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Nuclear Egress of Pseudorabies Virus Capsids Is Enhanced by a
Subspecies of the Large Tegument Protein That Is Lost upon

Cytoplasmic Maturation

Mindy Leelawong, Joy I. Lee, and Gregory A. Smith

Department of Microbiology-Immunology, Northwestern University Feinberg School of Medicine, Chicago, Illinois, USA

Herpesviruses morphogenesis occurs stepwise both temporally and spatially, beginning in the nucleus and concluding with the
emergence of an extracellular virion. The mechanisms by which these viruses interact with and penetrate the nuclear envelope
and subsequent compartments of the secretory pathway remain poorly defined. In this report, a conserved viral protein (VP1/2;
pUL36) that directs cytoplasmic stages of egress is identified to have multiple isoforms. Of these, a novel truncated VP1/2 species
translocates to the nucleus and assists the transfer of DNA-containing capsids to the cytoplasm. The capsids are handed off to
full-length VP1/2, which replaces the nuclear isoform on the capsids and is required for the final cytoplasmic stages of viral par-
ticle maturation. These results document that distinct VP1/2 protein species serve as effectors of nuclear and cytoplasmic egress.

H erpesviruses, such as herpes simplex virus type I (HSV-1) and
pseudorabies virus (PRV), begin their morphogenesis in the
nucleus where 125-nm-diameter capsid shells are assembled and
packaged with double-stranded DNA genomes (26, 69). These
structures are too large to pass through the channel of a nuclear
pore complex, indicating that the biology underlying the nuclear
egress of these viruses occurs by a novel export mechanism that is
probably not active in healthy cells (55, 75). Consistent with this
view, a complex of two virally encoded proteins, pUL31 and
pUL34, is critical for the efficient nuclear egress of capsids and is
often referred to as the nuclear egress complex (35, 63, 66).

The nuclear egress process is made more remarkable by its
inherent selectivity. Herpesvirus capsids assemble around a pro-
tein scaffold, which is replaced by DNA during encapsidation (4,
51, 58, 79). However, the fidelity of DNA packaging is somewhat
low, with many capsids failing to stably encapsidate viral genomes.
Failed capsids accumulate in at least two forms that are readily
isolated from infected cell nuclei: those that never expel the pro-
tein scaffold (also known as B capsids) and those that expel the
scaffold but do not retain full-length genomes (also known as A
capsids) (8, 25, 57). Nevertheless, packaged nucleocapsids (also
known as C capsids) predominate in extracellular viral particles,
and this selectivity is imparted by an inability of A and B capsids to
efficiently egress from the nucleus (13, 25, 52, 62, 65, 76, 89). The
mechanism of nuclear egress selectivity is a topic of much discus-
sion given that the obvious difference between the three capsid
species is hidden inside the capsid shell. The HSV-1 and PRV
pUL31 component of the nuclear egress complex binds to all three
capsid species indiscriminately, further raising the question of
how C capsids are selected for egress (40, 92). The prevailing
model is that a C capsid-specific component must tag the exterior
of capsids that are ready for egress (86).

Upon exiting the nucleus, viral tegument proteins are acquired
onto cytosolic capsids and the resulting capsid/tegument com-
plexes subsequently bud through modified intracellular mem-
branes that contain viral membrane proteins and additional teg-
ument proteins (27, 45). One protein bound to the capsid surface
prior to envelopment is the large tegument protein, VP1/2
(pUL36) (31,37). Recombinant HSV-1 or PRV lacking VP1/2 fails
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to undergo cytoplasmic envelopment, resulting in the accumula-
tion of capsids in the cytosol (20, 22). These findings document
the importance of VP1/2 in cytoplasmic envelopment, but they
have also led to the interpretation that VP1/2-null viruses are not
impaired in nuclear egress (20, 65, 67). While it is uncontested
that VP1/2 is nonessential for nuclear egress, measuring nuclear
egress efficiency in the absence of VP1/2 is complicated by the
pleiotropic effect of the deletion: the accumulation of cytosolic
capsids that cannot proceed to final envelopment could obscure a
reduced rate of egress from the nucleus. Consistent with this, the
most pronounced nuclear egress defect reported for a VP1/2-null
virus was observed under conditions where the nuclear egress of
PRV capsids had not yet become extensive (43). Similarly, al-
though HSV-1 capsids were reported to egress from the nucleus
unimpeded in the absence of VP1/2 based on accumulations of
cytoplasmic capsids by 12 h postinfection (hpi), a decrease in the
rate of capsid egress from the nucleus may have been evident at 8
hpi (20).

Here we report that the PRV VP1/2, which is critical for the
budding of cytosolic capsids into membranes of the exocytic path-
way, is also expressed as a second isoform that enters the nucleus,
selectively binds C capsids, and enhances egress to the cytosol.
Upon completion of nuclear egress a switch between the nuclear
and cytoplasmic forms of capsid-bound VP1/2 occurs, consistent
with the requirement for domains in the full-length protein in
virion morphogenesis and release from the cell (9, 22, 39, 48).

MATERIALS AND METHODS

Cells. Viruses were propagated in the pig kidney epithelial cell line PK15.
PK15 cell lines stably expressing PRV pUL25 (PK15-UL25) or VP1/2
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TABLE 1 Recombinant PRV strains

Capsid Other

Virus strain ~ reporter VP1/2 allele” mutation Reference
PRV-GS443  GFP-VP26 WT 73
PRV-GS678  GFP-VP26 Null (AUL36) 43
PRV-GS847 mRFP1-VP26 WT 74
PRV-GS909 mRFP1-VP26 GFP-VP1/2 42
PRV-GS1903 mRFP1-VP26 VP1/2-GFP This study
PRV-GS3278 mRFP1-VP26 VP1/2-GFP AUL25  This study
PRV-GS1919 mCherry-VP1/2-GFP This study
“WT, wild type.

(PK15-UL36) were used to propagate recombinants of PRV deleted for
the respective genes. Both cell lines were previously described (16, 43).
Vero cells were used for isolation of intranuclear capsids, live-cell imag-
ing, and quantitation of single-step virus propagation kinetics. PK15 and
Vero cells were maintained in Dulbecco modified Eagle medium
(DMEM) (Invitrogen) supplemented with 10% bovine growth supple-
ment (BGS) (HyClone); during infection, BGS levels were reduced to 2%.
Embryonic chicken (E8-E10) dorsal root ganglion sensory neurons were
used for time-lapse imaging of retrograde axon transport and were cul-
tured as previously described (73).

