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Incorporation of the herpes simplex virus 1 (HSV-1) portal vertex into the capsid requires interaction with
a 12-amino-acid hydrophobic domain within capsid scaffold proteins. The goal of this work was to identify
domains and residues in the U, 6-encoded portal protein pU, 6 critical to the interaction with scaffold proteins.
We show that whereas the wild-type portal and scaffold proteins readily coimmunoprecipitated with one
another in the absence of other viral proteins, truncation beyond the first 18 or last 36 amino acids of the portal
protein precluded this coimmunoprecipitation. The coimmunoprecipitation was also precluded by mutation of
conserved tryptophan (W) residues to alanine (A) at positions 27, 90, 127, 163, 241, 262, 532, and 596 of U, 6.
All of these W-to-A mutations precluded the rescue of a viral deletion mutant lacking U, 6, except W163A,
which supported replication poorly, and W596A, which fully rescued replication. A recombinant virus bearing
the W596A mutation replicated and packaged DNA normally, and scaffold proteins readily coimmunoprecipi-
tated with portal protein from lysates of infected cells. Thus, viral functions compensated for the W596A
mutation’s detrimental effects on the portal-scaffold interaction seen during transient expression of portal and
scaffold proteins. In contrast, the W27A mutation precluded portal-scaffold interactions in infected cell lysates,
reduced the solubility of pU, 6, decreased incorporation of the portal into capsids, and abrogated viral-DNA

cleavage and packaging.

Immature herpesvirus capsids or procapsids consist of two
shells: an inner shell, or scaffold, and an outer shell that is
roughly spherical and largely composed of the major capsid
protein VP5 (24, 38).

The capsid scaffold consists of a mixture of the U} 26.5 and
U, 26 gene products, with the U, 26.5 gene product (pU, 26.5,
ICP35, or VP22a) being the most abundant (1, 12, 20, 21, 32,
38). The U;26.5 open reading frame shares its coding frame
and C terminus with the U; 26 gene but initiates at codon 307
of U;26 (17). The extreme C termini of both VP22a and the
UL26-encoded protein (pU; 26) interact with the N terminus
of VP5 (7, 14, 26, 40, 41). Capsid assembly likely initiates when
the portal binds VP5/VP22a and/or VP5/pU, 26 complexes (22,
25). The addition of more of these complexes to growing cap-
sid shells eventually produces a closed sphere bearing a single
portal. pU,26 within the scaffold contains a protease that
cleaves itself between amino acids 247 and 248, separating
pU, 26 into an N-terminal protease domain called VP24 and a
C-terminal domain termed VP21 (4, 5, 8, 9, 28, 42). The pro-
tease also cleaves 25 amino acids from pU; 26 and VP22a to
release VPS5 (5, 8, 9). VP21 and VP22a are replaced with DNA
when the DNA is packaged (12, 29).

When capsids undergo maturation, the outer protein shell
angularizes to become icosahedral (13). One fivefold-symmet-
rical vertex in the angularized outer capsid shell is biochemi-
cally distinct from the other 11 and is called the portal vertex
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because it serves as the channel through which DNA is inserted
as it is packaged (23). In herpes simplex virus (HSV), the
portal vertex is composed of 12 copies of the portal protein
encoded by U, 6 (2, 23, 39). We and others have shown that
interactions between scaffold and portal proteins are critical
for incorporation of the portal into the capsid (15, 33, 44, 45).
Twelve amino acids of scaffold proteins are sufficient to inter-
act with the portal protein, and tyrosine and proline resides
within this domain are critical for the interaction with scaffold
proteins and incorporation of the portal into capsids (45).

One goal of the current study was to map domains and
residues within the U, 6-encoded portal protein that mediate
interaction with scaffold proteins. We show that the portal-
scaffold interaction requires all but the first 18 and last 36
amino acids of pU, 6, as well as several tryptophan residues
positioned throughout the portal protein.

MATERIALS AND METHODS

Viruses and cells. CV1 and rabbit skin cells were obtained from the American
Type Culture Collection and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% newborn calf serum, 100 U penicillin per ml,
and 100 wg of streptomycin per ml. CV6 cell lines expressing pU, 6 were cultured
in DMEM supplemented with 10% fetal bovine serum, 100 U/ml of penicillin,
100 pg/ml of streptomycin, and 200 pg/ml of hygromycin B as described previ-
ously (46). HSV-1 strain F [HSV-1(F)] and a Uy 6 null virus derived from HSV-1
strain 17 were described previously (11, 27). Recombinant viruses vJB30 and
vIB31 and the restored virus vJB30R are described below.

