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During replication of herpes simplex virus type 1 (HSV-1), viral DNA is synthesized in the infected cell
nucleus, where DNA-free capsids are also assembled. Genome-length DNA molecules are then cut out of a
larger, multigenome concatemer and packaged into capsids. Here we report the results of experiments carried
out to test the idea that the HSV-1 UL6 gene product (pULG6) forms the portal through which viral DNA passes
as it enters the capsid. Since DNA must enter at a unique site, immunoelectron microscopy experiments were
undertaken to determine the location of pULG6. After specific immunogold staining of HSV-1 B capsids, pUL6
was found, by its attached gold label, at one of the 12 capsid vertices. Label was not observed at multiple
vertices, at nonvertex sites, or in capsids lacking pUL6. In immunoblot experiments, the pUL6 copy number
in purified B capsids was found to be 14.8 * 2.6. Biochemical experiments to isolate pUL6 were carried out,
beginning with insect cells infected with a recombinant baculovirus expressing the UL6 gene. After purification,
pULG was found in the form of rings, which were observed in electron micrographs to have outside and inside
diameters of 16.4 = 1.1 and 5.0 = 0.7 nm, respectively, and a height of 19.5 + 1.9 nm. The particle weights of
individual rings as determined by scanning transmission electron microscopy showed a majority population
with a mass corresponding to an oligomeric state of 12. The results are interpreted to support the view that
pULG forms the DNA entry portal, since it exists at a unique site in the capsid and forms a channel through
which DNA can pass. The HSV-1 portal is the first identified in a virus infecting a eukaryote. In its dimensions
and oligomeric state, the pUL6 portal resembles the connector or portal complexes employed for DNA
encapsidation in double-stranded DNA bacteriophages such as ¢29, T4, and P22. This similarity supports the
proposed evolutionary relationship between herpesviruses and double-stranded DNA phages and suggests the

basic mechanism of DNA packaging is conserved.

Herpes simplex virus type 1 (HSV-1) is the prototypical
member of the herpesviruses, a virus family whose members
infect vertebrate animals. Eight herpesviruses, including
HSV-1, are able to infect humans. Like all herpesviruses,
HSV-1 consists of a T=16 icosahedral capsid surrounded by a
membrane envelope (14, 31, 39). The virus DNA is contained
inside the capsid. During HSV-1 replication, viral DNA is
synthesized in the infected cell nucleus, where a large,
branched concatemer consisting of many genomes is formed
(15, 21, 34, 54). Newly replicated DNA is then packaged into
preformed capsids. Packaging is considered to begin with the
procapsid, a spherical intermediate in assembly of the mature
capsid (27, 36). Procapsids are transformed into the mature,
angular, icosahedral morphology at approximately the same time
as DNA is encapsidated. Once packaging is complete, DNA-
containing capsids are enveloped and released from the host cell.

Studies to clarify the mechanism of HSV-1 DNA encapsi-
dation have focused on specific, conserved, cis-acting DNA
sequences (pac sites) (23, 38, 40, 49) and on trans-acting, virus-
encoded proteins. Genetic analyses have identified a total of
seven HSV-1-encoded proteins, products of the genes UL6,
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UL15, UL17, UL25, UL28, UL32, and UL33, that are dem-
onstrated to be specifically involved in DNA packaging (14,
51). When cells are infected with HSV-1 mutants lacking the
function of any of the seven genes, capsid formation and DNA
replication occur normally, but no packaging takes place.

In its basic features, HSV-1 DNA encapsidation resembles
that observed in double-stranded DNA (dsDNA) bacterio-
phages, such as P22, T7, and \. Bacteriophage assembly pro-
ceeds through the formation of spherical precursor capsids
(procapsids), and bacteriophages have a unique vertex, a do-
decameric ring of 12 proteins, through which the DNA enters
and exits the capsid (3, 45). The portal vertex is the docking site
for the packaging proteins, such as terminase, the protein re-
sponsible for cleavage of monomeric units from concatemeric
DNA and translocation of DNA into the capsid in an ATP-
dependent fashion (5, 7, 8, 45). Portal proteins are found as
integral capsid components in both procapsids and mature
capsids, while terminase proteins are only associated with pro-
capsids and are not present in mature capsids or virions (24).

By analogy to the better-studied phage systems, functions for
the HSV-1 packaging proteins have been tentatively assigned
on the basis of (i) limited amino acid sequence conservation
with phage proteins and (ii) the behavior of mutant viruses.
For example, amino acid sequence homology has been ob-
served between the phage T4 terminase and the HSV-1 UL15
gene product, suggesting pUL1S5 may have terminase function
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(30). The proteins encoded by the UL15 and UL28 genes have
been shown to interact with one another and have been pro-
posed to form a two-subunit terminase (18, 19). Further sup-
port for this assignment comes from the finding that pUL28 or
its homolog from HCMV can specifically recognize pac site
DNA (1, 6). In order for packaging to occur, the terminase
must associate at least transiently with the procapsid. Genetic
and biochemical evidence indicates that pUL6 may provide a
docking site for the terminase. For example, pUL6 is found in
procapsids and mature capsids in conserved amounts, while
pULI1S5 and pUL28 are only transiently associated with B cap-
sids and procapsids (29, 36). Also, in cells infected with a
UL6-null mutant virus, pULI1S5 is not found associated with B
capsids (33, 53).