Virus construction. All viruses were derived from the pBecker3 infec-
tious clone of PRV (strain Becker) (71). Fluorescent derivatives of
pBecker3 that encode either green fluorescent protein (GFP) (PRV-
(GS443) or mRFP1 (PRV-GS847) fused to the VP26 capsid protein were
previously described (73, 74). A derivative of PRV-GS443 deleted for the
UL36 gene, PRV-GS678, was also described previously (43). Two dually
fluorescent derivatives of pBecker3 were produced that encode both
mRFP1-VP26 and GFP fused to the carboxyl terminus of VP1/2 (UL36-
GFP). A two-step recombination strategy was used to insert the GFP cod-
ing sequence in frame at the 3" end of UL36 (82). The primers used were
5'CTTCAACGTGGACCTATTTCAGGTCCGCCTGATTCTCGGTGTG
AGCAAGGGCGAGGAGC and 5'ACCGCAGAGGCAAACAAGTTGGG
TAATAAACAATTTATTACTTGTACAGCTCGTCCATGCCG. Follow-
ing amplification of the pEP-EGFP-in plasmid (underlined sequences
provided homology to the template) the PCR product was recombined
into pGS847 and pGS2168, the latter of which is a previously described
pBecker3 derivative that encodes monomeric RFP1 (mRFP1)-VP26 and
contains a deletion of the UL25 open reading frame (ORF) (16). The 5
portion of the primers directed recombination to the UL36 3’ coding
sequence, and a second recombination event was directed by repeated
sequences encoded in the EP-EGFP-in cassette (83). The recombinant of
pGS847 encoding UL36-GFP was designated pGS1903, which produced
PRV-GS1903 upon transfection of PK15 cells. The equivalent recombi-
nant of pGS2168 was pGS3278, which produced PRV-GS3278 upon
transfection of PK15-UL25 cells. A dually fluorescent derivative of PRV-
GS847 encoding GFP fused to the amino terminus of the VP1/2 tegument
protein (PRV-GS909) was described previously (42). To produce a virus
encoding mCherry fused to the amino terminus of VP1/2 and GFP simul-
taneously fused to the carboxyl terminus (mCherry-VP1/2-GFP), the
mCherry coding sequence was first inserted in frame into pBecker3 at the
5" end of UL36 by two-step recombination using the pEP-mCherry-in
template with primers 5’ AAAGATTTTTCCCCCACGCGCGTGTGTTA
TTTCAGCCATGGTGAGCAAGGGCGAG and 5'CATACTGATTACGA
TAGCCGACGACCACCGCGTCGGCCGTCTTGTACAGCTCGTC (un-
derlined sequence provided homology to pEP-mCherry-in) (5). The
resulting bacterial artificial chromosome (BAC) infectious clone,
pGS1662, was further modified by inserting the GFP coding sequence in
frame at the 3’ end of UL36 as described above. These sequential recom-
bination events resulted in pGS1919, which was subsequently transfected
into PK15 cells to produce the virus PRV-GS1919. A summary of the
recombinant strains of PRV used in this study is provided in Table 1.
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Plasmids. Two fragments of VP1/2 (encoded by the UL36 ORF; 3,095
codons) were isolated from PRV infectious clones and subcloned into
mammalian expression plasmids as fusions to GFP. VP1/2N encoded GFP
fused to the amino terminus of UL36 codons 2 to 2018, and VP1/2C
encoded UL36 codons 2018 to 3095 fused to a carboxyl-terminal GFP
(codon numbering was based on the PRV-Becker sequence; GenBank
JE797219.1) (78). To construct the VP1/2N expression plasmid, the R6K
plasmid pGS1292 was amplified with the primers 5’ CCAAATAAAAAGA
TTTTTCCCCCACGCGCGTGTGTTATTTCAGCCGATTTTTATCGAA
TTCGTCATCCATATCACCACG and 5’ ACTGATTACGATAGCCGAC
GACCACCGCGTCGGCCGTCAAAGCTTCCACATGTGGAATTCC
CAT. Using RED recombination, the PCR product was inserted in front of
the second codon of UL36 in a derivative of pBecker3 (pGS685) that was
previously modified to encode a stop codon and a flippase recognition
target (FRT) site as a combined 37-nucleotide (nt) insertion after codon
2018 of UL36 (38, 39). The UL36 allele was liberated by digestion with
BsaBI, which cut the sequence derived from the forward primer (in italics
in the primer sequence) upstream of UL36 and an endogenous site down-
stream of UL36. The released R6K-containing fragment was circularized
with T4 DNA ligase, cloned in S17-1 \pir Escherichia coli following selec-
tion with ampicillin, and saved as pGS1756 (19). The UL36 allele was
subcloned from pGS1756 into pEGFP-C1 (Clontech) as an in-frame fu-
sion using HindIIT and EcoRI sites (underlined in the primer sequences),
resulting in pGS1766.

The VP1/2C expression plasmid was derived using a procedure
analogous to that described above for VP1/2N with the following
changes. The pGS1292 plasmid was amplified using primers 5'CTGG
TGGACTCGCAGCTGGCGGTGTCGCGCGTGCTCTGGTGTACACC
ACATGTGGAATTCCCAT and 5'GAGCGTGAAGCCCGGGCGTCGC
GGCGGCTCGGGCGGCGCCATAAGCTTGTCATCCATATCACCACG.
The PCR product was recombined into pGS1903 (pBecker3 derivative
that encodes a C-terminal GFP fusion to VP1/2; see above) in front of
codon 2018 of UL36. A R6K fragment encoding codons 2018 to 3095 of
UL36 fused to GFP was liberated by digestion with BsrGI, which cut the
sequence derived from the forward primer (in italics) and a site endoge-
nous to the 3" GFP coding sequence. The circularized fragment was re-
covered as pGS1946. The VP1/2 region was subcloned from pGS1946 into
pEGFP-N1 (Clontech) by digestion with HindIII (underlined) and BsrGI,
resulting in pGS1952. A mCherry version of VP1/2C was constructed by
the same procedure but using a recombinant BAC encoding mCherry
fused to the 3’ end of UL36, resulting in expression plasmid pGS2213.

Single-step growth curves. Quantitation of viral propagation kinetics
by single-step growth curve analysis was conducted as previously de-
scribed, with the exception that Vero cells were substituted for PK15 cells
(81). Vero cells were infected at a multiplicity of infection (MOI) of 5.
Viral titers from cells or medium supernatants harvested at 2, 5, 8, 12, or
24 hpi were determined in duplicate by plaque assay.

Fluorescence microscopy and image analysis. Microscopy was per-
formed on a Nikon TE2000-U inverted wide-field microscope with a 60X
1.4-numerical aperture (NA) oil objective (Nikon) and a Cascade:650
charge-coupled device (Photometrics). The microscope was housed in a
37°C environmental box (Life Imaging Services). Samples were main-
tained in coverslip chambers sealed with VALAB (Vaseline, lanolin, and
beeswax) as previously described (73). MetaMorph software (Molecular
Devices) was used for image acquisition and analysis. Time-lapse record-
ings of retrograde capsid motion in sensory axons within the first hour
postinfection were captured by automated sequential imaging of mRFP1
and GFP emissions using continuous 200-ms exposures. Nuclear egress in
Vero cells was analyzed by acquiring both fluorescence and differential
interference contrast (DIC) still images of infected cells. The DIC images
were used to identify the location of nuclei. Because fluorescent capsids in
proximity to the nuclear membrane cannot be spatially resolved as cyto-
plasmic or nuclear, cells were scored as positive only if five or more fluo-
rescent capsids were recognizably outside the nucleus (43).
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Released particle assay. The structural incorporation of viral proteins
fused to GFP was measured in extracellular viral particles that emerged
from infected cells and were imaged in situ, as described previously (42).
Briefly, Vero cells seeded at low density were grown on coverslips and
infected with dually fluorescent viral strains PRV-GS909 or PRV-GS1903.
Three days postinfection, newly released extracellular viral particles were
imaged on areas of the coverslip devoid of cells. The MetaMorph software
package was used with a custom automated algorithm to identify capsids
tagged with mRFP1-VP26 as diffraction-limited red fluorescent punctae,
and the emissions of the coincident GFP signal were scored. A minimum
of 1,000 viral particles were analyzed per sample. The percent incorpora-
tion was recorded as the proportion of extracellular viral particles that
produced detectable GFP emissions.

