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Herpes simplex virus type 1 (HSV-1) capsid proteins assemble in vitro into spherical procapsids that differ
markedly in structure and stability from mature polyhedral capsids but can be converted to the mature form.
Circumstantial evidence suggests that assembly in vivo follows a similar pathway of procapsid assembly and
maturation, a pathway that resembles those of double-stranded DNA bacteriophages. We have confirmed the
above pathway by isolating procapsids from HSV-1-infected cells and characterizing their morphology, thermal
sensitivity, and protein composition. Experiments were carried out with an HSV-1 mutant (m100) deficient in
the maturational protease for which it was expected that procapsids—normally, short-lived intermediates—
would accumulate in infected cells. Particles isolated from m100-infected cells were found to share the defining
properties of procapsids assembled in vitro. For example, by electron microscopy, they were found to be spher-
ical rather than polyhedral in shape, and they disassembled at 0°C, unlike mature capsids, which are stable at
this temperature. A three-dimensional reconstruction computed at 18-A resolution from cryoelectron micro-
graphs showed m100 procapsids to be structurally indistinguishable from procapsids assembled in vitro. In
both cases, their predominant components are the four essential capsid proteins: the major capsid protein
(VP5), the scaffolding protein (pre-VP22a), and the triplex proteins (VP19C and VP23). VP26, a small,
abundant but dispensable capsid protein, was not found associated with m100 procapsids, suggesting that it
binds to capsids only after they have matured into the polyhedral form. Procapsids were also isolated from cells
infected at the nonpermissive temperature with the HSV-1 mutant zsProt.A (a mutant with a thermoreversible
lesion in the protease), and their identity as procapsids was confirmed by cryoelectron microscopy. This
analysis revealed density on the inner surface of the procapsid scaffolding core that may correspond to the
location of the maturational protease. Upon incubation at the permissive temperature, fsProt.A procapsids
transformed into polyhedral, mature capsids, providing further confirmation of their status as precursors.

Herpes simplex virus type 1 (HSV-1) is widely distributed in
the human population, where it is the etiological agent of
recurrent fever blisters. Infection in neonates can result in
more severe, disseminated disease (50). Like all herpesviruses,
HSV-1 consists of an icosahedral capsid surrounded by a mem-
brane envelope with the double-stranded DNA (dsDNA) ge-
nome contained inside the capsid. During HSV-1 infection, the
capsid plays a central role in delivering the virus genome to the
host cell nucleus. Following fusion of virus and host cell mem-
branes, the DNA-filled capsid enters the peripheral cytoplasm.
From there it is transported to the nucleus, where it docks at a
nuclear pore and releases its DNA into the nucleoplasm (35,
38).

Progeny HSV-1 capsids are assembled in the nucleus, where
they are also packaged with DNA before further virus matu-
ration takes place (15, 33, 35). Capsids are initially formed with
an internal protein scaffold (composed of UL26 and UL26.5
gene products) which is lost from the capsid upon DNA pack-
aging. The scaffold contains the virus protease (UL26 gene),
which cleaves both itself (to generate capsid proteins VP24 and
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VP21) and the UL26.5 gene product (generating VP22a). The
protease is essential for DNA packaging, capsid maturation,
and virus growth (12).

The events of capsid formation prior to DNA encapsidation
have been examined in insect cell extracts containing capsid
proteins and in a purified system in which capsids are formed
from purified proteins (24-26, 42). Studies with such sys-
tems show that mature, icosahedral capsids can be assem-
bled from the major capsid protein (VP5), the two triplex pro-
teins (VP19C and VP23), and a scaffolding protein (e.g., pre-
VP22a). Further, the mature capsid is found to be assembled
by way of a spherical, more fragile intermediate called the
procapsid. Apart from a minor difference in the scaffolding
protein (pre-VP22a is not cleaved in the procapsid [24]), the
procapsid has the same protein composition as the mature
capsid formed in vitro. The procapsid differs, however, in im-
portant respects: (i) the procapsid is spherical in overall mor-
phology whereas the mature capsid is icosahedral; (ii) the
procapsid is a more porous structure, having holes between
capsomers that are sealed in the mature capsid; (iii) many
procapsid hexons are oval in cross section whereas those of the
mature capsid are hexagonal (46); and (iv) procapsids are
disassembled after incubation at 4°C whereas mature capsids
are unaffected. Procapsids transform into mature capsids in a
process in which the shell undergoes the structural changes
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outlined above, and the scaffold disengages from the surface
shell and is either expelled or retracted into a smaller core
structure. In vivo, this transformation is dependent on the
presence and activity of the maturational protease (5, 12, 30,
34).

Formation of capsids in vitro by way of the procapsid inter-
mediate suggests that the same intermediate may be found in
vivo, and Rixon and McNab have recently provided evidence
this is the case (34). Electron micrographs of cells infected with
HSV-1 151201 showed that the capsids accumulating at the
nonpermissive temperature (NPT) were spherical like procap-
sids and sensitive to disassembly when the cells were incubated
at 0°C. To clarify the properties of procapsids present in in-
fected cells, we isolated them by antibody precipitation from
infected cell lysates and examined them by electron micros-
copy, sensitivity to disruption at 0°C, and sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis. Experiments
were carried out with an HSV-1 mutant (m100) in which pro-
capsids are expected to accumulate due to the absence of the
maturational protease (12). The results as described below
show that procapsids isolated from infected cells are essentially
the same particles as procapsids assembled in vitro.

MATERIALS AND METHODS

Cells and viruses. m100 and tsProt.A viruses were isolated by Min Gao and his
colleagues, who generously provided both viruses for this study (12). Previously
described procedures were used for growing 7100 on the complementing cell
line, BMS-MG22 (12). Stock virus titers were in the range of 5 X 10% to 1 x 10°
PFU/ml. Wild-type HSV-1 (strain 17MP) and #sProt.A were propagated on
monolayer cultures of BHK or Vero cells that were grown in minimal essential
medium containing 10% fetal calf serum and antibiotics. HSV-1 A and B capsids
were isolated as previously described (27) from infected BHK cells.