Here we report the results of experiments designed to test
the idea that pULG6 is the HSV-1 portal protein. Studies have
been carried out to determine the location of pUL6 in the
capsid and to examine the structure of purified pULS6 in solu-
tion. Because DNA must enter the capsid at a single site, it is
presumed that pULG6 will be found at a single, unique location
in the capsid. In solution, pUL6 is expected to have a structure
that is consistent with its presumptive role as a channel through
which DNA can be translocated into the capsid.

MATERIALS AND METHODS

Cells and viruses. Experiments were carried out with the KOS strain of HSV-1
which was grown at 34°C on Vero cells maintained in minimal essential medium
containing 10% calf serum and antibiotics (35). HSV-1 mutant strain sr-74 (UL6
deletion), a strain with a lacZ cassette inserted at position 378 of the UL6 gene,
was propagated on the complementing cell line UL6-31, where titers of 107 to
10® were obtained (20). Vero cells grown in 850-cm? roller bottles were infected
with Ar74 at a multiplicity of infection of 10; infection was allowed to proceed for
24 h at 34°C, after which, infected cells were harvested and used for capsid
isolation. Previously described procedures were employed for capsid purification
from cells infected with either HSV-1 KOS or 474 (35). Recombinant baculo-
virus Autographa californica nuclear polyhedrosis virus encoding the HSV-1 UL6
gene was grown as previously described on Spodoptera frugiperda (Sf9) cells (44).
Cells were infected at a multiplicity of 5, and infection was allowed to proceed for
64 h at 28°C before cells were harvested by centrifugation.

Antibody labeling of HSV-1 capsids. B capsids to be employed in antibody
labeling experiments were purified (26) from cells infected with wild-type HSV-1
or with the ULG6 deletion strain 4774 and suspended in TNE (20 mM Tris-HCl
[pH 7.5], 0.5 M NaCl, 1 mM EDTA) at a concentration of 0.5 mg/ml. Capsids (5
wl) were adsorbed to Formvar-carbon-coated electron microscope grids (15 s at
room temperature), and further operations were performed by floating grids,
specimen side down, on solution drops (~300 wl), which were placed on Parafilm
and maintained at room temperature in a closed, humidified petri dish. Speci-
mens were washed (twice) for 30 s with 0.5X TNE to remove unadsorbed
capsids, for 1 h with blocker (0.5X TNE containing 5% goat serum, 5% bovine
serum albumin, and 0.1% fish gelatin) to saturate nonspecific binding sites, and
then for 1 h with preadsorbed (see below) rabbit polyclonal antibody anti-MBP
(maltose binding protein)-UL6 (43) diluted 1:50 in 0.5X TNE. Excess anti-MBP-
UL6 was removed by washing eight times (3 min each) with blocker, and spec-
imens were exposed for 45 min to secondary antibody, goat anti-rabbit immu-
noglobulin G conjugated to 10-nm-diameter gold beads (EY Laboratories, San
Mateo, Calif.), diluted 1:25 with blocker. Grids were then washed with blocker
(five times), 0.5X TNE (three times), and phosphate-buffered saline (PBS;
once). Capsids were fixed by immersing grids for 5 min in 500 pl of PBS
containing 5% glutaraldehyde, washed (twice) in 0.5X TNE, stained by immer-
sion for 30 s in 1% uranyl acetate, blotted, and allowed to dry at room temper-
ature before examination in the electron microscope.

Anti-MBP-ULG6 (raised against a fusion protein consisting of the C-terminal
298 amino acids of pUL6 and Escherichia coli MBP) (43) was absorbed with B
capsids prepared from the UL6 deletion strain (hr74). Capsids (25 pl) were
added to 5 pl of anti-MBP-UL6 and incubated for 1 h at room temperature. The
solution volume was then adjusted to 250 wl with 0.5X TNE and centrifuged for
30 min at 30,000 rpm (32,000 X g) in a Beckman TL-100 ultracentrifuge (TLA-
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100 rotor) to pellet capsids. The supernatant was removed and used directly for
capsid labeling as described above.