Plasmids. Plasmids pJB448, expressing full-length pU; 26 and VP22a; pJB437,
containing the entire Uy 6 coding sequence; pJB444, encoding pU; 6 with an
N-terminal Flag epitope; and pJB445, encoding a C-terminal Flag epitope fused
to pUy 6, were described previously (43). Truncations of pU; 6 were generated by
one-step PCR, and point mutations were generated by two-step PCR using
pJB437 as a template. Since codons 12 to 18 of U 6 were known to be dispens-
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TABLE 1. Primers used for generation of mutant plasmid or recombinant virus”

Plasmid or BAC Mutation Primer sequence
Plasmids

pJB451 Flagl-321 5S'TGACGGATCCGCCACCATGGATTACAAGGATGACGACGATAAGACCGCACCACGCTCGCGGG
CCCCCACT3’, S"CGATGAATTCTCAGACCCGCGCGGCACCGGCCACT!

pJB450 314-676flag 5'TGACGGATCCGCCATGGTGGCCGGTGCCGCGCGGGTCGTTS3', S’"CGATGAATTCCTACTTATC
GTCGTCATCCTTGTAATCTCGTCGGCCGTCGCGGCGGCCATCCCG3’

pJB601 51-676flag 5'TGACGGATCCACCATGGAGGGCCAGGGGGTGTACAACGTC3', 5’CGATGAATTCCTACTTATC
GTCGTCATCCTTGTAATCTCGTCGGCCGTCGCGGCGGCCATCCCG3’

pJB604 19-676flag 5S'TGACGGATCCACCATGGCGCTGTGCTCCCCCGAGGACGGC3', 5S’"CGATGAATTCCTACTTATCG
TCGTCATCCTTGTAATCTCGTCGGCCGTCGCGGCGGCCATCCCG3’

pJB605 30-676flag 5'TGACGGATCCACCATGGTTCACCCCAGCCCCGGTACGATG3', 5CGATGAATTCCTACTTATCG
TCGTCATCCTTGTAATCTCGTCGGCCGTCGCGGCGGCCATCCCG3’

pJB611 Flagl-410 5S'TGACGGATCCGCCACCATGGATTACAAGGATGACGACGATAAGACCGCACCACGCTCGCGGG
CCCCCACT3’, STCGAGAATTCTCAGAAGGCCTGGCGAAGCTGCGGCGC3!

pJB612 Flag1-530 5S'TGACGGATCCGCCACCATGGATTACAAGGATGACGACGATAAGACCGCACCACGCTCGCGGG
CCCCCACT3’, STCGAGAATTCTCAGCGCGACGAGCGCTCCAGGTCCTG3!

pJB613 Flagl-640 5S'TGACGGATCCGCCACCATGGATTACAAGGATGACGACGATAAGACCGCACCACGCTCGCGGG
CCCCCACT3’, STCGAGAATTCTCACGCGCCGGGCCGGAAATCGGCGCC3!

pJB623 W27A 5S'TGACGGATCCACCATGGACACGGAAGCGCTGTGCTCCCCCGAGGACGGCgccGTAAAGGTTCA
CCCCAGCCCCGGTACG3', 5'"CGATGAATTCTCATCGTCGGCCGTCGCGGCGGCCATC3’

pJB624 WO0A 5'TACCGGGACCTCGAGGCGGACgeccCTCGGCCACGTGGCGGCCCGLI', 5'"GCGGGCCGCCACGTG
GCCGAGggcGTCCGCCTCGAGGTCCCGGTAZ!

pJB625 W241A 5'TACAACCACCGCCGGGGCGACgeccCTCGTGCGAGACCCCATCAGCY', 5'GCTGATGGGGTCTCG
CACGAGggcGTCGCCCCGGCGGTGGTTGTA3!

pJB626 W596A 5'ATCCTGGGGGAGGAGGAGTTAgeccGATGCGGTGTTTAAGAAAACCS', 5S'"GGTTTTCTTAAACAC
CGCATCggcTAACTCCTCCTCCCCCAGGATS'

pJB631 WI27A 5'"GCCGAGCGGGTGTTCGACACGgccCGGAACACGCTTAGGACGACG3', 5S'"CGTCGTCCTAAGCGT
GTTCCGggcCGTGTCGAACACCCGCTCGGC3!

