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Transport of capsids in cells is critical to alphaherpesvirus infection and pathogenesis; however, viral factors
required for transport have yet to be identified. Here we provide a detailed examination of capsid dynamics
during the egress phase of infection in Vero cells infected with pseudorabies virus. We demonstrate that the
VP1/2 tegument protein is required for processive microtubule-based transport of capsids in the cytoplasm. A
second tegument protein that binds to VP1/2, UL37, was necessary for wild-type transport but was not essential
for this process. Both proteins were also required for efficient nuclear egress of capsids to the cytoplasm.

Viruses must overcome the diffusion barrier of the cyto-
plasm to effectively replicate in mammalian cells. This is most
dramatically exemplified with neurotropic infections, such as
those of the alphaherpesviruses, during which virus particles
may translocate several centimeters or more between axon
terminals and neuronal cell bodies. Intracellular transport of
alphaherpesvirus particles to the nucleus in both neurons and
non-neuronal cells is dependent on microtubules (20, 24, 27,
40).

The alphaherpesvirus virion is composed of four structural
elements. The viral genome consists of a linear double-
stranded DNA (ca. 120 to 230 kbp) that is housed within a
proteinaceous capsid having icosahedral symmetry (~120-nm
diameter). The capsid is enclosed within a host-derived lipid
envelope, and between the capsid and the envelope is a col-
lection of viral proteins collectively referred to as the tegu-
ment. Upon entry into a cell the viral envelope fuses with the
cellular plasma or endosomal membrane, depositing the capsid
and tegument into the cytosol (10, 28, 29). At this phase, many
tegument proteins are removed from the capsid. However, at
least three tegument proteins (VP1/2, UL37, and US3) remain
associated with capsids as they travel toward the nucleus (12,
23). After replication and assembly of capsids in the nucleus,
progeny capsids translocate to the cytosol where they are again
found associated with the VP1/2, UL37, and US3 tegument
proteins (8, 13). These capsid/tegument complexes ultimately
bud into a component of the secretory pathway and egress
from the cell (reviewed in reference 26). The dynamics of
capsid transport and assembly in the cytoplasm are poorly
understood.

Although many alphaherpesvirus proteins can interact with
cellular microtubule-based motors, no herpesvirus proteins are
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currently known to be required for capsid transport (3, 4, 6, 19,
25, 31, 47). The presence of VP1/2, UL37, and US3 on cyto-
solic capsids makes them prime candidates as effectors of in-
tracellular capsid transport. Of particular interest to the
present study, cells infected with viruses lacking either VP1/2
or UL37 assemble genome-containing capsids in the nucleus,
and these capsids egress to the cytoplasm similar to capsids of
wild-type viruses. However, once in the cytoplasm, unenvel-
oped capsids lacking either VP1/2 or UL37 accumulate, and
re-envelopment is rare or nonexistent (1, 2, 9, 16, 17). One
possible explanation of this accumulation is a failure of capsids
to translocate to the site of secondary envelopment within the
cytoplasm. We therefore set out to characterize capsid dynam-
ics during the egress phase of infection and to determine
whether either VP1/2 or UL37 is necessary for intracellular
capsid transport.

MATERIALS AND METHODS

Cells. Derivatives of pseudorabies virus (PRV) strain Becker (PRV-GS443,
PRV-GS678R, and PRV-GS993R; see below) were propagated in pig kidney
epithelial cells (PK15). PK15 cells were also used to determine virus titers and
for single-step growth curve analysis as previously described (41). African green
monkey kidney epithelial cells (Vero) were used for live cell imaging, as they had
a flatter morphology than PK15 cells. Infections of Vero cells were performed at
a multiplicity of infection (MOI) of =0.1, which helped to keep infections
consistent and minimized cell rounding. Disruption of microtubules or actin
filaments in Vero cells was achieved with 10-wm nocodazole or 0.5-pm cytocha-
lasin D, respectively. To deplete cellular ATP, Vero cells were treated with 20
mM sodium azide in glucose-free medium.

To grow the AUL36 virus (PRV-GS678; see below), PK15 cells were stably
transfected with a fragment of the PRV genome that included the entire UL36
open reading frame (ORF) and neighboring sequences (598 nucleotides [nt]
upstream and 798 nt downstream) containing portions of the UL35 and UL37
genes. The UL36-containing fragment was cloned into a neomycin phospho-
transferase-encoding plasmid into which a monomeric red-fluorescent protein
(mRFP1)-expression cassette was subsequently inserted, resulting in pGS901.
Red-fluorescent cells were isolated by limiting dilution and subsequent expan-
sion in the presence of 0.5 mg of G418/ml. An isolate that expressed heteroge-
neous levels of red fluorescence provided the best-complemented growth of
PRV-GS678 and was saved as PK15-UL36 cells.

