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The portal vertex of herpesvirus capsids serves as the conduit through which DNA is inserted during the
assembly process. In herpes simplex virus (HSV), the portal is composed of 12 copies of the UL6 gene product,
pUL6. Previous results identified a domain in the major capsid scaffold protein, ICP35, required for interaction
with pUL6 and its incorporation into capsids formed in vitro (G. P. Singer et al., J. Virol. 74:6838–6848, 2005).
In the current studies, pUL6 and scaffold proteins were found to coimmunoprecipitate from lysates of both
HSV-infected cells and mammalian cells expressing scaffold proteins and pUL6. The coimmunoprecipitation of
pUL6 and scaffold proteins was precluded upon deletion of codons 143 to 151 within UL26.5, encoding ICP35.
While wild-type scaffold proteins colocalized with pUL6 when transiently coexpressed as viewed by indirect
immunofluorescence, deletion of UL26.5 codons 143 to 151 precluded this colocalization. A recombinant herpes
simplex virus, vJB11, was generated that lacked UL26.5 codons 143 to 151. A virus derived from this mutant but
bearing a restored UL26.5 was also generated. vJB11 was unable to cleave or package viral DNA, whereas the
restored virus packaged DNA normally. vJB11 produced ample numbers of B capsids in infected cells, but these
lacked normal levels of pUL6. The deletion in UL26.5 also rendered pUL6 resistant to detergent extraction from
vJB11-infected cells. These data indicate that, as was observed in vitro, amino acids 143 to 151 of ICP35 are critical
for (i) interaction between scaffold proteins and pUL6 and (ii) incorporation of the HSV portal into capsids.

Herpes simplex virus (HSV) procapsids, like those of all
herpesviruses, comprise two interconnected protein shells: an
internal hollow sphere composed of more than 2,000 copies of
the protein ICP35 or VP22a and an external shell composed
primarily of 955 copies of the major capsid protein VP5 (1, 22,
28). Because of its importance in ensuring proper capsid as-
sembly of the outer shell and its eventual loss from DNA-
containing capsids, the internal shell has also been referred to
as the capsid scaffold.

ICP35 is the product of the UL26.5 open reading frame,
which is contained entirely within another gene, UL26 (Fig. 1)
(15). UL26 encodes a serine protease (termed the maturational
protease) that is essential for efficient viral replication (6, 10,
14). Approximately 87 copies of the encoded protein, pUL26,
are present within the internal spherical shell of procapsids
(20). During procapsid maturation, the UL26-encoded pro-
tease cleaves itself between amino acids 247 and 248 to yield
two proteins: the N-terminal VP24 containing the protease and
VP21, which is largely identical to ICP35 except for an N-
terminal extension of 59 amino acids (Fig. 1) (5, 8, 37). In a
separate event, the protease also cleaves ICP35 and VP21 to
release 25 amino acids from their C termini (8). Because these
C termini interact with the outer shell in the procapsid, it has
been proposed that the cleavage serves to remove structural
constraints within the spherical procapsid that preclude matu-

ration of the outer shell (16, 31, 36). This proteolytic cleavage-
triggered event results in a dramatic morphological change in
the outer shell, from roughly spherical in the procapsid to the
icosahedral shape of mature capsids (11, 34). The maturation
of the shell likely coincides with DNA packaging in which
concatameric viral DNA is cleaved into genomic lengths and
inserted into the capsid.

Remarkably, each functional herpesvirus capsid incorpo-
rates a single portal or portal vertex into its outer shell for the
purposes of DNA packaging and expulsion. In HSV capsids,
the portal consists of a dodecamer of the UL6 gene product
(pUL6) (18, 35). How each capsid is prevented from incorpo-
rating more than one portal is unknown, but based on studies
of bacteriophage portal vertices, it seems likely that the initial
portal/shell subassembly acts as a nidus around which the rest
of the capsid forms (17). Thus, once the capsid shell continues
to expand outward from the original nidus, other portals or
their subunits are excluded from incorporation. It has been
shown that the portal protein and ICP35 interact in vitro and
that amino acids 143 to 151 of ICP35 are critical for incorpo-
ration of portal protein into capsids assembled in vitro (19, 27).
The current studies were undertaken to investigate the role of
this domain in interaction with portal protein in HSV-infected
cells and incorporation of the portal into HSV type 1 (HSV-1)
capsids produced by such cells.

MATERIALS AND METHODS

Viruses and cells. Rabbit skin cells and CV1 cells were obtained from the
American Type Culture Collection and maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% newborn calf serum, 100 U
penicillin per ml, and 100 �g of streptomycin per ml. Flp-In-CV1 cell lines were
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purchased from Invitrogen and were grown in DMEM supplemented with 10%
fetal bovine serum, 100 U/ml penicillin, 100 �g/ml streptomycin, and 100 �g/ml
zeocin. CV26.5 and CV26 cell lines described in this paper were cultured in
DMEM supplemented with 10% fetal bovine serum, 100 U/ml of penicillin, 100
�g/ml of streptomycin, and 200 �g/ml of hygromycin B. HSV-1 strain F [HSV-
1(F)] and UL6 null virus derived from HSV-1 strain 17 were described previously
(9, 23).

