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ABSTRACT

Herpesvirus nascent capsids, after assembly in the nucleus, must acquire a variety of tegument proteins during maturation.
However, little is known about the identity of the tegument proteins that are associated with capsids in the nucleus or the molec-
ular mechanisms involved in the nuclear egress of capsids into the cytoplasm, especially for the two human gammaherpesviruses
Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV), due to a lack of efficient lytic replication sys-
tems. Murine gammaherpesvirus 68 (MHV-68) is genetically related to human gammaherpesviruses and serves as an excellent
model to study the de novo lytic replication of gammaherpesviruses. We have previously shown that open reading frame 33
(ORF33) of MHV-68 is a tegument protein of mature virions and is essential for virion assembly and egress. However, it remains
unclear how ORF33 is incorporated into virions. In this study, we first show that the endogenous ORF33 protein colocalizes with
capsid proteins at discrete areas in the nucleus during viral infection. Cosedimentation analysis as well as an immunoprecipita-
tion assay demonstrated that ORF33 is associated with both nuclear and cytoplasmic capsids. An immunogold labeling experi-
ment using an anti-ORF33 monoclonal antibody revealed that ORF33-rich areas in the nucleus are surrounded by immature
capsids. Moreover, ORF33 is associated with nucleocapsids prior to primary envelopment as well as with mature virions in the
cytoplasm. Finally, we show that ORF33 interacts with two capsid proteins, suggesting that nucleocapsids may interact with
ORF33 in a direct manner. In summary, we identified ORF33 to be a tegument protein that is associated with intranuclear cap-
sids prior to primary envelopment, likely through interacting with capsid proteins in a direct manner.

IMPORTANCE

Morphogenesis is an essential step in virus propagation that leads to the generation of progeny virions. For herpesviruses, this is
a complicated process that starts in the nucleus. Although the process of capsid assembly and genome packaging is relatively well
understood, how capsids acquire tegument (the layer between the capsid and the envelope in a herpesvirus virion) and whether
the initial tegumentation process takes place in the nucleus remain unclear. We previously showed that ORF33 of MHV-68 is a
tegument protein and functions in both the nuclear egress of capsids and final virion maturation in the cytoplasm. In the present
study, we show that ORF33 is associated with intranuclear capsids prior to primary envelopment and identify novel interactions
between ORF33 and two capsid proteins. Our work provides new insights into the association between tegument proteins and
nucleocapsids at an early stage of the virion maturation process for herpesviruses.

he family Herpesviridae consists of three subfamilies, i.e., the

Alphaherpesvirinae, the Betaherpesvirinae, and the Gammaher-
pesvirinae. All herpesvirus virions share a structure: an icosahedral
capsid shell containing a double-stranded DNA genome is sur-
rounded by a tegument layer, which is encased by a lipid bilayer
spiked with viral glycoproteins (1-3). Herpesvirus virion mor-
phogenesis is an ordered process. According to the widely ac-
cepted envelopment-deenvelopment-reenvelopment model, nu-
cleocapsids, after assembly in the nucleus, undergo a process of
primary envelopment at the inner nuclear membrane, resulting in
the formation of primary virions in the perinuclear space. The
primary envelope then fuses with the outer nuclear membrane,
releasing capsids into the cytoplasm. Final envelopment and the
formation of mature virions are believed to occur at trans-Golgi
network-derived vesicles (4, 5).

The tegument is a unique structure of herpesvirus particles. An
increasing amount of knowledge gained from viral genetics stud-
ies, biochemical analysis, as well as electron microscopy (EM) has
indicated that tegument proteins play critical roles in virion mor-
phogenesis in all herpesvirus subfamilies (6-12). At present,
knowledge about how capsids acquire specific tegument proteins
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and the molecular mechanisms of tegument protein involvement
in the virion maturation process has largely come from studies on
alphaherpesviruses, including herpes simplex virus 1 (HSV-1) and
pseudorabies virus (PRV) (9). Tegument addition is generally
thought to begin with primary envelopment at the inner nuclear
membrane, where capsids acquire a primary tegument (13). A
final set of tegument proteins is added in the cytoplasm following
nuclear egress and finally at the trans-Golgi network-derived ves-
icles (5). Compared to the large number of tegument proteins that
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are recruited onto capsids in the cytoplasm following nuclear
egress or at the stage of secondary envelopment, little tegument is
found in primary virions in the perinuclear space (5, 13, 14). Fur-
thermore, specific tegument proteins have been shown to concen-
trate in areas called “assemblons,” formed during capsid assembly
in the nucleus. However, whether binding of tegument protein to
capsids occurs at these areas is still a mystery (15-17).

The process of virion morphogenesis, especially tegumenta-
tion, of gammaherpesviruses is poorly understood, largely
because the productive replication of the two human gammaher-
pesviruses Epstein-Barr virus (EBV) and Kaposi’s sarcoma-asso-
ciated herpesvirus (KSHV) is limited in cultured cells. Murine
gammaherpesvirus 68 (MHV-68) is genetically related to these
two human gammaherpesviruses, on the basis of their genomic
sequences and other biological properties (18, 19). The ability to
initiate and complete efficient productive infections in fibroblast
and epithelial cell lines makes MHV-68 an excellent model to
study the lytic replication of gammaherpesviruses. By taking ad-
vantage of its genome cloned as a bacterial artificial chromosome
(BAC) (20, 21), the roles of several MHV-68 tegument proteins in
virus lytic replication have been revealed using a genetic approach
(8, 12, 22-24).