Isolation of intranuclear capsids. Intranuclear A, B, and C capsids
were isolated from PK15 or Vero cells at 18 hpi following infection at an
MOI of 10, as previously described (40). The capsid gradients were col-
lected from top to bottom either as 18 continuous fractions or as 3 frac-
tions specific to the A, B, and C light-scattering bands. In both cases,
fractions were collected with a gradient fractionator (BioComp Instru-
ments). For fluorescence microscopy experiments, the isolated capsids
were spotted on glass coverslips, imaged, and analyzed for coincident RFP
and GFP emissions as described for the released particle assay. For West-
ern blot analysis, the samples were precipitated in a final trichloroacetic
acid (TCA) concentration of 10% for 1 h onice. The samples were pelleted
in a refrigerated microcentrifuge for 10 min at 18,000 X g and resus-
pended in loading buffer (31.25 mM Tris [pH 6.8], 5% glycerol, 0.005%
bromophenol blue, 1% sodium dodecyl sulfate, 5% [-mercaptoethanol)
supplemented with 0.1 N NaOH.

Purification of extracellular virions. Extracellular virions were puri-
fied from the supernatant of PK15 cells infected in one 850-cm? roller
bottle. Virions were pelleted through a 10% Nycodenz cushion made in
phosphate-buffered saline by centrifuging for 1 h at 13,000 rpm at 4°C in
aSW28 rotor. The pellet was resuspended in TNE buffer (50 mM Tris [pH
7.4],150 mM NaCl, 10 mM EDTA) and gently dispersed using a cup-horn
sonicator. The material was then transferred to a 12 to 32% continuous
dextran gradient made in TNE buffer with a gradient master (BioComp
Instruments). After a 1-h centrifugation at 20,000 rpm at 4°C in a SW41
rotor, either the heavy particle (virion-containing) band was selectively
extracted or the gradient was fractionated into 0.58-ml volumes using a
gradient fractionator (BioComp Instruments). Fractions were precipi-
tated with TCA and resuspended in loading buffer as described above.

Transient transfection. To transfect Vero cells, 2 pg of plasmid DNA
and 10 pl of Lipofectamine 2000 (Invitrogen) were incubated in 400 .l of
DMEM for 20 min. The mixture was added to cells in a 10-cm plate. After
24 h, the cells were either harvested for Western blot analysis or split onto
glass coverslips for imaging experiments. In a subset of experiments, the
transfected cells were infected 16 h after the cell split.

Western blot analysis. GFP-fusion proteins were detected in either Vero
cells infected with PRV-GS847, PRV-GS909, or PRV-GS1903 or HEK293
cells transfected with pGS1766 or pGS1952. Cellular lysates were prepared by
harvesting cells in 2X final sample buffer (62.5 mM Tris [pH 6.8], 10% glyc-
erol, 0.01% bromophenol blue, 2% sodium dodecyl sulfate, 10% B-mercap-
toethanol). The samples were boiled for 5 min and separated on 4 to 15%
SDS-polyacrylamide gels. Two sets of antibodies were used to detect GFP. A
mixture of clones 7.1 and 13.1 (Roche) was used for detection of GFP on
Western blots of intranuclear capsids, and clone B-2 (Santa Cruz) was used to
detect GFP-tagged proteins in purified virions and infected cell lysates. The
monoclonal mouse antibody directed against PRV VP5 (clone 3C10) was
provided by Lynn Enquist. Rabbit antiserum raised against a UL37 peptide
has been previously described (39). To detect VP1/2 antigen, a rabbit poly-
clonal antibody was generated by immunization with the PRV VP1/2 peptide
sequence CQPSQQRPPEAPWTWPEPRD. Secondary goat antibodies
conjugated to horseradish peroxidase were acquired from Jackson Immu-
noResearch. Horseradish peroxidase was detected with a luminol-cou-
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maric acid-H,O, chemiluminescence solution and exposed to film. Den-
sitometry analysis was performed with Image]J (3).

RESULTS

Initial characterization of viruses expressing fluorescent pro-
tein fusions to the large tegument protein. VP1/2 homologs are
essential for the propagation of alphaherpesviruses such as HSV-1
and PRV (20, 22, 36, 72). We previously reported that a recombi-
nant of PRV (PRV-GS909) expressing RFP fused to the capsid
surface (mRFP1-VP26) and GFP fused to the amino terminus of
VP1/2 (GFP-VP1/2) possessed wild-type propagation kinetics
and, therefore, was a good reagent for studying VP1/2 dynamics
during infection. Using this virus, time-lapse fluorescence imag-
ing of infected sensory neurons documented that the VP1/2 large
tegument protein remains capsid associated during the long-dis-
tance transit from the distal axon to the nuclear membrane (42).
There is increasing evidence that VP1/2 is proteolyzed in cells
during infection (28, 30, 46, 61). To examine the localization of
the carboxyl-terminal end of VP1/2 during infection, a recombi-
nant of PRV was made that encodes mRFP1-VP26 and GFP fused
in frame to the VP1/2 carboxyl terminus (VP1/2-GFP). The re-
sulting virus, PRV-GS1903, propagated with wild-type kinetics
and produced extracellular viral particles that had green emissions
coincident with RFP-tagged capsids (RFP-capsids) (Fig. 1A and B
and Table 1). Following infection of cultured primary sensory
neurons with either reporter virus, RFP-tagged capsids trans-
ported retrograde in axons in association with GFP emissions (Fig.
1C). Because fusions of GFP to either end of VP1/2 were tolerated
remarkably well in PRV, a recombinant virus was made that en-
coded two fluorescent tags on VP1/2: mCherry (RFP) on the
amino terminus and GFP on the carboxyl terminus (PRV-
GS1919). Like the viruses encoding either GFP-VP1/2 (PRV-
GS909) or VP1/2-GFP (PRV-GS1903) fusions, PRV-GS1919
propagation did not substantially deviate from wild-type kinetics
(Fig. 1A). Although capsids were not fluorescently tagged in PRV-
GS1919 and could not be observed directly, both ends of VP1/2
cotransported in axons following infection of sensory neurons
(Fig. 1C). These initial findings indicated that if proteolysis of
VP1/2 occurs at these stages of infection, it does not result in a
notable loss of either VP1/2 terminus from capsids or virions.