Plasmids. PCR amplicons of UL26.5 or UL26 were cloned into the HindIII
and EcoRV sites located in the multiple cloning site of expression vector
pcDNA3, and the resulting constructs were designated pJB449 and pJB448,
respectively. To delete codons 143 to 151 from UL26.5, or codons 449 to 457
from UL26, two-step PCR was performed. The resultant PCR amplicons were
cloned into pcDNA5/FRT at the HindIII and EcoRV sites, and the resulting
plasmids were designated pJB512 and pJB513, respectively. To construct pJB471
and pJB480, pJB449 and pJB448 were digested with HindIII and EcoRV, and
the resulting fragments were subcloned into the HindIII and EcoRV sites of
pcDNA5/FRT. All plasmid constructs were confirmed by DNA sequencing (data
not shown) and immunoblotting after transient expression in mammalian cells.

Plasmid pCAGGS-nlsCre, expressing Cre recombinase, was a gift from Mi-
chael Kotlikoff, Cornell University. Plasmids pBAD-I-SceI, containing the gene
encoding the Saccharomyces cerevisiae I-SceI endonuclease, and pEPkan-S, con-
taining aphAI (encoding kanamycin resistance) adjacent to an I-SceI restriction
site, were gifts from Nikolaus Osterrieder, Cornell University.

Construction of complementing cell lines. UL26.5- or UL26-expressing cell
lines were constructed by using the Flp-In-CV1 system (Invitrogen) according to
the manufacturer’s protocol and as described previously (13). Briefly, either
pJB471 or pJB480 was cotransfected with plasmid pOG44, containing Flp re-
combinase under the constitutive cytomegalovirus promoter/enhancer, into an
engineered cell line (Flp-In-CV1). Correct insertion of the shuttle vector caused
simultaneous loss of zeocin resistance and gain of hygromycin resistance. After
recombination, cells resistant to hygromycin were selected by growth in Dulbec-

co’s modified Eagle’s medium supplemented with 10% fetal bovine serum and
200 �g/ml hygromycin B.

Construction of recombinant viruses. Production and characterization of a
bacterial artificial chromosome (BAC) containing the entire HSV-1(F) genome
was described previously (29). Recombinant viruses were constructed by En
Passant mutagenesis, a two-step Red-mediated recombinant system described by
B. K. Tischer et al. (32). The details of the procedure, and their use in construc-
tion of recombinant HSV-1 genomes were also described previously (32, 39). The
primers for production of a PCR amplicon for eventual deletion of codons 143
to 151 from the UL26.5 gene in the HSV-1(F)-containing BAC were as follows:
forward, TCCTACTGCGACCAGGACGAACCGGACGCGGACTACGCGC
CGCGCGGGGTCGACTAGGGATAACAGGGTAATCGATTT; reverse,
GCGGGCCGCGCGCCGGGAGTCGACCCCGCGCGGCGCGTAGTCCGC
GTCCGGTTCGCCAGTGTTACAACCAATTAACC.

The expected mutation in the BAC DNA was confirmed by DNA sequencing,
and the resulting recombinant BAC was designated bJB11. Purified bJB11 DNA
was cotransfected with a Cre expression plasmid (see above) into CV26.5 cells
expressing UL26.5. The presence of viable recombinant virus was indicated by
plaque formation, and the resulting virus was subjected to two further rounds of
plaque purification. The genotype of the recombinant virus, designated vJB11,
was confirmed by PCR and DNA sequencing, whereas the viral phenotype was
characterized as described below in Results. To repair the mutated UL26.5 gene,
rabbit skin cells were cotransfected with vJB11 viral DNA and the UL26-con-
taining plasmid pJB448. The virus arising from homologous recombination was
able to form plaques on rabbit skin cells and was designated vJB11R. The
genotype of vJB11R was confirmed by DNA sequencing, immunoblotting, and
Southern blot analyses (data not shown).

Immunoprecipitation and immunoblotting. The immunoprecipitation and im-
munoblotting procedures were performed essentially as described previously
(12). Briefly, CV1 cells were either transfected with expression plasmids con-
taining UL26, UL26.5, or UL6 or were infected with wild-type or recombinant
viruses. At 24 h after transfection or 18 h after infection, the cells were washed
with cold phosphate-buffered saline (PBS) and lysed in cold radioimmunopre-
cipitation (RIPA) buffer containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1%
NP-40, 0.25% sodium deoxycholate, 1 mM EDTA, and 1� protease inhibitor
cocktail (Roche). Mouse anti-ICP35 monoclonal antibody (1:200 dilution;
MCA406; AbD seroTEC) was used for pUL26 and ICP35 immunoprecipitation,
whereas pUL6-specfic rabbit polyclonal serum (1:100 dilution) (30) was used to
immunoprecipitate pUL6. Immune complexes, RIPA buffer-solublized clarified
lysates, total lysates solublized in 1% sodium dodecyl sulfate (SDS) and �-mer-
captoethanol, and in some experiments SDS-denatured purified capsids were
separated on SDS-polyacrylamide gels and transferred to nitrocellulose mem-
branes for immunoblotting.

Immunoblots were probed with anti-ICP35 monoclonal antibodies diluted
1:2,000 and/or anti-pUL6 polyclonal antiserum diluted 1:1,000. The bound im-
munoglobulins were revealed by reaction with horseradish peroxidase-conju-
gated anti-immunoglobulin antibodies and visualized by enhanced chemilumi-
nescence (Amersham Pharmacia Biotech). Where applicable, the image
intensities of specific bands on immunoblots were quantified with an LAS-3000
Mini Fujifilm imaging system (Fuji Photo Film Co. Ltd).