MHV-68 open reading frame 33 (ORF33) encodes a tegument
protein and is expressed with true late kinetics (8). By construc-
tion and analyses of an ORF33-null mutant, we show that ORF33
is essential for viral lytic replication in cultured cells. However,
viral genome replication, viral gene expression, and capsid assem-
bly are not affected in the absence of ORF33. Based on an analysis
of thin sections obtained from cells infected by an ORF33-null
mutant under a transmission electron microscope (TEM), we
subsequently found that the nuclear egress of nucleocapsids into
the cytoplasm is markedly inhibited. Maturation of virions is fi-
nally arrested at a cytoplasmic stage of partially tegumented nu-
cleocapsids (8). The prominent role of ORF33 in the translocation
of capsids from the nucleus to the cytoplasm prompted us to ex-
amine whether this protein is associated with capsids in the nu-
cleus since, until now, the limited number of tegument proteins or
glycoproteins of alphaherpesviruses associated with nuclear cap-
sids have all been found to function in this process (14, 25).

In this study, we took multiple approaches and demonstrate
that ORF33 is accumulated in the nucleus at discrete areas and is
associated with capsids in the nucleus prior to primary envelop-
ment. Furthermore, we identify novel interactions between
ORF33 and two capsid proteins.

MATERIALS AND METHODS

Cells and viruses. BHK-21 cells, Vero cells, and 293T cells were cultured
in complete Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum. Wide-type (WT) MHV-68 was
originally obtained from Ren Sun (University of California, Los Angeles).
The working stock was generated by infecting BHK-21 cells at a multiplic-
ity of infection (MOI) of 0.03. To infect BHK-21 cells or Vero cells, the
viral inoculum in DMEM was incubated with cells for 1 h with occasional
swirling. The inoculum was then removed and replaced with fresh DMEM
plus 10% fetal bovine serum. The titer of virus was measured by a plaque
assay in BHK-21 cells as previously described (8). The 33Stop BAC was
described previously (8).

Plasmid construction. Plasmid pHA-33 was described previously (8).
All plasmids with a 3X FLAG-CBP tag (Tag-25N, Tag-25C, Tag-26, Tag-
43, and Tag-33) used in this study were gifts from Ren Sun (University of
California, Los Angeles). Plasmids pHA-62 and pHA-65 were constructed
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by inserting the coding sequence of ORF62 and ORF65 into the EcoRI and
Xhol sites of the pCMV-HA vector (Clontech), respectively. The se-
quences of the primers used for plasmid construction are available upon
request.

Separation and analyses of capsids. The nucleus and cytoplasm of
MHV-68-infected BHK-21 cells were isolated using a CelLytic NuCLEAR
extraction kit (product code NXTRACT; Sigma-Aldrich) according to the
instructions in the manual accompanying the kit, with some modifica-
tions. Briefly, eight 15-cm plates of confluent BHK-21 cells were infected
atan MOI of 5. At 12 h postinfection, the cells were digested with trypsin,
collected by centrifugation at 1,000 X g for 5 min, resuspended in 6 ml of
lysis buffer (containing dithiothreitol [DTT] and protease inhibitors;
product code L9036; Sigma-Aldrich), and incubated on ice for 5 min.
Then, 10% Igepal CA-630 solution was added to the swollen cells to a final
concentration of 0.1%, and the mixture was vortexed vigorously for 10 s.
The cytoplasmic fraction was separated from the nuclei by centrifugation
at 1,000 X g for 10 min. The nuclei were washed three times and resus-
pended in 0.5 ml of extraction buffer (product code E2525; Sigma-Al-
drich) containing DTT and protease inhibitors. Capsids were released
from the purified nuclei by freezing (80°C) and then thawing (37°C) three
times. Insoluble materials from the nuclear and cytoplasmic fractions
were cleared by centrifugation at 8,000 X g for 30 min. The capsids re-
maining in the soluble supernatant of the nuclear and cytoplasmic frac-
tions were pelleted through a 1.7-ml1 30% (wt/vol) sucrose cushion in TNE
buffer (20 mM Tris-HCIL, pH 7.6, 150 mM NaCl, 1 mM EDTA) by cen-
trifugation at 83,500 X gfor 1 hinaP40T rotor (Hitachi). The pellets were
then resuspended in 500 pl of TNE bulffer, sonicated for 2 min at moder-
ate power, and layered onto a discontinuous sucrose density gradient
consisting of 20 to 45% (wt/vol) sucrose in TNE buffer. The gradients
were then centrifuged at 74,000 X g for 1 hin a P40T rotor (Hitachi). All
centrifugation steps were carried out at 4°C. Fractions of 850 pl each were
collected from the top of the gradient. A total of 14 fractions, named
fractions 1 to 14, were obtained from the top to the bottom. Trichloro-
acetic acid (TCA) was added to a final concentration of 13%, and the
samples were incubated overnight at 4°C. The precipitated proteins were
collected by centrifugation at 18,000 X g for 30 min, washed with 100%
ethanol, and resuspended in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer for Western blotting.