Differential expression of VP1/2 fragments during infection.
Because GFP fusion to either end of VP1/2 did not alter PRV
propagation kinetics, the recombinant PRV strains were used to
identify VP1/2 species produced during infection. Lysates from
cells infected with recombinant viruses were probed with antibod-
ies against GFP. A high-molecular-weight band common to both
lysates was consistent with full-length PRV VP1/2, which nor-
mally runs as a 330-kDa species (31, 46, 47). In addition, each
virus produced a distinct profile of smaller bands (Fig. 2A). The
~100-kDa band present in both samples was nonspecific, inas-
much that its presence was inconsistent and it was also sometimes
observed from infections with PRV that did not express GFP (data
not shown). Extracellular viral particles showed a dramatic en-
richment for the full-length form of VP1/2, indicating that the
smaller N- and C-terminal species that were abundant in infected
cells were not efficiently packaged into virions (Fig. 2A).

To determine if the different species of VP1/2 observed by
Western blotting were present in intact cells, infected cells were
examined by live-cell imaging. During late infection (7 to 8 hpi),
newly assembled mRFP1-capsids and mRFP1-capsid clusters
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FIG 1 Characterization of viruses encoding fluorescent proteins fused to VP1/2. (A) Single-step growth kinetics of PRV-GS847 (R-capsid), PRV-GS1903
(R-capsid + VP1/2-G) and PRV-GS1919 (R-VP1/2-G). Culture media (open symbols) or adherent cells (filled symbols) were harvested at the times indicated,
and the titers were determined by plaque assay. PRV-GS847 was previously documented to propagate with wild-type kinetics (7, 42). (B) Percent incorporation
of GFP fusions into released extracellular particles. Vero cells were infected with PRV-GS909 (R-capsid + G-VP1/2) or PRV-GS1903 (R-capsid + VP1/2-G).
Released extracellular particles were detected as a homogenous population of diffraction-limited red fluorescent punctae and individually scored for the presence
of a corresponding GFP signal. (C) Axon transport of PRV-GS909 (R-capsid + G-VP1/2), PRV-GS1903 (R-capsid + VP1/2-G), and PRV-GS1919 (R-VP1/2-G)
in sensory neurons cultured from dorsal root ganglia. Green (G) and red (R) emissions were captured in alternating succession. All frames are 2.52 by 9.12 pm

and are oriented with the axon terminal above the field.

were observed in the nuclei of cells. GFP-VP1/2 emissions from
PRV-GS909 were diffusely distributed throughout the cytoplasm
but were less evident in nuclei, consistent with previous reports
(Fig. 2B) (39, 49). In contrast, VP1/2-GFP emissions from PRV-
GS1903 were enriched at the nuclear membrane. The prevalence
of the VP1/2 fusions at the nuclear envelope of infected cells was
quantitated as part of a followup analysis (see below). The differ-
ence inlocalization between the VP1/2 terminal ends was also seen
in cells infected with PRV-GS1919; the GFP-tagged C terminus of
VP1/2 was observed at the nuclear envelope in the absence of the
RFP-tagged amino terminus (Fig. 2C). These findings provided
supporting evidence that the small forms of VP1/2 seen in cell
lysates were present in intact cells and possessed distinct proper-
ties.

Carboxyl-terminal fragments of VP1/2 uniquely associate
with nuclear capsids. Intranuclear GFP emissions from cells in-
fected with either GFP-VP1/2 or VP1/2-GFP viruses were typically
not observed (Fig. 2BC). However, in cells infected with PRV-
GS1903 (mRFP1-VP26 + VP1/2-GFP) in which several RFP-cap-
sid assemblies aligned in a single focal plane, dim coincident emis-
sions from VP1/2-GFP were often noted. Like nuclear envelope
localization, GFP emissions from intranuclear capsids were evi-
dent with the VP1/2-GFP fusion expressed by PRV-GS1903 but
not the GFP-VP1/2 fusion expressed by PRV-GS909 (Fig. 3A).
Quantitative analysis of VP1/2 localization indicated that nearly
half of all cells infected with PRV-GS1903 produced RFP-capsid
assemblies with coincident VP1/2-GFP emissions (Fig. 3B). We
cannot currently discriminate if the absence of VP1/2-GFP emis-
sions from capsid assemblies in the majority of cells is a naturally
occurring variable between infected cells or a technical limitation
of detecting the dim VP1/2-GFP emissions from intranuclear cap-
sid assemblies. Support for the latter theory comes from the diffi-
culty in detecting the dim VP1/2-GFP emissions from intranu-
clear capsid assemblies; while slight adjustments in focus did not
impact imaging of the bright RFP-capsid assemblies, emissions
from coincident VP1/2-GFP could become easily overlooked.
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Cells that scored positive for intranuclear VP1/2-GFP emissions
typically had several capsid assemblies in a single focal plane
(Fig. 3A).

