JOURNAL OF VIROLOGY, Nov. 2007, p. 11790-11797
0022-538X/07/$08.00+0 doi:10.1128/JV1.01113-07

Vol. 81, No. 21

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

The Capsid and Tegument of the Alphaherpesviruses Are Linked by
an Interaction between the UL25 and VP1/2 Proteins’

Kelly Elizabeth Coller, Joy I-Hsuan Lee, Aki Ueda, and Gregory Allan Smith*
Department of Microbiology-Immunology, Northwestern University Feinberg School of Medicine, Chicago, Illinois 60611

Received 22 May 2007/Accepted 13 August 2007

How alphaherpesvirus capsids acquire tegument proteins remains a key question in viral assembly. Using
pseudorabies virus (PRV), we have previously shown that the 62 carboxy-terminal amino acids of the VP1/2
large tegument protein are essential for viral propagation and when transiently expressed as a fusion to green
fluorescent protein relocalize to nuclear capsid assemblons following viral infection. Here, we show that
localization of the VP1/2 capsid-binding domain (VP1/2cbd) into assemblons is conserved in herpes simplex
virus type 1 (HSV-1) and that this recruitment is specifically on capsids. Using a mutant virus screen, we find
that the protein product of the UL25 gene is essential for VP1/2cbd association with capsids. An interaction
between UL25 and VP1/2 was corroborated by coimmunoprecipitation from cells transiently expressing either
HSV-1 or PRY proteins. Taken together, these findings suggest that the essential function of the VP1/2 carboxy
terminus is to anchor the VP1/2 tegument protein to capsids. Furthermore, UL25 encodes a multifunctional
capsid protein involved in not only encapsidation, as previously described, but also tegumentation.

All herpesviruses share a common structure that includes a
capsid core surrounded by a tegument layer, the latter consist-
ing of viral and cellular proteins derived from the cytosol of the
infected cell (10, 40). The capsid and tegument are enveloped
by a lipid membrane derived from the cellular secretory path-
way (reviewed in reference 39). Although the tegument layer
was initially thought to lack defined structure, electron cryo-
microscopy and tomography studies of the alphaherpesviruses
have determined that the tegument interacts with the capsid
surface exclusively at vertices where it adopts the underlying
fivefold symmetry (22, 60). The occurrence of many specific
interactions between tegument proteins, as well as between
tegument proteins and membrane glycoproteins, suggests that
the assembly of tegument components directs the production
of virions by linking the capsid to emerging envelopes in the
infected cell (9, 14, 16, 21, 26, 27, 32, 34, 42, 48, 59, 62). In
accordance with these findings, a direct interaction between
specific tegument and capsid proteins of the alphaherpesvi-
ruses should exist but has eluded discovery.

Here, we show that the carboxy terminus of the VP1/2 teg-
ument protein is a capsid-binding domain (CBD) that is func-
tionally conserved in herpes simplex virus type 1 (HSV-1) and
pseudorabies virus (PRV). Using a screen to identify viral
proteins required for assembly of VP1/2 onto capsids, we iden-
tify a minor capsid protein previously found to participate in
DNA encapsidation (UL25) as the binding partner for VP1/2
(2, 37). The interaction between the UL25 capsid protein and
the VP1/2 tegument protein defines new functions for both of
these proteins and reveals a critical missing link in the mor-
phogenesis of the alphaherpesviruses.
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MATERIALS AND METHODS

Subcloning. The green fluorescent protein (GFP) fusion to the carboxy-ter-
minal VP1/2 conserved domain of PRV (pGS1163), previously referred to as
GFP-VP1/2(aa3023-3084) (33), is referred to here as PRV GFP-VP1/2cbd
(where cbd is capsid-binding domain). An mCherry-VP1/2cbd variant (pGS1775)
was made by replacing the GFP open reading frame (ORF) with that of mCherry
(46). The mCherry ORF provided in plasmid pRSET-B/mCherry (a generous
gift of Roger Tsien) was first amplified by PCR and the subcloned into
pEGFP-C1 (Clontech), such that the GFP ORF was replaced by the mCherry
OREF. This produced pmCherry-C1, which was the source of the mCherry ORF
(by BglII and Nhel digestion) for pGS1775. The HSV-1 GFP-VP1/2cbd fusion
was constructed by a polymerase elongation reaction using the following two
primers that share overlapping 3’ ends: 5'-CCAGATCT]CCCGTATCGGCAA
ACGCAGTTCTGTCGCGACGCTACGTGCAACGCACCGGTCGTAGCGC
CCTGGCGGTACTGATCCGCGCCTGTTACCGCCTACAACAGC and 5'-C
CAAGCTTAGCCCAGTAACATGCGCACGTGATGTAGGCTGGTCAGCA
CGGCGTCGCTGTGATGAAGCAGCGCCCGGCGGGTCCGCTGTAACTG
CTGTTGTAGGCGGTAA. The resulting product was subcloned in frame
downstream of the GFP ORF in pEGFP-C1 by using the primer-encoded BglII
and HindIII restriction sites (underlined). The resulting plasmid, pGS2033, ex-
presses GFP fused to amino acids 3104 to 3164 of HSV-1 VP1/2.