Procapsid isolation. 72100 procapsids were isolated from BHK cells that were
infected in 150-cm? plastic flasks at a multiplicity of infection of 10 and incubated
for 15 h at 37°C, during which time cells became detached from the substrate. All
subsequent steps were carried out at room temperature (~21°C). Cells from one
to two flasks (~2 X 10% cells) were harvested by low-speed centrifugation,
suspended in 1 ml of phosphate-buffered saline (PBS), and lysed by sonication in
a probe sonicator (Ultrasonics, Inc., model W-375; setting 3; two cycles of ~8 s
each). Protease inhibitors (aprotinin, leupeptin, and Pefabloc; 1/10 volume of a
stock solution prepared by dissolving 1 tablet of Boehringer Mannheim Com-
plete, Mini in 1 ml of PBS) were then added, and sedimentable material was
removed by centrifugation for 6 min at 16,000 X g. Procapsids were then pre-
cipitated from the lysate by addition of 50 ul of VP5-specific monoclonal anti-
body (MAb) 6F10 (4 mg/ml) (24, 39) followed by incubation for 5 min at room
temperature. Precipitates were harvested by centrifugation for 2 min at 16,000 X
g, resuspended in 200 pl of PBS, and subjected to two further cycles of antibody
precipitation as described above. Most preparations yielded 100 to 200 pl of
procapsids at a concentration of ~1 mg/ml, and these were used for structural
and biochemical analyses as described below.

Cryoelectron microscopy and image reconstruction. Immunoprecipitated pro-
capsids were prepared for cryoelectron microscopy by adsorption onto a thin
carbon film (supported on a thick holey carbon film) and freezing as previously
described (25, 54). The same procedures were used for A capsids except that
specimens were not immunoprecipitated. Micrographs were recorded on a Phil-
ips CM200-FEG electron microscope at a magnification of X38,000, using min-
imal electron dose methods producing radiation levels of ~8 «:lectrons/A2

Three-dimensional reconstructions of procapsids and A capsids were com-
puted beginning with micrographs that were selected for analysis by visual ap-
praisal (e.g., to assess density of particles and contrast) and by optical diffraction
to assess the state of defocus and resolution. For m100 procapsids, two mlcro-
graphs whose first contrast transfer function (CTF) zeros were 1/29.7 A~! and
1/24.7 A~" were scanned at 17 p,m/plXel on a Perkin-Elmer 1010MG mlcroden—
sitometer, yielding an effective pixel size of ~4.6 A. CTF correction consisted of
simple phase flipping (48). A total of 410 imdges were processed as previously
described (46). For tsProt.A procapsids, 160 images from 13 micrographs (with
CTF zeros between 1/22 and 1/26 A~") were analyzed to a resolution of 28 A
after scanning at 25 pm/pixel, yielding an effective pixel size of ~6.9 A. For A
capsids, 1,488 images from 14 micrographs (with CTFs zeros between 1/18 and
125 A~ ‘) were analyzed to 18-A resolution. Three-dimensional structures were
solved by the polar Fourier transform method (1), with our earlier reconstruc-
tions (46) as starting models. After iterative cycles of refinement of orientation
angles and origins, images with the highest correlation coefficients were selected
and a density map was calculated (11). Calculations were performed with 338, 89,
and 907 images for m100 procapsids, tsProt.A procapsids, and A capsids, respec-
tively. The resolution of the resulting reconstructions was 18 A for m100 pro-
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capsids and A capsids and 28 A for tsProt.A procapsids as assessed by the
FRC3D criterion (6).

SDS-polyacrylamide gel electrophoresis and Western immunoblotting. Previ-
ously described procedures were used for SDS-polyacrylamide gel electrophore-
sis followed by Coomassie blue staining (23). Stained bands were determined
quantitatively by scanning the gel in a flatbed scanner followed by densitometric
analysis using ImageQuant software. Specimens to be examined by SDS-poly-
acrylamide gel electrophoresis and Western immunoblotting were precipitated
with 10% trichloroacetic acid, resuspended in loading buffer (200 mM Tris-HCI,
100 mM dithiothreitol, 2% SDS, 10% glycerol [pH 8.8]), boiled for 3 min, and
separated by electrophoresis on 4 to 20% polyacrylamide gradient gels. Proteins
were electrophoretically transferred to nitrocellulose membranes, washed twice
in Tris-buffered saline (20 mM Tris-HCI, 500 mM NaCl [pH 7.5]), blocked for 60
min in blocking buffer (Tris-buffered saline plus 0.2% nonfat dry milk), and
processed by using an Immunostar chemiluminescence detection kit (Bio-Rad)
as directed by the manufacturer. Primary antibodies were diluted in blocking
buffer plus 0.1% Tween 20 and added to blots for 2 h at the following dilutions:
VPS5, MAb 13-183 (Advanced Biotechnologies Inc.), 1:1,000; VP23, MAb 1D2
(see below), 1:2,000; UL26.5 gene products, MAb MCA406 (Serotec, Inc.),
1:10,000; VP19C, rabbit polyclonal antibody NC2 (49), 1:10,000; VP26, rabbit
polyclonal antibody R31/B3 (22), 1:500; and actin, mouse monoclonal clone C4
(ICN Pharmaceuticals), 1:500. Blots were then treated for 2 h with alkaline
phosphatase-conjugated secondary antibodies, either goat anti-mouse or goat
anti-rabbit immunoglobulin G (BioRad) (1:4,000 dilution) and developed with
an Immunostar chemiluminescence detection kit. Labeled bands were detected
by exposing blots to Kodak XAR-5 film.