Whether VP1/2 interactions with capsids occur in the nucleus
prior to egress to the cytosol is controversial (see Discussion).
Therefore, capsids were purified from the nuclei of cells infected
with PRV-GS909 (mRFP1-VP26 + GFP-VP1/2) and PRV-
GS1903 (mRFP1-VP26 + VP1/2-GFP) by rate zonal centrifuga-
tion. Using this method, three types of capsids are isolated: A
(empty), B (scaffold containing), and C (DNA containing) (8, 25,
57). A and B capsids sediment closely together from PRV-infected
cells, and in these initial experiments the A and B capsids were
harvested together (40). The isolated A/B and C capsids were each
spotted onto coverslips and imaged by fluorescence microscopy
(Fig. 3C). Because herpesvirus capsids are 125 nm in diameter,
the RFP-tagged capsids produce diffraction-limited fluorescent
punctae (Fig. 3D). Using an automated fluorescence detection
algorithm, individual RFP-capsids were identified and the RFP
and GFP emission profiles were recorded. Using a simple thresh-
old to score RFP-capsids that were coincident with a GFP signal,
the percentage of capsids associated with GFP was tallied for each
sample. Although GFP-VP1/2 produced emissions from extracel-
lular viral particles (Fig. 1B), the GFP signal was generally absent
from isolated nuclear capsids (Fig. 3C). In contrast, the VP1/2-
GFP fusion produced robust fluorescence from a subset of nuclear
C capsids and was present to a lesser extent on A/B capsids. When
fluorescence was present above the threshold, VP1/2-GFP emis-
sions from individual A/B capsids were on average 40% the level of
C capsids (n > 1,700 per sample). The relative occupancy of
VP1/2 species on nuclear capsids is further examined below. The
carboxyl terminus of VP1/2 contains a capsid-binding domain
(CBD) that binds to the pUL25 capsid protein (16, 56). To deter-
mine if pUL25 was required for the interaction between the VP1/2
carboxyl terminus and capsids, intranuclear capsid isolation was
repeated using a derivative of PRV-GS1903 (mRFP1-VP26 +
VP1/2-GFP) that has a deletion of the UL25 gene. UL25 is re-
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FIG 2 Distinct profiles of VP1/2 amino- and carboxyl-terminal GFP fusions.
(A) Western blots of total cell lysates from Vero cells infected with PRV-GS909
(G-VP1/2) or PRV-GS1903 (VP1/2-G) were probed with an antibody directed
against GFP. An antiserum directed against virally encoded pUL37 served as a
loading control. Extracellular virions were probed to document the size of
structurally incorporated VP1/2. Molecular size markers (in kDa) are indi-
cated to the left of each blot. (B) Representative fluorescence images of live
Vero cells infected with either PRV-GS909 (G-VP1/2) or PRV-GS1903 (VP1/
2-G) at 7 to 8 hpi. Capsids and VP1/2 were imaged by the intrinsic fluorescence
from the fusion proteins encoded by the viruses. DIC, differential interference
contrast. (C) Example of a fluorescence profile from a live Vero cell nucleus
following infection with PRV-GS1919 (R-VP1/2-G). The image is a color
merge of GFP and mCherry (RFP) emissions. The yellow horizontal line over-
laid on the image indicates a line scan used to measure pixel intensity values
that are plotted below the image. Asterisks on the plot mark pixels intersecting
the nuclear envelope
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FIG 3 Nuclear localization of the VP1/2 carboxyl terminus. (A) Vero cells
were infected with PRV-GS909 (G-VP1/2) or PRV-GS1903 (VP1/2-G).
Images of infected Vero cell nuclei document the selective colocalization of
VP1/2-G emissions with intranuclear capsid assemblies at 7 to 8 hpi. (B) Sum-
mary of GFP fluorescence localization at the nuclear membrane or with capsid
assemblies in infected cells, as documented in panel A and in Fig. 2B (n = 202
for PRV-GS909; n = 332 for PRV-GS1903). The error bars represent the stan-
dard errors of the means. (C) Percent of RFP-capsids emitting GFP fluores-
cence following isolation of A/B and C capsids from the nuclei of infected
Vero cells by rate zonal centrifugation. Only A/B capsid data are provided
for the VP1/2-G + AUL25 sample, as C capsids were not recovered in the
absence of the UL25 gene product. A minimum of 400 capsids were analyzed
per sample. Each experiment was performed a minimum of three times. The
error bars represent the standard errors of the means between experiments.
(D) Subregion of an example image used to measure the frequency of VP1/2
association with isolated C capsids. Three of the four capsids shown were
scored positive for GFP emissions, which in this example (PRV-GS1903) in-
dicated the presence of the VP1/2 carboxyl terminus.

quired for stable DNA encapsidation, and as expected, C capsids
were absent from the UL25-null sample (15, 44). Of greater rele-
vance to the current study, the A/B capsids lacked VP1/2-GFP
signal in the absence of UL25 (Fig. 3C).

To further examine the association of VP1/2 with nuclear cap-
sids, capsid purification was repeated but the resulting sucrose
gradients were separated into 18 0.58-ml fractions that were sub-
sequently precipitated with trichloroacetic acid and assayed by
Western blotting. Using an antibody directed against GFP, no
reactivity was detected with nuclear capsids of the GFP-VP1/2
virus; however, a VP1/2-GFP species migrating at =85 kDa was
associated with A/B and C capsid-containing fractions (Fig. 4A
and B). Because GFP emissions were specifically associated with
isolated capsids (Fig. 3D), we conclude that the cosedimentation is
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FIG 4 Association of the VP1/2 carboxyl terminus with intranuclear capsids.
Intranuclear capsids were harvested from infected Vero cells (A to C) or PK15
cells (D) and separated by rate zonal centrifugation. Fractions collected from
the resulting sucrose gradient were precipitated with TCA and analyzed by
Western blot. Fraction 1 represents the top of the gradient, and fraction 18
represents the bottom. Membranes were probed with antibodies directed
against GFP, VP1/2, and the VP5 capsid protein. (A) PRV-GS909 (G-VP1/2).
(B) PRV-GS1903 (VP1/2-G). (C and D) PRV-Becker (wild type). Peak frac-
tions containing A/B or C capsids are indicated. (E) Extracellular PRV particles
purified from supernatants of infected Vero cells were reacted with the VP1/2
antiserum. Molecular mass markers (kDa) are illustrated to the left of each
panel.
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not coincidental but rather the result of an association of a car-
boxyl-terminal VP1/2 species with capsids isolated from infected
cell nuclei. The capsid-associated species was smaller than the pre-
dominant carboxyl fragments observed in total cell lysates (Fig.
2A), indicating that either further processing had occurred or the
fragment was labile from the physical stresses imposed during
capsid isolation (50).

The presence of a carboxyl-terminal fragment of VP1/2 on
nuclear capsids conflicts with immunofluorescence data previ-
ously obtained with cells infected with PRV (49). Because the
above-described experiments were carried out with recombinant
PRV that expressed fluorescent proteins fused to the capsid and
VP1/2, the presence of VP1/2 on nuclear capsids was reexamined
in cells infected with wild-type PRV. For these experiments, an
antibody was raised against a synthetic peptide derived from
VP1/2 amino acids 2845 to 2863 (of 3095 amino acids total;
GenBank no. JF797219.1). Consistent with the results obtained
from cells infected with the fluorescent recombinants of PRV, a
carboxyl-terminal species of VP1/2 cosedimented with capsids.
Two bands between 50 and 75 kDa were detected (Fig. 4C). A
reduction in the size of these bands relative to those seen with
PRV-GS1903 was expected due to the absence of the GFP fusion.
The presence of a carboxyl-terminal species was confirmed in two
cell lines: Vero (Fig. 4C) and PK15 (Fig. 4D). Notably, in addition
to the carboxyl-terminal species, a large VP1/2 species consistent
with full-length protein was present throughout the gradient from
infected PK15 cells. An equivalent high-molecular-weight reactive
species was also observed throughout the Vero cell gradient on
overexposed film, indicating its presence to a lesser degree (data
not shown). Unlike the C-terminal nuclear isoform, the larger
VP1/2 species was not restricted to capsid-containing fractions
and enrichment in capsid-containing fractions appeared mini-
mal. Taken together, these results show that the large VP1/2 spe-
cies does not have the property of capsid-specific fractionation,
but importantly its variable presence may underlie some of the
mixed reports regarding if VP1/2 is present in the nucleus (see
Discussion). Finally, to confirm that the antibody reacted with
VP1/2, extracellular viral particles were isolated. As expected, the
antibody detected a large VP1/2 species that was consistent with
full-length VP1/2 (Fig. 4E).