Immunoprecipitation of capsids and trypsin treatment assay. The
nucleus and cytoplasm of MHV-68-infected BHK-21 cells were isolated as
described above. ORF33 and its associated capsids were immunoprecipi-
tated with a mouse monoclonal antibody against ORF33 or mouse IgG as
a control. For trypsin treatment, a portion of the immunoprecipitates in
each fraction was diluted into 200 pl of trypsin buffer (50 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 1 mM CacCl,) with 1% Triton X-100 supplemen-
tation, trypsin was added to a final concentration of 4 pg/ml, and the
mixture was incubated at 37°C for 1 h. The reaction was stopped by add-
ing 0.5 mM phenylmethylsulfonyl fluoride and protease inhibitors. Both
immunoprecipitates and trypsin-treated samples were separated by elec-
trophoresis in SDS—10% polyacrylamide gels. The gels were then electro-
transferred onto nitrocellulose membranes and subjected to immuno-
blotting analysis.

Antibodies, immunoprecipitation, and immunoblotting. Bacteri-
ally expressed and purified His-ORF33 protein was provided to the Ex-
perimental Animal Center, Institute of Genetics and Developmental Bi-
ology, Chinese Academy of Sciences, to generate mouse monoclonal
antibodies against MHV-68 ORF33. Rabbit polyclonal anti-ORF26 and
anti-ORF65 antibodies were kind gifts from Ren Sun (University of Cal-
ifornia, Los Angeles). Mouse monoclonal antibody M2 or rabbit poly-
clonal antibody against a FLAG epitope and mouse monoclonal antibody
or polyclonal antibody against a hemagglutinin (HA) epitope were pur-
chased from Sigma. 293T cells seeded onto a 6-cm plate were transfected
with 7.5 pg of total DNA. At 48 h after transfection, cells were washed once
with ice-cold phosphate-buffered saline (PBS) and then solubilized in
lysis buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1% Triton X-100,
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1 mM EDTA) containing a protease inhibitor cocktail. Lysates were
cleared by centrifugation for 15 min at 16,000 X g. Ten percent of the
supernatant was used as an input control. Soluble proteins were mixed
with 20 wl anti-FLAG M2 agarose (Sigma), and the mixture was rotated at
4°Cfor 4 h. The beads were washed three times with lysis buffer before use.
Immune complexes were washed five times with lysis buffer, and super-
natant was depleted. Bound proteins were then subjected to immunoblot-
ting analysis. For immunoblotting, samples were heated to 100°C and
subjected to SDS-PAGE. Proteins on gels were transferred onto a polyvi-
nylidene difluoride membrane (Millipore) and incubated sequentially
with appropriate primary antibody and secondary antibody (anti-rabbit
or anti-mouse immunoglobulin G conjugated with horseradish peroxi-
dase), and the proteins were detected by use of an enhanced chemilumi-
nescence system (Millipore).

Indirect immunofluorescence assay (IFA). A total of 1 X 10° Vero
cells were seeded on glass coverslips in a 24-well plate. Cells were infected
with MHV-68 at an MOI of 3 and were fixed at 12 h postinfection (hpi) or
24 hpi. Formaldehyde fixation was carried out at 4°C for 15 min with
freshly made 4% formaldehyde in PBS. After washing with PBS, formal-
dehyde-fixed samples were permeabilized with 0.2% Triton X-100 dis-
solved in PBS at 4°C for 5 min. The cells were washed again with PBS and
incubated in 5% normal goat serum dissolved in PBS for 30 min at room
temperature (RT). Mouse anti-ORF33 antibody and rabbit anti-ORF65
and anti-ORF26 antibodies were applied as indicated below and incu-
bated for 1 h at RT. Primary antibody was removed by washing the cells
three times with PBS for 10 min each time with rocking. The cells were
then incubated with appropriate fluorescently labeled secondary antibod-
ies (antimouse antibody labeled with Alexa Fluor 568 and antirabbit an-
tibody labeled with Alexa Fluor 488; Invitrogen) for 1 h at RT. After three
washes with 1%o0 Tween 20 dissolved in PBS (PBST) and two washes with
H,O0, the cells were then incubated with DAPI (4',6-diamidino-2-phe-
nylindole) for 10 min. After two washes with H,O, the prepared coverslips
were mounted on microscope slides with Fluoromount reagent (Sigma).
All images were obtained by using a confocal microscope (Olympus).

