII p fragment. KUL25NS, lacZ-UL6�, and UL17
mutants were grown in 8-1 (14), UL6RSC1 (39), and UL17RSC5 (39) cells,
respectively.

Purification of capsids. Nuclear extracts were prepared from virus-infected
cells at 18 to 24 h postinfection, and capsids were purified on 20 to 50% sucrose
gradients as described previously (45). C capsids were banded twice on a 20 to
50% sucrose gradient and directly used in immunoelectron microscopic experi-
ments without any concentration by centrifugation, to minimize aggregation.

Western blot analysis. Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), blotted onto a nitrocellulose
membrane, and screened for various packaging or capsid proteins using the
enhanced chemiluminescence method as outlined by Thurlow et al. (39). After
each enhanced chemiluminescence reaction the blots were stripped of antibody
and washed extensively prior to the addition of a different primary antibody. The
protein bands in exposed film were quantified as described previously (39).

Quantification of packaging proteins in capsids. Proteins were separated on
large SDS-polyacrylamide gels and were stained for 4 h with SYPRO orange
(Bio-Rad Laboratories) by diluting the stock solution of dye 5,000-fold in 7.5%
(vol/vol) acetic acid. The stained gels were rinsed in 7.5% acetic acid and placed
on a 302-nm UV transilluminator. A digital image was taken of the gel, and the
packaging proteins were quantified using Syngene gene tools software.

Antibodies. Mouse monoclonal antibodies (MAbs) specific for UL6 (MAb
175), UL17 (MAb 203), or UL25 (MAb 166) and a rabbit polyclonal antibody
specific for VP23 (Rab186) have been described previously (12, 39). Rabbit
antibody Rab335 was raised against insoluble UL25 (residues 342 to 580)–
glutathione S-transferase fusion protein. Rabbit antibodies Rab992 and Rab1218

were produced against purified soluble UL6 (residues 379 to 676)-pMAL fusion
protein and purified, insoluble UL17 (residues 154 to 703)-pMAL fusion protein,
respectively, essentially as described by Preston et al. (27). The specificity of each
of the polyclonal antibodies was initially confirmed by Western blot analysis of
polypeptides from insect cells infected with a recombinant baculovirus expressing
the HSV protein of interest, using the nonrecombinant baculovirus-infected cell
polypeptides as a negative control (data not shown).

Treatment of capsids with urea. wt B capsids were treated with 0, 2, 4, or 6 M
urea in 10 mM Tris-HCl, 1 mM EDTA, 0.5 M NaCl, pH 7.5 (NTE), containing
50 mM dithiothreitol, in the presence of protease inhibitors for 1 h at room
temperature, essentially as described by Newcomb et al. (21). The samples were
overlaid on a 150-�l 25% (wt/vol) sucrose cushion in NTE and centrifuged at
48,458 � g in a Beckman TLS-55 rotor for 1 h at 4°C. The pellet of capsids was
resuspended in NTE, and the supernatant was retained for Western blot analysis.

Detection of UL17- and UL25-specific antibodies on capsids by immunogold
labeling. Each Formvar-coated nickel grid was placed onto a 50-�l droplet of
phosphate-buffered saline, containing 6.8 mM CaCl2 and 4.9 mM MgCl2 and
supplemented with 2 mM �-octylglucoside, for 2 min and blotted dry prior to the
addition of 5 �l capsid sample (0.1 mg/ml in phosphate-buffered saline) for 3
min. In subsequent manipulations the grids were floated, specimen side down, on
droplets of solution. After the grids had been washed twice with 0.5� NTE for
30 s per wash, they were treated with blocking solution (0.5� NTE containing
5% goat serum, 5% bovine serum albumin, and 0.1% fish gelatin) for 1 h. Each
grid was subsequently transferred to a drop of purified primary antibody diluted
in blocking buffer. After incubation for 1.5 h the grids were washed eight times
(about 4 min per wash) in blocking solution. The washed grids were each
transferred for 1 h to a droplet of secondary antibody (goat anti-rabbit immu-
noglobulin G [IgG] conjugated to 10-nm colloidal gold [British Biocell Interna-
tional]) diluted in blocking solution. The unbound secondary antibody was re-
moved by washing the grids eight times with 0.5� NTE followed by two brief
washes with H2O. The capsids were negatively stained for 15 s with 1% ammo-
nium molybdate in 2 mM �-octylglucoside. The grids were blotted and dried, and
the capsids were visualized under a JEOL 100S transmission electron micro-
scope. Serial dilutions of primary and secondary antibodies were made to deter-
mine the optimal concentration of each antibody giving the highest amount of
gold binding to wt capsids, with the lowest level of background staining of mutant
capsids lacking the relevant protein.