Characterization of endogenous VP1/2 fragments. To inves-
tigate the functional significance of the nuclear carboxyl-terminal
VP1/2 fragments, subclones of VP1/2 fused to GFP were prepared
and examined for migration in SDS-PAGE (data not shown). Two
subclones produced VP1/2 fragments with apparent molecular
weights equivalent to those of the endogenous fragments from
total cell lysates of cells infected with PRV-GS909 (mRFP1-
VP26 + GFP-VP1/2) and PRV-GS1903 (mRFP1-VP26 + VP1/
2-GFP), respectively (Fig. 5A and B). The predominant amino-
terminal subspecies seen in PRV-GS909-infected cells was
approximated by a fragment, VP1/2N, that extended up to the
beginning of the second proline-rich region of VP1/2 (amino ac-
ids 2 to 2018). Likewise, the predominant carboxyl-terminal sub-
species produced during PRV-GS1903 infection was approxi-
mated by the counterpart fragment, VP1/2C, beginning at the
second proline-rich region (amino acids 2018 to 3095). Taken
together, these findings are consistent with a cleavage site(s) near
the beginning of the second proline-rich region in the full-length
protein resulting in the VP1/2 subspecies. Because multiple closely
migrating VP1/2 subspecies can sometimes fail to resolve in dena-
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FIG 5 Identification of a recombinant VP1/2 fragment sharing properties with the native carboxyl-terminal isoform. (A) Illustration of full-length VP1/2 (top)
and two cloned fragments (VP1/2N and VP1/2C) fused to GFP. DUB, deubiquitinase; PRR, proline-rich region; ARR, alanine-rich region; CBD, capsid binding
domain; G, green fluorescent protein. (B) Vero cells were transiently transfected with VP1/2N or VP1/2C expression constructs, and total cell lysates were
separated by SDS-PAGE. Protein migration was compared to that of endogenous VP1/2 species from Vero cells infected with PRV-GS909 (G-VP1/2) or
PRV-GS1903 (VP1/2-G). Molecular size markers (in kDa) are indicated to the left of each blot. (C) Localization of GFP emissions from a Vero cell transiently
expressing VP1/2C. (D) Nuclear GFP emissions from a Vero cell transiently expressing VP1/2C and subsequently infected with the RFP-capsid virus,

PRV-GS847.

turing gels (Fig. 2A), several closely juxtaposed cleavage sites may
exist; further testing of this hypothesis will be necessary to better
understand the genesis of the VP1/2 fragments.

Transient expression of VP1/2C reproduced the nuclear enve-
lope fluorescence previously seen in cells infected with PRV-
GS1903 (Fig. 5C). Therefore, nuclear membrane localization is an
intrinsic feature of the C-terminal fragment of PRV VP1/2 that
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FIG 6 Nuclear egress complementation. Vero cells were mock transfected or
transfected with a plasmid encoding VP1/2C fused to the mCherry red fluo-
rescent protein (indicated by row labeled VP1/2C). Cells were subsequently
infected with recombinant PRV expressing GFP-tagged capsids and encoding
either wild-type VP1/2 (indicated by row labeled WT VP1/2) or a deletion
allele (indicated by row labeled VP1/2-null). Capsid nuclear egress was scored
based on the presence of cytoplasmic capsids that were identified as fluorescent
punctae. Cells were scored as positive if five or more capsids were visible within
the cytoplasm. Two separate time periods were examined, 8 to 11 and 11 to 14
h postinfection.
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does not require other viral proteins. Nuclear localization was
restricted to the envelope in transfected cells, and no intranuclear
punctae were observed. To determine if VP1/2C was capable of
relocalizing to capsid assemblies, cells transiently transfected with
VP1/2C were infected with a recombinant of PRV that expresses
RFP-capsids (PRV-GS847) (74). At 8 to 9 h postinfection, in-
tranuclear capsid assemblies associated with VP1/2C fluorescence
became evident (Fig. 5D). These results indicated that VP1/2C
recapitulated the behavior of the endogenous VP1/2 C-terminal
fragments.

VP1/2C enhances nuclear egress. We previously documented
that PRV lacking VP1/2 is less effective at capsid egress from the
nucleus than wild-type virus (43). To measure this deficit, a re-
combinant of PRV-expressing capsids fused to GFP (GFP-VP26;
PRV-GS443) was scored for the presence of capsids in the cyto-
plasm of living cells by fluorescence microscopy at various times
postinfection. This assay was reapplied here to test the hypothesis
that association of the C-terminal VP1/2 species with intranuclear
capsids was responsible for nuclear egress enhancement. For these
experiments, Vero cells were transiently transfected with a plas-
mid encoding VP1/2C fused to the mCherry red fluorescent
protein, which allowed for monitoring egress in transfected cells
using the previously described GFP-capsid viruses encoding either
wild-type VP1/2 or VP1/2 null. Cells were tallied for nuclear egress
manually by scoring cells with five or more cytoplasmic capsids as
positive, which reduced spurious counts from the final data sets.
Cytoplasmic GFP-capsid emissions were diffraction-limited
punctae, and no evidence of capsid clumping in the cytoplasm was
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FIG 7 Relative incorporation levels of VP1/2 isoforms onto nuclear capsids
and extracellular viral particles. (A) Extracellular viral particles from PK15
cells infected with wild-type PRV were separated through a 12 to 32% dextran
gradient. Fractions were collected from the top, TCA precipitated, and blotted
with antibodies directed against VP1/2 and the VP5 major capsid protein.
Molecular size markers (in kDa) are indicated at left; peak fractions containing
heavy (H) and light (L) viral particles observed as light-scattering bands in the
gradient are indicated at bottom. (B) Heavy particles (virions) from fraction 11
of panel A were serially diluted 2-fold alongside preparations of intranuclear A,
B, and C capsids from PK15 cells infected with wild-type PRV. The A, B, and C
capsid light-scattering bands were harvested as three discrete fractions from a
20 to 50% sucrose gradient. The membranes were probed with antibodies
directed against VP1/2 and the VP5 capsid protein, the latter serving as the
loading control. Molecular size markers (in kDa) are shown down the middle
to indicate the relative migration of the samples across two gels. undil, undi-
luted.

observed. At 8 to 11 h postinfection, 16% of cells infected with the
VP1/2 null mutant had cytoplasmic capsids compared with 81%
for the wild-type virus. However, the percentage of the VP1/2 null
mutant increased to 55% in cells expressing VP1/2C. Comple-
mentation became more effective at later times postinfection (11
to 14 h) although baseline egress of the null virus also increased
(Fig. 6). These data demonstrate that VP1/2C functions as an en-
hancer of nuclear egress, and this activity functions independently
of the first two-thirds of the protein. More broadly, VP1/2 is an
accessory component of the herpesvirus nuclear egress ma-
chinery.