pJB632 WI163A 5'AGCTTCCCCAAATATATCGACgccCTGACGTGCCTGGGGCTGGTC3', 5"GACCAGCCCCAGGCAC
GTCAGggcGTCGATATATTTGGGGAAGCT3’

pJB634 W262A 5'CTGGTGCTGTGGCCCCCCTTGgcaACCGGGGACCGTCTGGTCTTC3', 5’ GAAGACCAGACGGTC
CCCGGTtgecCAAGGGGGGCCACAGCACCAG3’

pJB641 W532A 5'"CTGGAGCGCCTGTCGCGCCTCgcaGAGCACGAGCTGGTGCGCTGT3’, 5’ ACAGCGCACCAGCTC
GTGCTCtgecGAGGCGCGACAGGCGCTCCAG3’

BACs

bJB30 W27A 5'"GCGCGGGGGGACACGGAAGCGCTGTGCTCCCCCGAGGACGGCgcaGTAAAGGTTCACCCCAG
CCCCTAGGGATAACAGGGTAATCGATTT3', 5"CTCGCGGAACAGCATCGTACCGGGGCTGCTG
GGGTGAACCTTTACtgcGCCGTCCTCGGGGGAGCACAGGCCAGTGTTACAACCAATTAACCS!

bIB31 W596A 5'CCCATCACGGGCTCCGATGTCATCCTGGGGGAGGAGGAGTTAgcaGATGCGGTGTTTAAGAAA

ACCTAGGGATAACAGGGTAATCGATTT3', 5TGTCAGGTACGTTTGCAGGCGGGTTTTCTTAA
ACACCGCATCtgcTAACTCCTCCTCCCCCAGGATGCCAGTGTTACAACCAATTAACC

“ Lowercase letters represent introduced mutations.

able for virus replication (19), the primers for generating W27A in a one-step
PCR started at codon 16, and the mutation was embedded in the primer. The
sequences of the PCR primer used in these studies are listed in Table 1. PCR-
generated amplicons were cloned into the BamHI and EcoRI sites located in the
multiple cloning site of expression vector pcDNA3. The designations of the
resulting plasmids and their corresponding mutations are listed in Fig. 1. All
plasmid constructs were confirmed by DNA sequencing performed by the Cor-
nell University DNA sequencing and genotyping core facility (data not shown)
and by immunoblotting after transient expression in mammalian cells using
pU, 6-specific or Flag-specific antibodies.

Plasmid pCAGGS-nlsCre, expressing Cre recombinase, was a gift from Mi-
chael Kotlikoff, Cornell University. Plasmids pBAD-I-Scel, containing the gene
encoding the Saccharomyces cerevisiae 1-Scel endonuclease, and pEPkan-S, con-
taining aphAI (encoding kanamycin resistance) adjacent to an I-Scel restriction
site, were gifts from Nikolaus Osterrieder, Cornell University.

Construction of recombinant viruses. Recombinant viruses were constructed
by en passant mutagenesis, a two-step Red-mediated recombinant system de-
scribed by B. K. Tischer et al. (37). The bacterial artificial chromosome (BAC)
containing the entire HSV-1(F) genome was described previously (34). The
primers for production of a PCR amplicon for eventual mutation of W27A or
W596A of U6 in the HSV-1(F)-containing BAC are listed in Table 1. The
expected mutations in HSV-1 BAC DNA were confirmed by DNA sequencing,
and the resulting recombinant BACs were designated bJB30 and bJB31. Purified
BAC DNA was cotransfected with a Cre expression plasmid into CV6 cells

expressing pUy 6. The presence of viable recombinant virus was indicated by the
formation of cytopathic effects, and the resulting viruses were subjected to two
further rounds of plaque purification. The genotypes of the recombinant viruses,
designated vJB30 and vJB31, were confirmed by PCR and DNA sequencing,
whereas the viral phenotype was characterized as described in Results. To repair
the mutated Uy 6 gene of vJB30, rabbit skin cells were cotransfected with vJB30
viral DNA and linearized pJB132, which contains the gene fragment from posi-
tions 11820 to 21655 of the HSV-1F genome (18). The virus arising from ho-
mologous recombination was able to form plaques in rabbit skin cells and was
designated vJB30R.