VP23-specific MAb 1D2. A mouse hybridoma cell line secreting MAb 1D2 was
isolated by the procedures described previously for immunization of BALB/c
mice and for fusion of spleen cells with Sp2/O-Agl4 myeloma cells (24). The
immunogen was VP23 that had been purified biochemically from lysates of Sf9
cells expressing VP23 as a result of infection with a recombinant baculovirus
(BAC-UL18) encoding VP23 (45). Beginning with the cell lysate, purification
was accomplished by ammonium sulfate precipitation followed by cation-ex-
change chromatography as described previously for purification of triplexes (25).
Hybridoma cell lines were screened by enzyme-linked immunosorbent assay (9)
using VP23-containing Sf9 cell extracts as antigen. The antibody secreted by
hybridoma cell line 1D2 was found to be specific for VP23 by enzyme-linked
immunosorbent assay and by Western immunoblot assays. Previously described
procedures were used for growing the 1D2 hybridoma cells as an ascites and for
purifying the antibody (immunoglobulin G1 subclass) from the ascites fluid (10).
Experiments were performed beginning with a stock solution of antibody whose
concentration was 2.8 mg/ml.

Electron microscopy. Procapsid-containing precipitates were prepared for
electron microscopy by fixation, embedding in Epon 812, and thin sectioning as
described previously (20, 24). Negative staining with 1% uranyl acetate was
carried out as described by Thomas et al. (44). All electron micrographs of
thin-sectioned or negatively stained specimens were recorded on a JEOL 100CS
transmission electron microscope operated at 80 keV.

RESULTS

Efforts to isolate procapsids from HSV-1-infected cells are
expected to be influenced by the fact that the procapsid is an
assembly intermediate present only transiently during forma-
tion of the more stable, mature capsid (24). Procapsids are
therefore expected in lower abundance than mature capsids.
To address this problem, our studies were carried out with a
protease-deficient HSV-1 mutant because cells infected with
protease-defective viruses are found to accumulate large-cored
B capsids (12, 30), structures that we interpret to be procap-
sids. Also, experience with capsid assembly in cell extracts has
indicated that while the protease is not required for production
of mature, icosahedral capsids, its presence significantly en-
hances conversion of the procapsid to the mature form (26).

m100 was considered an appropriate protease-deficient mu-
tant for this study because while the protease domain of its
parent gene is lacking, the scaffolding protein region (i.e., the
UL26.5 gene) is present and functions normally (12). To iso-
late procapsids, cells were infected with m100 virus and lysed
by sonication, and the lysates were treated with VP5-specific
MAD 6F10, a treatment that precipitates procapsids (24). Pre-
cipitated procapsids were then examined by electron micros-
copy, SDS-polyacrylamide gel electrophoresis and tests to eval-
uate their sensitivity to disassembly at 0°C.
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Electron microscopy. Figure 1b shows a thin-section elec-
tron micrograph of a procapsid-containing precipitate. In such
preparations, m100 procapsids were found to be round or
slightly irregular in overall shape, with distinct shell and core
layers. The images of precipitated procapsids (Fig. 1b) were
similar to those of procapsids seen in infected cell nuclei (Fig.
1a) (12, 30), suggesting that the isolation process did not mark-
edly alter procapsid morphology.

In negatively stained preparations (Fig. 1c), nearly all »2100
procapsids were seen to be uniform in structure and round in
profile, suggesting that they are spherical in shape. The round
profile contrasts with that of HSV-1 B capsids (Fig. 1d), where
distinct angles, indicative of a polyhedral morphology, are ev-
ident. Capsomers could be seen in most images of negatively
stained procapsids (Fig. 1c). Micrographs of both thin-sec-
tioned and negatively stained specimens indicated that most
procapsids were intact. It was rare to see fragments of procap-
sids such as might arise from incomplete procapsid assembly or
from fragmentation of complete procapsids (Fig. 1a to c).

Images of procapsids preserved in the frozen hydrated state
also indicated that they have a uniform, spherical morphology
with distinct shell and core layers (Fig. le). The measured
procapsid diameter in such images was 124 = 3 nm (n = 46),
and capsomers could be seen in most individual procapsids
(e.g., second procapsid from the right in Fig. 1e).

Three-dimensional reconstruction. Images of cryopreserved
specimens such as those shown in Fig. 1e were used to compute
a three-dimensional reconstruction of the m100 procapsid. A
total of 338 procapsid images were included in the reconstruc-
tion which was computed by the polar Fourier transform
method as prev10usly described (1, 46) to a resolution of 18 A.
A surface-shaded view of the reconstruction is shown in Fig. 2a
viewed along an axis of twofold symmetry. The vertical line
down the center of the image divides it into halves in which
irregular density associated with antibodies bound to the tips
of the capsomers has been computationally removed in the
right half of the image. The irregularity of this density may be
assigned to both partial occupancy and flexibility of the anti-
bodies about their points of attachment to the capsid.

To examine the m100 procapsid reconstruction, we find it
helpful to start with the hexon at the center of the image (i.e.,
the hexon on the icosahedral twofold axis). Moving laterally to
the right, one encounters a P hexon with the oval morphology
characteristic of procapsid hexons (Fig. 3) (46). Further to the
right is a penton, identifiable because it has five rather than six
subunits. Proceeding upward and to the left, one sees a row of
three hexons followed by a penton near 12 o’clock. A face
hexon (C hexon [40]) can be identified in the angle created by
the excursion described above.