Immunogold TEM. BHK-21 cells were seeded a day before infection
with MHV-68 at 50% confluence in 10-cm plates. The cells were infected
atan MOI of 5. Sample preparation and immunostaining were performed
as described previously, with some modifications (12). Briefly, at 11 h
after infection, the cells were fixed with 2% paraformaldehyde plus 0.05%
glutaraldehyde in 0.1 M phosphate buffer (PB; pH 7.2) for 15 min at 4°C
on the plate and embedded in 10% gelatin in 0.1 M PB. Small blocks were
infiltrated in 2.3 M sucrose plus 20% polyvinylpolypyrrolidone (PVP) in
PB overnight at 4°C and quickly plunged into liquid nitrogen. Sections
approximately 60 nm thick were cut with a Leica UC6/FC6 ultrami-
crotome and picked up with a wire loop filled with 2.3 M sucrose. Immu-
nostaining was performed as follows: the sections were washed in bovine
serum albumin (BSA) buffer (1% BSA and 0.15% glycine in PBS), fol-
lowed by blocking in normal goat serum (1:20 dilution in BSA buffer) for
30 min. Subsequently, the sections were reacted for 2 h at RT with mouse
monoclonal anti-ORF33 antibody (or BSA buffer as a negative control)
and then for 1 h at RT with goat anti-mouse IgG conjugated with 10-nm
colloidal gold particles (Sigma). After a brief wash in BSA buffer and PB,
the sections were treated with 2.5% glutaraldehyde for 5 min. Finally, the
sections were stained with 2% neutral uranyl acetate sealed with methyl
cellulose. The sections were examined with a 120- or 200-kV electron
microscope (Tecnai; FEI).

RESULTS

ORF33 accumulates in the nucleus and colocalizes with capsid
proteins at discrete areas during MHV-68 infection. Our previ-
ous data demonstrated that ORF33 localizes evenly in both the
cytoplasm and the nucleus in cells transiently expressing exoge-
nously supplied ORF33. After infection with MHV-68, it seemed
that ORF33 was prone to translocate from the cytoplasm to the
nucleus (8). To determine the localization of endogenous ORF33
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during MHV-68 infection, we developed a mouse monoclonal
antibody against ORF33. We first verified the specificity of the
antibody using MHV-68-infected cells. A band corresponding to
36-kDa proteins, consistent with the predicted molecular mass of
ORF33, was detected in lysate from virus-infected cells but not in
that from mock-infected cells (data not shown). To more rigor-
ously verify the specificity of the antibody, we transfected pHA-33,
the MHV-68 WT BAC, or the 33Stop BAC into either Vero cells or
BHK-21 cells and performed Western blotting using the mono-
clonal antibody for ORF33 or an antibody for capsid protein
ORF26. Both the MHV-68 WT BAC and the 33Stop BAC were
successfully transfected into the cells, and viral lytic proteins, such
as ORF26, were expressed (Fig. 1A, middle, lanes 3, 4, 7, and 8). A
37-kDa band or a 36-kDa band protein was detected in lysates
from pHA-33- or WT BAC-transfected cells, respectively, consis-
tent with the predicted molecular mass of HA-tagged ORF33 (Fig.
1A, top, lanes 1 and 5) or native ORF33 (Fig. 1A, top, lanes 3 and
7). In contrast, no band was detected in lysates from 33Stop BAC-
transfected cells (8) (Fig. 1A, top, lanes 4 and 8) or mock-trans-
fected cells (Fig. 1A, top, lanes 2 and 6), demonstrating the speci-
ficity of the anti-ORF33 monoclonal antibody.

We then examined the localization of endogenous ORF33 in
comparison to that of two capsid proteins, ORF65 (a small capsid
protein) and ORF26 (the triplex-2 protein). Vero cells were in-
fected with MHV-68 and then subjected to an indirect immuno-
fluorescence assay performed with the anti-ORF33 monoclonal
antibody and an anti-ORF65 or anti-ORF26 rabbit polyclonal an-
tibody. As shown in Fig. 1B, endogenous ORF33 localized pre-
dominantly in distinct compartments within the nucleus, where
capsid protein ORF65 (rows 1, 2, and 3) or ORF26 (row 4) accu-
mulated at the indicated time points. At 24 h postinfection, en-
dogenous ORF33 also colocalized with ORF65 at discrete areas in
the cytoplasm (Fig. 1B, row 3, arrows). We have previously dem-
onstrated that ORF33 plays an important role during nuclear
egress of capsids (8). Since ORF33 is predominantly colocalized
with capsid proteins in the nucleus during viral infection, we rea-
soned that ORF33 might be associated with capsids in the nucleus.

ORF33 is associated with both nuclear and cytoplasmic cap-
sids. To address whether ORF33 is associated with nuclear cap-
sids, a cosedimentation assay was performed. The nuclear fraction
was separated from the cytoplasmic extract of MHV-68-infected
cells. Clean separation of the two fractions was demonstrated by
Western blotting probing for a cytoplasmic marker, caspase 3, ora
nuclear marker, lamin A/C, respectively (Fig. 2A). Nuclear and
cytoplasmic capsids were first pelleted through a sucrose cushion
prior to sucrose gradient sedimentation. Fractions were collected,
concentrated, and separated on an SDS-polyacrylamide gel prior
to immunoblotting analyses with antibodies against ORF33 and
capsid protein ORF26. ORF26 was used as an indicator of the
location of the capsids in the sucrose gradient. We found that
ORF33 was present in fractions containing capsids collected from
both the nuclear and cytoplasmic extracts (Fig. 2B). These data
suggest that ORF33 is associated with both nuclear and cytoplas-
mic capsids.

