JOURNAL OF VIROLOGY, July 2006, p. 6286-6294
0022-538X/06/$08.00+0 doi:10.1128/JVI1.02648-05

Vol. 80, No. 13

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Herpes Simplex Virus Capsid Structure: DNA Packaging Protein UL25
Is Located on the External Surface of the Capsid near the Vertices
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UL2S5 is one of seven herpes simplex virus-encoded proteins involved specifically in DNA encapsidation. Its
role appears to be to stabilize the capsid so that DNA is prevented from escaping once it has entered. To clarify
the function of UL25, we have examined capsids with the goal of defining where it is located. Analysis of
trypsin-treated capsids showed that UL2S5 is sensitive to cleavage like other proteins such as the major capsid
and portal proteins that are exposed on the capsid surface. Internal proteins such as the scaffolding protein
and protease were not affected under the same experimental conditions. Capsids were also examined by
electron microscopy after staining with gold-labeled antibody specific for UL25. Images of stained capsids
demonstrated that most labeled sites (71% in C capsids) were at capsid vertices, and most stained C capsids
had label at more than one vertex. A quantitative immunoblotting method showed that the capsid contents of
UL25 were 56, 20, and 75 copies per capsid in A, B, and C capsids, respectively. Finally, soluble UL25 protein
was found to bind in vitro to purified capsids lacking it. The amount of bound UL25 corresponded to the
amount present in B capsids, and bound UL25 was found by immunoelectron microscopy to be located
predominantly at the capsid vertices. The results are interpreted to suggest that five UL25 molecules are found
at or near each of the capsid vertices, where they are exposed on the capsid surface. Exposure on the surface
is consistent with the view that UL25 is added to the capsid as DNA is packaged or during late stages of the

packaging process.

Like replication of double-stranded DNA bacteriophage,
herpesvirus replication involves a step in which progeny DNA
molecules are introduced into a preformed capsid (4, 29).
DNA encapsidation takes place in the infected-cell nucleus,
where the virus DNA is synthesized and where progeny capsids
are assembled. Once a capsid is filled with DNA, it transits to
the cytoplasm, where it acquires tegument and membrane lay-
ers prior to exiting the host cell.

Studies of herpes simplex virus 1 (HSV-1) replication have
led to the identification of seven genes involved specifically in
DNA encapsidation (UL6, UL15, UL17, UL25, UL28, UL32,
and UL33 genes) (2, 4, 5, 13, 15, 27, 28, 30, 38). When cells are
infected with a mutant unable to produce any one of the seven
gene products, capsids are assembled normally and the virus
DNA is replicated but capsids are not filled. Concatemeric
DNA and closed capsids accumulate in the infected-cell nu-
cleus, indicating that the missing gene is involved specifically in
DNA encapsidation and not, for instance, in capsid formation
or DNA replication. Homologs for six of the seven HSV-1
DNA processing/packaging proteins are encoded by all her-
pesviruses (6).

Analysis of the DNA encapsidation process has defined the
functions for three of the processing/packaging proteins, UL6,
UL15, and UL28. ULG is the structural subunit of the portal, a
funnel-shaped 12-mer found at one of the 12 capsid vertices
(22). DNA enters the capsid through the portal, which may
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play an active role in the DNA translocation process. UL15
and UL28 are the components of terminase, a multisubunit
enzyme that acts to cleave the DNA concatemer into ge-
nome length units and to provide the energy required for
translocating DNA into the capsid. Homologs of the HSV-1
UL6 and ULL1S5 proteins are encoded in the genomes of
double-stranded DNA bacteriophages such as lambda and
T4 (12, 14, 16, 26, 33).

UL25 differs from the other processing/packaging proteins,
as indicated by observation of the metabolism of virus DNA in
cells infected with a null mutant virus. Whereas a mixture of
concatemeric and genome length segments is found in cells
infected with the UL25 null mutant KUL25NS, only concate-
meric DNA is seen in cells infected with mutants deficient in
any of the other six packaging genes (15). This result is inter-
preted to suggest that UL25 may function at a late stage of the
DNA-packaging process after genome length DNA segments
have been excised from the concatemer. In particular, it is
suggested that UL25 may act after DNA has entered to stabi-
lize the capsid against the pressure created by the packaged DNA
(15, 36).

Biochemical studies have generally supported the mecha-
nism described above for UL25 function. UL2S is found to be
present as a minor structural component of the HSV-1 capsid.
The copy number in B capsids, for instance, was reported to be
42 *+ 17 compared to 955 for the major capsid protein (25).
DNA-containing capsids (C capsids) were found to have a
higher UL25 content than capsids lacking DNA (i.e., pro-
capsids, A capsids and B capsids), as one would expect if it
functions to stabilize the filled capsid against internal DNA
pressure (11, 25, 40). Using immunoelectron microscopy,
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Ogasawara et al. (25) demonstrated localization of UL25 at
one or more capsid vertices. The same authors reported
specific binding of UL25 to HSV-1 DNA and an ability of
UL25 to bind the major capsid protein (UL19) and one of
the two triplex proteins (UL38) (25). Recently, a high-res-
olution structure has been determined for a substantial por-
tion of UL25 (3).