For comparison with the m100 procapsid, Fig. 2 shows a
reconstruction of the HSV-1 A capsid (Fig. 2d) and the recon-
struction described earlier of the procapsids assembled in vitro
from extracts of insect cells containing HSV-1 proteins (Fig.
2¢) (24). All reconstructions are viewed along the icosahedral
twofold axis. Comparison of the three structures shows that
whereas the A capsid is icosahedral in overall shape, the two
procapsids are spherical with no evidence of angularity. Exam-
ination of capsomer morphology also emphasizes the similarity
of m100 and in vitro procapsids. For example, the P hexon is
found to be oval in the two procapsid reconstructions (Fig. 2a
and c), whereas it is hexagonal in the A capsid (Fig. 2d). The
same comparison is shown at higher magnification in Fig. 4a
(m100 procapsid) and b (A capsid).

Comparison of the reconstructions shows that the porous
nature of procapsids assembled in vitro is also seen in 7100
procapsids. For example, whereas a set of six small holes (black
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spots) surrounds the twofold axis hexon (E hexon) in both
procapsid reconstructions, all are sealed in the A capsid (com-
pare Fig. 2a and c with 2d and Fig. 4a with 4b). Similarly, holes
surrounding the pentons in both procapsids are not seen in
A-capsid pentons (compare Fig. 4c and d).

tsProt.A procapsids. Procapsids were also isolated from cells
infected with HSV-1 mutant zsProt.A. This mutant, con-
structed to contain the same amino acid changes found in
151201 (12, 30), lacks function of the UL26-encoded protease
when grown at the NPT (39°C), and so procapsids are expected
to accumulate (5, 12, 30, 34). To isolate zsProt.A procapsids,
therefore, cells were infected with tsProt.A at the NPT, and
procapsids were harvested by antibody precipitation as de-
scribed above for cells infected with m100. Electron micros-
copy of such procapsids supports the view that their structure
is that of the procapsid and distinct from the mature capsid.
For example, in both negatively stained and frozen hydrated
preparations, tsProt.A procapsids appear round rather than
angular in profile, suggesting the spherical procapsid morphol-
ogy (data not shown).

A three-dimensional reconstruction computed from cryomi-
crographs of tsProt.A procapsids showed that they have the
same basic structural features as in vitro and 7100 procapsids.
These include a spherical morphology, porous shell, and asym-
metric hexons—oval in the case of P and E hexons and trian-
gular in the case of C hexons (compare Fig. 2b with 2a and c).
Like m100 procapsids, tsProt.A procapsids were found to be
distinct in these features from mature capsids which are poly-
hedral and closed and have symmetric hexons (compare Fig. 2b
with 2d). Although close comparison of the #sProt.A and m2100
procapsids suggests subtle differences, at the present state of
analysis these may be attributed to the lower resolution of the
tsProt.A reconstruction (28 A vs. 18 A, and 89 particles vs. 338
particles) and perhaps to a slight difference in incipient matu-
ration (see Discussion).

Spherical internal scaffolds are present in both 7100 and
tsProt.A procapsids, as in procapsids assembled in vitro (25,
46). In cryomicrographs (e.g., Fig. 1e), this feature appears as
an inner ring of projected density. In the reconstructed density
maps, there is very little contrast to differentiate local features
within the capsid shell (data not shown), and such a density
distribution could, in principle, arise from icosahedral averag-
ing of a nonsymmetric structure. Thus, the question of whether
the scaffold is icosahedrally symmetric remains unsettled. Nev-
ertheless, the radial distribution of density through the pro-
capsid, including the scaffold, may be examined by calculating
spherically averaged radial density profiles from the corre-
sponding three-dimensional density maps, and these are shown
in Fig. 5.

The profiles can be considered to consist of three regions: (i)
aregion from a radial distance of ~480 to 640 A corresponding
to the procapsid shell, (ii) a scaffold region from ~180 to 480
A, and (i) an inner region inside a radius of 180 A. The
density profiles were found to be quite similar for the three
procapsid reconstructions, particularly in the shell layer, which
was found to have almost exactly the same thickness and radial
distance from the center in the three reconstructions. The
radius of the external procapsid edge, for example, differed by
less than 20 A among the three procapsids. Three peaks of
density were found in the shell region of each procapsid type.
The scaffold region was also similar among the three recon-
structions, showing three major peaks of density. Among the
three procapsid types, the major difference was prominent
density in the inner region of #sProt.A procapsids (radial dis-
tance of ~100 to 160 A) that was absent in the profiles of in
vitro and m100 procapsids.
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FIG. 1. Electron microscopy of HSV-1 procapsids. (a) Thin section showing procapsids in the nucleus of a BHK cell infected for 15 h with HSV-1 mutant m100;
(b) thin section preparation of m100 procapsids after isolation by antibody precipitation; (c) 7100 procapsids after negative staining with uranyl acetate; (d) negatively
stained HSV-1 B-capsids; (e) m100 procapsids preserved in the frozen hydrated state. Note that 7100 procapsids are round in profile (¢ and e) and consist of distinct
shell and core layers. All micrographs are shown at the same magnification (bar = 1,500 A) except for panel b (bar = 1,000 A).
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FIG. 2. Three-dimensional reconstructions of HSV-1 procapsids from three different sources (a to c) compared to the mature capsid (d). (a) Native procapsids
isolated from BHK cells infected with the mutant m100; (b) native procapsids isolated from BHK cells infected at the NPT temperature with sProt.A; (c) procapsids
assembled in vitro from lysates of Sf9 cells containing HSV-1 capsid proteins (reproduced from reference 46); (d) native A capsids isolated from BHK cells infected
with wild-type HSV-1. All reconstructions are shown in surface-shaded representations as viewed along the icosahedral twofold axis of symmetry. To facilitate
comparison, the reconstructions shown in panels a and d were restricted to 25-A resolution, which is similar to the values for the reconstructions in panels b (~28-A
resolution) and ¢ (~27-A resolution). To isolate and concentrate the fragile procapsids for cryoelectron microscopy, they were precipitated with MAb 6F10 as described
in Materials and Methods (24, 39). In consequence, some antibody-associated density is present around their peripheries in these density maps. The maps are
represented both with this density present (left half of each panel) and with it computationally removed (right half) by setting the density to background outside a radius
of ~640 A. Note that the three procapsids are essentially identical in structure. Bar = 100 A.