A PRV mCherry-UL25 expression plasmid (pGS2243) was constructed by
digesting pmCherry-C1 and pGS1962 (see below) with BglII and HindIII, fol-
lowed by ligation. A PRV UL25-myc fusion (pGS2060) was made by PCR
amplification of UL25 from the pBecker3 infectious clone using primers 5'-GG
GGATCCATGGACCGCGCGTGGTTCGCCTTCG and 5'-GGTCTAGAGG
CGGCGGCGAACTGCGGGATATAG (49). The resulting PCR product was
subcloned into the pcDNA3.1/myc-His mammalian expression vector (Invitro-
gen) by using encoded BamHI and Xbal sites (underlined). The UL25 insert was
confirmed by sequencing. An HSV-1 mCherry-UL25 expression plasmid
(pGS2363) was constructed by PCR cloning of the UL25 ORF from an HSV-1
strain 17 infectious clone into pmCherry-C1 using BgIIT and HindIII(19).

Retroviral constructs used to produce complementing cell lines were made as
follows. For the UL34-complementing cell line, a ~0.9 kbp Sall-Xhol fragment
of PRV genomic DNA encoding UL34 was subcloned into pLPCX (Clontech)
from a previously isolated ~4.5 kbp Sall fragment of PRV-Becker (51). The
resulting clone, pGS1307, encodes the entire UL34 ORF and adjacent sequences
(62 bp upstream and 101 bp downstream) behind the cytomegalovirus immedi-
ate-early promoter. For the UL25-complementing cell line, an Nhel restriction
site was inserted immediately downstream from the UL25 ORF of the pBecker3
infectious clone by RED-GAM mutagenesis (4). The UL25 ORF was subse-
quently subcloned using a modified RED-GAM protocol as described previously
(36). Briefly, an R6K plasmid was amplified using the primers 5 GCGGCGCG
CGGCGGCGCGCGGCCCATGTCCCCCCGCGCCGCTAGCAAGCTTCCA
CATGTGGAATTCCCAT and 5 GATCGCAGCGGCCTCGAAGGCGAAC
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CACGCGCGGTCCATAGATCTGTCATCCATATCACCACG  (underlined
sequences encode Nhel, HindIII, and BglII restriction sites). The resulting PCR
product was inserted upstream of the UL25 start methionine codon based on
homologies in the 5’ end of each primer, and the UL25 ORF was liberated by
Nhel digestion and self-ligation between the Nhel sites engineered both up-
stream and downstream of the ORF. The HindIIT and BglII sites were subse-
quently used for subcloning into pLPCX, resulting in plasmid pGS1962. The
GFP-V1/2cbd construct was moved into pLPCX from pGS1163 as an SnaBI-
HindIII fragment, resulting in plasmid pGS1262.

Virus construction. All recombinant isolates of PRV were derived from the
PRV-Becker infectious clone, pBecker3 (49). PRV encoding the VP26 capsid
protein fused to either GFP (PRV-GS443) or monomeric red fluorescent protein
(mRFP1; PRV-GS847) were previously described (51, 52). PRV-GS1214, en-
coding both mRFP1-VP26 and GFP-VP22, was previously described (35). Fluo-
rescently tagged viruses carrying deletions in the UL35 (PRV-GS1205), UL36
(PRV-GS678), UL37 (PRV-GS993), and UL48 (PRV-GS1081) genes were pre-
viously described (4, 5, 36). Viruses encoding fluorescent capsids and carrying
deletions in UL11 (PRV-GS718), UL25 (PRV-GS777), and UL34 (PRV-
GS1248) were made by inserting a stop codon and a kanamycin marker flanked
by Flp recombination target sites after the endogenous start codon by using
RED-GAM recombination followed by Flp-mediated excision of the kanamycin
marker, as described previously (4). This resulted in a TAA stop codon followed
by a single 34-bp Flp recombination target site. For UL11, we deleted only
codons 16 to 63 (of a total of 63), which kept the overlapping UL12 ORF intact.
For UL25, codons 2 to 195 (of a total of 534) were deleted. The remaining UL25
ORF had no in-frame methionine codons and was left intact to prevent disrup-
tion of the downstream UL26 promoter. A second UL25-null virus was con-
structed in the RFP-capsid background. Briefly, a two-step recombination pro-
tocol was used to insert a stop codon, followed by deletion of codons 2 to 509 of
the UL25 ORF (56).