Immunoprecipitation and immunoblotting. Appropriately 2 X 10° CV1 cells
were either transfected with 4 g each of expression plasmids containing U; 26
and wild-type Uy 6 or its derivatives, as shown in Fig. 1, or infected with wild-type
and 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
RIPA buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40,
0.25% sodium deoxycholate, 1 mM EDTA, and 1X protease inhibitor cocktail
(Roche). Mouse anti-VP22a monoclonal antibody (MCA406; 1:200 dilution;
AbD SeroTEC) was used for immunoprecipitation. Immune complexes, RIPA
buffer-solubilized clarified lysates, total lysates solubilized in 1% sodium dodecyl
sulfate (SDS) and beta mercaptoethanol, and, in some experiments, SDS-dena-
tured purified B capsids were separated on SDS-12% polyacrylamide gels, and
transferred to nitrocellulose membranes for immunoblotting. The immunoblots
were probed with anti-VP22a antibodies diluted 1:2,000 and/or anti-pUy 6 poly-
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FIG. 1. Diagrams of pU, 6 expression plasmid (A) and recombi-
nant virus (B) with mutations in the U, 6 gene. The designation of the
plasmid (A) or recombinant virus (B) is indicated to the right of each
line. The number above each line is the codon number. Letters plus
numbers above each line indicate single-amino-acid substitutions. The
stars designate the positions of the Flag epitope tags.

4 W596A

clonal antiserum diluted 1:1,000. The bound immunoglobulins were revealed by
reaction with horseradish peroxidase-conjugated anti-rabbit or -mouse immuno-
globulin G and visualized by enhanced chemiluminescence (Amersham Pharma-
cia Biotech).

Capsid purification. Capsid purification procedures were performed as de-
scribed previously (43). Briefly, CV1 cell monolayers from two 850-cm? roller
bottles were infected with either HSV-1(F) or mutant viruses at a multiplicity of
infection of 5 PFU/cell. The cells were harvested 18 h later and washed with cold
PBS. The cell pellets were suspended in 25 ml of lysis buffer (1 mM dithiothre-
itol, 1 mM EDTA, 20 mM Tris, pH 7.6, 500 mM NacCl, 1% Triton X-100, and
protease inhibitor), sonicated briefly, and precleared by spinning them at 10,000 X
g for 15 min. Capsids in the supernatant were pelleted through a 5-ml 35%
sucrose cushion in TNE buffer (20 mM Tris-HCI [pH 7.6], 500 mM NaCl, 1 mM
EDTA) in an SW28 ultracentrifuge tube at 24,000 rpm for 1 h. The 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 collected with a
Pasteur pipette. The purity of capsid preparations was evaluated by transmission
electron microscopy and negative staining (data not shown).

Southern blotting. Approximately 2 X 10° CV1 cells were mock infected or
infected with HSV-1(F), JB30, vJB30R, or vJB31. 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 (46). The bound DNA
was UV cross-linked to the membrane and hybridized with [>?P]dCTP-labeled
BamHI P fragment of HSV-1(F) DNA at 42°C for 24 h according to standard
procedures (30). The membrane was washed twice with 1X SSC (3.0 M NaCl, 0.3

J. VIROL.

TABLE 2. Rescue of Uy 6 null mutant propagation by transiently
expressed U; 6 mutants”

Genotype of pU; 6 Yield of U; 6 null virus”

Plasmid in tested plasmid (PFU/ml)
pcDNA3 <10?
pJB448 Wild type (32 +0.23) X 10°
pIB623 W27A <10?
pJB624 WI0A <10?
pIB631 WI127A <10?
pIB632 W163A (3 £2.5) x 107
pIB625 W241A <10?
pJB634 W262A <10?
pIB641 W532A <10?
pIB626 WS596A (4.4 = 4.8) X 10°

“ The transient-complementation assay was performed as described in Mate-
rials and Methods.

® Infectious titers were determined on CV6 cells expressing pUy 6, and the data
represent means * standard deviations from three independent experiments.

M sodium citrate, pH, 7.0) at 42°C for 15 min each time and once with 0.1X SSC,
0.1% SDS for 1 h at 64°C and then autoradiographed by exposure to X-ray film.