pULSG purification. Purification of pUL6 (molecular weight [MW], 74,087) was
carried out beginning with Sf9 cells infected with BAC-ULG6 as described above.
Except as indicated, all purification steps were performed at 4°C. After being
harvested by centrifugation, infected cells (~2.0 ml of packed cells) were sus-
pended in 2 volumes of PBS plus 0.1 volume of a protease inhibitor cocktail
(aprotinin, leupeptin, and Pefabloc; stock solution prepared by dissolving one
tablet of Boehringer Mannheim Complete EDTA-free in 5 ml 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 was discarded. The pellet, which contains
pULG in the form of inclusion bodies, was resuspended (by gentle sonication in
a bath sonicator) in 1 ml of TNE plus 0.1 ml of protease inhibitors, adjusted to
10 mM dithiothreitol-2% Triton X-100, and incubated for 30 min on ice to
solubilize cellular membranes. The resulting suspension was centrifuged at
16,000 X g for 5 min, and the supernatant was discarded. The pellet was resus-
pended in 1 ml of TNE (with protease inhibitors), adjusted to 20 mM MgSO,
plus 0.5 mg of DNase I per ml, incubated for 10 min at room temperature, and
centrifuged for 5 min at 16,000 X g and the supernatant was discarded. The
pellet was resuspended in 1 ml of 1 M arginine (pH 7.4) and incubated for 10 min
on ice to solubilize pUL6. The resulting solution was clarified by centrifugation
at 30,000 rpm (32,000 X g) in the TLA-100 rotor and applied to the top of a 5-ml
gradient of 10 to 30% sucrose containing 1 M arginine and 20 mM Tris-HCI (pH
7.5). After centrifugation for 48 h at 33,000 rpm (105,000 X g) in a Beckman
SW350.1 rotor, the pUL6-containing band was identified by examining the gra-
dient with a high-intensity lamp (top illumination) and isolated by fractionating
the gradient. A yield of ~0.25 mg of purified pUL6 was obtained in preparations
beginning with ~2 ml of packed cells.

Negative stain electron microscopy. Electron microscopic examination of pu-
rified pUL6 was carried out beginning with specimens removed directly from
sucrose density gradients (the last step in the purification procedure as described
above). A drop (~30 wl) of the sample was placed on a Parafilm sheet and
allowed to stand for 0.5 to 1.0 min. A carbon-coated electron microscope grid
was placed on top of the drop, and pUL6 was allowed to adsorb for 10 to 30 s.
The grid was then washed twice in 20 mM Tris-HCI (pH 7.5), stained for 1 min
with 1% uranyl acetate, blotted, and allowed to air dry. In some preparations,
grids were glow discharged by exposure at 10 mA for 10 s in a Polaron E5100
vacuum evaporator operated at 100 mTorr. Specimens were observed and pho-
tographed in a Philips 400T electron microscope operated at 80 keV. Electron
microscope negatives were digitized in a flatbed scanner, and images were mea-
sured with Photoshop 5.0.

STEM. Purified pUL6 was examined by scanning transmission electron mi-
croscopy (STEM) beginning with pULG6 dissolved in 20 mM Tris-HCI (pH 7.5)
containing 1 M arginine. A 3-pl aliquot was injected into a drop of 20 mM
Tris-HCI (pH 7.5) on a thin (2 to 3 nm) carbon film supported by a holey carbon
film on a titanium grid. Tobacco mosaic virus (TMV), an internal mass standard,
had been previously applied to the grid. After incubation for 2 min to permit
pULG to adsorb to the carbon, the grid was washed with 20 mM ammonium
acetate, blotted, quick-frozen by being plunged into liquid nitrogen slush, and
freeze-dried overnight. The grids were transferred under vacuum to the STEM
and observed in the dark-field mode. Digital images were recorded in clean areas
with an adequate number of pUL6 rings and with TMV as a standard. Masses of
individual pUL6 rings were measured from the images by using software de-
scribed previously (50).

Amino acid sequence analysis. Amino acid sequences for the HSV-1, HSV-2,
Kaposi’s sarcoma-associated herpesvirus (KSHV [HHV-8]), and Epstein-Barr
virus (EBV) putative portal proteins were obtained from the GenBank protein
database under accession no. P10190, P89429, AAC57125, and MP_039880,
respectively. These sequences were compiled into and aligned with MacVector
version 7.0. Secondary structure predictions were performed with Ph.D. Predict
(32). Multicoil was used to analyze the ULG6 leucine zipper (52).

Other methods. Previously described procedures were employed for sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, staining of gels with
Coomassie blue, and Western immunoblotting (25, 27, 36). Gels to be stained
with Sypro orange (Molecular Probes, Eugene, Oreg.) were incubated overnight
in the dark with 1:5,000 Sypro orange dye in 7.5% acetic acid and rinsed accord-
ing to the manufacturer’s instructions. A UV transilluminator was used to view
stained gels and record them digitally. In immunoblotting experiments, unab-
sorbed anti-MBP-UL6 was used at a dilution of 1:1,000. Coomassie-stained
protein bands in polyacrylamide gels and bands in immunoblot radioautographs
were determined quantitatively by densitometric scanning in a flatbed scanner
(transmission mode) followed by integration of band density with UN-SCAN-IT
(version 5.1) software.
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FIG. 1. Electron micrograph of HSV-1 B capsids after staining with
antibody specific for pUL6 followed by an anti-antibody conjugated to
gold beads. Note that gold beads are found at a single capsid vertex.
Bar, 100 nm.