To make a virus encoding deletions in both the US3 and UL13 protein kinase
genes (PRV-GS1034), RecA-dependent homologous recombination was used to
introduce a US3 deletion allele into a pBecker3 infectious clone already encod-
ing a UL13 deletion. Both deletion alleles were previously described (4).

The recombinant HSV-1 strain encoding GFP-capsid fusions (HSV-GS1821)
was derived from the HSV-1 strain KOS infectious clone, KOS-37 bacterial
artificial chromosome (19). A two-step recombination protocol was used to place
the GFP ORF between codons 5 and 6 of the UL35 ORF (56). Primers used for
this RED recombination were 5 ATATCGCTTCCCGACCTCCGGTCCCGA
TGGCCGTCCCGCACTCGACCATGGTGAGCAAGGGCGAGGAGC and
5" AAGCGCCCGGACGCTATCGGTGGTAACGGTGCTGGGGCGGCTCG
AGTTGTACAGCTCGTCCATGCCG. Linkers (underlined sequences) were
placed at both fusion junctions to mimic a previously described GFP-UL35
fusion (12).

Virus and cells. Pig kidney epithelial cells (PK15) were used for propagation
of PRV stocks that did not require complementation. Recombinant PRV viruses
were isolated following transfection of infectious clone plasmids into PK15 cells
as previously described (50). PK15-UL36 and PK15-UL37 complementing cell
lines required to propagate the PRV-GS678 (AUL36) and PRV-GS993 (AUL37)
viruses were previously described (36). PK15-UL25 and PK15-UL34 comple-
menting cell lines required to propagate PRV-GS777/GS2168 (AUL25) and
PRV-GS1248 (AUL34), as well as PK15-GFPVP1/2cbd cells, were made by
transduction of retroviral particles derived from pGS1307, pGS1962, and
pGS1262 (see above) as previously described (36). All complementing cells were
selected with 1 pg of puromycin/ml.

African green monkey kidney cells expressing Cre recombinase (CRE-Vero
cells) were used to initially propagate HSV-1 KOS expressing the GFP-UL35
capsid fusion (HSV-GS1821) and were maintained as described previously (19).
Vero cells were used for additional HSV propagation and subcellular localization
studies of VP/2cbd and UL25 constructs. HEK-293 cells were used for cotrans-
fection studies of viral proteins used in protein immunoprecipitation experiments
due to the high transfection efficiency that could be attained.

Transfection and infection. For fluorescence imaging, Vero cells were trans-
fected with expression plasmids using polyethylenimine (catalog no. 23966; Poly-
sciences) as previously described (33). In a subset of experiments, cells were
transfected using Lipofectamine 2000 transfection reagent (Invitrogen) as fol-
lows: to 1 ml of Dulbecco’s modified Eagle’s medium, 30 pl of Lipofectamine
2000 and 30 pl of plasmid DNA were added, mixed, and incubated at room
temperature for 20 min. The mixture was added to a 10-cm dish of subconfluent
Vero cells and incubated for an additional 12 to 14 h. Transfected cells were
passaged at a fivefold dilution onto 22- by 22-mm glass coverslips (no. 1.5),
allowed to adhere for 2 h, and infected at an multiplicity of infection of 5. The
samples were imaged between 5 to 8 h postinfection (hpi) (see below).
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For experiments examining VP1/2cbd localization after infection with mutant
viruses, either GFP-VP1/2cbd (pGS1163) or mCherry-VP1/2cbd (pGS1775) was
transfected, depending upon the fluorescent protein fused to the VP26 capsid
protein in the various mutant viruses examined (GFP-capsid virus mutants in-
cluded AUL11, AUL25, and AUL36; RFP-capsid virus mutants included AUL13/
AUS3, AUL34, AUL37, and AULAS).

For coimmunoprecipitation experiments, HEK-293 cells were transfected us-
ing 45 pl of polyethylenimine and 22.5 pl of each plasmid in 1 ml of Dulbecco’s
modified Eagle’s medium.

Capsid isolation. PK15 or PK15-GFPVP1/2cbd cells were grown in 850-cm?
roller bottles and infected with PRV-GS847, PRV-GS1214, or PRV-GS2168 at
a multiplicity of infection of 3. Capsids were isolated at 24 hpi by freon extrac-
tion. The majority of capsids isolated by this method have been reported to be B
and C capsids (50, 53).