We have examined the location of UL25 in the HSV-1 cap-
sid with a view to determining whether it is exposed primarily
outside or inside the capsid shell. Intact capsids were treated
with the proteolytic enzyme trypsin and tested to determine
whether UL25 is sensitive to digestion, as expected if it is
located on the capsid surface, or resistant, as expected if it is
inside. Immunoelectron microscopy and studies involving ad-
dition of UL2S to intact capsids were also undertaken to define
the location of UL2S in the capsid.

MATERIALS AND METHODS

Cells, viruses, and capsid isolation. Experiments involving wild-type virus and
capsids were performed with the 17MP strain of HSV-1. Virus stocks were
prepared by growth on Vero cell monolayers maintained in 150-cm? flasks at
34°C on minimal essential medium containing 10% calf serum and antibiotics
(22). For capsid preparation, the stock virus was used to infect BHK-21 cells (23),
as capsid yields were found to be higher than in Vero cell infections. Capsids that
lack UL25 were isolated after infection of Vero cells with the UL25-null mutant
KUL25NS (multiplicity of infection = 5), which was maintained by passage in
complementing cell line 8-1 (15).

Capsids were isolated, beginning with BHK-21 cells (10 150-cm? flasks) that
were infected while actively dividing and incubated for 20 h at 37°C. Infected
cells were harvested by scraping, pelleted, resuspended in 30 ml distilled water,
and frozen at —20°C. Cells were then thawed, adjusted to 1% Triton
X-100-20 mM Tris-HCI, pH 7.5, containing protease inhibitors (0.1 volume of
a solution prepared by dissolving one tablet of Roche Diagnostics Complete
in 5 ml phosphate-buffered saline [PBS]), and incubated at 4°C for 1 h. The
resulting nuclei were harvested by low-speed centrifugation, resuspended in
50 ml TNE (0.01 M Tris-HCI, 0.5 M NaCl, 1 mM EDTA, pH 7.5), and lysed
by sonication (10 s; probe sonicator). The lysate was adjusted to 20 mM
MgCl, plus 500 pg/ml DNase I and incubated at 30°C until the viscosity
dropped (5 to 10 min). The lysate was then cleared by brief centrifugation
(16,000 X g for 5 min) and the virus pelleted into a 5-ml cushion of 35%
sucrose (SW28 rotor; 23,000 rpm for 1 h). The pellets were suspended in 3 ml
TNE and adjusted to 1 mM dithiothreitol. A, B, and C capsids were purified
from the suspension by density gradient ultracentrifugation on 5-ml gradients
of 25% to 50% sucrose prepared in TNE. Gradients were centrifuged for 40
min at 24,000 rpm in a Beckman SWS55Ti rotor. Capsids from individual
bands were removed from the gradient with a Pasteur pipette and pelleted by
centrifugation (23,000 rpm for 1 h in a Beckman SWS55Ti rotor). After
resuspension in TNE, capsid species were rebanded separately by centrifu-
gation on 600-ul gradients as previously described (20), pelleted, and resus-
pended in ~0.3 ml TNE. The protein concentration was in the range of 0.25
to 0.50 mg/ml for both wild-type and UL25-negative capsids. Protease inhib-
itors were present in all capsid preparations except for B capsids used in
trypsin digestion experiments.

Two molar guanidine-HCl (GuHCI) was used to remove pentons selectively
from capsids, beginning with B capsids isolated as described above from HSV-
1-infected BHK-21 cells (23). Purified B capsids (100 pg) were suspended in 600
wl TNE containing 2 M GuHCI plus 10 mM dithiothreitol and incubated at 4°C
for 45 min. The solution was then underlaid with 50 pnl TNE containing 50%
sucrose plus 2 M GuHCI, and the capsids were pelleted by centrifugation (600- .l
tube) (20) at 23,000 rpm in an SW55.1 rotor. After centrifugation, the superna-
tant was carefully removed, the pellet was resuspended in 100 ul TNE, and the
capsids were purified by sucrose density gradient centrifugation on a 600-ul
gradient of 20% to 50% sucrose as described previously (20). Capsids prepared
by treatment of B capsids with 2 M GuHCI as described above are called G
capsids.

Trypsin treatment of B capsids. B capsids (50 pl) were added to 5 pl TNE
containing trypsin adjusted to yield a final concentration of 20 wg/ml, 2 pg/ml, or
0.2 pg/ml, and the mixtures were incubated for 45 min at 37°C. Capsids were then
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isolated by centrifugation on a 600-ul gradient of 20% to 50% sucrose prepared
in TNE containing protease inhibitors. Centrifugation was for 40 min at 23,000
rpm in a Beckman SW55Ti rotor operated at 4°C. After centrifugation, gradients
were photographed and then fractionated by bottom puncture of the tube;
capsid-containing fractions were identified by dot blotting (2-pl specimen ap-
plied to wetted membrane and stained with 1% Ponceau S). Capsids were then
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) followed by immunoblotting as previously described (17). Antibodies
used for immunoblotting were as follows: UL25, monoclonal antibody (MAb)
2D9 (diluted 1:2,000) (15); UL19, MAD 3E8 (culture supernatant; diluted 1:500)
(21); UL38, MAb 4A11 (culture supernatant; diluted 1:5,000; prepared as de-
scribed in reference 24 using glutathione S-transferase-UL38 as the immuno-
gen); UL26.5, MAb MCA406 (Serotec, Inc.; diluted 1:4,000); UL18, MAb 1D2
(diluted 1:10,000) (24); VP24, MAb 9-2 (culture supernatant; diluted 1:100,000)
(31); UL6, MAD 1C9 (diluted 1:10,000) (22). When blots were stained with a
second antibody, the original antibody was first removed by incubation of the blot
for 30 min at 50°C in 100 ml 100 mM 2-mercaptoethanol, 2% sodium dodecyl
sulfate, and 60 mM Tris-HCI, pH 7.2. Before reprobing, the blot was washed six
times in PBS containing 0.5% Triton X-100 and tested for the presence of
residual chemiluminescence.