RESULTS

Capsid location of pUL6. Experiments to determine the
location of pULG6 in the capsid were performed with B capsids
prepared from infected Vero cells. These were adsorbed to
carbon-coated electron microscope grids and stained with a
pULG6-specific antibody, anti-MBP-UL6 (43), that had been
preabsorbed with HSV-1 capsids lacking pUL6. Specific stain-
ing was followed by treatment with an anti-antibody conju-
gated to gold beads, which are expected to mark the location of
pULG in the capsid. Control experiments were performed with
capsids prepared from cells infected with Ar74, a pULG6 dele-
tion mutant of HSV-1 (20).

After examination in the electron microscope, specifically
stained wild-type HSV-1 capsids demonstrated the presence of
gold label at a single capsid vertex (Fig. 1). Specifically labeled
capsid vertices were often found to contain more than one gold

TABLE 1. Immunogold staining of HSV-1 capsids for pUL6 and
number of gold beads present at labeled capsid vertex”

No. of capsids

No. of gold beads at
labeled vertex

Expt 1 Expt 2

Wild-type ULo6 Wild-type UL6

HSV-1 deletion HSV-1 deletion
1 42 3 35 9
2 20 0 40 1
3 4 0 16 1
4 2 0 1 1
5 1 0 0 0
Total no. of capsids 69 3 92 12

counted

“ Gold beads present at the labeled capsid vertex were counted in images such
as Fig. 1.
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bead, as shown in Fig. 1 and Table 1, but only one vertex was
labeled in most cases. The proportions of capsids labeled at a
single vertex were 32 and 41%, respectively, in two experi-
ments as shown in Table 2. The corresponding values were 1
and 2%, respectively, for capsids lacking pUL6 (Table 2).
Background labeling, comparable to that found with UL6 de-
letion capsids, was observed when the anti-MPB-ULG6 antibody
was omitted or replaced with a nonspecific antiserum (data not
shown).

Gold label was observed at two capsid vertices in 1 and 3%
of wild-type capsids in the two experiments, respectively (Table
2). We interpret this low level of labeling at a second vertex to
be nonspecific, because it is similar in amount to the percent-
age of UL6 deletion capsids having a labeled vertex (i.e., 1 and
2% in the two experiments). Only background gold label was
seen at nonvertex sites (data not shown).

Amount of pULG6 in the capsid. The abundance of pUL6 in
HSV-1 capsids was determined quantitatively by Western im-
munoblot experiments performed with known amounts of B
capsids and purified pUL6. Identical capsid specimens were
employed for SDS-polyacrylamide gel electrophoresis followed
by (i) staining with Coomassie blue to determine the number
of capsids present and (ii) immunoblot analysis and specific
staining with anti-MBP-ULG6 (43) to measure the amount of
pUL6. The immunoblot signal corresponding to pUL6 in cap-
sids was measured quantitatively by densitometric scanning of
autoradiographs and interpreted with reference to a standard
curve obtained by similar immunoblot analysis carried out on
the same gel with pUL6 purified as described below. In a
second study, the same measurements were made with capsid
proteins stained in step i above with Sypro orange rather than
Coomassie blue.

Figure 2 shows the results of immunoblot experiments per-
formed on the same gel with capsids (top panel) and with
purified pUL6 (bottom). The pUL6 copy number per capsid
was calculated after quantitative determination of the capsid
amount (based on staining of the VP5 band) and the immu-
noblot signal. In a representative experiment, for example,
capsids containing 1.10 pg of VP5 (MW, 149,075) were found
to have 8.0 ng of pUL6 (MW, 74,087). In all experiments, the
pULG6 copy number per capsid was found to be 16.6 = 1.0 (n =
3) and 12.5 £ 1.8 (n = 3) for gels in which capsid protein
staining was with Coomassie blue and Sypro orange, respec-
tively. Combination of the results of the Coomassie blue and
Sypro orange experiments yields a copy number of 14.8 * 2.6
(n = 6).

pULG structure. Studies of pUL6 structure were carried out
with protein purified from insect cells containing pUL6 as a
result of infection with a recombinant baculovirus, BAC-UL6
(22), expressing the UL6 gene. Purification was accomplished
by a four-step procedure in which inclusion bodies, found to
contain pUL6, were first isolated in crude form by extraction of
cells with 2% Triton X-100 followed by 0.5 mg of DNase I per
ml. pUL6 was then solubilized by treatment of inclusion bodies
with 1 M arginine, an antiaggregation agent (41), and purified
further by sucrose density gradient ultracentrifugation. Sucrose
density gradients contained 1 M arginine because pUL6 was
insoluble if arginine was removed (data not shown). During
sucrose gradient centrifugation, much of the pUL6 was found
to migrate more rapidly than contaminating insect cell pro-
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FIG. 2. pUL6 content of HSV-1 B-capsids as determined by West-
ern immunoblotting. (Top left) B capsid proteins separated by SDS-
polyacrylamide gel electrophoresis and stained with Coomassie blue.
(Top right) Same as the gel on the left, except that pULG is stained
specifically by Western immunoblotting. (Bottom) Purified pUL6
stained by Western immunoblotting on the same gel as that shown in
the top right. The pULG signal in the bottom panel was employed as a
standard curve to determine the amount present in B capsids as shown
at the top right.

teins, as shown by SDS-polyacrylamide gel analysis of gradient
fractions (Fig. 3). Whereas a substantial portion of pUL6 was
found in fractions 8 to 11, most other proteins were found in
fractions 15 to 21.