Procapsid maturation. Both 7100 and tsProt.A procapsids
were tested for the ability to transform in vitro into the mature,
icosahedral capsid morphology. Tests were carried out with
procapsids that were suspended in PBS at a concentration of
approximately 0.5 mg/ml, incubated at room temperature
(21°C), and tested by electron microscopy for their conversion
to the mature capsid morphology. High proportions (greater
than 80%) of both m100 and tsProt.A procapsids were found to
be transformed in most experiments. Figure 6, for example,
shows the results obtained with tsProt.A procapsids before

(Fig. 6a) and after (Fig. 6b) incubation for 72 h at 21°C. Note
that capsids were round in profile before incubation but angu-
lar afterward. Prolonged incubation at 21°C was required for
procapsids to be transformed. It was rare to see any evidence
of procapsid transformation prior to approximately 48 h of
incubation, but most procapsids were converted by 60 to 72 h.

Cold sensitivity. The sensitivity of m100 and #sProt.A pro-
capsids to dissociation following incubation at 0°C was tested
by electron microscopy of negatively stained specimens. Pro-
capsids found to be intact after incubation at room tempera-
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FIG. 3. Diagram showing the salient features of the T = 16 surface lattice of
herpesvirus capsids. Pentons (capsomers with five nearest neighbors) are at each
of the 12 vertices. There are three classes of hexons (capsomers with six nearest
neighbors) distinguished according to their lattice sites. A peripentonal hexon (P
hexon) is adjacent to a penton; E hexons are at the middle of each edge and sit
on icosahedral twofold axes; and three C hexons are found at the center of each
facet (adapted from reference 40). At each trigonal site (a site of local or global
threefold symmetry, surrounded by three capsomers) is a triplex (15, 41). These
heterotrimeric complexes are indicated by small triangles. Triplexes may be
subclassified according to their positions on the surface lattice (52).

ture (21°C) or 0°C were counted as a measure of structural
integrity. The results showed a marked decrease in the number
of both m100 and tsProt.A procapsids present after incubation
at 0°C, suggesting they were dissociated at the cold tempera-
ture. Representative results for 72100 procapsids are shown in
Table 1. No comparable decrease in the number of B capsids
was observed after similar incubation at 0°C. Material found in
micrographs of dissociated procapsids could not be interpreted
to suggest any clear structural relationship to the parent pro-
capsid (data not shown).

Protein composition. The protein composition of procapsids
was determined by SDS-polyacrylamide gel electrophoresis
followed by staining with Coomassie blue. The results shown in
Fig. 7a demonstrated that both m100 and zsProt.A procap-
sids contain the major capsid protein (VP5), the two triplex
proteins (VP19C and VP23), and the scaffolding protein, pre-
VP22a. Only the uncleaved form of the scaffolding protein
(i.e., pre-VP22a) was detected in m100 procapsids. In zsProt.A
procapsids most of the scaffolding protein was uncleaved,
but a trace of the cleaved form, VP22a, was observed. In ad-
dition to the proteins mentioned above, tsProt.A procapsids
contained a small amount of a protein migrating with an ap-
parent molecular mass of ~66 kDa (labeled “protease” in Fig.
7a) and staining with a MAb (MCA406) specific for the UL26
and UL26.5 gene products (data not shown). We infer that this
protein corresponds to the full-length UL26 gene product. No
VP24 was found associated with zsProt.A procapsids. As ex-
pected, no 66-kDa protein was detected in m100 procapsids.
Neither m100 nor tsProt.A procapsids were found to contain
VP26 (Fig. 7a), a 12-kDa polypeptide found at the hexon tips
in mature capsids (3, 53).
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In addition to the capsid proteins described above, stained
gels of both m100 and tsProt.A procapsid proteins were found
to contain a previously unrecognized protein migrating slightly
more rapidly than pre-VP22a (starred band in Fig. 7a). In
Western immunoblots, this protein stained positively with a
MAD (clone C4; ICN Pharmaceuticals) specific for actin (data
not shown). We assume therefore that the protein corresponds
to actin and that it is derived from the BHK cells from which
procapsids were isolated.

Antibodies specific for HSV-1 capsid proteins were used in
Western immunoblotting to confirm the identities of the 72100
procapsid proteins described above. Bands identified as VPS5,
VP19C, pre-VP22a, and VP23 were found to react with specific
antibodies as shown in Fig. 7b. No VP26 was detected by
immunoblot analysis of 72100 procapsids, however, despite the
fact that it was detected in control HSV-1 B capsids (Fig. 7)
and in m100-infected cell extracts (data not shown).

Stained gels such as that shown in Fig. 7a were used to make
quantitative measurements of the m100 procapsid protein
composition. Protein amounts were determined by densito-
metric scanning of stained gels, and copy numbers were esti-
mated on the assumption that procapsids contain 960 copies of
VP5, the number present in mature capsids (15, 27). Analysis
was affected by the fact that during electrophoresis, VP19C
migrates coincidently with the heavy chain of the antibody used
to precipitate procapsids. No quantitative measurement could
therefore be made for VP19C. Pre-VP22a and actin bands
were closely spaced, but resolution was sufficient to permit
them to be determined separately. Protein copy numbers de-
termined for pre-VP22a and VP23 were 1,918 = 170 (n = 4)
and 730 * 308 (n = 4), respectively. For comparison, the VP23
copy number in mature capsids is 640 (15, 33, 41). Although no
quantitative determination of VP19C could be obtained from
Coomassie blue-stained gels, comparison of the intensities of
the Western immunoblot signals confirmed that VP19C, and
the other capsid shell proteins, were present at comparable
levels in all capsid types (Fig. 7b).