Immunofluorescence microscopy. Transfection and immunofluorescence mi-
croscopy were performed as described previously (39). Briefly, transfected or
infected Hep2 cells on glass coverslips were washed with PBS, fixed with 3%
(wt/vol) paraformaldehyde in PBS, and permeabilized with 0.2% Triton X-100.
Anti-pUL6 rabbit antiserum was preadsorbed against acetone-dehydrated lysates
of Hep2 cells infected with a UL6 null virus (23); the preadsorbed antiserum was
diluted 1:100 and reacted with the permeabilized cells. The cells were also
reacted with mouse antiscaffold monoclonal antibody (MCA406; AbDSeroTEC)
diluted 1:250. After extensive washing, the coverslips were reacted with goat
anti-rabbit immunoglobulin G (IgG) conjugated to Alexa Fluor 488 (green) and
goat anti-mouse IgG conjugated to Alexa Fluor 568 (red). Both conjugates were
diluted 1:200. After washing, the cells were visualized using a conventional Nikon
Eclipse E600 fluorescence microscope, with a 60� Plan Apo objective. Images
were captured with a cooled SensiCam charge-coupled-device camera.

Capsid purification. CV1 cell monolayers from three 850-cm2 roller bottles
were infected with either HSV-1(F) or mutant viruses at a multiplicity of infec-
tion (MOI) of 5 PFU/cell. The cells were harvested 18 hours later and washed
with cold PBS. Cell pellets were suspended in 25 ml of lysis buffer (1 mM
dithiothreitol [DTT], 1 mM EDTA, 20 mM Tris pH 7.6, 500 mM NaCl, 1%
Triton X-100, and protease inhibitor), sonicated briefly, and precleared by spin-
ning at 10,000 � g for 15 min. The precleared lysates were pelleted through a
5-ml 35% sucrose cushion in TNE buffer (20 mM Tris-HCl [pH 7.6], 500 mM
NaCl, 1 mM EDTA), in an SW28 ultracentrifuge tube at 24,000 rpm for 1 h. The

FIG. 1. Schematic diagram of wild-type and mutant scaffold-en-
coding genes and their proteins. A. Diagram of UL26 and UL26.5
RNAs. The direction of transcription is indicated by arrows. B. Sche-
matic diagram of scaffold proteins colinear with the diagram in panel
A. The identities of the individual proteins are indicated to the right.
Plasmids encoding these are indicated in parentheses. Vertical arrows
indicate sites cleaved by the VP24 protease. A vertical triangle indi-
cates the position of the start codon of ICP35 relative to the UL26 open
reading frame. A gap in a horizontal line indicates the absence of those
sequences in the designated protein. Codon numbers corresponding to
N and C termini are indicated above each diagrammed protein. C.
Schematic diagram of the UL26 open reading frame of mutant (vJB11)
or wild-type (vJB11R) viruses constructed and analyzed in this study.
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pellets were resuspended in TNE buffer and applied to 20% to 50% sucrose
gradients in SW41 ultracentrifuge tubes followed by centrifugation at 24,500 rpm
for 1 h. After centrifugation, the light-refracting B capsid band was removed with
a Pasteur pipette. Purity of capsid preparations was evaluated by transmission
electron microscopy and negative staining (data not shown).

Electron microscopy. CV1 cells were infected with wild-type or recombinant
viruses at 5.0 PFU per cell. Fourteen hours later, the cells were fixed with 2.5%
glutaraldehyde (EM Sciences) in 0.1 M sodium cacodylate buffer, pH 7.4, for 90
min. Samples were rinsed three times with cacodylate buffer and then fixed with
2% OsO4 in cacodylate buffer at room temperature for 2 h. Cells were rinsed
again three times and then dehydrated through a series of increasing ethanol
concentrations followed by acetone. After dehydration, the cells were infiltrated
with Epon-Araldite as described previously (2). Thin sections cut with a diamond
knife were counterstained with uranyl acetate and Reynold’s lead citrate and
then examined in a Philips 201 electron microscope as previously described (24).
Conventional negatives were digitally scanned and converted to positive images
in Adobe Photoshop.

Southern blotting. Approximately 2 � 106 CV1 cells were mock infected or
infected with HSV-1(F), vJB11, or vJB11R. At 18 h postinfection, viral DNA was
extracted, digested with BamHI, separated on 0.8% agarose gels, and transferred
to nylon membranes as described previously (38). The bound DNA was UV
cross-linked to the membrane and hybridized with [32P]dCTP-labeled BamHI P
fragment of HSV-1(F) DNA at 42°C for 24 h. The membrane was washed twice
with 1� SSC (0.15 M NaCl plus 0.015 M sodium citrate) (25) at 42°C for 15 min
each time and once with 0.1� SSC, 0.1% SDS for 1 h at 64°C and then fluoro-
graphed by exposure to X-ray film at �80°C in the presence of intensifying
screens.

Virus replication assay. Approximately 2 � 106 cells in 25-cm2 flasks were
infected with the viruses indicated in Table 1, below, at a multiplicity of infection
of 0.1 PFU/cell. After adsorption for 2 hours at 37°C with shaking, the inocula
were removed, and the cells were washed with CBS buffer (40 mM citric acid, 10
mM KCl, 135 mM NaCl, pH 3.0) to remove residual infectivity. The cells were
then washed with PBS once and overlaid with 5 ml of DMEM supplemented with
5% newborn calf serum. Twenty-four hours after infection, virus was harvested
by three cycles of freezing and thawing, and the infectious yields were deter-
mined by plaque assay on the cell monolayers indicated in Table 1.