A switch between VP1/2 isoforms occurs during virion mor-
phogenesis. Herpesvirus morphogenesis consists of an unusual
biphasic egress pathway in which capsids interact with successive
membrane-delineated compartments in the nucleus and the cyto-
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plasm (45). While these studies demonstrate that the VP1/2 C-ter-
minal isoform performs a supportive role during nuclear egress,
the isoform lacks regions that are required for continued virion
morphogenesis in the cytoplasm (1, 2, 39, 48). Because VP1/2 is
essential for the cytoplasmic envelopment of capsids that have
egressed from the nucleus, the C-terminal capsid-bound fragment
presumably must be replaced by the full-length protein prior to
cytoplasmic envelopment and exocytosis from the cell (20, 22, 65).
The absence of the nuclear VP1/2 isoforms in virions is docu-
mented in Fig. 4E. To determine the relative levels of VP1/2 incor-
poration onto nuclear capsids and fully assembled virions, each
type of viral particle was purified from PK15 cells infected with
wild-type PRV. PK15 cells were used in place of Vero cells for these
experiments because yields of extracellular viral particles from
Vero cells were inadequate for the analysis. Extracellular viral par-
ticles were separated in a continuous dextran gradient and frac-
tionated (Fig. 7A). Infectious virions sediment as capsid-contain-
ing heavy particles and were concentrated in fraction 11 based on
the location of the VP5 major capsid protein. Light particles,
which are devoid of capsids, were observed as a broad light-scat-
tering band in the gradient above the heavy particles (77). Full-
length VP1/2 was the sole species throughout the gradient, con-
firming that the C-terminal isoform of VP1/2 was removed from
capsids prior to the cytoplasmic step of envelopment that gave rise
to the extracellular particles. The material in fraction 11 was next
used for comparison with nuclear capsid composition.

For these experiments, nuclear capsids were isolated following
rate zonal centrifugation by selectively harvesting the A, B, and C
light-scattering capsid bands, rather than fractionating the entire
sucrose gradient. This afforded the discrete isolation of all three
capsid species. Because these experiments were carried out with
PK15 cells, full-length VP1/2 was present in these samples due to
its diffuse distribution throughout the initial density gradient (Fig.
4D). Samples of each preparation were separated on denaturing
gels and probed with the VP1/2 and VP5 antibodies, the latter
serving as a loading control (Fig. 7B). The nuclear VP1/2 isoform
was highly enriched on C capsids relative to the A and B capsid
populations (Table 2). Despite the dramatic C capsid enrichment,
full-length VP1/2 was present in extracellular H particles at an
approximately 5-fold-greater copy number than the C capsid nu-
clear isoform. Based on cryoelectron microscopy (cryoEM) re-
constructions of the herpesvirus capsid, there are five copies of
pUL25 surrounding each vertex (60 copies total), and quantitative
fluorescence microscopy indicates that the copy numbers of
pUL25 and VP1/2 are closely matched in extracellular heavy par-
ticles that include virions (6, 17, 86). Given these observations, the
nuclear VP1/2 isoform appears to occupy a subset of the available
pUL25 binding sites present on C capsids, averaging approxi-
mately one copy per capsid vertex.

TABLE 2 VP1/2:VP5 ratios based on densitometry of bands from Fig.
7B

Ratio at dilution®

Virion or capsid

group Undiluted 1:2 1:4
Virions 1.014 0.944 1.281
A capsids 0.012 ND ND
B capsids 0.004 ND ND
C capsids 0.400 0.210 0.011

“ND, not detected.
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DISCUSSION

Very little is known regarding how viruses that assemble inside the
nucleus escape to the cytoplasm. Adenoviruses and the polyoma-
virus simian virus 40 (SV40) each encode proteins important for
nuclear egress of viral particles that are suspected to function by
lysing the nucleus and possibly the plasma membrane (18, 84, 85).
The herpesviridae are large DNA viruses that assemble 125-nm
icosahedral capsids in the nucleus (69). The capsids are exported
to the cytosol, where they bud into membranes of the secretory
pathway and nonlytically exocytose from the cell. Like adenovirus
and SV40, herpesviruses encode proteins critical for nuclear
egress. These include a capsid protein, pUL25, and a nuclear
membrane complex consisting of the viral proteins pUL31 and
pUL34 (35, 54, 63, 66). How these proteins coordinate nuclear
egress of capsids is also poorly understood. Although lytic events
and distortions of nuclear pores have been documented, the nu-
clear release of these viruses appears to predominantly occur by a
budding mechanism (34, 41, 76). In support of the budding egress
model, cooverexpression of nuclear egress proteins pUL31 and
pUL34 results in the accumulation of vesicles between the inner
and outer nuclear membranes, which may reflect an activity asso-
ciated with budding during infection (21, 32).

Here we report that a protein previously recognized for its
essential role in capsid envelopment in the cytoplasm, VP1/2, also
participates in the nuclear egress of capsids and thereby coordi-
nates the transition between nuclear and cytoplasmic steps in her-
pesvirus morphogenesis. Key to these findings was the observa-
tion that VP1/2 is expressed as multiple isoforms during late stages
of infection, one of which functions in the nucleus. Although ex-
pression of VP1/2 fragments during infection has previously been
observed under differing circumstances, a nuclear-specific iso-
form expressed as a consequence of normal infection had not been
previously documented (30, 46, 61). The nuclear VP1/2 isoform
was initially detected using a recombinant strain of PRV that en-
coded RFP-tagged capsids and GFP fused to the carboxyl end of
VP1/2. This virus, PRV-GS1903, produced green fluorescence at
the nuclear envelope upon infection. Closer examination of in-
fected cells also revealed dim intranuclear GFP emissions that
were localized to capsid clusters referred to as assemblons (90).
The latter observation encouraged us to isolate nuclear capsids to
look for the presence of a VP1/2 peptide. Rate zonal centrifugation
was combined with fluorescence microscopy to confirm that a
truncated carboxyl-terminal species of VP1/2 sedimented specif-
ically as a capsid-bound protein.

The production of amino- and carboxyl-terminal fragments of
VP1/2 during infection was consistent with proteolysis at sites
near the beginning of the second proline-rich region (PRR2). Al-
though proteolysis of VP1/2 was not examined as part of this
report, the protein is cleaved at nuclear pores during early infec-
tion and cleavage in PRR2 can also occur (28, 46). Cleavage events
may contribute to the fragments seen here during late infection
given that the amino and carboxyl fragments were approximated
by nonoverlapping contiguous portions of the protein that we
referred to as VP1/2N and VP1/2C. VP1/2 itself encodes a cysteine
protease in its amino terminus that functions as a deubiquitinase
and deneddylase; however, a catalytically inactivating point mu-
tation in PRV (C26A) did not prevent expression of the amino and
carboxyl fragments during infection (data not shown) (24, 30, 68).

The amino-terminal VP1/2 fragments described here are likely
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related to a previously reported 220-kDa fragment that can assem-
ble into viral particles to a small degree (46, 61). The amino-ter-
minal half of VP1/2 includes binding sites for the VP16 and pUL37
tegument proteins, which is consistent with structural incorpora-
tion of the fragment into viral particles by coassembly with the
tegument and envelope components of virions (31, 88). In con-
trast, the carboxyl-terminal isoform lacks these sites but includes a
binding site for the pUL25 capsid protein (16, 56). The carboxyl-
terminal isoforms had the novel property of localizing to the nu-
clear membrane and intranuclear capsid assemblies. Nuclear
membrane localization was intrinsic to the VP1/2C fragment,
whereas assembly on intranuclear capsids was dependent upon
pUL25.