To further confirm the association of ORF33 with both nuclear
and cytoplasmic capsids, a virion coimmunoprecipitation assay
was also employed. We reasoned that if ORF33 is indeed associ-
ated with nuclear and cytoplasmic capsids, then capsids in both
the nuclear and cytoplasmic extracts could be immunoprecipi-
tated with the anti-ORF33 antibody. Again, nuclear and cytoplas-
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FIG 1 MHV-68 ORF33 accumulates in the nucleus and colocalizes with cap-
sid proteins during virus infection. (A) Verification of the specificity of the
anti-ORF33 monoclonal antibody. Vero and BHK-21 cells were transfected
with pHA-33, the WT BAC, or the 33Stop BAC. At 36 h posttransfection, cells
were lysed and subjected to Western blotting with the anti-ORF33 monoclonal
antibody, a polyclonal antibody against ORF26, or a monoclonal antibody
specific for B-actin. Lysates from mock-transfected cells were used as a nega-
tive control. (B) ORF33 colocalizes with capsid proteins during viral infection.
Vero cells were infected with MHV-68 at an MOI of 3. At 12 and 24 h postin-
fection, cells were fixed and subjected to an indirect immunofluorescence as-
say using the anti-ORF33 monoclonal antibody and a rabbit polyclonal anti-
body against ORF65 or ORF26. The anti-ORF33 antibody was detected by use
of an Alexa Fluor 568-conjugated secondary antibody (red channel). The anti-
ORF65 and amti-ORF26 antibodies were detected by use of an Alexa Fluor
488-conjugated secondary antibody (green channel). Arrows, cytoplasmically
localized ORF33.

mic extracts were cleanly separated, as demonstrated by the ab-
sence of cross contaminations (Fig. 3A). The nuclear and
cytoplasmic extracts were individually incubated with the anti-
OREF33 antibody or mouse IgG. Then, the immunoprecipitates
were equally divided into two parts. One part was used to deter-
mine whether capsid proteins were precipitated. Both the ORF65
and ORF26 capsid proteins were successfully pulled down with
the anti-ORF33 antibody in either the nuclear or the cytoplasmic
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FIG 2 Cosedimentation of ORF33 with both nuclear and cytoplasmic capsids.
(A) BHK-21 cells were infected with MHV-68 at an MOI of 5. At 12 h postin-
fection, the cells were harvested and separated into nuclear (Nu) and cytoplas-
mic (Cy) fractions, as described in Materials and Methods. A small portion of
the two fractions was analyzed by immunoblotting with antibodies against
lamin A/C or caspase 3. (B) Nuclear and cytoplasmic capsids were first pelleted
through a 30% sucrose cushion prior to 20 to 50% (wt/vol) sucrose gradient
sedimentation. Fractions were collected, and proteins were concentrated and
separated on SDS—12% polyacrylamide gels prior to immunoblotting analyses
with antibodies against ORF33 or capsid protein ORF26.

immunoprecipitates (Fig. 3B, lanes 2 and 4). In contrast, ORF33,
ORF65, or ORF26 was not immunoprecipitated with mouse I1gG
(Fig. 3B, lanes 1 and 3). To verify that it was assembled capsids and
not free ORF65 and ORF26 proteins that were precipitated with
the anti-ORF33 antibody, we took advantage of the property that
capsid proteins, once assembled into virions, are much less sensi-
tive than tegument proteins to trypsin treatment in the presence of
detergent (8, 26). The remaining halves of the immunoprecipi-
tates pulled down with the anti-ORF33 antibody were treated with
trypsin in the presence of Triton X-100. As shown in Fig. 3B, both
ORF65 and ORF26 in the two immunoprecipitates were resistant
to trypsin digestion, demonstrating that both cytoplasmic and
nuclear capsids are indeed pulled down with the anti-ORF33 an-
tibody (Fig. 3B, middle and bottom, lanes 5 and 6). As a tegument
protein, ORF33 is more sensitive to trypsin digestion and there-
fore was digested to an undetectable level (Fig. 3B, top, lanes 5 and
6). Taken together, these data further confirmed that ORF33 is
associated with both nuclear and cytoplasmic capsids.

ORF33 is associated with capsids prior to primary envelop-
ment. Although the data presented above demonstrated that
OREF33 is associated with both nuclear and cytoplasmic capsids, it
was unclear whether ORF33 interacts with capsids prior to or
during nuclear egress of capsids. We therefore used electron mi-
croscopy to further examine the association of ORF33 with cap-
sids at different stages of virion assembly. BHK-21 cells infected
with MHV-68 were analyzed by an immunogold labeling assay
using the anti-ORF33 monoclonal antibody, and viral particles in
the nucleus and cytoplasm were examined (Fig. 4). In the nucleus,
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FIG 3 Immunoprecipitation of both nuclear and cytoplasmic capsids by the
anti-ORF33 antibody. (A) BHK-21 cells were infected with MHV-68 at an
MOI of 5 for 12 h. Nuclear and cytoplasmic fractions were separated as de-
scribed in Materials and Methods and analyzed as described in the legend to
Fig. 2A. (B) Nuclear and cytoplasmic fractions were incubated with the mouse
anti-ORF33 monoclonal antibody or mouse IgG. Each precipitated sample
pulled down with the anti-ORF33 antibody was divided into two parts. One
part was analyzed by Western blotting to detect viral proteins using antibodies
against ORF33, ORF65, or ORF26 (lanes 2 and 4). The other part was treated
with trypsin for 1 h in the presence of 1% Triton X-100 prior to Western
blotting analyses (lanes 5 and 6). Precipitates pulled down by mouse IgG were
also analyzed by Western blotting (lanes 1 and 3). Cy, cytoplasmic extract; Nu,
nuclear extract; IP, immunoprecipitation.