RESULTS

Scaffold proteins and portal protein coimmunoprecipitate
from infected cells. Previous results showed that amino acids
143 to 151 of ICP35 were necessary for in vitro interaction with
the portal protein pUL6 and incorporation of pUL6 into HSV
capsids reconstituted in vitro (27). To determine if these ob-
servations reflected an interaction between pUL6 and ICP35 in
HSV-infected cells, CV1 cells were mock infected or were
infected with wild-type HSV-1(F) or a deletion mutant lacking
the UL6 open reading frame (23). The cells were harvested at
18 h postinfection, and clarified lysates were subjected to im-
munoprecipitation with mouse IgG or antibodies directed
against ICP35 and other scaffold proteins. After purification
and electrophoretic separation of immune complexes, the
presence of pUL6 and ICP35 was determined by immunoblot-
ting with pUL6-specfiic or ICP35-specific antibodies. As a con-
trol, the relative amounts of the respective proteins in the
lysate were also determined by immunoblotting.

As shown in Fig. 2, the ICP35-specific antibody readily im-
munoprecipitated ICP35 from lysates of cells infected with the
UL6 deletion mutant and ICP35, pUL26, and VP21 from cells

FIG. 2. Interaction between pUL6 and ICP35 in virus-infected cells
detected by coimmunoprecipitation. CV1 cells were mock infected
(M) or infected with 5 PFU per cell of HSV-1(F) (lanes labeled F) or
a UL6 null mutant (lanes labeled �6). At 18 h postinfection, proteins
were extracted with RIPA buffer, and the soluble fraction was sub-
jected to immunoprecipitation with scaffold-specific monoclonal anti-
body MCA406 (designated �ICP35) or pUL6-specific antibody (desig-
nated �pUL6). (A) Sample of the lysate of mock-infected or infected
cells. (B) Approximately 40-fold more lysate as in panel A was sub-
jected to immunoprecipitation with scaffold-specific antibody. Immu-
noprecipitated proteins were separated on an SDS-polyacrylamide gel,
transferred to a nitrocellulose membrane, and detected by immuno-
blotting with anti-pUL6 (upper panel) or antiscaffold (lower panel)
antibodies. (C) Approximately 40-fold more lysate as for panel A was
reacted with pUL6-specific antibody, and an immunoblot of immuno-
precipitated material was probed with antibodies directed against
pUL6 (upper panel) or scaffold proteins (lower panel). The positions of
the indicated proteins are indicated by arrows to the right of each
panel. Ab, antibody; IP, immunoprecipitation.

FIG. 3. Interaction between portal and scaffold proteins in the ab-
sence of other viral proteins. CV1 cells were mock transfected (Mock)
or were cotransfected with plasmids expressing pUL6 and wild-type
ICP35, wild-type pUL26, mutant ICP35 (ICP35M), or mutant pUL26
(pUL26M). The mutant plasmids are diagrammed in Fig. 1. Cell lysates
(A and B) or proteins from 40-fold more lysate immunoprecipitated
with antiscaffold antibody (designated �ICP35) (C and D) or anti-
pUL6 antibody (�pUL6) (E and F) were transferred to nitrocellulose.
The transferred proteins were probed with scaffold-specific (B, C, and
E) or pUL6-specific (A, D, and F) antibodies. Bound immunoglobulins
were revealed by enhanced chemiluminescence. An arrow to the right
of panel D indicates the position of the pUL6-specific band, which is
located below a nonspecific band in that panel. IP, immunoprecipita-
tion with the indicated antibody; WB, Western blotting with the indi-
cated antibody.
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infected with HSV-1(F). In the control reactions, ICP35 was
not expressed in mock-infected cells, and mouse IgG immu-
noprecipitated only barely detectable amounts of ICP35. Im-
portantly, the scaffold-specific antibody coimmunoprecipitated
pUL6 from lysates of cells infected with HSV-1(F), indicating
that these proteins interacted in the infected cell lysate.

To confirm the interaction between pUL6 and scaffold pro-
teins, a reciprocal immunoprecipitation was performed by re-
acting the cell lysates with pUL6-specfic antibody followed by
immunoblotting the electrophoretically separated purified im-
mune complexes with scaffold-specific antibody. As shown in
Fig. 2C, pUL6 was readily immunoprecipitated from lysates

infected with HSV-1(F) but not from lysates of mock-infected
cells, cells infected with the UL6 null virus, or HSV-1(F)-
infected cells reacted with preimmune antibody.

Reaction with pUL6-specific antibody also caused coimmu-
noprecipitation of pUL26, ICP35, and VP21. The latter mi-
grates slower than ICP35 due to the presence of 59 additional
amino acids (Fig. 1B). ICP35 was brought down nonspecifically
inasmuch as ICP35 was present in immunoprecipitation mix-
tures containing (i) pUL6-specific antibody reacted with lysates
of cells infected with the UL6 null virus and (ii) preimmune
antibody reacted with lysates of wild-type virus-infected cells.
Thus, densitometric analysis indicated that the amounts of