RESULTS

Identification and abundance of UL6, UL17, and UL25 pro-
teins in B capsids. To obtain information on the identity and
relative abundance of the capsid-associated packaging pro-
teins, the proteins of B capsids of wt HSV-1 strains 17 and
KOS and UL6, UL17, and UL25 null mutants (lacZ-UL6�,
UL17-stop, and KUL25NS, respectively) were separated by
SDS-PAGE and stained with SYPRO orange (Fig. 1). This
stain was selected because of its high sensitivity and minimal
protein-to-protein variation in staining, allowing quantitative
comparison between proteins (33). A broad protein band with
a molecular weight (MW) of about 80,000 was observed in all
the capsid protein profiles except the UL17-stop insertional
mutant B capsid profile, which had only a weak band in this
position. A protein migrating in this region of the gel is there-
fore a strong candidate for the UL17 product, which has a
predicted molecular mass of 74.6 kDa (13) but had previously
been reported to have a slightly lower electrophoretic mobility
(30). A protein band with an MW of approximately 63,000 was
absent from the UL25 null mutant capsid profile, and unex-
pectedly this protein band was also reduced in intensity in the
UL17 null mutant capsid profile. This band is likely to repre-
sent the UL25 product since it is similar in size to the calcu-
lated molecular mass of UL25 (62.7 kDa). The UL6 null mu-
tant capsid lacked a protein with an MW of approximately
74,000, the size of UL6, which was present in all the other
capsid protein profiles. The identities of the UL17, UL6, and
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UL25 proteins were confirmed by Western blot analysis of
proteins separated on the same gel (data not shown, but see
also Fig. 2).

To determine the relative amounts of the three packaging
proteins in B capsids, a digital image of the gel illuminated by
UV light was made and analyzed by densitometry. The copy
numbers of UL17 and UL25 in wt B capsids were estimated by
comparing the amounts of protein present relative to UL6 and
assuming that there were 12 copies of UL6 per B capsid (19).
Background levels of protein in the same position in the rele-
vant null mutant profile were subtracted. Mean copy numbers

and standard deviations of 19.2 � 5.0 for UL17 and 26.8 � 6.2
for UL25 were obtained from six samples.

Western blot analysis of wt and mutant B capsids. To con-
firm that UL25 was present in substantially reduced amounts
in the UL17-stop mutant capsids, Western blot analysis was
carried out. Three serial twofold dilutions of each capsid sam-
ple, standardized on the basis of VP23 content, were prepared,
and the separated proteins were screened by Western blotting
using UL6, UL17, UL25, and VP23 antibodies. The results
(Fig. 2) show that the interaction of UL17 or UL25 with B
capsids was not dependent on the presence of UL6 and, sim-
ilarly, neither UL25 nor UL17 was required for the attachment
of UL6 to capsids. UL17, however, was important for efficient
binding of UL25 to B capsids. Densitometric analysis of the
digital images of the exposed films of the Western blot re-
vealed that the UL17-stop capsids contained about 10% of the
level of UL25 found in wt strain 17 B capsids. The faint UL17-
specific band present in the UL17-stop capsid profile was in-
dicative of a low frequency of revertants in the mutant stock.