capsids were labeled with gold particles prior to arriving at the
inner nuclear membrane, indicating that ORF33 is associated with
intranuclear capsids (Fig. 4A to D, black and white arrows). We
noticed that some gold particles were located at a distance (usually
less than 20 nm) from the capsids (Fig. 4C and D, white arrows).
This may reflect the diameter of the primary and secondary anti-
bodies used in the labeling assay, as previous work showed that, in
an indirect labeling system, colloidal gold is located 15 to 30 nm
from the antigenic site to which the primary antibody binds (27).
ORF33 was also associated with viral particles in the cytoplasm, as
shown by labeling of cytoplasmic virions (Fig. 4E and F). As a
negative control, sections of cells transfected with the 33Stop BAC
were also examined. Consistent with our previous observation
(8), capsid formation was not affected in the absence of ORF33,
but the nuclear egress of capsids was partially inhibited, as shown
by the much more frequent clustering of capsids in the nucleus
than in the cytoplasm. However, these capsids were not labeled
with gold particles, demonstrating the specificity of the antibody
in the immunogold labeling assay (Fig. 4G and H).

When we examined capsids in the nucleus, electron-dense ar-
eas with abundant ORF33 staining were frequently observed, con-
sistent with the dense fluorescent compartments observed in Fig.
1B. Examples of these areas are shown in Fig. 5A and B (arrow-
heads). These ORF33-rich nuclear regions were often surrounded
by immature capsids (Fig. 5A and B, arrows). These nuclear areas
that accumulated with immature capsids and tegument protein
are reminiscent of the assemblons that formed during capsid as-
sembly in alphaherpesviruses, as previously reported (17).
ORF33-rich cytoplasmic regions, consistent with the dense fluo-
rescent compartments revealed in the confocal images (Fig. 1B,
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row 3, arrows), were also detected. An example of these areas is
shown in Fig. 5C (white arrowhead).

During analysis of these images, we noticed that the labeling
efficiencies of both the intranuclear capsids and the cytoplasmic
virions were low. Quantitative analyses of images from multiple
regions showed that although only 10.4% of intranuclear capsids
and 15.6% of cytoplasmic virions were labeled, the labeling was
highly specific, as no gold particle was found to be associated with
intranuclear capsids or cytoplasmic virions in 33Stop BAC-trans-
fected samples (Table 1). Obviously, those intranuclear capsids
that have just completed assembly and DNA packaging but that
have not yet acquired ORF33 would not be labeled. Other reasons
for the low labeling efficiency may include a weak affinity of the
anti-ORF33 antibody to ORF33 under the experimental condition
for EM analysis and/or the low occupancy of ORF33 on or near
capsids and virions, since most labeled capsids and virions had
only 1 or 2 gold particles. In addition, depending on the relative
location of the ORF33 protein within the embedded sample block,
it may be difficult for the anti-ORF33 antibody to gain access to
ORF33 and/or for gold particles to penetrate the medium used to
embed samples for electron microscopy analysis. For these rea-
sons, we do not think that it is suitable to quantify the average
number of gold particles per particle. Instead, we analyzed the
same EM images for the distribution of the gold particles and
found that, in the presence of WT virus, 40% of the gold particles
were localized in ORF33-rich nuclear regions, 22% were associ-
ated with nuclear capsids, 5% were localized in ORF33-rich cyto-
plasmic regions, and 26% were associated with cytoplasmic viri-
ons. The remaining gold particles were randomly distributed
(Table 2). In contrast, only 8 free gold particles were enumerated
from multiple regions of equal sizes from 33Stop BAC-transfected
samples, which may be caused by rare nonspecific binding of gold-
conjugated secondary antibody. Importantly, none of these gold
particles was associated with capsids or virions (Table 2). Taken
together, these data demonstrate that ORF33 is associated with
nuclear capsids prior to primary envelopment as well as with ma-
ture virions in the cytoplasm.

ORF33 interacts with capsid proteins ORF25 and ORF26.
Herpesvirus virion assembly is driven by multiple protein-protein
interactions (28-31). Since ORF33, as an inner tegument protein
(8), is associated with intranuclear capsids (Fig. 2 to and 4), we
hypothesized that ORF33 may do so through interacting with in-
dividual capsid proteins. We thus tested the interactions between
ORF33 and the five capsid proteins conserved in all herpesviruses,
ORF25, ORF26, ORF43, ORF62, and ORF65. For better expres-
sion, the major capsid protein ORF25 was divided into two parts
(designated ORF25N for amino acids [aa] 1 to 808 and ORF25C
for aa 777 to 1365, respectively). Expression plasmids for HA-
tagged ORF33 (HA-33) or 3X FLAG-CBP-tagged ORF33 (Tag-
33) and individual capsid proteins with a 3X FLAG-CBP tag or
HA tag were cotransfected into 293T cells, and the cells were har-
vested for coimmunoprecipitation assays. We found that ORF33
interacted with ORF25C and ORF26 (Fig. 6A) but not with the
others (Fig. 6A and B). Therefore, ORF33 may associate with in-
tranuclear capsids through directly interacting with the major
capsid protein ORF25 and/or the triplex-2 protein ORF26.