FIG. 4. Conventional indirect immunofluorescence of pUL6 and ICP35 in transfected and infected Hep2 cells. Cells were transfected with pUL6
alone or together with plasmids expressing wild-type ICP35, mutant ICP35 (ICP35M), or mutant pUL26 (pUL26M). Alternatively, cells were
infected with the indicated viruses (bottom three rows). Cells were fixed and permeabilized at 24 h posttransfection or 18 h postinfection, and
localization of pUL6 (left column) and scaffold proteins (middle left column) was determined by indirect immunofluorescence microscopy. Primary
antibodies were mouse monoclonal antiscaffold antibody (anti-ICP35) or rabbit antiserum directed against pUL6 (anti-pUL6). Bound antibodies
were revealed by reaction with Alexa Fluor 488-labeled goat anti-rabbit IgG (green) and Alexa Fluor 568-labeled goat anti-mouse IgG (red). Nuclei
were identified by Hoechst staining (middle right column). The images of the same panel are merged in the rightmost column. All images were
recorded with a charge-coupled-device camera.
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ICP35 coimmunoprecipitated with pUL6 antibody from lysates
of cells infected with HSV-1(F) were increased 1.5-fold over
that obtained upon reaction with preimmune antibody and
5-fold more than was immunoprecipitated from lysates of cells
infected with the UL6 null virus. Perhaps more convincing for
the specificity of the interaction were the observations that (i)
coimmunoprecipitation of detectable levels of VP21 by pUL6-
specific antibody required pUL6 (i.e., it was not observed in
lysates of cells infected with the UL6 null mutant reacted with
the pUL6-specific antibody) and did not occur upon reaction of
lysates of cells infected with HSV-1(F) with preimmune anti-
body, and (ii) pUL26 was specifically coimmunoprecipitated
with pUL6-specific antibody but not preimmune antibody. We
could not assess the specificity of the interaction with pUL26,
inasmuch as little was detected in the lysates of cells infected
with the UL6 null mutant. Nevertheless, taken with the data
shown in Fig. 1B, these data indicate that pUL6 can interact
directly or indirectly with ICP35, pUL26, and VP21 in infected
cells. The coimmunoprecipitation of these scaffold proteins by
pUL6 antibody might be expected inasmuch as ICP35 and
VP21 share considerable sequence identity (Fig. 1) and inter-
act with one another (26).

Scaffold proteins and portal protein interact in the absence
of other HSV proteins. To test whether ICP35 and pUL26 were
sufficient to interact with pUL6 in the absence of other viral
proteins in mammalian cells, ICP35 and pUL26 were tran-
siently coexpressed with pUL6, and lysates of the cells were
subjected to immunoprecipitation with pUL6 and scaffold-spe-
cific antibodies. The presence of pUL6, pUL26, VP21, and
ICP35 in immunoprecipitated material was then determined
by immunoblotting.

As shown in Fig. 3, expression of UL26 caused production of
VP21, which migrated slower than ICP35 (Fig. 3B, lane 3).
Similar to the results in infected cells (Fig. 2), scaffold-specific
antibody immunoprecipitated transiently expressed ICP35,
VP21, and pUL26 (Fig. 3C, lanes 2 and 3). More importantly,
transiently coexpressed pUL6, VP21, pUL26, and ICP35 were
readily coimmunoprecipitated by both the antiscaffold and
anti-pUL6 antibodies (Fig. 3D and E, lanes 2 and 3).

Domain in scaffold proteins critical for interaction with
portal protein. Given that a robust immunoprecipitation assay
was now available, we next wanted to determine whether a
previously identified pUL6 interaction domain within scaffold
proteins was necessary for coimmunoprecipitation of scaffold
and portal. To test this possibility, plasmids (i) encoding mu-
tant ICP35 lacking amino acids 143 to 151 or (ii) lacking the
corresponding region of otherwise-full-length pUL26 were co-
expressed with pUL6 and analyzed in the coimmunoprecipita-
tion assay described above. As shown in Fig. 3, lanes 4 and 5,
removal of codons 143 to 151 precluded detectable coimmu-
noprecipitation of ICP35, VP21, and pUL26 by pUL6-specific
antibody (Fig. 3E). Using cross-reacting bands (Fig. 3D) and
transiently expressed ICP35 as loading controls, it was noted by
densitometric scan that around twofold less pUL6 was present
in the clarified lysates of cells coexpressing mutant ICP35 and
pUL26, as opposed to lysates of cells expressing wild-type ver-
sions of these proteins (Fig. 3A, compare lanes 2 to 5). Further
analyses indicated that this observation reflected less pUL6 in
the soluble fraction, as opposed to a decrease in overall ex-
pression of pUL6 (data not shown). Taking into account the
reduced amounts of soluble pUL6, mutant ICP35 and pUL26
still coimmunoprecipitated fivefold less efficiently with pUL6-
specific antibody compared to the amounts of coimmunopre-
cipitated wild-type proteins (Fig. 3D, lane 2 versus lane 4 and
lane 3 versus lane 5). Thus, the reduced coimmunoprecipita-
tion of pUL6 with mutant scaffold proteins is not solely a
consequence of lowered solubility of pUL6. We therefore con-
clude that the region in scaffold proteins corresponding to
amino acids 143 to 151 in ICP35 is critical for the interaction
with the portal protein in mammalian cells.

It was also of interest to determine whether wild-type and
mutant scaffold proteins affected distribution of pUL6 within
cells. Cells were therefore transfected with equal amounts of
plasmids encoding pUL6 alone or together with plasmids en-
coding wild-type ICP35 or mutant ICP35 or pUL26. As shown
in Fig. 4, pUL6 localized in a diffuse pattern throughout the
nucleus when expressed alone. In contrast to this observation,
some pUL6 localized in a punctate pattern when coexpressed

TABLE 1. Virus replication assaya

Virus Genotype
Cell type infected/
cell type used for

plaque assay
Titer (PFU/ml)

vJB11 Deletion of codons 143 to 151 of UL26.5 Vero/CV26.5b No viral plaques detected
vJB11 Deletion of codons 143 to 151 of UL26.5 CV26.5/CV26.5 8 � 105

vJB11 Deletion of codons 143 to 151 of UL26.5 CV26c/CV26.5 6 � 105

vJB11 Deletion of codons 143 to 151 of UL26.5 CV26Md/CV26.5 No plaques detected
vJB11 Deletion of codons 143 to 151 of UL26.5 CV26.5Me/CV26.5 No plaques detected
vJB11R Deletion repaired Vero/Vero 2.5 � 107

vJB11R Deletion repaired CV26.5/Vero 3 � 107

HSV-1(F) Wild type CV26.5/Vero 2 � 107

HSV-1(F) Wild type CV26.5M/Vero 2.4 � 107

HSV-1(F) Wild type CV26M/Vero 2 � 107

a Cells were infected with the indicated viruses at 0.1 PFU/cell. Twenty-four hours after infection, virus was harvested by three cycles of freezing and thawing, and
infectious yields were determined by plaque assay on the indicated cell monolayers.