Preparation of UL25 inclusion bodies. Insoluble complexes composed of
UL25 were isolated from Spodoptera frugiperda (Sf9) cells infected with BAC-
UL25, a recombinant baculovirus encoding UL25 (15). Previously described
procedures were used for growth of Sf9 cells in culture and for infecting them
with BAC-UL25 (multiplicity of infection = 5; infection for 64 h) (39). Except as
noted, all steps of inclusion body isolation were carried out at 4°C and all buffers
contained protease inhibitors (see above). Infected cells were harvested by cen-
trifugation (~2.0 ml packed cells), resuspended in 2 volumes of PBS, and lysed
by three cycles of freezing and thawing. The lysate was then centrifuged for 5 min
at 16,000 X g and the supernatant discarded. The pellet, which contains UL25
inclusion bodies, was extracted sequentially with (i) 1 ml of TNE, 10 mM
dithiothreitol, and 2% Triton X-100 (30 min on ice) to solubilize cellular mem-
branes and (ii) 1 ml TNE, 20 mM MgSO,, 5 mg/ml DNase I (10 min at room
temperature) to remove cellular DNA. After each extraction, inclusion bodies
were harvested by centrifugation into a pellet (16,000 X g for 5 min). The pellet
obtained after DNase I treatment was resuspended by sonication (bath sonica-
tor) in 0.5 ml TNE and stored at —80°C in 20-pl aliquots. The protein concen-
tration of individual preparations ranged from ~5.0 to 7.5 mg/ml. Experiments
were performed with a stock solution prepared by mixing one 20-pl aliquot with
80 wl dissociation buffer (1% SDS, 1% dithiothreitol, 40 mM EDTA, 20%
sucrose) and boiling for 2 min.

Determination of UL25 copy number. The UL25 copy numbers in A, B, and C
capsids were determined by quantitative estimation of band intensities in Co-
omassie-stained SDS-PAGE gels and in stained immunoblots. Band intensities
were determined by scanning gels in a flatbed scanner followed by quantitation
using UN-SCAN-IT (version 5.1; Silk Scientific). Bands containing known
amounts of bovine serum albumin (BSA) were used to estimate the protein
concentration of a stock UL25 solution (see above) and the concentrations of
stock preparations of A, B, and C capsids. The major capsid protein (UL19) band
was used for quantitation. Dilutions of the stock UL25 solution were then stained
in the same immunoblot used for capsids, and the integrated band intensities of
UL25 standards were determined to estimate the amount of UL25 in capsid
lanes. The number of capsids present was determined from the formula UL19
amount (grams) X 6.02 X 1,023/149,075 X 955, where 149,075 is the molecular
weight (MW) of UL19 and 955 is the number of UL19 molecules per capsid. The
number of UL25 molecules was determined from UL25 amount (grams) X
6.02 X 10%%/62,666, where 62,666 is the MW of UL25.

Capsid labeling with UL25-specific antibody. Inmunoelectron microscopy was
performed with capsids adsorbed to carbon-Formvar-coated copper grids. The
procedure used for labeling was the same as that described previously (22) except
that (i) the primary antibody was the UL25-specific rabbit polyclonal serum
described by McNab et al. (15) and (ii) the secondary antibody was conjugated
to 15-nm-diameter gold beads (EY Laboratories, San Mateo, CA). Labeled
specimens were observed and photographed in a Philips 400T electron micro-
scope operated at 80 keV. Bound gold beads were counted using electron
microscope negatives that were digitized and displayed in Photoshop 6.0. Indi-
vidual beads were assigned a vertex or nonvertex location by first identifying the
most likely capsid vertex. Lines were then drawn along the two sides of the capsid
image, and the lines intersected at the candidate vertex. A bead was assigned a
vertex location if greater than one-half of its image was within the angle created
by the two lines.

In vitro binding of UL25 to capsids. Separate studies were performed to
measure the binding of [**S]Met-labeled UL25 and UL25 present in insect cell
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FIG. 1. Immunoblot showing the extent to which UL25 and other
HSV-1 capsid proteins are cleaved following treatment of B capsids
with trypsin. Capsids were treated in vitro with the trypsin doses indi-
cated at the top, purified, and subjected to SDS-PAGE followed by
immunoblotting. The same blot was probed sequentially for all six
proteins indicated at the right. Lines at the right indicate the positions
of individual digestion products. Note evidence of digestion in the case
of UL25, UL6, UL19, and UL38, but not UL26.5 or VP24.

lysates. In both studies, binding was performed with capsids lacking UL25 which
were prepared from Vero cells infected as described above with the UL25 null
mutant virus KUL25NS.