Fluorescence microscopy. Fluorescence imaging was performed on transfected
and infected cells as previously described (33). To investigate GFP association
with isolated RFP-capsids, a 1:10 dilution of isolated capsids was placed on a
glass slide and then covered with a 22- by 22-mm glass coverslip (no. 1.5).
Fluorescence emissions from isolated capsids were captured using a 60X objec-
tive with a numerical aperture of 1.4 (Nikon) and a Cascade 650 charged-coupled
device (Roper Scientific) with 2-s RFP and 4-s GFP sequential exposures. Quan-
titation of RFP-GFP colocalization was performed using the Metamorph soft-
ware package (Molecular Devices) and an automated algorithm that identified
punctate emissions of RFP-capsid fluorescence and measured the amount GFP
signal-over-background associated with each RFP spot.

Electron microscopy. Capsids were placed onto carbon-coated copper electron
microscopy grids (Ladd Research Industries) and allowed to adhere for 5 min at
room temperature. Grids were washed two times with TNE (50 mM Tris [pH
7.5], 100 mM NaCl, 10 mM EDTA) buffer, stained with 1% uranyl acetate for
15 s, and imaged with a Jeol 1220 electron microscope equipped with a
megapixel-resolution digital camera (Kodak).

Immunoprecipitation, Western blot analysis, and antibodies. HEK-293 cells
transiently expressing combinations of VP1/2, UL25, and GFP were lysed 36 h
posttransfection in 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 0.5% NP-40
supplemented with 1 mM dithiothreitol, 1 mM NaF, 0.1 mM Na;VO,, 0.1 mM
phenylmethylsulfonyl fluoride, and a protease inhibitor cocktail (P1860; Sigma).
A total of 25 ug of anti-GFP antibody (Roche) was bound to 100 pl of a
Sepharose A/G bead slurry (as provided by the manufacturer) (Amersham) for
2 h at 4°C. The beads were washed three times with lysis buffer to remove
unbound antibody. Approximately 1 ml of precleared lysate was incubated with
a 30-pl aliquot of the antibody-bound beads overnight at 4°C. The beads were
washed three times with lysis buffer and then resuspended in 30 pl of 2X final
sample buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100, 10%
B-mercaptoethanol). Samples were boiled for 5 min, separated through an 8%
sodium dodecyl sulfate-polyacrylamide gel, and transferred to a Hybond-P mem-
brane (GE Healthcare). The membrane was incubated with a 1:1,000 dilution of
an anti-myc antibody (Northwestern Monoclonal Antibody Facility) followed by
a horseradish peroxidase-conjugated antibody used at a 1:10,000 dilution (Jack-
son ImmunoResearch). UL25-myc was visualized using a luminol-coumeric acid-
H,0, chemiluminescence solution, and exposed film was digitized with an EDAS
290 documentation system (Kodak). Densitometry analysis was performed on
lysates and immunoprecipitations for each sample. A ratio of immunoprecipitate
to lysate was calculated, and the ratio was plotted relative to the background
sample (no GFP), as follows: (intensity of UL25-myc immunoprecipitation sam-
ple/intensity of UL25-myc lysate sample)/(background intensity of UL25-myc
immunoprecipitation/background intensity of UL25-myc lysate). Three separate
experiments were averaged for the final plot. Band intensities were quantified
using ImageJ software (1).

HSV-1 GFP-VP1/2cbd (pGS2033) and mCherry-UL25 (pGS2343) constructs
were transfected into HEK-293 cells, and immunoprecipitations were performed
as stated above but with 20 pl of HSV-1 UL25 antiserum (a generous gift from
Edouard Cantin) bound to 100 pl of beads (3). Bound HSV-1 GFP-VP1/2cbd
was resolved by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and detected by Western blotting with a 1:1,000 dilution of anti-GFP antibody
(Santa Cruz).

For detection of capsid-associated proteins, 10 pl of PRV capsids isolated
from infected PK15 cell nuclei was boiled for 5 min in an equal volume of 2X
final sample buffer; samples were separated and blotted as stated above using
either a 1:1,000 dilution of an anti-GFP (Santa Cruz) or a 1:1,000 dilution of an
anti-VP5 antibody (a generous gift from Lynn Enquist).
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FIG. 1. The VP1/2 CBD is conserved in HSV-1 and PRV. (A) Vero
cells transiently expressing VP1/2cbd from either HSV-1 or PRV fused
to the mCherry fluorescent protein. (B) mCherry-VP1/2cbd-expressing
cells infected with HSV-1 or PRV encoding GFP-capsid fusions and
imaged at 6 to 8 hpi. DIC, differential interference contrast.