To exclude the possibility that the UL17-stop mutant had a
secondary defect in UL25, the levels of UL17 and UL25 were
investigated in B capsids of a marker rescuant of UL17-stop
and in another UL17 mutant, the �UL17 UL17 null mutant
(Fig. 3). The amounts of UL25 present in both �UL17 and
UL17-stop B capsid preparations were also reduced in com-
parison with wt virus or the marker rescuant UL17-stop cap-
sids. In this experiment the mutant capsids contained about
20% of the level of UL25 found in the wt or marker rescuant
B capsids, confirming that UL17 is required for efficient bind-
ing of UL25 to capsids (Fig. 3). Similarly reduced amounts of
UL25 (23%) were observed in the UL17-stop mutant capsids
compared with wt strain 17 B capsids, calculated from densi-
tometric analysis of capsid proteins stained with SYPRO or-
ange (Fig. 1).

The data in Fig. 2 also suggest that the KUL25NS capsids
had reduced amounts of UL17 compared with wt KOS capsids,
about twofold lower. Comparison of the level of UL17 in
KUL25NS capsids with that of wt HSV-1 strain KOS B capsids,
calculated using information from SYPRO orange-stained gels
of capsid proteins, also showed that there was about a twofold

FIG. 1. Identification of packaging proteins UL6, UL17, and UL25
in wt virus and mutant B capsids. Purified B capsid proteins were
separated by SDS-PAGE, and the proteins were detected by SYPRO
orange staining. Capsid proteins are indicated on the left, and the
positions of molecular weight markers (MagicMarkXP; in thousands)
are shown on the right.

FIG. 2. Analysis of UL6, UL17, and UL25 in wt HSV-1 strain 17, wt strain KOS, lacZ-UL6�, KUL25NS, and UL17-stop capsids by Western
blotting. Serial twofold dilutions of wt and mutant capsids that had been equalized on the basis of their VP23 content were prepared. The
polypeptides were resolved by SDS-PAGE and blotted onto a nitrocellulose membrane. The blots were probed sequentially with antibodies UL6
MAb 175, UL17 MAb 203, UL25 MAb 166, and VP23 antibody Rab186 as indicated on the left side. In this experiment the UL25NS B capsid
preparation was banded twice on a sucrose gradient to ensure minimal contamination with UL25NS empty capsids, lacking the scaffolding proteins.
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reduction in the amount of UL17 in UL25NS capsids. Re-
peated experiments consistently revealed a reduction in the
amount of UL17 in UL25NS capsids in comparison with wt B
capsids. Thus, the presence of UL25 is necessary for the re-
tention of wt amounts of UL17 in B capsids. It should be noted
that in Fig. 1 the KUL25NS capsid preparation contained
lower amounts of scaffolding proteins than the other capsid
samples, due to the presence of empty capsids; however, sim-
ilar results were obtained using this assay with other KUL25NS
B capsid preparations containing higher levels of scaffolding
proteins (data not shown).

The distribution of UL17 and UL25 on the surface of B
capsids. Previous work by Ogasawara et al. (23) suggested that
UL25 was present at multiple sites on wt B capsids. To confirm
this finding and to investigate whether UL17 had a similar
pattern of distribution, immunoelectron microscopy was car-
ried out. Since the UL25 MAb did not react with purified wt B
capsids and the UL17 MAb bound to wt B capsids at low
frequency, rabbit polyclonal antibodies to UL17 and UL25
were prepared as described in Materials and Methods. In ad-
dition, as a control, rabbit antibodies were raised against UL6.
The specificity of each of the three polyclonal antibodies was
checked by Western blot analysis of extracts of BHK cells
infected with the mutant virus that did not express the relevant
packaging protein or with wt virus (Fig. 4). The blots were also
probed with antibodies to VP23 to show that the cells had been
efficiently infected with virus. Each antibody reacted to a viral
protein of the correct size that was present in the wt virus-
infected cell profile but was absent in the relevant mutant-
infected cell profile or in very low amounts due to the presence
of revertants (Fig. 4).