Synthesis of [*>S]methionine-labeled UL25 was carried out in a rabbit reticu-
locyte lysate using a coupled transcription and translation system (TNT T7Quick;
Promega) according to the manufacturer’s instructions using [*>S]Met (1,000
mCi/mmol). A control plasmid expressing the luciferase gene was supplied with
the kit. UL25 was expressed from the plasmid pGEM-UL2S5, which was con-
structed by digesting pAC-UL25 (15) with BamHI, purifying the UL25-contain-
ing fragment by gel electrophoresis, and ligating it into the BamHI site of the
pGEM-4z vector (Promega). The [**S]methionine-labeled UL25 or luciferase
(45 pl of the 50-pl in vitro translation reaction mixture) was mixed with 50 pl
capsids (pooled A and B capsids) plus 400 wl PBS, and the reaction mixture was
incubated for 90 min at room temperature with constant rotation. Capsids were
isolated from the reaction mixture by centrifugation on a gradient of 20% to 50%
sucrose in TNE (SW41 rotor, 24,000 rpm for 1 h at 4°C). After centrifugation,
capsids were harvested from the gradient, precipitated by addition of an equal
volume of 16% trichloroacetic acid, and analyzed by SDS-PAGE. Gels were
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FIG. 2. Electron micrographs showing HSV-1 C capsids after stain-
ing with antibody specific for UL25 followed by an antiantibody con-
jugated to gold beads. Note that most gold beads are found at capsid
vertices (one is indicated by an arrow in each micrograph) and several
capsids have label at more than one site.

stained with Coomassie blue and dried onto Whatman 3 M filter paper prior to
autoradiography.

Binding of UL25 from insect cells was carried out beginning with Sf9 cells
infected with BAC-UL25. Infected cells were suspended in 2 volumes of PBS and
lysed by three cycles of freezing and thawing. Insoluble material was removed
from the lysate by centrifugation at 30,000 rpm in a Beckman TL-100 ultracen-
trifuge (TLA rotor) for 30 min at 4°C. The supernatant (25 pl) was added to 100
wl KUL25NS A capsids plus 125 pl TNE and incubated for 1 h at 20°C. After
incubation, capsids were harvested by pelleting through a 35% sucrose cushion
and isolated by centrifugation on a 600-pl sucrose gradient as described above.
Capsid bands were recovered by bottom puncture of the tube and analyzed by
SDS-PAGE and immunoblotting. Primary antibodies were as follows: UL25,
MAD 2D9 (diluted 1:2,000) (15); BSA, a mixture of MAbs 1N-11, 2-11, 3C-16,
and 3N-5 (culture supernatants; diluted 1:500; gift from D. Benjamin, University
of Virginia). Analysis of the Sf9 cell supernatant by sucrose density gradient
centrifugation indicated that UL25 sedimented almost coincidently with BSA
(MW, 69,293), suggesting that UL25 (MW, 62,666) is most probably a monomer
in the Sf9 soluble fraction (W. W. Newcomb, unpublished observation).

RESULTS

Trypsin treatment of capsids. The sensitivity of capsid-asso-
ciated UL25 to digestion with trypsin was tested by treating
HSV-1 B capsids in solution with three different concentra-
tions of trypsin, 20 pg/ml, 2 pg/ml, and 0.2 pg/ml. After incu-
bation, capsids were recovered by sucrose density gradient
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TABLE 1. Immunoelectron-microscopic localization of UL25 on
the surface of the HSV-1 capsid

UL25-specific antiserum® Control antiserum

Capsid type® Total No. of Total No. of
capsids labeled % capsids labeled %
counted  capsids® counted  capsids®
C 226 167 74 190 10 5
C + DNase® 412 303 74 190 10 5
B 261 61 23 194 6 3
A 298 104 35 191 9 5
AUL25 nullY 362 5 2 NDf ND ND

¢ Capsids containing one or more bound gold beads.

® Polyclonal antiserum raised in rabbits (15).

¢ Capsids were isolated from the nuclei of infected cells as described in Ma-
terials and Methods.

4 KUL25NS (15).

¢ Capsids were treated with 20 wg/ml DNase I as described in Materials and
Methods.

/ND, not determined.

centrifugation and examined by Western blotting for evidence
of UL25 digestion. The results showed extensive UL25 cleav-
age at all three trypsin concentrations tested (Fig. 1, UL25
panel). Intact UL25 was not detected in any of the three
incubations, and digestion was particularly extensive at the two
highest trypsin concentrations (lanes 2 to 4). Little evidence of
digestion was observed if trypsin was omitted from reaction
mixtures (lanes 1 and 6).

Control experiments were performed with three proteins
exposed on the capsid surface (UL6, UL19, and UL38) and
two proteins (UL26.5 and VP24) expected to be protected
inside the capsid shell (8, 35). The results showed significant
cleavage of UL6, UL19, and UL38, with UL6 digestion the
most extensive (Fig. 1, lanes 2 to 5). In contrast, cleavage was
not detected with UL26.5 or VP24, as expected for these in-
ternal capsid proteins. Capsid-free UL26.5 and VP24 were
both found to be sensitive to trypsin digestion in vitro (data not
shown).

Immunoelectron microscopy. The location of UL25 was ex-
amined by immunoelectron microscopy of A, B, and C capsids.
Capsids were incubated with polyclonal anti-UL25 serum fol-
lowed by a gold bead-conjugated secondary antibody. Prepa-
rations were then examined by electron microscopy to identify
the location of the gold bead.