b CV26.5 cells constitutively express UL26.5.
c CV26 cells constitutively express UL26.
d CV26M cells constitutively express UL26 lacking codons 449 to 457.
e CV26.5M cells constitutively express UL26.5 lacking codons 143 to 151.
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with either wild-type ICP35 (Fig. 4) or pUL26 (data not
shown). Moreover, these intranuclear puncta contained ICP35/
UL26 immunoreactivity, as viewed by the yellow color on merg-
ing the respective images of scaffold or portal immunostaining.
In contrast, coexpression of pUL26/VP21 (not shown) or
ICP35 lacking the putative pUL6 interaction domain (desig-
nated pUL26 M and ICP35M in Fig. 4) caused pUL6 to localize
in a diffuse intranuclear pattern. Thus, codons 143 to 151 of
ICP35 and 449 to 457 of UL26 were necessary for the ICP35-
or pUL26-mediated alteration of the localization of pUL6. This
is consistent with the conclusion that these domains of ICP35
and pUL26/VP21 are critical for interaction with pUL6.

The portal protein interaction domain of scaffold proteins is
essential for viral replication, DNA cleavage/packaging, and
incorporation of the portal into capsids. Because some results
in transient assays can be misleading, we constructed a recom-
binant virus, lacking codons 143 to 151 of UL26.5, through the
genetic manipulation of an HSV-1(F) genome maintained in a
recombinant BAC. Moreover, an additional recombinant virus

was constructed in which this lesion was restored to wild-type
sequences. The genotypes of the deletion and restored viruses,
designated vJB11 and vJB11R, respectively, were confirmed by
DNA sequencing, restriction length polymorphism, and South-
ern blot analyses (data not shown).

To characterize the effect(s) of codons 143 to 151 of
UL26.5 or the equivalent region of UL26 on HSV-1 replica-
tion, normal Vero cells or CV1 cells (derived from Vero
cells) engineered to express wild-type or mutant (lacking
codons 143 to 151 of UL26.5 or its equivalent in UL26) UL26
or UL26.5 were infected with HSV-1(F), vJB11, or vJB11R,
and yields of infectious virus at 24 h postinfection were
determined on permissive cell lines. The results, shown in
Table 1, were as follows:

(i) vJB11 was unable to produce infectious virus or appre-
ciable viral plaques in noncomplementing Vero cells, whereas
vJB11R produced infectious virus to levels comparable to
those of wild-type HSV-1(F) virus. In the cell lines expressing
either wild-type UL26.5 or UL26, the virus was able to form

FIG. 5. Ultrastructure of Vero cells infected with mutant and restored viruses. Vero cells were infected with viruses vJB11 (top panels) or
vJB11R (bottom panels) and were fixed and permeabilized at 14 h after infection. The cells were subsequently embedded in Epon and stained with
uranyl acetate and OsO4. Thin sections were viewed in a Phillips electron microscope. Images from conventional negatives were digitally scanned
and rendered positive with Adobe Photoshop. Enveloped B capsids are indicated with an arrow. Arrowheads indicate virions containing viral DNA.
Nuc, nucleus. As a size standard, HSV capsids are 125 nm in diameter.
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plaques and replicate, but viral yields were reduced approxi-
mately 30- to 50-fold relative to production of wild-type or
restored virus in these cells.

(ii) vJB11 was unable to replicate or form appreciable
plaques on cell lines expressing mutant UL26 or UL26.5.

(iii) Both the wild-type HSV-1(F) virus and the genetically
restored virus vJB11R were able to replicate to wild-type levels
on all cell lines tested, including cells expressing mutant UL26
and mutant UL26.5. These data indicate that the mutation did
not confer an obvious dominant negative effect that would
have inhibited wild-type virus replication.

Together, these data indicate that codons 143 to 151 of
ICP35, and their equivalent in UL26, are essential for viral
replication. The data also indicate that the UL26 mutation in
vJB11 was solely responsible for the inability to replicate on
normal cells.

To more precisely determine the stage of virus replication
precluded by the mutation in vJB11, cells were infected with
this virus or vJB11R, 14 hours later they were fixed and em-
bedded, and thin sections were examined by electron micros-
copy. As shown in Fig. 5, the nuclei of cells infected with vJB11
contained numerous viral capsids, but these capsids lacked
electron-dense cores indicative of the presence of packaged
viral DNA. Some enveloped capsids accumulated in the pe-
rinuclear space between the inner and outer nuclear mem-
branes (upper right panel), but such capsids were not observed
in the extracellular space, nor in the cytoplasm free of the
nuclear membrane. In contrast, cells infected with the restored
virus contained ample enveloped capsids within virions in the
cytoplasm and extracellular space (Fig. 5), and most of these
contained electron-dense cores, suggesting that they contained
viral DNA. These data suggest that the lesion in UL26.5 of
vJB11 precludes viral DNA packaging and capsid egress from
the nucleus but does not preclude assembly of B-like capsids.