In immunoelectron microscopic experiments capsids lacking
the packaging protein were included in the assay to ensure that
each packaging protein antibody was attaching to wt capsids in
a specific manner. wt and mutant capsids were incubated with
antiserum to the packaging protein and subsequently treated
with goat anti-rabbit IgG conjugated to 10-nm gold beads. The
capsids were negatively stained with ammonium molybdate,

visualized under the electron microscope, and photographed.
The number of gold particles bound or unattached to capsids
was calculated, and their pattern of distribution on the capsid
was recorded (Table 1; Fig. 5). Fields of wt HSV-1 strain 17
and lacZ-UL6� B capsids treated with UL6 antibody, illustrat-
ing the pattern of gold labeling, are shown in Fig. 5a and b,
respectively. About 26% of wt capsids contained gold particles
whereas only 2% of capsids lacking UL6 were labeled with gold
(Table 1). These results are comparable to previous findings
(19). Most (97%) wt capsids and 2% of KUL25NS capsids
treated with UL25 antibody were labeled with gold (Fig. 5c and
d; Table 1). The majority of the wt B capsids treated with UL17
antibody were also labeled with gold (69%) whereas the UL17-
stop capsids treated under the same conditions had low levels
of attached gold (2%) (Fig. 5e and f; Table 1).

For each wt B capsid containing gold particles, the number
of sites labeled with gold was recorded. Figure 6 shows a graph
comparing the number of labeled sites on wt B capsids treated
with UL6, UL17, or UL25 antibody. As anticipated, most of
the gold on wt capsids treated with UL6 antibody was present
at a single site whereas the gold particles on most of the wt
capsids incubated with UL25 antibody were found at multiple
sites. The pattern of distribution of UL17 was intermediate

FIG. 3. Western blot analysis of proteins of MRUL17-stop and
mutant �UL17 B capsids. For comparison, proteins of wt strain 17 and
mutant UL17-stop B capsids were also included. Serial twofold dilu-
tions of wt and mutant B capsids that had been equalized on the basis
of their VP23 content were prepared. The polypeptides were resolved
by SDS-PAGE and blotted onto a nitrocellulose membrane. The blots
were probed sequentially with antibodies UL17 MAb 203, UL25 MAb
166, and VP23 polyclonal antibody 186 as indicated on the left side.

FIG. 4. Specificity of UL6, UL17, and UL25 rabbit polyclonal an-
tibodies. BHK cells were infected with HSV-1 wt strain 17, wt strain
KOS, UL17-stop mutant, lacZ-UL6�, or UL25NS or were mock in-
fected (MI). At 24 h postinfection the cells were harvested and the
proteins were separated by SDS-PAGE. Western blot analysis was
carried out, probing the KOS, UL25NS, and mock-infected cell pro-
files sequentially with UL25 and VP23 polyclonal antibodies (a) and
strain 17, lacZ-UL6�, UL17-stop, and mock-infected cell profiles se-
quentially with UL17, UL6, and VP23 polyclonal antibodies (b).

TABLE 1. Immunogold staining of wt and mutant B capsids

Antibody and B
capsid type

No. of capsids
analyzed

No. (%) of
capsids
labeled

with gold

Total no.
of gold

particles

No. (%) of
gold particles

bound to
capsids

UL6 RAba

wt 496 128 (26) 281 169 (60)
lacZ-UL6� 943 15 (2) 76 20 (26)

UL25 RAb
wt 301 291 (97) 1,382 1,299 (94)
KUL25NS 170 3 (2) 28 3 (11)

UL17 RAb
wt 370 257 (69) 604 525 (87)
UL17-stop 658 12 (2) 44 15 (34)

a RAb, rabbit antibody.
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between those of UL6 and UL25. Most of the capsids were
labeled with gold at a single site, but a significant proportion
had gold at two and three sites on the capsid. Similar results
were obtained in repeated experiments (data not shown). The
numbers of UL17 and UL25 sites labeled by immunogold are
likely to be an underestimate of the true number of sites
because not all the sites may be accessible and the antibodies
had not been raised against the full-length proteins.