DISCUSSION

As a structural linker between the capsid and the envelope, the
tegument plays multiple roles in virus lytic replication. To date,
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MHV-68 ORF33 Is Associated with Intranuclear Capsids

FIG 4 ORF33 isassociated with nuclear capsids prior to primary envelopment as well as with mature virions in the cytoplasm. (A to F) BHK-21 cells were infected
with WT MHV-68 at an MOI of 5 and analyzed 11 h later by immunoelectron microscopy with the anti-ORF33 monoclonal antibody, followed by a secondary
antibody conjugated with 10-nm gold particles. Gold particles were detected both on or adjacent to capsids in the nucleus (Nu) (A to D) and on or adjacent to
virions in the cytoplasm (Cyto) (Eand F). (G and H) BHK-21 cells transfected with the 33Stop BAC were used as a negative-control sample. No gold particles were
detected on the capsids. Black arrows, gold particles closely associated with capsids or virions; white arrows, gold particles adjacent to capsids or virions;

arrowheads, free gold particles.

most of our knowledge regarding how the tegument layer is
formed within a virion has come from studies on alphaherpesvi-
ruses. The dual roles of ORF33 of a gammaherpesvirus in virion
morphogenesis at separate stages (8) prompted us to investigate
how this tegument is associated with capsids. Here we found that
ORF33 not only colocalized with capsid proteins during MHV-68
infection in an immunofluorescence assay (Fig. 1B) but also was
associated with both nuclear and cytoplasmic capsids in cosedi-
mentation and immunoprecipitation assays (Fig. 2 and 3). Immu-
nogold labeling assays showed that ORF33 accumulated in dis-
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crete areas of the nucleus surrounded by immature capsids (Fig.
5). Consistently, ORF33 was detected on capsids prior to primary
envelopment (Fig. 4A to D). These data indicate that ORF33 may
associate with capsids at these ORF33-rich areas, although we can-
not rule out the possibility that the association of ORF33 with
capsids and the protein’s accumulation in the nucleus are two
independent events. Nonetheless, we identified ORF33 as a tegu-
ment protein that is associated with intranuclear capsids prior to
primary envelopment.

Herpesvirus assembly involves multiple protein-protein inter-
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FIG 5 Immunogold labeling of ORF33-rich regions in the nucleus and cyto-
plasm. Samples were treated and viewed as described in the legend to Fig. 4.
Arrows, nuclear capsids; black arrowheads, ORF33-rich nuclear areas; white
arrowheads, ORF33-rich cytoplasmic area.

actions (29-32). A previous study on the genome-wide protein
interaction network of MHV-68 showed that ORF33 interacts
with tegument proteins ORF38 and ORF45 (33). We have con-
firmed these interactions (34) (data not shown). However, our
immunogold labeling results showed that, unlike ORF33, both
ORF38 and ORF45 are packaged onto capsids in the cytoplasm
(34) (data not shown). Thus, their interactions with ORF33 may
participate in virion morphogenesis in the cytoplasm, but these
interactions are unlikely to contribute to the association of ORF33
with nucleocapsids. Here we identified two novel interacting part-
ners for ORF33: the major capsid protein ORF25 and the triplex-2
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protein ORF26. ORF25, which makes up the capsomere, has three
domains: the floor, middle, and upper domains (35). Binding of
the inner tegument protein(s) to the capsid is mediated by the
upper domain of the major capsid proteins and the triplex pro-
tein(s) (1, 35, 36). We previously showed that capsid formation is
not affected in the absence of ORF33, and ORF33 is an inner
tegument protein of mature MHV-68 virions (8). Since ORF33 is
associated with capsids in the nucleus, the interactions identified
strongly indicated that ORF33, as an inner tegument protein, may
interact with nascent capsids in a direct manner.

Our previous work demonstrated that ORF33 plays an impor-
tant role in the nuclear egress of capsids (8), but the underlying
mechanism remained unclear. An essential step in the nuclear
egress process is the primary envelopment of nucleocapsids. For
this to take place, the nuclear lamina is dissolved by virus genome-
and host genome-encoded kinases to make the inner nuclear
membrane accessible to the capsids. Two viral proteins of HSV-1,
UL31 and UL34, make up the nuclear egress complex and play a
key role in this process (37, 38). These two proteins are conserved
(UL53 and UL50 in human cytomegalovirus [HCMV], BFLF2
and BFRF1 in EBV, and ORF69 and ORF67 in KSHV or MHV-
68), but how capsids are directed or linked to the nuclear egress
complex is still largely unknown (37-40). The interaction between
HSV-1 UL31 and members of the capsid vertex-specific complex
(CVSC) has been shown to be important to bridge capsids and the
nuclear egress complex (41-43). As an inner tegument protein
that is associated with capsids in the nucleus and plays a functional
role in the nuclear egress of capsids, MHV-68 ORF33 may regulate
the nuclear egress of capsids through interacting with key mole-
cules in this process. Alternatively, ORF33 may be involved in the
intranuclear movement of capsids, which, after assembly in the
nucleus, must move toward the inner nuclear membrane for en-
velopment. This is a rapid and active transport process dependent
on energy and temperature. Components of the cellular transpor-
tation machine, such as nuclear actin and the motor protein my-
osin, were suggested to participate in the movement of capsids
(44). However, whether there exists a virion protein(s) that di-
rectly interacts with the motor proteins is still a mystery. As a
tegument protein that is associated with intranuclear capsids and
partially impairs the nuclear egress of capsids, ORF33 may partic-
ipate in the transportation of capsids within the nucleus.