A UL37-complementing cell line was isolated to efficiently propagate the
AUL37 virus (PRV-GS993; see below). The entire UL37 ORF and downstream
903 nt (which includes a portion of the UL36 gene) was subcloned into the
cytomegalovirus immediate-early expression cassette of the pLPCX retroviral
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FIG. 1. Description of VP1/2-null virus and VP1/2-complementing cell line. (A) Illustration of the PRV genome with characteristic internal and
terminal repeats (IR and TR, respectively) shown as white rectangles. BamHI sites are indicated by vertical lollipops. The region of the genome
relevant to this report is expanded to show the UL36 and UL37 ORFs, as well as the neighboring UL35 and UL38 ORFs (arrowheads indicate
gene orientation). Below, dotted lines indicate regions deleted in the AUL36 (PRV-GS678) and AUL37 (PRV-GS993) viruses. (B) Ethidium
bromide-stained agarose gel of BamHI-digested infectious clone DNAs isolated from E. coli and corresponding viral DNA isolated from
nucleocapsids. The UL36 gene overlaps the two largest BamHI fragments of the viral genome, whereas the UL37 gene is exclusively on the second
largest fragment. The FRT:kan:FRT insertion is ~1.5 kbp and encodes two BamHI sites within the kanamycin resistance cassette, resulting in the
truncation of the two large fragments during the AUL36 construction, and split of the second largest fragment into two smaller fragments during
the AUL37 construction. Removal of the kanamycin resistance cassette and one FRT equivalent results in fusion of the remainders of the two
largest fragments to produce the final AUL36 allele, and the reunion of the remainders of the second largest fragment to produce the final AUL37
allele. Additional fragment variations seen between the infectious clone plasmids and viral DNA result from loss of the E. coli vector backbone

(as described in reference 36).

vector (Clontech), resulting in pGS1324. Cotransfection of pGS1324 and
pVSV-G into a retroviral packaging cell line and subsequent isolation of retro-
viral particles were done as recommended by the manufacturer (Clontech). The
resulting retrovirus was used to transduce PK15 cells, which were then selected
with 1 pg of puromycin/ml. The resulting cell population was saved as PK15-
UL37 cells.

Viruses. Derivatives of PRV-Becker encoding either egfp or mrfpl fused in-
frame to the UL35 capsid gene, PRV-GS443 and PRV-GS847, respectively, were
previously described (37, 38). Deletions of the UL36 and UL37 genes were made
by replacing each respective coding sequence with a kanamycin resistance cas-
sette flanked by Flp recombination target (FRT) sites, followed by removal of the
kanamycin cassette by Flp mediated recombination.

To make the AUL36 virus, the pGS443 infectious clone was transformed into
the EL250 E. coli strain, resulting in strain GS575 (21). A kanamycin cassette was
amplified by PCR from the pUCK4 plasmid (Pharmacia) using the following
primers: 5'-AAAGATTTTTCCCCCACGCGCGTGTGTTATTTCAGCCATG
TAAGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCCCAGTCACGA
CGTTGTAAAACG and 5'-AGTCCTCCCGGGTGGGCCAGACGCGGCCG
AGGCCGCCCAGGAAGTTCCTATTCTCTAGAAAGTATAGGAACTT
CGAAACAGCTATGACCATGATTACG. Each primer encodes a single FRT site
(underlined) and 3" homology to the pUC4K template. The 5" portions of the
primers are homologous to the PRV UL36 gene (—37 nt to +3 nt and +8911 nt to
+8950 nt relative to the UL36 OREF, respectively). The first primer also encodes a
stop codon (in boldface) fused downstream of the UL36 ATG initiation codon. The
resulting PCR product was transformed into GS575 that was first induced to express
the RED proteins (exo, beta, and gam), and recombinants were selected with 20 p.g
of chloramphenicol and 50 pg of kanamycin/ml (21, 48). One recombinant, GS674,
was confirmed by restriction digest analysis. Arabinose-induced expression of Flp
recombinase was used to remove the kanamycin cassette, resulting in GS678 (Fig. 1).
Sequencing of the pGS678 infectious clone plasmid confirmed the presence of a
TAA stop codon and single FRT site in place of nucleotides 4 to 8910 of the UL36
OREF. The resulting allele has a stop codon fused immediately downstream of the
endogenous UL36 start codon and is deleted for the subsequent 2969 codons (the

product of the UL36 ORF, VP1/2, is predicted to be a 3084-amino-acid protein).
Transfection of pGS575 into PK15 cells resulted in the green fluorescent protein
(GFP)-capsid virus (PRV-GS575). Transfection of pGS678 into PK15-UL36 cells
resulted in the AUL36 GFP-capsid virus (PRV-GS678). Transfection of infectious
clones by electroporation into PK15 cells was performed as previously described
(23).