Distribution of UL25 and UL17 on the surface of wt C
capsids. Both UL17 and UL25 are present in greater amounts
in wt DNA-containing (C) capsids than in wt B capsids (31,
39). For this reason and because C capsids are intermediates in
the assembly pathway whereas B capsids are dead-end prod-
ucts, the distributions of UL25 and UL17 in B and C capsids
were compared in parallel in a separate experiment using im-
munoelectron microscopy. The number of sites containing gold
particles on each capsid was recorded, and results were plotted

FIG. 5. Electron micrographs of wt and mutant capsids treated with UL6 antibody (a and b), UL25 antibody (c and d), or UL17 antibody (e
and f). Capsids were incubated with the packaging protein antibody and subsequently treated with goat anti-rabbit IgG coupled to 10-nm colloidal
gold. Capsids were negatively stained and examined under the electron microscope. Bar, 100 nm.

FIG. 6. Distribution of UL25, UL17, and UL6 on wt B capsids. The
percentage of labeled wt B capsids (treated with UL25, UL17, or UL6
antibodies) was plotted against the number of sites labeled with gold
particles on each capsid.
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as a histogram (Fig. 7). The pattern of distribution of UL17 in
C capsids was similar to that of B capsids, with a slightly higher
number of C capsids than B capsids labeled with UL17 anti-
body (69% compared with 61%). By contrast, a higher propor-
tion of C capsids than of B capsids treated with UL25 antibod-
ies contained gold particles at six or more different sites,
suggesting that UL25 was attached to more sites on C capsids.
Nearly all (98%) of the B and C capsids treated with UL25
antibody were labeled with gold particles. As a control, the
distribution of UL6 in wt B and C capsids was also examined.
The pattern of gold labeling and the percentage of C capsids
containing gold particles were very similar to the results ob-
tained for B capsids (data not shown), in keeping with previous
findings showing that B and C capsids contain similar amounts
of UL6 (31).

Treatment of wt virus B capsids with urea. Most of the
portal protein, UL6, is retained in B capsids which have been
treated with 2 M guanidine HCl or 6 M urea, under conditions
in which the pentons and the 10 triplexes near each penton are
removed in addition to the scaffolding protein and VP26 (20,
21, 24). To determine whether the UL17 protein was strongly
associated with the capsid, purified wt virus B capsids were
incubated in 0, 2, 4, or 6 M urea, and the proteins in the
recovered capsids, together with the proteins extracted from
the capsids, were separated by SDS-PAGE in duplicate. One
gel was treated with Coomassie blue stain, and the other was
processed for Western blot analysis. Figure 8a shows a Coo-
massie blue-stained SDS-polyacrylamide gel of polypeptides
from B capsids treated with urea. Consistent with previous
published results, most of the scaffolding proteins VP22a and
VP21 were removed from capsids treated with 2 M urea.

In Fig. 8b the separated capsid proteins and the proteins
extracted with urea were blotted onto a nitrocellulose mem-
brane and the blot was sequentially probed for UL17, UL6,
and UL25. The protein bands on the exposed film were quan-

tified by densitometric analysis, and the results are shown as a
graph in Fig. 8c. The patterns of extraction of UL25 and UL17
from capsids treated with urea were similar, with increasing
amounts of protein removed with increasing concentrations of
urea. By contrast UL6 was less susceptible to extraction by urea.