To determine whether the deletion of codons 143 to 151 of
UL26.5 affected viral DNA cleavage, viral DNA was purified
from cells infected with vJB11, vJB11R, or HSV-1(F) and
digested with BamHI. The DNA fragments were then sepa-
rated by electrophoresis, transferred to a nylon membrane, and
probed with radiolabeled BamHI restriction fragment P, which
contains sequences located at genomic ends (33). As shown in
Fig. 6, viral DNA from cells infected with vJB11 contained the
S-P fragment, which is present in both linear and concatameric
viral DNA, but lacked the BamHI P fragment indicative of
genomic ends. In contrast, the BamHI P fragment was readily
detectable in viral DNA purified from cells infected with the
restored virus vJB11R and wild type HSV-1(F). Together,
these data indicate that codons 143 to 151 of UL26.5 are
essential for cleavage and packaging of viral DNA.

The next set of experiments was designed to determine the
effects of the deletion of codons 143 to 151 of UL26.5 on
interactions with the UL6-encoded portal protein in infected
cells and to determine if this mutation precluded portal incor-
poration into capsids. As a first step, the solubility of pUL6 and
ICP35 in cells infected with vJB11 was compared with the
solubility in cells infected with HSV-1(F). As shown in Fig. 7,
whereas ICP35 was solubilized in RIPA buffer from cells in-
fected with wild-type HSV-1(F) or vJB11, pUL6 was virtually
undetected in the soluble fractions of cells infected with vJB11.
This was the case despite the observations that pUL6 was (i)

readily detected in whole lysates and insoluble fractions of cells
infected with vJB11 and (ii) readily solubilized from cells in-
fected with HSV-1(F) by extraction in RIPA buffer. Although
the insolubility of pUL6 precluded meaningful coimmunopre-
cipitation experiments, it argued that the region corresponding
to amino acids 143 to 151 of ICP35 was necessary for the
normal biochemical conformation and/or behavior of pUL6 in
infected cells. This interpretation is consistent with the possi-
bility that the scaffold and portal proteins directly or indirectly
interact with one another in these cells.

Because localization of pUL6 was altered upon transient
coexpression with ICP35 (Fig. 4), experiments were performed
to determine whether the mutation in ICP35 altered pUL6
localization in infected cells. Cells were infected with vJB11,
vJB11R, or HSV-1(F) and were fixed, permeabilized, and re-
acted with antibodies directed against pUL6 or ICP35. As
shown in Fig. 4, pUL6 appeared in a punctate pattern in the
nuclei of cells infected with all three viruses (Fig. 4, bottom
three rows), whereas scaffold proteins localized in a smooth
pattern throughout the nucleus except in areas of dense chro-
matin revealed by staining with Hoechst dye. Some pUL6-
containing foci lacked obvious scaffold protein-specific staining
at their centers, whereas scaffold and pUL6 colocalized at the
edges of these “holes” in the otherwise-smooth scaffold-spe-
cific staining pattern. This feature was not specific to any par-
ticular virus used in the experiment. Thus, although pUL6
solubility was greatly affected by the deletion of codons in
UL26 or ICP35, the distribution of pUL6 in infected cells was

FIG. 6. Southern blot of viral DNA digested with BamHI. Approx-
imately 2 � 106 CV1 cells were infected with the indicated viruses, and
viral DNA was extracted, digested with BamHI, transferred to a nylon
membrane (0.45 �m), and hybridized with radiolabeled BamHI P
fragment of HSV-1(F) DNA. Bound DNA was visualized by autora-
diography. The positions of the S-P fragment corresponding to junc-
tions of the S and L component in concatameric DNA and the P
fragment indicative of genomic end fragments are indicated.
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not noticeably affected by this mutation. Given the difference
in appearance of pUL6 in transient expression versus infection,
we conclude that whereas ICP35 is necessary and sufficient to
localize pUL6 into punctate intranuclear foci in uninfected
cells, viral functions other than those encoded by UL26.5 or
UL26 dramatically affect the distribution of pUL6 in infected
cells.

To more directly assess the effects of the mutation in UL26/
UL26.5 on portal protein incorporation into capsids, B capsids
were purified from cells infected with vJB11, the UL6 deletion
virus, or HSV-1(F). The capsid-associated proteins were then
denatured in SDS, electrophoretically separated, and
probed with antibodies directed against scaffold proteins
and pUL6. As loading controls, the immunoblots were also
probed with antibodies directed against scaffold proteins
and the major external capsid protein VP5. As shown in Fig.
8, for a given amount of VP5, vJB11 incorporated approxi-
mately 20-fold less pUL6 per capsid on average than did
wild-type HSV-1(F) virus. These data indicate that codons
143 to 151 of UL26.5 are critical for incorporation of pUL6
into HSV capsids.

DISCUSSION

The data presented herein using mammalian cells and
mutant HSV are largely consistent with conclusions from
previous studies using capsids reconstituted in an in vitro
capsid assembly system (19, 27). Specifically, the data sug-
gest that the portal protein encoded by pUL6 interacts with
internal capsid shell proteins and requires the region corre-
sponding to amino acids 143 to 151 of ICP35 for the inter-
action. The interaction between portal and scaffold was sup-
ported by coimmunoprecipitation of pUL6 with scaffold
components (Fig. 3) and alteration of the localization of
transiently expressed pUL6 when coexpressed with ICP35
(Fig. 4). In further indirect support of the interaction, the
solubility of pUL6 was dependent on the scaffold protein
domain, shown to be essential for the interaction as assessed
by immunoprecipitation and for incorporation of the portal
vertex into capsids (Fig. 8). These observations suggest that
early in infection pUL6 requires ICP35, VP21, and/or pUL26
for its normal biochemical behavior, which culminates in its
incorporation into the portal vertex. This is consistent with