Figure 4 shows the results of an SDS-polyacrylamide gel
analysis carried out with the pUL6-containing fraction at each
step of the purification procedure. Densitometric scanning of
stained gels demonstrated that pULG6 constituted 96% or more
of the protein present in the peak sucrose gradient fractions (in
four preparations). Purified pUL6 was found to be stained in
immunoblots with specific antiserum (i.e., anti-MBP-ULS6), as
shown in Fig. 2 (bottom panel). The major contaminant in
pULG preparations, a minor band accounting for 3 to 4% of
the protein present and migrating between VP19C and VP23
(see Fig. 4, rightmost column), was not identified. It migrated
coincidentally with pULG6 during sucrose density gradient cen-
trifugation, suggesting it might be a degradation product of
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FIG. 3. SDS-polyacrylamide gel electrophoresis of the fractions ob-
tained during the sucrose density gradient ultracentrifugation step of
pULSG purification. The gel was stained with Coomassie blue. Fractions
from the bottom of the gradient are shown to the left, and lanes
containing protein standards (B capsid proteins) are indicated. Note
that fractions highly enriched in pULG6 (fractions 8 to 11) are well
separated from those (fractions 15 to 21) containing most contaminat-
ing insect cell proteins.

pULG, but it did not react with pUL6-specific antiserum in
immunoblots (data not shown).

Structural characterization of pUL6 was performed by elec-
tron microscopy of negatively stained preparations. Specimens
for this analysis were taken directly from the sucrose density
gradient step of purification, diluted, and stained on standard
or glow-discharged grids. Electron microscopic examination of
specimens on standard grids showed a uniform population of
small rings (Fig. 5A). No other structures were observed in
significant amounts. Single rings were seen most often, but
rings were also found to associate laterally to form small ag-
gregates, including pairs, chains, and islands of rings, as shown
in Fig. 5B. Measurement of the images showed the rings have
outside and inside diameters of 16.4 = 1.1 and 5.0 = 0.7 nm
(n = 56), respectively.

FIG. 4. SDS-polyacrylamide gel electrophoresis (Coomassie stain)
of the pUL6-containing fraction at each stage of the purification pro-
cedure. HSV-1 B capsid proteins (leftmost lane) are included for
reference, and the position of the pUL6 band is indicated. Tx-100,
Triton X-100; sup., supernatant.
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FIG. 5. Electron microscopy of purified pUL6. Specimens were
prepared by negative staining on standard (A and B) or glow-dis-
charged (C) grids as described in Materials and Methods. Note that on
standard grids, pULG is found in the form of small rings (A) and that
at higher magnification the rings can be seen to be composed of
subunits (B; arrows). The inset in panel B shows a schematic repre-
sentation of the subunits present in the upper-arrowed ring. When
adsorbed to glow-discharged grids, portal complexes were found to
yield Y-shaped images, as shown in panel C. Shown in panel D is a
diagrammatic representation of the portal complex structure designed
to be consistent with the images shown in panels A, B, and C. The bars
are 200 nm (A) and 20 nm (B and C).

In some images, pULS6 rings could be seen to be composed
of uniformly sized subunits directed radially outward from the
ring axis. The arrows in Fig. 5B, for instance, indicate rings
where subunits are visible, and other such rings can be seen in
the same micrograph. Subunits visible in the upper-arrowed
ring are shown diagrammatically in the Fig. 5B inset. The
dimensions of the subunits (~2 by ~6 nm in projection) sug-
gest the subunits may be pUL6 monomers.

HSV-1 PORTAL PROTEIN
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FIG. 6. Dark-field STEM of purified pUL6. Mass measurements
were made from pUL6 images such as those indicated by the arrows.
TMYV (top center; diameter, 18 nm) is included as a mass standard.

When electron microscopy of purified pUL6 was performed
with glow-discharged grids, images were often found to be
Y-shaped, as shown in Fig. 5C. We interpret such images to be
lateral views of the portal complex as contrasted with the axial
views shown in Figs. 5A and B. The lateral views suggest the
complex may have the shape of a goblet, as shown schemati-
cally in Fig. 5D. According to this interpretation, the upper
right, middle, and lower left images shown in Fig. 5C would
correspond to clockwise rotations of the schematic represen-
tation by ~160, 30, and 190°, respectively. Measurements made
with images interpreted to be lateral views showed widths in
the wide and narrow portions of 16.6 = 2.3 nm (n = 39) and
7.5 £ 1.3 nm (n = 39), respectively. The length was 19.5 = 1.9
nm (n = 65), and the narrow portion constituted 0.37 = 0.05
nm (n = 29) of the total length.