The results showed that C capsids were well labeled (Fig. 2
and Table 1). At least one gold bead was observed on 74% of
C capsids under conditions where 5% or fewer capsids were
labeled in control experiments performed with nonspecific se-
rum or with capsids lacking UL25 protein (Table 1). Compared
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to C capsids, a lower level of labeling was observed with A
capsids (35%) and B capsids (23%). We suggest the propor-
tions labeled may reflect the relative amount of UL25 present,
which is highest in C capsids and lowest in B capsids (11, 25,
40). UL25 localization was determined after treatment of C
capsids with DNase I to test whether antibody may be bound to
UL25 associated with DNA protruding out of the capsid. The
results showed little effect of DNase I treatment on the pro-
portion of C capsids labeled (Table 1).

Capsids containing more than a single gold bead were ob-
served with all three capsid types tested (Fig. 2 and Table 2).
The proportion was highest in the case of C capsids, where
52% had more than one bound gold bead. The comparable
proportions in A capsids and B capsids were 16% and 11%,
respectively. Treatment of C capsids with DNase I had only
a modest effect on the number of multiply labeled capsids
(Table 2).

Initial inspection of labeled capsids suggested that a high
proportion of gold beads were located at or near a capsid
vertex (Fig. 2). To put this observation on a quantitative basis,
individual gold beads were classified as bound at a vertex or
bound elsewhere on the capsid. Beads bound to labeled B and
C capsids were classified, and two observers made independent
counts. The results showed that 71% of beads were bound at a
vertex and 29% elsewhere in C capsids (Table 3). For B capsids
the percentages were 64% (vertex) and 36% (nonvertex).

Effect of penton removal. A biochemical study was carried
out to test the idea that all or most of the UL25 is located at
capsid vertices. The UL25 content in B capsids was compared
with that in B capsids from which the pentons were removed by
extraction with 2 M GuHCI. Treatment of B capsids in this way
results in capsids, called G capsids, that are lacking all 12
pentons, the adjacent triplexes, and all of the scaffolding pro-
tein (23). The relative amount of UL25 present in B capsids
compared to G capsids was measured by immunoblotting be-
ginning with comparable amounts of the two capsid types. The
results (Fig. 3) showed a substantial loss of UL2S5 as a result of
GuHCI extraction. Quantitative analysis showed that the
amount of UL25 remaining was between 3% and 4% in two
experiments.

Capsid UL25 copy number. A quantitative immunoblotting
method was employed to determine the UL25 copy number in
A, B, and C capsids. The method depends on the observation
that some UL2S5 protein is found in insoluble inclusion bodies
when it is synthesized in Sf9 cells infected with a recombinant
baculovirus containing the UL25 gene (15). By purifying inclu-
sion bodies, we found that a highly enriched preparation of

TABLE 2. Immunoelectron-microscopic localization of UL25¢

Total capsids

No. of capsids (%) with indicated no. of bound gold beads

Capsid type counted
0 1 2 3 4 5 6 or more
C 226 59 (26) 49 (22) 59 (26) 25 (11) 20 (9) 9(4) 6(3)
C + DNase? 412 109 (26) 130 (32) 82 (20) 53 (13) 24 (6) 8(2) 9(2)
B 261 200 (77) 33 (13) 15 (6) 9(3) 4(2) 0 0
A 298 194 (65) 60 (20) 27 (9) 14 (5) 3(1) 3(1) 0

@ Capsids were isolated from 17MP-infected BHK-21 cells and stained with a UL25-specific polyclonal antiserum (15), followed by a gold-labeled secondary antibody

as described in Materials and Methods.
b Capsids were treated with 20 p.g/ml DNase I.
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FIG. 3. Immunoblot analysis of UL25 in B capsids and in B capsids
after treatment with 2 M guanidine-HCl (G capsids). Sister SDS-
PAGE gels were stained with Coomassie blue (left) and with antibody
specific for UL25 (right). Note that nearly all UL25 is removed by
exposure to guanidine-HCI, a procedure that causes removal of capsid
pentons (23).

UL25 could be isolated (Fig. 4a, lanes 1 to 5). The protein
concentration of such a preparation was estimated with refer-
ence to a BSA standard (Fig. 4a, lanes 6 to 9), and the UL25
stock was diluted for immunoblotting.

The concentrations of capsid preparations were also deter-
mined with respect to the BSA standard (Fig. 4a, lanes 10 and
11), and capsid preparations were analyzed on the same im-
munoblot used for UL25 standards. The signal from UL25
dilutions was used to create a standard curve (Fig. 4b, lanes 1
to 6) from which the capsid UL2S5 signal could be interpreted
(Fig. 4b, lanes 7 to 9; C capsids). Two independent determi-
nations were made. Average values were found to be 56, 20,
and 75 copies per capsid for A, B, and C capsids, respectively
(Table 4). The results are in reasonably good agreement with
a previous determination of 42 * 17 for the UL25 copy num-
ber in B capsids (25) and with previous analyses indicating that
the UL25 content is higher in C capsids than in A capsids and
higher in A capsids than in B capsids (11, 25, 40, 41).