RESULTS

The carboxy-terminal essential domain of VP1/2 is function-
ally conserved in HSV-1 and PRV. We have reported that
expression of the carboxy-terminal domain of PRV VP1/2
fused to GFP is excluded from the nucleus of transfected Vero
cells but upon infection with PRV becomes redistributed to
nuclear capsid assemblons (33). Because the amino acid se-
quence of this region of VP1/2 is reasonably conserved
throughout the alphaherpesviruses, we examined the equiva-
lent region of HSV-1 VP1/2 for similar activity (33). The 61
carboxy-terminal codons of HSV-1 VP1/2 were synthetically
made as two overlapping oligonucleotides that were elongated
into a double-stranded DNA that was cloned in frame into an
mCherry expression plasmid. Upon transfection into Vero
cells, the fluorescence emissions from the mCherry fusion pro-
tein were predominantly cytoplasmic (Fig. 1A). Although the
PRV and HSV-1 constructs showed different patterns of cyto-
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plasmic fluorescence, upon infection with recombinants of ei-
ther PRV (strain Becker) or HSV-1 (strain KOS) expressing
GFP-tagged capsids, each fusion protein redistributed to nu-
clear capsid assemblons (Fig. 1B). Knowing that the associa-
tion of the VP1/2 carboxy terminus with capsid assemblons was
conserved between different alphaherpesviruses and was,
therefore, likely an important feature of these viral proteins,
we next further characterized this activity using the PRV
model.

UL2S5 is required for VP1/2 capsid association. Although
VP1/2 was previously stated to coimmunoprecipitate with the
VPS5 major capsid protein from infected cells, the nature of this
interaction has not been resolved (38). VP1/2 is an inner teg-
ument protein and, as such, associates with capsids in infected
cells, but whether this interaction is directly with VP5 or
through additional capsid and tegument proteins is not known
(15). We tested the requirement of nine viral proteins in this
interaction that were considered good candidates as partici-
pants in the VP1/2-capsid interaction (see Discussion). Viruses
with a deletion of each candidate gene were used to infect
PK15 cells transiently expressing either a GFP or mCherry
fusion to VP1/2cbd, and relocalization of VP1/2cbd to nuclear
capsid assemblons was monitored. The viral genes tested in
this way were the UL11, UL13, UL25, UL34, UL35, ULA4S,
UL36, UL37, and US3 genes.

VP1/2cbd localization was imaged between 6 to 8 hpi, and
cells were scored for the presence of VP1/2cbd in nuclear
inclusions indicative of capsid assemblons (Table 1). Most mu-
tant viruses induced VP1/2cbd relocalization equivalent to the
wild type, including a virus lacking VP1/2 expression (AUL36),
indicating that VP1/2cbd can function in the absence of full-
length protein (Fig. 2). The notable exception was the AUL25
virus, which failed to induce relocalization of the VP1/2cbd in
all instances. A revertant of the UL25-null virus was function-
ally restored (Fig. 2).

The VP1/2 carboxy terminus binds to capsids. We next de-
termined if the observed nuclear localization of the VP1/2
carboxy terminus was due to an association with capsids rather
than another assemblon component. Fluorescent capsids were
isolated from the nuclei of PK15 cells stably expressing the
PRV GFP-VP1/2cbd construct, following infection with PRV-
Becker encoding mRFP1-capsids. As controls, we isolated cap-
sids from the nuclei of PK15 cells infected with either the
UL25-null isolate of PRV or with a recombinant PRV-Becker

TABLE 1. Dependence of VP1/2cbd localization at
capsid assemblons

% of cells with VP1/2cbd

Virus Knocked out gene(s) at assemblons (1)°
PRV-GS847 100 (32)
PRV-GS718 AULI1 100 (38)
PRV-GS1034 AUL13, AUS3 100 (25)
PRV-GS777 AUL25 0(28)
PRV-GS1248 AUL34 91 (11)
PRV-GS1205 AUL35 100 (25)
PRV-GS678 AUL36 100 (22)
PRV-GS993 AUL37 100 (12)
PRV-GS1081 AULA48 100 (25)

“ n, number of cells examined.



VoL. 81, 2007

UL25R

DIC

GFP-capsid

mCherry-VP1/2chd

FIG. 2. UL25 is required for VP1/2cbd localization to capsid as-
semblons. Vero cells were transfected with the PRV mCherry-VP1/
2cbd construct and subsequently infected with PRV encoding GFP-
capsid fusions and either AUL36, AUL25, or a revertant of AUL25
(UL25R). Cells were imaged at 6 to 8 hpi. DIC, differential interfer-
ence contrast.

expressing both mRFP1-capsids and a GFP-VP22 fusion (35).
Although VP22 is present in the nuclei of infected cells, it is an
outer-tegument protein that is thought to be added to capsids
during cytoplasmic secondary envelopment and, as such,
should not copurify with capsids isolated from the nucleus (8,
11, 15, 23). Capsids extracted from infected nuclei were spot-
ted either on glass coverslips for fluorescence imaging or on
electron microscopy grids. Capsids were confirmed to be
present and structurally intact in the sample preparations by
electron microscopy (Fig. 3A).