DISCUSSION

The amounts of UL17 and UL25 in wt B capsids and capsids
lacking UL17, UL6, or UL25 and the distribution of UL17 and
UL25 on wt B and C capsids were determined to gain more
insight about the functions of these two packaging proteins.
The results of immunogold labeling experiments with wt HSV-1
strain 17 B capsids confirmed that UL25 was present at mul-
tiple sites and demonstrated that at least part of UL17 is
exposed on the surface of the B capsid (Fig. 5). Greater num-
bers of capsids treated with UL17 antibody than of those in-
cubated with UL6 antibody were labeled with gold (69% com-
pared with 26%). The low level of labeling of wt B capsids
treated with UL6 antibody is probably due to the fact that UL6
is present at a single site on the capsid and that much of the
underside of the capsid in contact with the grid is not available
for antibody binding. Similar low levels of gold binding to
bacteriophage PRD1 capsids treated with antibodies specific
for proteins at the unique vertex have been reported (9). Be-
cause a high proportion of the capsids incubated with UL17
antibody were labeled with gold particles and a substantial
number of the capsids with UL17 antibody were labeled at two
and three sites, we propose that UL17, like UL25, is present at
multiple sites on the surface of the capsid.

As well as being present at multiple locations on the capsid,
both UL17 and UL25 had a similar pattern of removal from B
capsids treated with different concentrations of urea. UL17
and UL25 had also previously been shown to be present in
elevated amounts in DNA-containing capsids compared to B
capsids, unlike UL6 (39). These observations, together with
the finding that stable attachment of UL25 to B capsids was
dependent on the presence of UL17, suggest that these two
proteins interact. This proposal is supported by the reciprocal
observation that capsids lacking UL25 also had reduced
amounts of UL17, suggesting that in the absence of UL25
some UL17 may be lost from the B capsid. At this stage the
alternative possibility that the attachment of UL17 to capsids
exposes UL25 binding sites on the capsid at positions different
from those of UL17 cannot be excluded, but we consider this
idea less attractive in view of the above findings.

To date, we have been unable to demonstrate an interaction
between UL17 and UL25, using immunofluorescence or im-
munoprecipitation assays on cells transiently expressing the
two proteins. Because UL17 is found at levels in procapsids
similar to the amounts in B capsids whereas UL25 is present in
reduced amounts in procapsids compared to the levels in B
capsids, UL17 is probably inserted into capsids before UL25
(31, 39). The finding that the UL17 null mutants appear to be
blocked at an earlier stage of DNA packaging than the UL25
null mutant is consistent with this suggestion (30). It is there-
fore probable that these two proteins associate only after UL17
has bound to the capsid.

Ogasawara et al. (23) suggested that UL25 attached to both
the pentons and hexons of the B capsid since significant

FIG. 7. Comparison of the distribution of UL25 and UL17 on wt B
and C capsids. The percentage of labeled B or C wt strain 17 capsids
(treated with UL25 or UL17 antibodies) was plotted against the num-
ber of sites labeled with gold particles on each capsid. The last column
represents all capsids with six or more sites labeled with gold particles.
The capsids examined were as follows: 164 wt B capsids treated with
UL25 antibody were analyzed, 96% of which were labeled with gold;
137 wt B capsids treated with UL17 antibody were analyzed, 61% of
which were labeled with gold; 147 wt C capsids treated with UL25
antibody were analyzed, 99% of which were labeled with gold; and 136
wt C capsids treated with UL17 were analyzed, 69% of which were
labeled with gold.
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amounts of UL25 were retained on capsids treated with 6 M
urea. If this is the case, given the low copy number of UL25 in
B capsids, UL25 cannot be interacting with all the hexons. It
remains possible that UL25 may be interacting with other
components or features of the capsid (e.g., triplex proteins or
the centers or edges of the capsid faces). Since binding of
UL25 to capsids is dependent on the presence of UL17, UL25
may be interacting only indirectly with the capsid shell com-
ponents via UL17. Significantly, UL17 behaved very similarly
to UL25 in terms of its extraction with urea (Fig. 7), suggesting
that it may be interacting, at least in part, with the pentons.
Alternatively, it may be located elsewhere and, like the hexon
decorating protein VP26 and the scaffolding protein, for ex-
ample, be more susceptible to extraction by 6 M urea than
some capsid components (17).