TABLE 3. Immunoelectron-microscopic localization of UL25:
location of specifically bound gold beads”

No of beads (%) with the indicated

Bead location location in:
C capsids” B capsids
Vertex 184 (71) 53 (64)
Nonvertex 76 (29) 30 (36)
Total 260 (100) 83 (100)

“ Capsids were labeled with anti-UL25 polyclonal antibody followed by gold-
labeled secondary antibody as described in Materials and Methods. Beads were
assigned a vertex or nonvertex location based on analysis of electron micrographs
(such as Fig. 2) of stained capsids.

b Capsids were prepared from the nuclei of 17MP-infected BHK-21 cells as
described in Materials and Methods.
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FIG. 4. SDS-polyacrylamide gel electrophoresis (a) and immuno-
blot analyses (b) used to estimate the UL25 copy number in HSV-1 C
capsids. Similar experiments were done with A and B capsids. Known
amounts of BSA (a, lanes 6 to 9) were used as standards to estimate
the protein concentrations of a UL25 stock solution (a, lanes 1 to 5)
and HSV-1 C capsids (a, lanes 10 and 11). The immunoblot signals
from known UL25 concentrations (b, lanes 1 to 6) were then used to
measure the amount of UL25 present in C capsids (b, lanes 7 to 9).

Binding of UL25 to capsids in vitro. Observations indicating
that UL25 is exposed on the capsid surface (e.g., Fig. 1) sug-
gested the possibility that externally added UL25 might bind
specifically to capsids that lack it. This idea was tested by
examining the ability of soluble UL25 to bind in vitro to UL25-
negative capsids. The experiment was done in two ways. In one,
the source of UL25 was [**S]methionine-labeled UL25 synthe-
sized in a coupled in vitro transcription-translation system. In
the other, UL25 was derived from the soluble fraction of Sf9
cells expressing UL25 after infection with a recombinant bac-
ulovirus encoding UL25.
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TABLE 4. Quantitative immunoblot analysis of UL25 copy number
per capsid

UL25 copies per capsid in:

Capsid type®

Expt 1 Expt 2 Avg
A 46 66 56
B 9 31 20
C 85 65 75

“ Capsids were prepared from BHK-21 cells infected with the 17MP strain of
HSV-1 as described in Materials and Methods. Previously described methods
were used for SDS-PAGE, blotting, and quantitation of blots (20).

[**S]Met-labeled UL25 was synthesized in a commercial
transcription-translation system derived from rabbit reticulo-
cytes and programmed with a plasmid encoding UL25 (pGEM-
UL25; see Materials and Methods). A control experiment
demonstrated that [>>S]Met-labeled UL25 was synthesized in
the in vitro system (Fig. 5b, IVT-UL2S5 lane). An aliquot of the
reaction mixture was added to pooled A and B capsids derived
from the nuclei of cells infected with the UL25 null mutant,
KUL25NS. After incubation to allow UL25 to attach, the cap-
sids were separated from other reaction components by cen-
trifugation on a sucrose gradient, and gradient fractions were
analyzed by SDS-PAGE followed by autoradiography. The
results showed that UL25 was present in both A and B capsid
fractions but absent from other fractions, suggesting it was
bound to capsids (Fig. 5b). In contrast, no binding was ob-
served with a control protein, [>°S]Met-labeled luciferase, as
shown in Fig. Sa.

UL25 protein synthesized in insect cells was presented to
capsids in the form of a supernatant fraction prepared by cell
lysis followed by high-speed centrifugation. Such supernatants,
to which BSA was added as a control protein, were incubated
with KUL25NS A capsids. After incubation, the reaction mix-
ture was centrifuged on a sucrose gradient and the fractions
analyzed by SDS-PAGE followed by immunoblotting. The re-
sults indicated that UL25 bound to A capsids since the UL25
peak coincided with the capsid peak (Fig. 5c, lanes 4 and 5). A
control protein, BSA, did not bind to capsids when added
either with the UL25-containing extract or separately (Fig. 5c).

Two further experiments were performed to examine the
resemblance between UL25 bound to capsids in vitro and that
found in capsids isolated from infected cells. In the first, we
compared the amount of UL25 bound to A capsids in vitro
with the amount found in capsids derived from infected cells.
In the second, we used immunoelectron microscopy to deter-
mine the location of UL25 added to capsids in vitro. Both
studies were done with UL2S5 derived from the soluble fraction
of Sf9 cells expressing UL25 as described above.

UL25 binding was accomplished by mixing KUL25NS A
capsids with the UL25-containing Sf9 cell soluble fraction and
with dilutions of the soluble fraction. The amount of UL25
bound was determined after isolating capsids by sucrose gra-
dient centrifugation and SDS-PAGE followed by immunoblot-
ting as described above. The results showed that the amount of
UL25 bound was dependent on the amount of extract added
over a concentration range of 100-fold or greater (Fig. 6).
There was evidence for saturation of binding sites at or near
the concentration of the undiluted soluble fraction. The max-
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FIG. 5. Analysis of UL25-negative capsids after exposure to UL25
in vitro. Pooled KUL25NS A and B capsids were allowed to bind
[**S]Met-labeled UL25 and then purified by sucrose gradient centrif-
ugation. Gradient fractions were then analyzed by SDS-PAGE fol-
lowed by Coomassie staining (a and b, top panels) and autoradiogra-
phy (bottom panels). Note that both A and B capsids bound UL25 (b)
whereas neither bound the control protein luciferase (Luc) (a). IVT, in
vitro transcription-translation. (c¢) Results obtained when KUL25NS A
capsids were allowed to bind UL25 present in insect cell extracts. After
incubation to permit binding to occur, capsids were purified by sucrose
gradient centrifugation. Gradient fractions were then analyzed by
SDS-PAGE followed by immunoblotting for UL25 (top panels) or
BSA (bottom panels). All three analytical procedures were performed
with the same blot. Note that capsids bound UL25 but not the control
protein BSA.
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FIG. 6. Effect of UL25 concentration on the amount bound to
UL25-negative capsids. UL25 synthesized in insect cells was added to
KUL25NS capsids and incubated as described in Materials and Meth-
ods. Capsids were then isolated by sucrose gradient centrifugation, and
the amount of UL25 present was determined by immunoblotting. The
amount of UL25 present in wild-type (wt) 17MP A capsids was esti-
mated from capsids isolated in a companion sucrose gradient and
analyzed on the same blot.

imum binding level corresponded to a level approximately
fourfold lower than that observed in A capsids derived from
cells infected with wild-type HSV-1 (bar in Fig. 6).