Transient-complementation assay. Approximately 1.2 X 10° CV1 cells in
six-well plates were transfected with 4 pg of the plasmids listed in Table 2 by use
of Lipofectamine 2000 according to the manufacture’s protocol (Invitrogen).
Twenty-four hours after transfection, the cells were either harvested and sub-
jected to immunoblotting (data not shown) or superinfected with 1 PFU per cell
of Uy 6 null virus. After adsorption for 2 hours at 37°C with shaking, the inoc-
ulates 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 once with PBS and overlaid with 5 ml DMEM supplemented
with 5% newborn calf serum. Progeny virus was harvested 24 hours postinfection
by three cycles of freezing and thawing, and the amount of infectivity was
determined by plaque assay in CV6 cells, which contain the U; 6 gene and
complement the replication of Uy 6 null viruses. This experiment was repeated
three times.

Virus replication assay. Approximately 2 X 10° CV1 cells in 25-cm? flasks
were infected with the viruses indicated in Table 3 at a multiplicity of infection
of 0.1 PFU/cell. After adsorption for 2 hours at 37°C with shaking, the inoculates
were removed, and the cells were washed with CBS buffer to remove residual
infectivity. The cells were then washed with PBS once and overlaid with 5 ml
DMEM supplemented with 5% newborn calf serum. 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 cell monolayers indi-
cated in Table 3. This experiment was repeated three times.

RESULTS

To map the domains of portal protein pUj 6 that are critical
for interaction with scaffold proteins, U, 6 was cloned in frame

TABLE 3. Replication of wild-type and mutant viruses”

Cell line for

Vi Genotype of propa_lgatlon/cell Infectious titer”
irus U6 line for (PFU/ml)
L determining
titer
6 null CV1/CV6 <102
F Wild type CV1/CV1 (1.9 = 0.65) x 107
vIB30 W27A CV1/CV6 <10?
vIB30 W27A CV6/CV6 (8 =0.2) x 10°
vIB30R Wild type CV1/CV6 (1.7 = 1.1) x 107
vIB31 W596A CV1/CV6 (2.0 = 0.45) x 107

“The virus replication assay was performed as described in Materials and
Methods.

® The data represent means = standard deviations from three independent
experiments.
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FIG. 2. Mapping regions of pU, 6 required for scaffold protein in-
teractions. CV1 cells were cotransfected with expression plasmids en-
coding full-length pU,;26 and Flag-tagged pU,6 or its derivatives.
(A) Twenty-four hours after transfection, cells were harvested and
lysed in RIPA buffer. The lysates were electrophoretically separated,
transferred to nitrocellulose, and probed with anti-Flag antibody to
monitor pU, 6-Flag expression. (B) The lysates were reacted with anti-
scaffold protein monoclonal antibody. The presence of pU, 6 in immu-
noprecipitated material was detected by immunoblotting. (C) Immu-
noprecipitation reactions were performed with anti-scaffold antibody
followed by immunoblotting with the same antibody. In all cases,
bound immunoglobulins were revealed by enhanced chemilumines-
cence. The positions of pUj 6, scaffold proteins, and the mouse immu-
noglobulin G heavy chain are indicated on the right. The positions of
protein mass standards are indicated on the left. IP, immunoprecipi-
tation; IB, immunoblotting.

with a Flag epitope. Full-length and truncated versions of this
plasmid were transfected into CV1 cells with a pU; 26 expres-
sion plasmid. Lysates of the transfected cells were then sub-
jected to immunoprecipitation with scaffold-specific antibody,
and the presence or absence of scaffold and portal proteins in
electrophoretically separated immunoprecipitated material
was determined by immunoblotting.

As shown in Fig. 2, the anti-scaffold antibody immunopre-
cipitated VP22a, the major scaffold protein, in all cases and
pU; 26 in most cases. Moreover, Flag-pU; 6 was expressed in
contransfected cells to readily detectable levels, as revealed on
immunoblots of the cellular lysates probed with M2 antibody.
Most importantly for the purposes of this experiment, full-
length pU, 6 was coimmunoprecipitated with anti-scaffold an-
tibody whether the Flag epitope was located at the N or the C
terminus. Examination of truncated pU, 6 revealed that amino
acids 1 to 18 and 641 to 676 were dispensable for coimmuno-
precipitation with scaffold proteins, whereas more extreme
truncations than these precluded the interaction with scaffold
proteins. We concluded that amino acids 19 to 640 of pU, 6
were sufficient to interact with scaffold proteins as determined
by immunoprecipitation.