STEM mass measurements. The masses of individual pUL6
rings were measured by dark-field STEM and used to compute
the pULG6 oligomeric state in rings. The method depends on
the fact that the number of scattered electrons (collected in
two annular detectors) from each pixel is directly proportional
to the mass thickness of that pixel. Summing the scattered
electrons over all the pixels for a particle, one obtains a value
proportional to the particle mass. From the total mass, the ring
oligomeric state was calculated with an MW of 74,087 for
pULe.

Examination of pULS6 in the STEM showed a uniform pop-
ulation of molecules that were circular or slightly irregular in
profile, as shown in Fig. 6. Mass measurements were made with
127 such images derived from a total of 21 micrographs. The
results showed pULG6 rings are somewhat heterogeneous, with
a predominant population having a mass of ~0.9 MDa corre-
sponding to an oligomeric state of 12 (Fig. 7). Smaller popu-
lations were observed with mass values corresponding to oli-
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FIG. 7. Histogram showing the masses determined from 127 indi-
vidual pUL6 images such as those shown in Fig. 6. Note that the
predominant population occurs at a mass of ~0.9 MDa corresponding
to a pULG6 oligomeric state of 12.

gomeric states of 14 and 16 (Fig. 7). For comparison,
bacteriophage portal complexes or connectors are found to
have oligomeric states of 12 or 13 (3, 45).

Amino acid sequence analyses. To attempt to identify con-
served amino acid sequence elements that might relate to its
function, we compared the pUL6 sequence with those of ho-
mologs encoded by other herpesviruses. The pUL6 sequence
was aligned with the homologs of three representative human
herpesviruses, HSV-2, EBV, and KSHYV, and the alignment
was shaded to indicate the degree of homology. Regions of
amino acid identity in all proteins (darkest shading) were ob-
served throughout the alignment, with 146 (21.5%) of the 676
pULG6 amino acids showing identity with all of the other her-
pesviruses having an amino acid at the relevant position. Iden-
tity with at least one of the three other herpesviruses was
observed at 622 of 676 amino acids in the pUL6 sequence. All
herpesvirus pUL6 homologs examined were found to contain a
putative leucine zipper motif in a predicted a-helical region
between residues 425 and 447 (marked with stars in Fig. 8).
Other features that have been conserved include the MW,
isoelectric point, and overall charge (data not shown).

The program Ph.D. Predict was employed to identify pre-
sumptive secondary structural features in the amino acid se-
quences of pUL6 and its homologs in HSV-2, EBV, and
KSHV. The results for pUL6 are shown in Fig. 8, where pre-
dicted a-helices and regions of B structure are indicated by
inverted U’s and angled dashes, respectively. The results show
that a-helices are the predominant predicted structural feature
accounting for ~40% of the pUL6 sequence. Several long
a-helices are predicted (e.g., those marked al, a3, a5, and a6),
and these may correspond to similar long a-helices present in
the phage $29 portal protein (37). Compared to «-helices,
much less B structure is predicted in pUL6, with most occur-
ring in a single region between amino acids 216 and 273.
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DISCUSSION

Previous studies have indicated that HSV-1 DNA encapsi-
dation may occur by mechanisms similar to those of the better-
studied bacteriophages such as T7, T4, and \ (4, 8). Packaging
in these phage systems begins when terminase makes a cut in
the newly replicated, concatemeric phage DNA. The termi-
nase-DNA end complex then attaches to a progeny procapsid
by way of the portal or connector, a ring-shaped structure
located at a unique site in the procapsid shell. DNA is injected
through a hole in the portal oligomer with energy provided by
terminase-catalyzed ATP hydrolysis. Recent studies of the
phage $29 portal complex suggest turning of the 12-subunit
portal ring drives DNA translocation into the capsid (37).
Packaging is completed when terminase makes a second cut in
the DNA, and the portal is sealed. It was reasonable to assume
that HSV-1 DNA packaging would conform to the phage
model, because the mechanisms of capsid formation are sim-
ilar in the two and because HSV-1 encodes a homolog of phage
T4 terminase (30).

Location of pULG6 in the capsid. In the studies described
here, we tested the idea that the HSV-1 UL6 gene product is
the structural subunit of the portal. We determined the loca-
tion of pULSG in the capsid, its copy number per capsid, and the
structure of the purified protein in solution. In immunoelec-
tron microscopic studies designed to determine the location of
pULSG, 32 to 41% of capsids were found to have specific label
at a single vertex and not at other sites. This observation is the
first to demonstrate the presence of a unique capsid vertex in
any member of the herpesvirus family and in any mammalian
virus. A similar experimental method was employed to dem-
onstrate that the phage T4 portal protein, gp20, is located at a
unique capsid vertex (10). The location of pUL6 at a unique
site in the capsid is compatible with the view that it functions
as the portal, since the linear dSDNA genome presumably must
enter through a single opening.