Immunoelectron microscopy of capsids containing UL25
bound in vitro was carried out using the same methods de-
scribed above for capsids derived from infections with wild-
type virus. Counts of stained capsids showed that 29% had one
or more bound gold beads (Table 5). Control experiments
performed with capsids incubated without UL25 showed 4%
labeling. The location of UL25 on the capsid was determined
as described above by analyzing images of labeled capsids. Of
186 gold beads classified in this way, 140 (75%) were bound at
a capsid vertex while the remainder were found at other loca-
tions. This result is in reasonable agreement with the propor-
tion of vertex-associated beads found in C capsids (71%) and
B capsids (64%; Table 3), and it supports the view that most
UL25 is bound at or near the capsid vertices.

DISCUSSION

Packaging DNA into the HSV-1 capsid is thought to involve
the procapsid, an enzyme called terminase, and the concate-
meric viral DNA produced by the DNA replication machinery
(4). Encapsidation begins when terminase cleaves the DNA
concatemer at a pac site and docks a DNA end onto the
procapsid by way of the portal complex. DNA is then translo-
cated through the portal channel and into the capsid in a
process that requires energy derived from ATP hydrolysis. The
terminase is thought to play a key role in DNA translocation,
and the portal may also be actively involved. As DNA enters,
the scaffolding protein exits the capsid cavity and the shell is
transformed from the spherical morphology characteristic of
the procapsid to the icosahedral structure of the mature cap-
sid. Once a complete DNA genome has entered, the concate-
mer is cleaved at a second pac site and the portal channel is
sealed to prevent DNA from exiting the capsid.

As described above, UL25 is thought to function late in the
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packaging process to retain DNA inside the capsid. It may, for
instance, be involved in sealing the portal channel or in stabi-
lizing the capsid against the internal pressure created by the
packaged DNA. Functioning of UL25 late in the DNA injec-
tion process suggests that (i) it is likely to be located on the
outside of the capsid and not inside with the mass of packaged
DNA and (ii) it might be able to attach in vitro to capsids that
lack it. Studies described here were carried out to test both
expectations.

Location of UL25 in the capsid. The location of UL25 was
examined by determining its sensitivity to digestion when cap-
sids were treated with trypsin, by immunoelectron microscopy,
and by biochemical analysis of capsids from which the pentons
have been removed. Experiments involving trypsin treatment
of B capsids supported the view that UL25 is exposed on the
capsid surface. It was cleaved under conditions where the in-
ternal scaffolding and protease proteins were unaffected (Fig.
1). In fact, of the capsid proteins tested UL25 was found to be
the most sensitive to trypsin digestion. For instance, in contrast
to the other proteins examined, intact UL25 was not detected
after treatment of capsids with any of three trypsin concentra-
tions tested. The absence of an undigested population supports
the view that all UL25 molecules are exposed on the capsid
surface.

Immunoelectron-microscopic studies were carried out to de-
fine the location of UL25 more precisely. The most revealing
observations were as follows. (i) UL25 label was found at
multiple distinct sites in C, B, and A capsids (Table 2). Indi-
vidual capsids were observed with up to 10 gold beads, while
labeling at multiple sites was not observed with control capsids
lacking UL25. (ii) Most UL25 was found at the vertices in the
two capsid types tested, B and C capsids (Table 3), in agree-
ment with immunoelectron-microscopic findings of Ogasawara
and colleagues, who also observed UL25 selectively located at
the capsid vertices (25).

The immunoelectron-microscopic results reported here and
those of earlier investigators (25, 41) support the view that
UL25 is located at multiple sites on the capsid surface. The
large number of multiply labeled capsids observed (52%, 11%),
and 16% in C, B, and A capsids, respectively; Table 2) would
not be expected if all UL25 molecules were located at a single
site. Since 11 of the 12 capsid vertices are compositionally and
geometrically identical, we suggest these may be the primary
sites of UL25 protein. The compositionally distinct portal ver-
tex may also contain UL25. As each vertex has fivefold sym-

TABLE 5. Immunoelectron microscopy of UL25™ A capsids after
addition of UL25 protein in vitro®

No. of capsids with Total capsids

UL2S5 added UL2S5 label ted
present (%) counte
Yes 249 (29) 863
No 17 (4) 417

“ Experiments were performed with A capsids isolated from the nuclei of Vero
cells infected with the KUL25 NS strain (UL257) of HSV-1. The Materials and
Methods section describes the procedures by which capsids were incubated with
UL25-containing Sf9 cell extracts in vitro, stained with UL25-specific antibody
followed by a gold bead-labeled secondary antibody, and visualized by electron
microscopy. Data entries show the number of capsids containing one or more
bound gold beads.
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metry, it is likely that the number of UL25 molecules present
at each is five or a multiple of five. The experimental value for
the UL25 copy number in C capsids (average = 75; Table 4)
supports the view that five UL25 molecules are found at each
vertex. Such a structure would imply a UL25 copy number of
55 (or 60 if UL2S is also present at the portal vertex). In
contrast, a copy number of 110 would be expected if there were
10 UL25 molecules at each of the 11 compositionally identical
vertices.