By fluorescence microscopy, 52.4% of capsids (n = 4,102)
isolated from the nuclei of GFP-VP1/2cbd-expressing cells in-
fected with a wild-type UL25 virus also emitted GFP fluorescence
at various intensities, whereas only 3.0% of UL25-null capsids
(n = 2,283) overlapped with GFP-VP1/2cbd fluorescence (Fig.
3B and C). UL25-dependent binding of GFP-VP1/2cbd was
specific. Although there was abundant GFP-VP22 in our nu-
clear preparation, based on Western analysis (Fig. 3D), GFP-
VP22 fluorescence was limited to 10.1% of capsids (n = 2,419)
(Fig. 3B and C). Based on these findings, we conclude that the
VP1/2 carboxy terminus binds capsids, and this binding is de-
pendent upon the presence of UL25. The observed heteroge-
neity in VP1/2cbd-capsid binding may result from the differing
amounts of UL2S present on A, B, and C capsids isolated from
infected cell nuclei (41, 47, 55).

HSV-1 and PRV VP1/2cbd binds UL25. HEK-293 cells were
transiently transfected with a PRV UL25-myc expression plas-
mid alone or together with a plasmid encoding either GFP
fused to full-length PRV VP1/2 (GFP-VP1/2), GFP-VP1/2cbd,
or GFP alone. The GFP constructs were immunoprecipitated
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with an anti-GFP antibody, and the presence of PRV UL25-
myc in the immunoprecipitates was detected by Western anal-
ysis. Both full-length PRV VP1/2 and VP1/2cbd interacted
with PRV UL25 (Fig. 4A and B). Surprisingly, full-length
VP1/2 bound to UL25 less efficiently than VP1/2cbd alone,
which may indicate that full-length VP1/2 is less stable than the
CBD alone or that full-length VP1/2 requires posttranslational
modification or processing to allow efficient capsid binding
(Fig. 4C). In the absence of the CBD, a truncated VP1/2 failed
to interact with UL25-myc, indicating that the VP1/2 carboxy
terminus is the only domain of the protein sufficient to mediate
UL25 binding and also confirming that the VP1/2-UL2S inter-
action was due to the carboxy-terminal domain in VP1/2 and
not an artifact of having fused GFP to the VP1/2 protein
constructs (Fig. 4D).

The VP1/2c¢bd-UL2S interaction was also evident in HSV-1.
HSV-1 VP1/2cbd was efficiently immunoprecipitated from
HEK-293 cells transiently transfected with both HSV-1 GFP-
VP1/2cbd and UL25-mCherry expression plasmids, using an
anti-UL25 antibody (Fig. 4E).

VP1/2cbd competes with full-length VP1/2 assembly into
viral particles. To test if the interaction observed between
VP1/2cbd and UL2S in overexpressing cells was consistent with
a role in tegument assembly during infection, PK15 cells stably
expressing GFP-VP1/2cbd were infected with a recombinant of
PRV expressing mRFP1 fused to the amino-terminus of full-
length VP1/2 (mRFP1-VP1/2) (5). The resulting extracellular
viral particles released from the infected cells were imaged for
incorporation of green and red fluorescence as described pre-
viously (35). Both GFP-VP1/2cbd and mRFP-VP1/2 (full-
length) were incorporated together in 34% of released viral
particles in various amounts (n = 6,506), demonstrating that
the carboxy-terminal CBD was sufficient for structural incor-
poration. In the remaining 66% of released viral particles ex-
amined, either GFP-VP1/2cbd (34%) or mRFP1-VP1/2 (32%)
emissions were exclusively detected, indicating that the pres-
ence of VP1/2cbd can effectively compete for viral incorpora-
tion with the endogenous VP1/2 protein, which is normally
present in 98% of released viral particles (35). The observation
of a large proportion of extracellular viral particles lacking
detectable full-length VP1/2 was unexpected, as VP1/2 is re-
quired for efficient viral egress from infected cells, and may
indicate that VP1/2 was frequently incorporated at levels be-
low our detection limit (13, 17). Nevertheless, these data
support a critical role for the carboxy terminus of VP1/2 in
capsid tegumentation. Consistent with this conclusion,
VP1/2 with a deletion of the carboxy-terminal CBD fails to
support viral propagation (7, 33).