We next focused on residues within the identified scaffold
interaction region of pU; 6 that might be critical to its inter-
action with scaffold proteins. Given our previous results show-
ing that a hydrophobic domain in scaffold proteins mediated
interaction with the portal protein, we reasoned that hydro-
phobic residues within the portal might be important. We
noted several highly conserved tryptophan residues within the
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FIG. 3. Replacement of tryptophan by alanine within pUL6 abol-
ishes its interaction with scaffold protein in transfected cells. CV1 cells
were cotransfected with expression plasmids bearing full-length U, 26
and wild-type U; 6 or U; 6 genes containing substitutions of alanine for
tryptophan codons. Twenty-four hours after transfection, cells were
harvested and lysed in RIPA buffer, and coimmunoprecipitation with
anti-ICP35 monoclonal antibodies was performed. (A) Immunoblots
of transfected cell lysates probed with pU, 6-specific antibody. (B) Im-
munoblot of proteins immunoprecipitated with anti-scaffold antibody
and probed with pU, 6-specific antibody. (C) Immunoblot of proteins
immunoprecipitated with anti-scaffold antibody and probed with the
same antibody. The positions of pU; 6 and scaffold proteins are indi-
cated on the right. Bound immunoglobulins were revealed by en-
hanced chemiluminescence. IP, immunoprecipitation; IB, immuno-
blotting.

portal protein (see Fig. 7). To test whether these amino acids
were important for scaffold protein interaction, we mutated
each tryptophan codon to alanine and tested each mutant
protein for its ability to interact with the scaffold protein by
coimmunoprecipitation.

As shown in Fig. 3, mutation of tryptophan residues at
position 27, 90, 127, 163, 241, 262, 532, or 596 completely
precluded coimmunoprecipitation by scaffold-specific anti-
body despite ample levels of the mutated portal proteins in
the lysates. We concluded that these residues are critical to
interaction with the scaffold protein in the absence of other
viral proteins.

To test for the effects of the W/A mutations on viral repli-
cation, CV1 cells were transfected with plasmids bearing vector
DNA, wild-type pU, 6, or pU, 6 bearing the W/A mutations at
position 27, 90, 127, 163, 241, 262, 532, or 596. Expression of
mutant and wild-type pU; 6 was verified by immunoblotting
24 h later (not shown), and the pU, 6-expressing cells were
infected with a U} 6 null virus. Twenty-four hours after virus
infection, the cells were lysed, and the yield of infectious virus
was determined on a U, 6-expressing cell line, CV6. As shown
in Table 2, expression of wild-type pUj, 6 rescued replication of
the U, 6 null virus, producing a final infectious titer of approx-
imately 3 X 10° PFU/ml. In contrast, W/A mutations at posi-
tions 27, 90, 127, 241, 262, and 532 completely precluded res-
cue of viral infectivity, indicating that these residues were
critical to portal function. Compared to wild-type pU, 6, the
W163A-bearing plasmid was reduced by approximately 1,000-
fold in its ability to rescue replication of the U, 6 null mutant,
producing an infectious titer of approximately 300 PFU/ml. In
contrast, the plasmid bearing W596A rescued viral replication
as well as the wild-type plasmid, despite the observation that
the mutation precluded coimmunoprecipitation of pU; 6 and
scaffold proteins when these proteins were coexpressed in the
absence of virus infection (Fig. 3). We conclude that other
functions in virus-infected cells can compensate for the dimin-
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FIG. 4. pU,6 and scaffold protein interaction in virus-infected
cells. CV1 cells were mock infected or infected with HSV-1(F),
vIB30(W27A), vIB31(W596A), or a U, 6 null mutant. Eighteen hours
after infection, coimmunoprecipitation was performed using anti-scaf-
fold antibodies. (A) Immunoblot of electrophoretically separated ly-
sates probed with anti-pU, 6 antibody. (B) Whole-cell lysates probed
with anti-pU, 6 antibody. (C) Soluble lysates probed with anti-scaffold
antibody. (D) Immunoblot of material immunoprecipitated with anti-
scaffold antibody and probed with antibody to pU, 6. (E) Immunoblot
of proteins immunoprecipitated with scaffold-specific antibody and
probed with the same antibody. Bound immunoglobulins were re-
vealed by enhanced chemiluminescence. The positions of scaffold pro-
teins and pU, 6 are indicated on the right. IP, immunoprecipitation;
IB, immunoblotting.

ished interaction between the portal and the scaffold in cells
expressing pU; 6 W596A.