The proportion of capsids labeled in immunoelectron mi-
croscopic experiments (i.e., 32 to 41%) could not be increased
by changes in the antibody concentration or in other experi-
mental variables tested, including temperature and ionic
strength. We suggest that inability to label pUL6 in some
capsids may be due to (i) blocking of antibody access to capsids
at or near the site of attachment to the electron microscope
grid, (ii) preferential attachment of capsids to the grid by way
of the pULG6 vertex, or (iii) masking of the portal complex (e.g.,
by steric blocking of antibody by the major capsid protein) on
the surface of some capsids. Labeling of pUL6 capsid vertices
with more than one gold bead as shown in Fig. 1 and Table 1
is expected to be possible, particularly if portal complexes
contain more than a single pUL6 molecule.

pULG6 copy number per capsid. The pUL6 copy number per
capsid was found to be 14.8 * 2.6 in Western immunoblot
experiments in which purified pUL6 was employed as a stan-
dard. Calculation of the pUL6 copy number was carried out
with the assumption that all capsids contain a portal complex,
as suggested in previous reports (29, 36). The experimental
value is in satisfactory agreement with the value of 12 expected
if the HSV-1 portal is a 12-member ring like the portals of most
dsDNA bacteriophage (3, 45). The higher value of the exper-
imental compared to the expected copy number (i.e..cf. 14.8
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FIG. 8. Amino acid sequence alignment of HSV-1, HSV-2, EBV, and KSHV pULS6 protein homologs. The intensity of shading is indicative of
the relative homology at each position, with dark gray shading representing amino acid identity. Predicted a-helical regions are marked with
inverted black arcs above the HSV-1 protein sequence; black slanted lines indicate regions of predicted { structure. The stars between amino acids
425 and 447 mark the location of a presumptive leucine zipper found in the pUL6 homologs in all herpesviruses.

and 12) may result from an underestimate of the number of
capsids analyzed due to uncertainties in determining VP5
quantitatively in stained SDS-polyacrylamide gels.

In a recent study, Ogasawara et al. (28) reported a value for
the pUL6 copy number per capsid (44 = 13) substantially
higher than that observed here. The measurement was made
by quantitative determination of a stained band in an SDS-
polyacrylamide gel. We suggest the higher value may have
resulted from the presence of non-ULG6 proteins in the relevant
region of the gel.

pULG6 purification. Purification of pUL6 from recombinant
baculovirus-infected Sf9 cells was complicated by the fact that
it was present in insoluble inclusion bodies. The protein had to
be dissolved before it could be purified and its structure ex-
amined in solution. Solubilization of pUL6 by treatment of
inclusion bodies with 1 M arginine was therefore a crucial step
in the purification procedure. Arginine was found to solubilize
pUL6 after unsuccessful attempts with many other com-
pounds, including salts, chaotropic agents, detergents, and re-
ducing agents. Not all inclusion body-associated pUL6 was
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TABLE 2. Immunogold staining of pUL6 in HSV-1 B capsids

No. (%) of capsids with

. Total no. of old beads at:
Capsid type capsids counted £
1 vertex 2 vertices

Expt 1

Wild-type HSV-1 219 69 (32) 3(1)

ULS6 deletion 211 3(1) 0
Expt 2

Wild-type HSV-1 222 92 (41) 6(3)

ULS6 deletion 502 12 (2) 1(<1)

solubilized in 1 M arginine. The proportion was estimated to
be ~15% in most preparations (W. Newcomb, unpublished
observation). Solubility of pUL6 required the continuous pres-
ence of 1 M arginine. If arginine was removed (e.g., by dialy-
sis), pUL6 was found to aggregate and come out of solution.
Such aggregates could be resolubilized, however, by further
treatment with 1 M arginine.

pULG6 structure. The structure of purified pUL6 was exam-
ined by electron microscopy of negatively stained specimens.
Micrographs showed two views: a ring (Fig. SA and 5B) and a
Y-shaped structure (Fig. 5C) interpreted to be a lateral view of
the ring. Together, the two images suggest the portal complex
may have a goblet shape as shown schematically in Fig. 5D.
According to this interpretation, the ring images would be axial
views of the structure as seen from the wide end. It is consis-
tent with this idea that the dimension of the Y images as
measured at the wide end (16.6 = 2.3 nm) is in satisfactory
agreement with the measured diameter of the ring images
(16.4 = 1.1 nm). Rings presumptively corresponding to a view
of the portal narrow end were observed in electron micro-
graphs, but they were rare (data not shown). This observation
suggests the narrow end may have a high affinity for the car-
bon-coated surface of electron microscope grids.