The interaction of the carboxyl VP1/2 fragment with pUL25 is
noteworthy. DNA-containing C capsids preferentially egress from
nuclei, indicating that nuclear egress and DNA encapsidation are
coupled (13, 52, 62, 65, 76, 89). The pUL25 minor capsid protein
is enriched on C capsids and may therefore contribute to C capsid
selectivity (14, 29, 53, 80, 86). In yeast two-hybrid analysis pUL25
interacts with pUL15, pUL31, and VP1/2 (87). pUL15 is a com-
ponent of the viral terminase that packages DNA into capsids; this
potentially interesting interaction has not been pursued (59). The
pUL25-pUL31 interaction has been reciprocated by coimmunop-
recipitation, but mapping of the pUL25 binding site in pUL31
proved challenging as multiple nonoverlapping fragments bind
pUL25, calling into question the specificity of the interaction (40).
In parallel HSV-1 and PRV studies, pUL31 was determined to
bind capsids, but this interaction was reported to be pUL25 de-
pendent in HSV-1 and pUL25 independent in PRV-infected cells
(40, 92). While the role of pUL25 in pUL31 binding to capsids will
require further investigation, the studies were consistent in the
finding that pUL31 association with capsids was not C capsid en-
riched. The absence of C capsid-selective binding is consistent
with reports that pUL31 contributes to DNA encapsidation,
which begins prior to pUL25 capsid enrichment (12, 60, 70, 80). In
sharp contrast to pUL31, the carboxyl VP1/2 fragment exhibited
dramatic C capsid-selective binding. pUL25 is essential for the
nuclear egress of capsids, and based on the current finding that
VP1/2C is sufficient to complement the reduction in nuclear
egress efficiency associated with the VP1/2-null virus, a portion of
the pUL25 activity appears to be exerted through its interaction
with the nuclear VP1/2 isoform (43). Taken together, these find-
ings support a role for pUL31 in initial anchoring of capsids to the
nuclear egress complex in the inner nuclear membrane and assist-
ing with encapsidation, followed by pUL25 addition to the capsid,
recruitment of the VP1/2 carboxyl fragment, and C capsid-selec-
tive egress from the nucleus.

Once C capsids leave the nucleus, domains of VP1/2 that are
absent in the carboxyl fragment are essential to continue viral
assembly in the cytoplasm and produce infectious virions (1, 2, 39,
48). We infer that a near total replacement of carboxyl fragments
with full-length VP1/2 occurs prior to cytoplasmic envelopment
based on the VP1/2 composition of extracellular viral particles.
Given that both full-length and carboxyl fragments of VP1/2 share
the same pUL25 capsid binding domain, the mechanism by which
the exchange occurs is not immediately obvious; however, the
completeness of the exchange is evidence of a directed process
(16). Full-length VP1/2 has a second pUL25 binding site which
could assist in the exchange process (56). The noted =5-fold-
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higher copy number of VP1/2 in virions than on C capsids may
also provide an indication of how the swap occurs.

Prior to this report, the majority of available evidence indicated
that VP1/2 functions as a cytoplasmic molecule. VP1/2 is required
for delivery of viral genomes into the nucleus during initial infec-
tion and for cytoplasmic envelopment postreplication; both of
these events are essential for viral propagation (1, 6, 20, 22, 36, 65).
Reports of VP1/2 on nuclear capsids have differed. Studies of
HSV-1 have mostly failed to detect full-length VP1/2 on nuclear
capsids (50, 86, 91). In some studies, the antibodies used were
directed against amino-terminal fragments of VP1/2 that would
not be expected to detect the nuclear VP1/2 isoform described
here (10, 31, 65,67,91). However, evidence of HSV-1 VP1/2 in the
nucleus and on C capsids was noted in a subset of studies (2, 11).
For studies employing nuclear fractionation, the detection of full-
length VP1/2 may be confounded by the propensity for VP1/2 to
smear through density gradients, including, but not specific to,
fractions containing capsids (Fig. 4D). The amino terminus of
VP1/2 can be observed associated with the nuclear membrane in a
manner that is dependent upon the time postinfection, which may
be a source of its presence in density gradients of nuclear extracts
(7). Three studies have used antibodies raised against peptides
derived from sequences that reside within the VP1/2C fragment.
Interestingly, two of these studies examined HSV-1 and reported
the detection of small C-terminal fragments that may be consis-
tent with those reported here (28, 61). However, the third study,
which examined PRV, failed to detect nuclear reactivity by immu-
nofluorescence, and by immunoelectron microscopy no VP1/2
was detected on capsids resident in the lumen of the nuclear en-
velope (49). The antibody used in the latter study was raised
against the pUL25 binding sequence at the extreme tail end of the
carboxyl terminus and reacted with extracellular virions by im-
munoelectron microscopy. Based on our finding that virions con-
tain =5-fold more VP1/2 than do nuclear C capsids, one possible
explanation is that the nuclear signal was below the detection
threshold for these experiments. Detection of the VP1/2 pUL25
binding domain may have also been obscured if the protein was
bound to capsids, and it would be of interest to see if the antibody
recognized the VP1/2 nuclear isoform on isolated capsids when
assayed by Western blotting.

The most common approach to assessing defects in the nuclear
egress step of herpesvirus morphogenesis has been to examine cell
sections by transmission electron microscopy. In the case of vi-
ruses deleted for the genes encoding pUL25, pUL31, and pUL34,
which are critical for the nuclear egress of capsids, the defect is
immediately evident (23, 33, 35, 54, 64, 66). However, the defect
observed in the absence of VP1/2 is not absolute (43). Further-
more, because VP1/2 performs multiple functions during infec-
tion, a null mutation will exert pleiotropic effects during infection.
Postreplication, capsids egress from the nucleus with decreased
kinetics in the absence of VP1/2, but the capsids nevertheless ac-
cumulate to unusually large numbers in the cytoplasm due to the
absolute loss of secondary envelopment. A pleiotropic egress ef-
fect in HSV-1- and PRV-infected cells may have been previously
documented but overlooked (20, 22). At late times postinfection,
finding the cell cytoplasm filled with capsids is not unexpected but
could lead to the premature conclusion that there is no nuclear
egress defect.

In summary, we have identified a novel VP1/2 isoform that
functions as an accessory nuclear egress factor. To our knowledge,
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the carboxyl VP1/2 isoform is the first protein found with the
property of selective C capsid enrichment that is not itself a capsid
component. VP1/2 is the first viral protein found to actively con-
tribute to both nuclear and cytoplasmic stages of egress, and fur-
ther dissection of the molecular interactions between VP1/2, cap-
sids, and the nuclear egress machinery will undoubtedly shed light
on the process of C capsid selectivity and the coordination be-
tween nuclear and cytoplasmic stages of herpesvirus morphogen-
esis.
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