UL25 binds capsids independently of VP1/2. Transient ex-
pression of an mCherry-UL25 fusion construct resulted in only
diffuse fluorescence in Vero cells, similar to expression of
mCherry alone (data not shown). However, association of
UL25 with nuclear capsid assemblons was consistently ob-
served in cells infected with either wild-type, AUL25, or
AVP1/2 recombinant PRV (Fig. 5). Similar UL25 nuclear lo-
calization was previously observed in cells infected with wild-
type HSV-1 or PRV (24, 43). These observations are consistent
with the finding that soluble UL25 binds to purified HSV-1
capsids in vitro and further demonstrate that this interaction is
independent of VP1/2 binding to UL25 (41).
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FIG. 3. VP1/2cbd is associated with capsids isolated from PRV-infected cell nuclei. (A) Representative image of capsids isolated from the
infected cell nuclei. (B) Fluorescence imaging of capsids isolated from PKI15 cells stably expressing GFP-VP1/2cbd infected with wild-type
RFP-capsid virus (left panels), AUL25 RFP-capsid virus (center panels), or PK15 cells infected with an RFP-capsid/GFP-VP22 virus (right panels).
Arrowheads indicate capsids emitting detectable GFP fluorescence. (C) Percentage of RFP-capsid fusions emitting detectable GFP fluorescence,
as shown in panel B. Error bars are standard deviations. (D) The presence of VP5 and GFP fusion proteins was detected in each capsid preparation
by Western blot analysis. Predicted molecular sizes of proteins are indicated at right, which were consistent with molecular size markers. «, anti.

DISCUSSION

The specific components of the capsid and tegument that
interact to mediate tegumentation and ultimately produce in-
fectious virions have been a missing link in the understanding
of herpesvirus assembly. At least three alphaherpesvirus tegu-
ment proteins, VP1/2, UL37, and the US3 protein kinase,
associate with capsids prior to membrane envelopment in the
cytoplasm of infected cells (15, 20, 27). In contrast, other
tegument proteins preferentially associate with cytoplasmic
membranes prior to capsid envelopment (15, 31). As such, the
tegument is considered to have an inner and outer layer, and
reconstruction of the capsid-tegument interface from purified
virions reveals that the inner tegument is bound to capsid
vertices (22, 60). The VP1/2 tegument protein is considered the
best candidate for serving as the bridge between the capsid and
tegument of the alphaherpesviruses for a few reasons: (i)
VP1/2 remains associated with capsids from purified virions
after extraction procedures that remove other tegument pro-
teins (18, 54); (ii) VP1/2 is found associated with cytosolic
capsids in the absence of other tegument proteins, including
the UL37 inner-tegument protein (27); and (iii) VP1/2 was
observed to coimmunoprecipitate with the VP5 major capsid
protein from infected cell lysates (38). None of these findings

demonstrates a direct connection between VP1/2 and the cap-
sid, however, as other viral proteins could tether VP1/2 to the
capsid surface.

The carboxy terminus of VP1/2 is essential to the propaga-
tion of PRV in cell culture (7, 33). In addition, we found that
the 62 carboxy-terminal amino acids of VP1/2 are sufficient to
direct GFP into nuclear capsid assemblons in infected cells
(33). This observation suggested that the VP1/2 carboxy ter-
minus may be a long-sought link between capsids and tegu-
ment. We have confirmed here that this link is preserved in at
least two alphaherpesviruses (HSV-1 and PRV) and that it
represents a genuine tegument-capsid interaction.

Although there is no reason to expect that VP1/2cbd is
either liberated or expressed independently of the full-length
VP1/2 protein during infection, we rationalized that the phe-
nomenon of capsid assemblon localization could be exploited
to identify viral proteins required for the tegumentation of
capsids and thus to define the precise linkage between capsids
and the surrounding tegument.

Several recombinants of PRV with deletions of individual
genes that seemed good candidates to participate in the initial
steps of capsid tegumentation were immediately available in
our laboratory (4, 36). Both UL37 and UL48 (VP16) encode
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FIG. 4. VP1/2cbd and UL25 interact in the absence of other viral proteins. (A) Illustration of GFP-VP1/2 fusion proteins. (B and D) PRV
UL25-myc detection by Western blotting either directly from cell lysates or after immunoprecipitation from lysates with an anti-GFP antibody.
HEK-293 cells were cotransfected with PRV UL25-myc and either PRV GFP-VP1/2 (FL, full-length), GFP-VP1/2Acbd (Trunc, truncated), PRV
GFP-VP1/2cbd (CBD), unfused GFP, or no additional construct. (C) Densitometry analysis of three duplicate experiments as documented in panel
B. For each sample, the ratio of the amount of UL25-myc in the immunoprecipitate to the amount in the lysate is shown relative to the background
(no GFP sample). Error bars are standard deviations. (E) HSV-1 VP1/2cbd detection by Western blotting from HEK-293 cells cotransfected with
or without an HSV-1 UL25-mCherry fusion construct. Predicted molecular sizes of proteins are indicated at left, which were consistent with
molecular size markers. «, anti; WB, Western blotting; IP, immunoprecipitation.