ORF33 is a tegument protein conserved among all herpesvirus
subfamilies (9). Its homologue in alphaherpesviruses, UL16, has
been extensively studied. HSV-1 UL16 is also a virion-associated
tegument protein and functions in virion maturation (26, 45).
Both ORF33 and UL16 accumulate in the nucleus during virus
infection and colocalize with intranuclear capsid proteins (16)

TABLE 1 Percentage of virions labeled with gold particles in EM images

Total no. of
virions % of virions labeled
Virus Type of virion counted” with gold particles
WT MHV-68  Nuclear capsids 241 10.4
Cytoplasmic virions 232 15.6
33Stop BAC Nuclear capsids 539 0
Cytoplasmic virions 98 0

“ The total number of virion particles enumerated from images of 15 nuclear regions
and 15 cytoplasmic regions.
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TABLE 2 Distribution of gold particles in EM images

MHV-68 ORF33 Is Associated with Intranuclear Capsids

Fraction (%) of total gold particles in the indicated regions

No. of gold ORF33- rich nuclear Nuclear ORF33-rich cytoplasmic Cytoplasmic Free gold
Virus particles” regions capsids regions virions particles
WT MHV-68 244 40 22 5 26 7
33Stop BAC 8 0 0 0 0 100

@ The total number of gold particles was enumerated from the same images used for the analysis whose results are presented in Table 1.

(Fig. 1), and both proteins are critical for virion maturation in the
cytoplasm through interacting with its binding partners (34, 45,
46). However, UL16 and ORF33 differ in several aspects: (i) UL16
was reported to participate in viral DNA packaging (47), but this is
not the case for ORF33 (8). (ii) Unlike ORF33, UL16 is dispens-
able for the replication of HSV-1 in cell culture (8, 48). (iii)
Through biochemical analysis of capsids isolated from either the
nucleus or the cytoplasm, researchers from one group showed that
UL16 bound to cytoplasmic capsids with dynamic kinetics but was
not present on nuclear capsids. However, the authors also ac-
knowledged that the association between UL16 and nuclear cap-
sids might be too weak to be detected under the lysis conditions
used in their studies (26). (iv) UL16 has been reported to interact
with a panel of viral proteins (32, 45, 46, 49). Among these, only
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FIG 6 ORF33 interacts with capsid proteins ORF25 and ORF26. 293T cells
were cotransfected with expression plasmids, as indicated. At 48 h posttrans-
fection, whole-cell lysates (WCL) were prepared, and the expression of each
protein was examined by Western blotting. The whole-cell lysates were further
subjected to immunoprecipitation with anti-Flag M2 agarose and analyzed by
Western blotting using anti-HA, anti-FLAG, or anti-ORF33 antibodies. Ar-
rowheads, antibody heavy and light chains.
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the interaction between UL16 and ULI11 is conserved in gamma-
herpesviruses (in the form of ORF33 and ORF38). ORF33 also
interacts with ORF45, but there is no homologue of ORF45 in
alphaherpesviruses (41).

The primary sequence similarity of these two proteins is only
18.2% when their sequences are aligned by use of the Clustal (ver-
sion 2.1) program. To better compare these two proteins, we gen-
erated the three-dimensional (3D) structure models of ORF33
(for which the structure with PDB accession number INOV was
used as the template) and UL16 (for which the structure with PDB
accession number 1F8V was used as the template) using the FR-
t5-M program (50). We found that the two proteins share more
similarity in their 3D structures (root mean square deviation =
3.64) than in their primary sequences, but there are obvious dif-
ferences in local regions (data not shown). These local differences
may help explain the functional differences between ORF33 and
UL16. Unfortunately, all efforts to map the specific domain(s)
mediating the interaction of UL16 or ORF33 with its binding part-
ners failed (49, 51) (data not shown), impeding further analysis.

The homologue of ORF33 in betaherpesviruses is UL94. Like
gammaherpesvirus ORF33, HCMV UL94 also plays an essential
role in virus lytic infection (10). A recent study demonstrated that
UL94 participates in secondary envelopment through interacting
with another tegument protein (UL99), the homologue of HSV-1
UL11 and MHV-68 ORF38 (30). Interestingly, UL94 also accu-
mulates in the nucleus during virus infection (52). However,
whether UL94 is associated with intranuclear capsids and plays a
functional role in the nuclear egress of HCMV capsids remains to
be determined.
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