The scaffolding protein content of m100 procapsids was
also determined beginning with the three-dimensional recon-
struction shown in Fig. 2a. The mass in the scaffold region of
the radial density profile was calculated by an appropriately
welghted integral of the density above background in the scaf-
fold region (between radii of 180 and 480 A) and calibrated
against the corresponding integral for the surface shell, which
was taken to be 180.9 MDa (Table 2). Taking into account the
molecular weight of pre-VP22a, the calculations yielded a copy
number of 1,866 to 2,070 scaffolding protein molecules per
procapsid depending on where the baseline of the radial den-
sity profile was set. Similar values were obtained earlier by
radial integration of the reconstructions computed for procap-
sids assembled in vitro (Table 2). The range of values obtained
for m100 procapsids is in satisfactory agreement with the value,
1,918 = 170 pre-VP22a molecules/m 100 procapsid (see above),
determined from gel electrophoresis of procapsid proteins.

DISCUSSION

MADb 6F10 was used initially to isolate procapsids from ly-
sates of m100-infected cells because it was found to be effective
in precipitating procapsids formed in vitro. 6F10 also precipi-
tates capsids with the mature morphology such as A and B
capsids, but it appears to be particularly efficient in precipitat-
ing procapsids. Attempts were made to isolate m100 and
tsProt.A procapsids by sucrose density gradient centrifugation,
but these efforts met with only limited success. Since antibody
precipitation showed procapsids were present in infected cell
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FIG. 4. The structural changes that accompany HSV-1 capsid maturation are characterized by comparing the hexons (a and b) and pentons (c and d) of the 72100
procapsid (a and c) and the mature capsid (A capsid; b and d). The outer surfaces are shown in each case. Panels a and b are centered on the E hexon which resides
at each twofold axis and includes portions of the surrounding P and C hexons (for nomenclature, see the legend to Fig. 3). In the left halves of panels a and c, the less
ordered density associated with the immunoprecipitating 6F10 antibodies is present, whereas it has been computationally removed in the right halves. The resolution

is 18 A. Bar = 100 A.

lysates, we assume the procedures used for sucrose gradient
isolation resulted in procapsid maturation, degradation, aggre-
gation or disassembly.

Procapsids assembled in vivo and in vitro are structurally
indistinguishable. Electron micrographs of m100 (Fig. 1) and
tsProt.A (data not shown) procapsids show structures with
round profiles suggesting that they have the spherical morphol-
ogy described earlier for procapsids assembled in vitro (24). It
was rare to see capsids with angles in precipitates from 72100 or
tsProt.A-infected cells. The very high proportion of procapsids
compared to polyhedral capsids present in lysates of 72100- and
tsProt.A-infected cells supports the view that procapsids are
the predominant capsid type that accumulates in infected cells
lacking activity of the maturational protease (5, 7, 12, 24, 30,
34).

The three-dimensional reconstructions of 72100 and tsProt.A
procapsids (Fig. 2a and b) revealed a wealth of structural
information not present in images of negatively stained or
thin-sectioned specimens. Of particular interest is the marked
similarity of the m100 procapsid structure with that of procap-
sids assembled in vitro from cell extracts (Fig. 2c). In the shell
layer particularly, the m100 and in vitro procapsid structures
were found to be identical in even the subtlest features seen at
the resolution of the current reconstructions (compare Fig.
2a and c). Such features include the structures of the hexons,
the pentons, the triplexes, and holes through the capsid shell.

There can be little doubt therefore that the 72100 procapsid is
the structural homolog of procapsids assembled in vitro. The
homology is further emphasized by the cold sensitivity of 72100
procapsids (Table 1), a defining property of procapsids assem-
bled in vitro (24, 25).

The three-dimensional reconstruction of fsProt.A procap-
sids shows they have the same basic structure as m100 and in
vitro procapsids. Such small differences as are seen between
the respective density maps (e.g., a slightly more symmetrical
hexon morphology in tsProt.A procapsids) may reflect either
differing resolution or very early steps of maturation in
tsProt.A procapsids. Such early maturation steps could be pro-
moted by expression of a low level of protease function during
procapsid isolation. The structure of the tsProt.A procapsid is
of particular significance because it is known that tsProt.A
procapsids can mature into infectious virions in vivo (5, 30, 34).
Thus, maturability in vivo is a property of procapsids with the
structure defined here for m100 and tsProt.A procapsids.

Procapsid protein composition. The predominant protein
components of 7100 and tsProt.A procapsids were found to be
the same as those of procapsids assembled in vitro, namely,
VP35, VP19C, VP23, and pre-VP22a. Apart from the presence
of the protease in tsProt.A procapsids (Fig. 7a), in vivo pro-
capsids did not contain any major protein species observable
by Coomassie blue staining that was not also present in in vitro
procapsids. The above observation was unexpected since in
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FIG. 5. Radial density profiles of HSV-1 procapsids from three sources:
native procapsids isolated from BHK cells infected at the NPT with tsProt.A (top
curve), native procapsids isolated from BHK cells infected with 7,100 (middle),
and procapsids assembled in vitro from lysates of Sf9 cells containing HSV-1
capsid proteins (bottom) (46). The profiles were calculated by spherical averag-
ing of the corresponding three-dimensional density maps. The main features of
the surface shell (three peaks between radii of 480 and 650 A) and the scaffold
(three peaks between radii of 200 and 460 A) are well conserved. However, the
tsProt.A procapsids are the only ones to show a significant density peak inside the
scaffold shell suggested to correspond to the HSV-1 UL26 gene product, the
virus protease.