The estimate of 27 per capsid for the copy number of UL25
was lower than the value of 42 obtained by Ogasawara et al.
(23). However, we note that their figure for the putative UL6
protein was considerably higher than subsequent published
values (19). The observations that a higher proportion of B
capsids was labeled with UL25 antibody than with UL17 anti-

body and that a greater number of these capsids than the
capsids treated with UL17 antibody had gold bound to more
than one site on the capsid are consistent with the finding that
there were more copies of UL25 than UL17 in B capsids.
However, the amount of gold bound to capsids could also be
influenced by the potency of the antibody and the accessibility
of the protein. The UL25 antibody recognized a greater num-
ber of sites on the surface of wt C capsids than on that of wt B
capsids, consistent with the observation that there is more
UL25 in C capsids than in B capsids (31). Although there are
also greater amounts of UL17 in C capsids than in B capsids,
the difference in binding patterns of the UL17 antibody be-
tween B and C capsids was much less marked than that of the
UL25 antibody. It is possible that some UL17 is masked in C
capsids.

Although UL17 is essential for DNA packaging, it is unlikely
to perform a specific function at the portal because it appears
to be located at multiple sites on the capsid. A possible role of
UL17 could be to stabilize the procapsid. The HSV-1 procap-
sid is a labile structure, which, in the absence of DNA pack-
aging, spontaneously angularizes in HSV-infected cells, pro-

FIG. 8. Treatment of capsids with urea. Purified wt HSV-1 strain 17 B capsids were treated with various concentrations of urea for 1 h and
concentrated by centrifugation. The proteins from the capsid pellets were resolved by SDS-PAGE and stained with Coomassie blue (a). Molecular
masses in kilodaltons are shown at the left. In addition, the separated capsid proteins from the pellets and the supernatants were blotted onto
nitrocellulose and the UL6, UL17, and UL25 packaging proteins were identified by Western blotting (b). The protein bands in the exposed film
from the Western blot experiment shown in Fig. 7b were quantified by densitometric analysis of digital images (c).
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vided that the scaffold is cleaved by the UL26 protease.
Procapsids formed in vitro from the capsid shell and the major
scaffolding protein angularize more rapidly than their in vivo
counterparts, suggesting that other viral proteins may delay the
transformation into angularized capsids (18, 22, 29). Since
UL17 is absolutely necessary for DNA packaging and appears
to be required at a slightly earlier stage than UL25, UL17 is a
strong candidate for preventing premature angularization (30).
The involvement of UL17 in this early process could explain
the failure of UL17 null mutants to package viral DNA in
nonpermissive cells.

A function of UL25 and possibly also UL17 may be to
reinforce the capsid shell, stabilizing the capsid and possibly
the packaging machinery at the portal during and after inser-
tion of the genome into the capsid. It has been estimated from
work on the bacteriophage �29 that a pressure of about 6 MPa
is generated inside the DNA-containing capsid (32). The
HSV-1 genome, like the �29 genome, is inserted into a very
confined space. Examination of HSV-1 virions and capsids by
diffraction analysis and three-dimensional reconstruction has
shown that the viral DNA is arranged in concentric rings with
an interlayer spacing of about 26 Å, indicative of liquid-crys-
talline packing (5, 44). Given the compact organization of the
encapsidated genome, it is highly likely that there is also con-
siderable pressure inside the HSV-1 DNA-containing capsid.
The UL25 null mutant produces a high proportion of empty
capsids lacking DNA and devoid of scaffold but only a low
number of C capsids, most of which have less than a genome
length of DNA (14, 36). This phenotype may be influenced not
only by the absence of UL25 but also by the reduced levels of
UL17 present in the UL25 null mutant capsids. The properties
of the mutant are consistent with UL25 having a role in stabi-
lizing the maturing capsid. In this respect, as pointed out pre-
viously (43), UL25 resembles the bacteriophage lambda pro-
tein gD that binds to sites on the capsid which become exposed
during DNA packaging and is specifically required for pack-
aging genomes greater than 82% of the full length of the
lambda genome (16, 34). Since UL25 is located at multiple
sites on the capsid, it seems much less likely that it specifically
closes the portal at the unique vertex and prevents the viral
DNA from being released from the capsid prematurely as
previously suggested (23, 31).
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