FIG. 7. Immunoblots of soluble or insoluble cell lysates from vJB11-infected cells. Approximately 2 � 106 CV1 cells were mock infected or were
infected with pUL6 null virus, vJB11, or HSV-1(F). At 18 hours postinfection, cells were washed with cold PBS and solubilized in either (i) 800
�l of SDS sample buffer (whole-cell lysates) (A) or in 400 �l of RIPA buffer (B to E). After extensive clarification of the RIPA-fractionated
material, proteins in the supernatant (soluble) (B and D) or pellet (insoluble) (C and E) were denatured in SDS, separated on an SDS-
polyacrylamide gel, transferred to a nitrocellulose membrane, and probed with pUL6 (A, B, and C) or scaffold-specific antibodies (D and E). Bound
immunoglobulins were revealed by reaction with appropriate secondary antibodies and enhanced chemiluminescence. (F) The chemiluminescent
intensities corresponding to the position of the pUL6-containing band in each lane of panels A, B, and C were determined using an LAS-3000 Mini
Fujifilm imaging system and are reported as a percentage of that obtained in panel A, lane 4. (G) Similar to panel F, but intensities of ICP35 signals
were normalized to that in panel D, lane 4.
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the observation that the portal may act very early in forma-
tion of capsids in vitro (21).

Because the inner shell of procapsids contains a mixture of
ICP35 and pUL26, and both were coimmunoprecipitated with
pUL6-specific antibody, we cannot distinguish whether one or
both proteins interact directly with the portal. Although it also
coimmunoprecipitated efficiently with pUL6 from lysates of
infected cells, the absence of VP21 from procapsids would
argue against this protein as the main partner responsible for
portal incorporation into capsids.

The data presented herein also indicate that the scaffold
domain studied here was essential for viral replication and
DNA cleavage and packaging. We assume that the DNA pack-
aging defect is a consequence of aberrant portal incorporation
into capsids; thus, there is no conduit through which DNA can
be inserted into the preformed capsid. That viral DNA was not
cleaved in cells infected with the mutant virus is consistent with
previous studies showing that DNA cleavage is dependent on
the presence of the portal and intact capsids (7, 23). Thus,
DNA cleavage only occurs when enzymes required for DNA
cleavage (the viral terminase) and capsids are expressed to-
gether, presumably to adopt the proper conformation.

Expression of the mutant scaffold proteins in cell lines did
not interfere with replication of wild-type viruses, i.e., it did not

confer an obvious dominant negative effect. One possibility to
explain this observation is that the mutant proteins were en-
tirely incapable of interaction with the portal protein, arguing
that the scaffold domain studied is solely responsible for the
interaction with portal protein. We cannot exclude the possi-
bility, however, that the levels of mutant scaffold expressed in
the engineered cell lines were too low to efficiently compete
with wild-type scaffold proteins. The latter would be expected
to be abundantly expressed by the infecting virus. The low level
of complementation of vJB11 replication conferred by cell
lines expressing the wild-type proteins (Table 1) might also
reflect the low levels of wild-type scaffold proteins encoded by
the cell lines as opposed to the abundance of mutant proteins
encoded by the virus.

We have noted that pUL6 distributes in a diffuse pattern
when expressed alone but partly in punctate foci when coex-
pressed with wild-type scaffold proteins. These distribution
patterns differed from that of pUL6 in infected cells, in which
pUL6 localized almost exclusively within discrete foci. Thus,
proteins other than pUL26, VP21, or ICP35 contribute to the
punctate distribution of pUL6 in infected cells. Likely candi-
dates to confer this function include (i) heat shock proteins
induced by HSV infection that have been shown to colocalize
with pUL6 or (ii) other components of the capsid shell that

FIG. 8. Immunoblot of B capsids probed with anti-pUL6, ICP35, or VP5 antibodies. Capsids were purified from CV1 cells infected with UL6
null virus, vJB11, or HSV-1(F) as detailed in Materials and Methods. B capsids denatured in SDS were either diluted 10-fold (B and C) or were
loaded undiluted (A) onto an SDS-polyacrylamide gel through which they were separated by electrophoresis and transferred to a nitrocellulose
sheet. The nitrocellulose sheet was probed with pUL6 (A), VP5 (B), or ICP35 (C) specific antibodies, and bound immunoglobulin was revealed
by reaction with appropriately conjugated secondary antibodies followed by enhanced chemiluminescence. (D) The relative amounts of pUL6 in
lanes 1 to 3 were determined using an LAS-3000 Mini Fujifilm imaging system. The chemiluminescent intensity of each pUL6-containing band in
panel A is reported as a percentage of the signal obtained in panel A, lane 3. (E) Similar to panel D except that values reflect chemiluminescent
intensities of VP5 in lanes of panel B normalized to that in panel B, lane 3. (F) Similar to panel D, but values reflect the ICP35 specific signals
in panel C normalized to panel C, lane 3.
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must eventually directly or indirectly interact with the portal
(3, 4). In addition, many regions with intense pUL6 staining did
not contain scaffold-specific staining, unlike the case in cells
only expressing ICP35 and pUL6. Possibilities to explain this
observation are that (i) the pUL6-containing foci contain scaf-
fold proteins but associated epitopes are masked from the
reaction with the antiscaffold antibody or (ii) pUL6 and scaf-
fold proteins do not associate in these foci. The latter would
argue that these foci do not represent sites in which portals are
inserted into capsids. Alternatively, we cannot exclude the pos-
sibility that the different levels induced during transient expres-
sion versus viral infection could contribute to the different
staining patterns.
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