vivo procapsids have the potential to mature into virions and
might therefore contain proteins involved in DNA processing
and packaging not found in procapsids formed in vitro. Since
small amounts of DNA processing and packaging proteins,
detectable in Western immunoblots, are found associated with
intracellular mature capsids (e.g., B capsids [21, 36, 43, 51]), we
have initiated immunoblot studies to attempt to detect them in
procapsids derived from m100- and tsProt.A-infected cells.
VP26 is a small (12-kDa) protein located at the distal tips of
HSV-1 capsid hexons (3, 46, 53). One VP26 molecule is bound
to each VPS5 in all 150 hexons, and so there are a total of 900
VP26 molecules in a mature capsid. Studies with an HSV-1
mutant lacking the gene (UL35) encoding VP26 have demon-
strated that VP26 potentiates HSV-1 growth in neural cells in
vivo but is not required for virus replication in cell culture (8).
The protein analyses reported here consistently failed to detect
VP26 in either m100 or tsProt.A procapsids despite the fact
that the same methods revealed its presence in B capsids (Fig.
7) and in the cells from which m100 and tsProt.A procapsids
were isolated (data not shown). We conclude that VP26 is not
a component of the HSV-1 procapsid. Since it is present in
virions and in mature capsids, it must be added after procap-
sids are formed. The function of VP26 in capsids must be ex-
pressed in a process (e.g., DNA packaging or addition of tegu-
ment) that occurs as the mature capsid is formed or thereafter.
SDS-polyacrylamide gel analysis of m100 and ¢sProt.A pro-
capsid precipitates demonstrated the presence of a band cor-
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FIG. 6. tsProt.A procapsids before (a) and after (b) incubation at 21°C for
72 h. Procapsids were isolated by antibody precipitation as described in Materials
and Methods from BHK cells infected for 15 h at 39°C (the NPT). Note that
before incubation (a) procapsids are round in profile, indicating they have not
angularized, while after incubation (b) capsid profiles show angles indicating they
have the mature, icosahedral structure. Bar = 1,500 A.

responding to cellular actin (starred band in Fig. 7a), a protein
not seen in procapsids precipitated from Sf9 cell extracts (24).
Two further observations relate to interpretation of the pres-
ence of actin. First, analysis of 6F10 immune precipitates from
uninfected BHK cells showed the same actin band (data not
shown). Second, no evidence of procapsid-associated actin was
observed in electron micrographs of procapsids or in the three-
dimensional reconstructions (Fig. 2a and b). We suggest there-
fore that actin in procapsid precipitates may result from a
cross-reaction of MAb 6F10 with BHK cell actin or with a
protein bound to actin. As indicated above, the cross-reacting
form of actin is expected to be present in BHK but not Sf9
cells.

Scaffold structure: tentative localization of the protease and
nature of procapsid building blocks. The three-dimensional
reconstructions of m100 and tsProt.A procapsids showed no
strongly contrasted features in the core region (data not
shown). The same result was obtained earlier with procap-

TABLE 1. Effect of incubation at 0°C on the integrity of m100
procapsids and wild-type HSV-1 B-capsids®

Incubation for Mean no./electron microscope field + SD (n)

30 min at (°C):

m100 procapsids

21 120 = 18 (3)
0 4+3(4)

HSV-1 B capsids

178 = 30 (n = 3)
199 = 45 (n = 4)

“The procedures described in Materials and Methods were used to isolate
procapsids from BHK cells infected for 18 h with HSV-1 m100 virus. The
procapsid-containing precipitate was resuspended in 100 pl of PBS and divided
into two aliquots, which were incubated at room temperature (21°C) or 0°C.
Samples were then applied to electron microscope grids, negatively stained with
1% uranyl acetate, and photographed in the electron microscope. Procapsids
were counted on electron microscope negatives which were recorded at a mag-
nification of X8,300. The same analysis was performed with wild-type HSV-1 B
capsids which were prepared from infected BHK cells as previously described
(27).
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FIG. 7. Protein composition of HSV-1 procapsids. SDS-polyacrylamide gel
electrophoresis of m100 and tsProt.A procapsids was followed by staining with
Coomassie blue (a) and Western immunoblotting with specific antibodies (b).
Similar analyses of HSV-1 B-capsids are shown for comparison. The starred
bands in lanes 2 and 3 of panel a were identified as actin as described in the text.
The positions of the HSV-1 protease (UL26 gene product) and the antibody
heavy and light chains (Ab-H and Ab-L) are indicated in panel a. Specimens in
panel b were loaded for electrophoresis in twofold dilutions. The amount of
sample loaded in the VP26 row was twofold greater than that loaded in other
rows. Note that procapsid bands identified as VPS5, VP19C, pre-VP22a, and
VP23 were stained with specific antibodies, and VP26 was not detected in either
m100 or tsProt.A procapsids.

sids assembled in vitro (24, 46). As we would expect such
features to be visible at the resolution now reached (18 A), we
conclude it is unlikely that the scaffold has highly ordered,
icosahedrally symmetric features as the shell does. The ab-
sence of icosahedral ordering in the core is consistent with the
suggestion made earlier (46) that the scaffold is organized as a
protein micelle in which individual scaffold molecules are
highly extended and arranged radially with their C termini
attached to the shell and N termini extending inward toward
the procapsid center.

More revealing information about the structure of the core
was obtained from the radial density profiles shown in Fig. 5. In
the region corresponding to the scaffolding protein (i.e., be-
tween radial distances of 180 and 480 A), procapsids assem-
bled in vitro showed three peaks of density interpreted earlier
to correspond to three condensed scaffolding protein domains
separated by flexible linkers (46). The same three peaks of
density are readily identifiable in the profiles of m100 and
tsProt.A procapsids (Fig. 4), suggesting that the basic arrange-
ment of the scaffold is the same in the three procapsid types.

In the innermost region of the core, at a radial distance of
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less than 180 A, the density profile computed for zsProt.A
procapsids shows a large peak of density that is absent in 72100
and in vitro procapsids (Fig. 5). This peak suggests itself as the
location of the maturational protease (UL26 gene product), as
the protease is found in #sProt.A but not in m100 or in vitro
procapsids (Fig. 7a). Further studies, perhaps with mutants
containing deletions in the UL26 gene, should be carried out to
confirm this presumptive location for the protease.