Label observed at nonvertex sites in immunoelectron-micro-
scopic experiments suggests there may be a nonvertex popula-
tion of UL25 molecules in the HSV-1 capsid. However, appar-
ent nonvertex labeling may also result from the experimental
variables involved in distinguishing vertex from nonvertex gold
beads in capsid images such as those shown in Fig. 2. A gold
bead attached at a vertex may be separated by the length of two
antibody molecules and appear to be bound at a capsid face or
edge. Tethering may also be to a vertex obscured by the capsid.
We favor the view that all UL25 is associated with capsid
vertices and that apparent nonvertex label results from factors
such as those described above that cause beads to appear to be
bound at nonvertex sites.

A vertex location for UL25 is also supported by the results of
studies with capsids from which the pentons have been re-
moved by extraction with 2 M GuHCI (i.e., G capsids). Re-
moval of the pentons was accompanied by removal of the
greatest part of UL25 (Fig. 3). This experiment admits the
possibility that both vertex and nonvertex UL25 may be re-
moved by GuHCI treatment, but it is also the result expected
if all UL2S is found at capsid vertices. We interpret the small
amount of unextractable UL25 (3% to 4%) to be an experi-
mental background rather than evidence for a distinct popu-
lation of UL25 molecules.

Location of UL25 at the capsid vertices is consistent with its
proposed function to stabilize the capsid against pressure pro-
duced by the packaged DNA (15, 36). Previous studies have
identified the vertices as the capsid sites most vulnerable to
disruption by proteolytic digestion or by chaotropic agents
such as guanidine-HCI (18, 23, 34). It is reasonable, therefore,
that the vertices may be the sites most in need of stabilization
against internal pressure. We suggest that UL25 be called a
vertex reinforcement protein to emphasize its role in capsid
stabilization.

The proposed addition of UL2S5 to the capsid at or near the
end of the packaging process suggests it may function similarly
to bacteriophage proteins that are added late. The T4 phage
soc and hoc proteins are examples of such phage-encoded
proteins. These bind to the capsid surface after DNA has
entered and are thought to reinforce the capsid structure (1,
10). The location of UL25 at multiple distinct sites in the
capsid suggests a similarity to soc, hoc, and other similar pro-
teins, such as the phage lambda D protein (9) and L phage Dec
protein (7), that are also located at multiple sites. P22 phage
tail accessory proteins and lambda head completion proteins
would appear to be distinct from UL25, as they are located
specifically at the portal vertex (17, 37).

Measurements of the UL25 copy numbers in A, B, and C
capsids as shown in Table 4 are in agreement with previous
studies showing that the UL25 content is greatest in C capsids
(11, 25, 32, 40, 41). The results add absolute copy numbers
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for A and C capsids to the previous determination for B
capsids (25). The higher level of UL25 in C capsids is con-
sistent with the view that UL25 is added incrementally as
DNA is packaged or perhaps as packaging is completed, as
suggested by Stow (36).

Binding of UL25 to capsids in vitro. Experiments shown in
Fig. 5 demonstrate that UL25 protein can be added in vitro to
capsids that lack it. Soluble UL25 synthesized in a cell extract
or in insect cells was found to bind KUL25NS capsids under
conditions where control proteins did not. Immunoelectron-
microscopic studies performed with the resulting capsids
showed that most of the bound UL25 is located at capsid
vertices as it is in capsids isolated from infected cells (see
Results). It was of interest that the amount of UL25 bound to
capsids in vitro was small, comparable to the level present in B
capsids. We interpret this result to be consistent with the idea
that UL2S is added incrementally as DNA enters the capsid.
Since no DNA is present in the capsids used to measure UL25
attachment in vitro, it is expected that the amount of UL25
binding would be minimal.

It should be noted that studies by Stow demonstrated that
the UL25 null mutant was less impaired in stably packaging
HSV-1 amplicon DNA than in packaging its own genome (36).
Interestingly, the amplicon genomes that were packaged were
all significantly smaller (<100 kbp) than the full-length HSV-1
genome and were found to be retained in the nucleus. As
suggested by Stow, one of the functions of UL25 may be in the
translocation of the capsids out of the nucleus by the interac-
tion of UL25 with the transport machinery. This function may
require the presence of a critical number of UL25 molecules
bound to the capsid shell, a level that would be reached only
when a complete genome is packaged.

The proposed role of UL25 to stabilize DNA inside the
capsid makes it attractive to speculate that UL25 may also be
involved in uncoating the genome at the beginning of a new
infection. Loss or degradation of UL2S5, for instance, may
cause the capsid vertices to become destabilized and DNA to
be extruded through one or more of them. In support of this
view, we note that DNA is lost specifically through the vertices
when C capsids are treated in vitro with 0.5 M guanidine-HCl
(19). In this context, it is of interest that capsid-associated
UL2S is found to be highly susceptible to proteolytic digestion
(Fig. 1). Cleavage of UL25 therefore has the potential to serve
as an initiating event if loss of UL25 is functionally involved in
DNA uncoating.
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