To investigate this idea further, recombinant viruses bearing
(i) the W596A mutation and (ii) W27A (as an example of the
group of mutations precluding replication in our complemen-
tation assay) were constructed using BAC technology and were
designated vJB31(W596A) and vIB30(W27A), respectively. A
virus derived from vJB30 but bearing a restored U; 6 gene was
also constructed and designated vJB30R.

As shown in Table 3, vIB31(W596A) replicated to levels
similar to those of the wild-type virus in both CV1 cells and
CV6 cells, which are derived from CV1 cells but express
wild-type pU 6 (46). In contrast to these results, neither
vIB30(W27A) nor the U;6 null mutant replicated to an
appreciable extent on CV1 cells. vIB30(W27A) was able to
propagate on U, 6-complementing cells to levels similar to
that of wild-type virus, indicating that U; 6 was solely respon-
sible for the replication defect in CV1 cells. This conclusion
was further confirmed by the observation that vIB30R was able
to replicate normally on CV1 cells.

To determine the fate of the portal-scaffold interaction in
cells infected with vJB30(W27A) and vIB31(W596A), cells
were infected with these viruses or HSV-1(F), and the amount
of pU, 6 in clarified or total lysates was determined by immu-
noblotting. As shown in Fig. 4, steady-state levels of pU, 6
accumulated to similar levels in cells infected with JB30,
JB31, and HSV-1(F) (Fig. 4B). On the other hand, slightly
reduced levels of pU; 6 were present in clarified lysates of
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FIG. 5. B-capsid proteins probed with pU;6-, VP22a-, or VP5-
specific antibodies. CV1 cells (4 X 10®%) were infected with 5 PFU/cell
of HSV-1(F), U 6 null, vIB30(W27A), or vIB31(W596A). Twenty
hours after infection, B capsids were purified, denatured, separated by
SDS-12% polyacrylamide gel electrophoresis, and transferred onto a
nitrocellulose membrane, followed by immunoblotting with anti-pUj 6,
anti-VP22a, or anti-VP5 antibodies. Bound immunoglobulin was re-
vealed by enhanced chemiluminescence.

vIB30(W27A)-infected cells compared to the amounts in ly-
sates of cells infected with vJIB31(W596A) or HSV-1(F). This
observation was potentially significant, because it was noted
previously that mutations precluding scaffold-portal interac-
tions inhibit solubilization of pU; 6 (36).

To determine whether the mutations affected portal-scaffold
interaction as suspected, the clarified lysates were subjected to
immunoprecipitation with scaffold-specific antibody. As shown
in Fig. 4E, the scaffold-specific antibody readily immunopre-
cipitated scaffold proteins from all the infected cell lysates.
Most importantly, pU; 6 coimmunoprecipitated with VP22a
from lysates of cells infected with vIB31(W596A), but not from
vIB30(W27A)-infected cell lysates (Fig. 4D). Thus, the inabil-
ity of vJB30 to replicate in CV1 cells correlated with a failure
of its portal and scaffold proteins to interact with infected cells
as assessed by immunoprecipitation.

To determine whether the failure of vJB30 scaffold and
portal protein interaction affected incorporation of the portal
protein into capsids, cells were infected with the U, 6 null virus,
wild-type HSV-1(F), vIB30(W27A), or vIB31(W596A), and
capsids were purified. Capsid proteins were denatured and
electrophoretically separated, and an immunoblot of the sep-
arated proteins was probed with antibodies to pU, 6, scaffold,
or VPS5 as a loading control. As shown in Fig. 5, approximately
equal amounts of capsids were loaded in each lane, as revealed
by the roughly equal intensities of the VP5-specific bands.
Similar levels of scaffold proteins were also contained within
each lane, suggesting that the portal mutations did not affect
scaffold incorporation into capsids. Most significantly, less
pU, 6-specifc signal was present in the vJB30(W27A) capsids
than was detected in wild-type capsids or vIB31(W596A)
capsids. To ensure that the association of mutant portal with
capsids was not a consequence of the protein migrating
throughout the sucrose gradient, all gradient fractions were
probed with the pU, 6 antibody and VPS5 antibody was used to
mark capsid-containing fractions. pUL6 immunoreactivity was
detected only in fractions containing VPS5, indicating that the
mutant portal protein did not migrate throughout the sucrose



VoL. 83, 2009

S

1 2 3 4 5

FIG. 6. Southern blotting of viral genomes digested with BamHI.
CV1 cells (2 x 10°%) were infected with 5 PFU/cell of HSV-1(F), U 6
null, JB30(W27A), vIB31(W596A), or vIB30R. Fifteen hours after
infection, total nuclear DNA was extracted, digested with BamHI,
transferred to a nylon membrane (0.45 wM), and hybridized with
radiolabeled BamHI P fragment of HSV-1(F) DNA. Bound probe
DNA was revealed by autoradiography. The positions of the BamHI
S-P and P fragments are indicated on the right.

gradient (data not shown). Thus, the failure of vIB30(W27A)
portal and scaffold to interact, as revealed by immunoprecipi-
tation, correlated with a reduced, but not complete, inhibition
of portal incorporation into vJB30 capsids.