We suggest that the portal is oriented in the HSV-1 capsid
with the narrow end pointing outward and the wide end toward
the center of the capsid cavity. This orientation would corre-
spond to that of the phage $29 portal, the only portal whose
orientation in the capsid has been determined (42). The struc-
ture of the HSV-1 portal complex, with a central channel able
to accommodate DNA, is compatible with its proposed func-
tion as an opening through which DNA can enter the capsid.

The HSV-1 portal complex has important similarities to the
portals of dSDNA bacteriophage. For example, the dimensions
of the ring images, 16.4 = 1.1 and 5.0 = 0.7 nm for the outside
and inside diameters respectively, are within the range of val-
ues observed for purified bacteriophage portals examined in
comparable preparations. In six representative phage portals,
the ranges of values were reported to be 14.5 to 17.5 nm for the
outside diameter and 2.5 to 4.5 nm for the inside (3, 45).

In some micrographs, pULG6 rings could be seen to be com-
posed of distinct subunits, which we interpret to be pUL6
monomers (Fig. 5B). Efforts to count the subunits yielded
results that were in general agreement with determination of
the ring oligomeric state by STEM. Distinct subunits are also
observed in comparable electron micrographs of purified bac-
teriophage portal proteins, including those of phages T3, SPP1,
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T4, N\, and P22 (2, 11, 12, 17, 46). Efforts are currently under
way to determine the structure of the pUL6 portal at higher
resolution.

The length of the HSV-1 portal, 19.5 nm, is somewhat
greater than the lengths reported for bacteriophage portals.
For example, a range of 8.5 to 14.0 nm is reported for six phage
portals (45). We suggest the difference may be related to the
greater thickness of the capsid shell in HSV-1 (15 nm) com-
pared to dsDNA bacteriophage (2 to 3 nm) (55).

Use of STEM to determine the mass of individual pUL6
portals showed that the population is heterogeneous with re-
spect to the oligomeric state. A major population had an oli-
gomeric state of 12, but there were significant minority popu-
lations corresponding to oligomeric states of 14 and 16. It is
expected that the portal in the capsid will correspond to the
majority population (i.e., the 12-mer), and we are now testing
that expectation. The minor populations of 14- and 16-mers
may indicate that the basic building block of the ring is a pUL6
dimer. This is consistent with the presence of a conserved
putative leucine zipper (Fig. 8) that is predicted to be of the
type that forms homodimeric interactions (52). In studies in-
volving the use of electron cryomicroscopy and three-dimen-
sional image reconstruction, the portal complex of phage $29
was found to have 12-fold symmetry (42).

Structural similarities to other portal proteins. A high de-
gree of amino acid sequence conservation was observed be-
tween pUL6 and its homologs encoded in other human her-
pesviruses (Fig. 8). Regions of identity and homology were
observed in all parts of the sequence. We interpret this obser-
vation to be consistent with the view that the homologs in other
herpesviruses encode structurally similar portal complexes in-
volved in DNA encapsidation.

a-Helices are the predominant secondary structural feature
predicted to be present in the pUL6 molecule, accounting for
~40% of the total amino acid sequence, as shown in Fig. 8. We
note that a-helices are found to be the predominant elements
of secondary structure in the phage $29 portal protein (gp10),
the only portal protein whose structure has been determined
by X-ray crystallography (37). The gpl0 structure includes
three long a-helices that each traverse nearly the entire length
of the funnel-shaped portal. The predicted a-helical regions of
pULSG include several long helices (i.e., those indicated by al,
a3, o5, and a6 in Fig. 8) that have the potential to have a
similar orientation to those in the gpl0 structure. Thus, the
structures of the $29 and HSV-1 portal proteins may be con-
served despite amino acid sequence divergence, a situation
that has been observed in functionally homologous proteins in
a wide variety of organisms (9, 13, 16). We are currently using
methods of genetic analysis to test the proposed structural
homology between the $29 and HSV-1 portal proteins.

The proposed evolutionary relationship between herpesvi-
ruses and dsDNA bacteriophage is supported by the results
reported here showing a similarity in the structure of the portal
protein and in its location in the capsid. The basic mechanism
of DNA encapsidation appears to have been conserved over
the period of time, probably 2 billion years or more, that links
bacteria with vertebrate organisms, the hosts for herpesviruses.

In addition to serving as an entry site for DNA encapsida-
tion, the phage T4 portal complex also functions as an initiator
of capsid formation (5, 47, 48). Capsids are assembled at a
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membrane-bound site containing the portal protein (gp20) and
gp40, another phage-encoded protein. The functioning of the
portal in this way may ensure that only one portal complex is
incorporated into each capsid. Although it is clear that mor-
phologically normal HSV-1 capsids can form in the absence of
pULSG (20, 25, 44), it may nevertheless be the case that pUL6
is required for assembly of encapsidation-competent capsids in
vivo. In the future, it may be productive, therefore, to examine
how pUL6 becomes incorporated into capsids.
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