FIG. 5. UL25 does not require VP1/2 to localize to capsid assem-
blons. Vero cells were transfected with a PRV mCherry-UL25 con-
struct and subsequently infected with wild-type, AUL25, or AUL36
PRV encoding GFP-capsid fusions. Cells were imaged at 6 to 8 hpi.

tegument proteins that bind VP1/2 directly (27, 59). The VP26
capsid protein is present in 900 copies on the capsid surface,
where it could influence tegumentation (57). Finally, a virus
with a deletion of UL36 (VP1/2) was useful to rule out the
possibility that the carboxy terminus was a multimerization
domain that resulted in capsid association indirectly through
interaction with full-length VP1/2. Because viruses with dele-
tions of each of these genes recruited the VP1/2cbd to capsid
assemblons, we next made viruses with deletions of the UL11,
UL13, UL25, UL34, and US3 genes. We had previously ob-
served a defect in nuclear egress of a virus with a VP1/2 gene
deletion (36), and each of the genes we next targeted were
previously reported to be important for primary envelopment
of capsids in the nucleus (6, 25, 28-30, 37, 44, 45). A single
virus with deletions of both the US3 and UL13 genes was
made, as both encode protein kinases that could have func-
tional redundancy. Of the viruses tested, only the UL25-null
virus was incapable of recruiting the VP1/2cbd to capsid as-
semblons, and this failure was absolute.

UL25 is present on the capsid surface around the vertices, at
five copies per vertex, where it binds to the capsid proteins
VP19c, VPS5, and UL17 (41, 43, 55, 58). In addition to these
three interactions, we now show that UL25 also binds the
VP1/2 carboxy terminus, thereby linking the capsid and tegu-
ment. The UL25-VP1/2 interaction was conserved in represen-
tative members of the herpes simplexviruses (HSV-1) and vari-
celloviruses (PRV), which together comprise the neuroinvasive
groups of the alphaherpesviruses.

Because VP1/2 was not required for the UL25-capsid
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UL37

FIG. 6. Illustration of capsid and tegument protein interactions.
Protein interactions are based on the findings of this study and previ-
ous reports (27, 59). The juxtaposition of the protein interactions is
based on the findings presented in this report that indicate that the
VP1/2-binding proteins, UL37 and VP16, do not participate in the
newly described VP1/2-UL25 interaction. N, amino terminus; C, car-
boxy terminus.

interaction and UL37 and VP16 were not required for the
VP1/2cbd-UL2S interaction, a model of capsid-tegument in-
teractions can be inferred (Fig. 6). We note that the orienta-
tion of VP1/2 in this model is opposite to that proposed for the
homologue in the gammaherpesvirus, Kaposi’s sarcoma-asso-
ciated herpesvirus (KSHV) (61). Both UL25 and VP1/2 ho-
mologues are poorly conserved between alphaherpesviruses
and KSHYV, and it is therefore possible that these proteins
function differently in more distantly related herpesviruses. We
propose that this could be tested by transiently expressing the
carboxy terminus of the KSHV VP1/2 homologue as a GFP
fusion protein in KSHV-infected cells.

While defining these interactions lays the groundwork for
understanding the steps that lead to capsid tegumentation,
many critical questions remain: where in a cell does tegumen-
tation begin, how is it regulated, and how are tegument assem-
bly and egress coupled? Although VP1/2cbd bound to capsids
in the nucleus in our current study, the nucleus may not be the
native site of the VP1/2-capsid interaction. The small size of
the CBD (62 amino acids) allowed for passive diffusion of the
GFP fusion through nuclear pores and thereby provided a
useful assay for identifying capsid-tegument interactions.
Whether full-length VP1/2 enters the nucleus and binds to
nuclear capsids during infection is controversial. While VP1/2
was found to copurify with capsids from the nuclei of HSV-1-
infected cells in one recent study, no large proteins indicative
of VP1/2 were observed in preparations of purified nuclear
HSV-1 capsids from a subsequent study (8, 58). Similarly in
three separate studies, VP1/2 was found to be either excluded
from the nucleus, present at reduced levels in the nucleus
relative to the cytoplasm, or evenly diffused throughout the
nucleus and cytoplasm (27, 33, 38). While this study does not
address the site of tegumentation during infection, a critical
capsid-tegument interaction was identified. Determining when

J. VIROL.

and where these interactions take place will clarify how these
viruses are assembled and egress from cells.
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