The scaffolding protein content of 100 procapsids was
determined quantitatively from stained SDS-polyacrylamide
gels and from integration of the scaffolding protein region in
the three-dimensional reconstruction. The values obtained,
1,918 = 170 and 1,866 to 2,070 copies per procapsid respec-
tively, are in good agreement with each other and with the
scaffolding protein content of procapsids assembled in vitro
(Table 2). Compared to other virus procapsids, the amount of
m100 procapsid scaffolding protein appears high. For example,
the molar ratio of scaffolding to major capsid protein in 72100
procapsids is approximately 2.0 (i.e., 1,918 = 170 scaffold:960
VP5 molecules), while the comparable values for the procap-
sids of phages P22, $29, and T4 are 0.71 (300 scaffold:420
capsid), 0.9 (180 scaffold:200 capsid), and 0.67 (640 gp22 plus
gp21:960 major capsid), respectively (2, 18, 31). The greater
number of scaffolding protein molecules in HSV-1 procapsids
may be necessitated by the larger major capsid protein (VP5
molecular weight of ~150,000, compared with 47,500, for in-
stance, for the phage P22 coat protein, gp5) or perhaps by the
greater diameter of the HSV-1 procapsid (~126 nm, compared
with 58 nm for the P22 phage procapsid [29]). For example,
despite the greater diameter of the HSV-1 procapsid com-
pared to that of phage P22, the amounts of scaffolding protein
per unit of volume are similar in the two, calculated values
being 0.21 and 0.15 kDa/nm> for HSV-1 and P22, respectively
(assuming that HSV-1 and P22 procapsid cavities have diam-
eters of 950 and 450 A).

The molar ratio of approximately 1 VP5:2 scaffolding mol-
ecules observed in the m100 procapsid may provide a clue
about the nature of the subunit(s) used in procapsid growth.
Since the procapsid could be formed from subunits with the
same molecular proportions as the completed structure, as-
sembly units with a 1:2 VP5:scaffolding protein molar ratio are
suggested. It is relevant to note therefore that sucrose gradient
studies of the VP5-scaffolding protein interaction revealed
complexes containing 1 VPS5 plus 2 scaffold molecules and 2
VPS5 plus 4 scaffold molecules (25). Both complexes are attrac-
tive as potential procapsid assembly units.

TABLE 2. Procapsid scaffolding protein content measured
from three-dimensional reconstructions

Scaffold
mass (MDa)*

Scaffold protein
copy no.?

1,967-2,272 46

Procapsid source Reference

Assembled in vitro in 66.4-76.7
cell extracts

Assembled in vitro from 75.8 1,902 25
purified proteins

Isolated from m100-

infected cells

63.0-69.9 1,866-2,070  This study

“ Determined by integration of radial electron density profiles such as those
shown in Fig. 4. Ranges of values are shown for reconstructions in which there
was uncertainty regarding the baseline in the radial density profile. The scaffold
mass was calibrated relative to the shell mass, which was assumed to be 180.9
MDa (i.e., 960, 320, and 640 copies of VPS5, VP19C, and VP23, respectively).

b Calculated by assuming the following molecular weights: for preVP22a,
33,760 (cell extract and m100 procapsids); for pUL80.5-H, 39,855 (purified
protein procapsids).
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The pre-VP22a content of m100 procapsids (i.e., 1,918 =
170 copies per procapsid) was found to be significantly higher
than the content determined earlier of VP22a in HSV-1 B-
capsids (1,153 = 169 copies per capsid [27]). This observation
suggests some of the scaffolding protein is lost from the pro-
capsid as it matures to form the B capsid.

Procapsid maturation. Isolation of procapsids from 72100-
and tsProt.A-infected cells as described here suggests that pro-
capsids may function in vivo in the same way they do in vitro,
as precursors to the mature capsid form. As an overall measure
of the ability of m100 and #sProt.A procapsids to undergo
further development, they were tested in vitro for the ability to
be transformed into the icosahedral capsid morphology. Tests
showed that both procapsid types were able to mature (Fig. 6),
with a high proportion being transformed in each case. We
interpret the results to support the view that procapsids func-
tion as assembly intermediates in vivo. The time required for
transformation at 21°C, however, was longer than is expected
in infected cells. For example, 60 to 72 h were required for
procapsid transformation in vitro whereas in extracts matura-
tion was complete in 8 h (24), and in infected cells the same
process requires less than 3 h (5). We conclude that while
m100 and tsProt.A procapsids are capable of maturation in
vitro, the rate of transformation in vivo is enhanced by some
factor(s) not present in our in vitro incubations. Absence of the
protease may account for at least part of the delay in the case
of m100 procapsids. With tsProt.A procapsids, the time re-
quired for thermoreversion of the protease may contribute to
the observed delay. Packaging of virus DNA in vivo may also
be involved in promoting the transformation from the procap-
sid to the mature capsid structure.

It is now clear that the overall pathway of HSV-1 capsid
formation has important similarities to that observed in
dsDNA bacteriophage such as P22, T4, $29, and \ (4, 13, 31).
For instance in dsDNA phage, capsid formation involves a
scaffolding protein, and it proceeds by way of a spherical, more
fragile procapsid intermediate. DNA is packaged into an
empty phage capsid, and in most cases where the process has
been well studied, packaging is found to be initiated with the
procapsid whose shell matures into the icosahedral form be-
fore packaging is completed (14, 16, 17, 19, 37; but see refer-
ence 32). If HSV-1 DNA packaging also conforms to the phage
model, then in the future it may be productive to examine the
role of HSV-1 procapsids in initiation of DNA encapsidation.
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