Given the absence of a scaffold/portal interaction in cells
infected with vJB30, we predicted that, as in the case of U, 6
null viruses, genomic DNA would not be cleaved from con-
catameric DNA. To test this possibility, viral DNA was purified
from cells infected with wild-type HSV-1(F), U, 6 null virus,
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vIB30, vJB30R, or vJB31. The purified DNA was then digested
with BamHI, transferred to a nylon membrane, and probed
with radiolabeled DNA from HSV-1 genomic ends. The results
are shown in Fig. 6. In cells infected with wild-type virus, the
viral cleavage and packaging machinery cleaves sequences cor-
responding to the BamHI S-P fragment, yielding, upon diges-
tion with BamHI, the BamHI P fragment. This was observed in
lanes containing DNA from HSV-1(F)-, vJB30R-, and, to a
lesser extent, vJIB31(W596A)-infected cells. In contrast to
these results, the BamHI P fragment was not observed in
BamHI-digested DNA from cells infected with the U, 6 null
virus or vJB30(W27A). We concluded that the pU, 26 W27A
mutation precludes DNA cleavage, whereas the W596A mu-
tation does not. Thus, the failure to cleave DNA correlates
with the inability of vJIB30(W27A) to incorporate portal effi-
ciently into capsids and to propagate in CV1 cells.

DISCUSSION

These data indicate that the first 18 and last 36 amino acids
of pU, 6 are dispensable for interaction with scaffold proteins,
as assessed by immunoprecipitation, whereas the rest of the
protein is required for this interaction. This observation sug-
gests that U; 6 must remain largely intact to interact with
scaffold proteins and, by extension, to support viral replica-
tion. We also cannot exclude the possibility that one or more
of these mutations preclude pU,6-pU,; 6 interactions and
thereby preclude the formation of functional portals.

The relative positions of most of the tryptophan residues in
pU_ 6 are conserved in portal proteins of other alphaherpesvi-
ruses (Fig. 7). In the current study, all of these tryptophan
resides were found to be essential for interaction with scaffold
protein in the absence of other viral proteins, suggesting that
they are important to maintain the optimal conformation of
the portal. In infected cells, however, W596A was tolerated, so
that viral replication, incorporation of the portal into capsids,
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FIG. 7. Sequence alignments showing that tryptophan residues are conserved in the portal proteins of alphaherpesvirus. BHV, bovine
herpesvirus; CHV, cercopithecine herpesvirus; EHV, equine herpesvirus; GaHV, gallid herpesvirus; HSV, herpes simplex virus; MeHV-1,
meleagrid herpesvirus 1 (herpesvirus of turkeys); PRV, pseudorabies virus; VZV, varicella zoster virus. The sequences are from references 3, 6,

10, 16, 18, 31, 35, and 36.
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and viral-DNA cleavage and packaging occurred normally.
One interpretation of these results is that our in vitro coim-
munoprecipitation assay is a more stringent test of the scaf-
fold-portal interaction, whereas in infected cells other func-
tions compensate for the mutation’s effects on the interaction.
Such compensating functions might include the proper ratio of
VP22a to VP21 in infected cells versus those expressing pU, 26
and VP22a transiently, high protein concentrations in assem-
bling capsids that might compensate for low affinity between
mutant portal and scaffold proteins, interactions with other
capsid proteins that fortify the scaffold-portal interaction, or
virus-encoded or virus-induced chaperone functions that aug-
ment folding of mutant pU; 6 to augment proper portal con-
formation. It is noteworthy that of the tryptophan residues
within pU, 6, W596 is the least highly conserved (Fig. 7, W7),
and it is completely absent from the portal proteins of pseu-
dorabies virus, bovine herpesviruses I and V, equine her-
pesvirus 1, gallid herpesviruses 1 to 3, and circopethecine
herpesvirus 2.
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