The AUL37 virus was made by the same strategy as the AUL36 virus described
above. The pGS847 infectious clone was transformed into the EL250 Escherichia
coli strain, resulting in strain GS958. The kanamycin cassette was amplified by
using a pair of FRT-encoding primers (FRT sequences are underlined) with 5’
homologies to the PRV UL37 gene +6 nt to +45 nt and +2200 nt to +2239 nt
relative to the UL37 OREF, respectively): 5'-GGCGCTCGTGCGCGCGCTCGAG
GAGGCCGACCACGCCGTCTAAGAAGTTCCTATACTTTCTAGAGAATAG
GAACTTCCCAGTCACGACGTTGTAAAACG and 5'-CCAGCGCCTCGCAC
TCGCGCAGCGCCTCCGTCGTCTGCGCGAAGTTCCTATTCTCTAGAAAG
TATAGGAACTTCGAAACAGCTATGACCATGATTACG. The resulting PCR
product was recombined into GS958 and one recombinant, GS992, was confirmed
by restriction digest analysis. Arabinose-induced expression of Flp recombinase was
used to remove the kanamycin cassette, resulting in GS993 (Fig. 1). The resulting
allele has a stop codon fused 15 codons downstream of the endogenous UL37 start
codon, and is deleted for the subsequent 718 codons (the product of the UL37 ORF
is predicted to be a 919-aa protein). A deletion in UL37 that leaves the first 15
codons intact has no impact on expression of the upstream UL38 gene (17). Trans-
fection of pGS993 into PK15-UL37 cells resulted in the AUL37 mRFP1-capsid virus
(PRV-GS993).

Although PRV-GS678 could be propagated on PK15-UL36 cells, sequential
passage of the virus ultimately resulted in repair of the AUL36 allele in the viral
genome. PK15-UL36 cells provided less than wild-type growth kinetics of PRV-
GS678, and only low titer stocks of PRV-GS678 could be isolated prior to the
emergence of spontaneous revertant viruses. One spontaneous revertant virus,
PRV-GS678R, was isolated from growth of PRV-GS678 on PK15 cells trans-
fected with the UL36 gene. In contrast, we never observed spontaneous reversion
of PRV-GS993 on PK15-UL37 cells, probably due to the lack of flanking ho-
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mology 5’ of the transgene to the viral genome. Therefore, to make a revertant
of the PRV-GS993 virus, the UL37 gene was subcloned with 800 nt of flanking
sequence both upstream and downstream the UL37 ORF (pGS1522). This con-
struct was transiently transfected into Vero cells, which were then infected with
PRV-GS993 1 day posttransfection. This resulted in many large foci of viral
spread which were collectively harvested 3 days postinfection. The viral stock was
expanded by two subsequent rounds of infection and harvest, resulting in the
PRV-GS993R stock.

DNA purification. Infectious clone plasmids were isolated from E. coli strain
EL250 by standard alkali lysis methods. Viral DNAs were isolated from nucleo-
capsids purified from infected PK15 cells, as previously described (35).

Immunostaining. Coverslips were incubated for 1 h in fixation-extraction
buffer (100 mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid); pH 6.9], 1
mM EGTA, and 1 mM MgCl, containing 0.1% glutaraldehyde and 1.0% Triton
X-100) at room temperature. Samples were washed in phosphate-buffered saline
and quenched with 1% sodium borohydride for 20 min at room temperature.
Coverslips were then blocked with 1% bovine serum albumin. For microtubule
staining, samples were incubated with rat monoclonal anti-tubulin antibodies
(clone YL1/2, provided by J. V. Kilmartin, Laboratory of Molecular Biology,
Cambridge, United Kingdom) for 30 min at 37°C, followed by incubation with
anti-rat secondary antibodies (1:200) conjugated to Cy5 fluorophore (Jackson
Immunoresearch Laboratories). The actin cytoskeleton was visualized by stain-
ing with phalloidin conjugated to Alexa 350 fluorophore (Molecular Probes).

Fluorescence microscopy. Immunostained cells were observed with a Nikon
Eclipse TE200 inverted microscope equipped with a X100 oil immersion objec-
tive. Optimized Cy5 and UV filter sets (Chroma Technology Corp.) were used
for Cy5 and Alexa 350 fluorescence detection, respectively. Digital images were
acquired with a CH250 charged coupled device (Photometrics) controlled by
Metamorph imaging software (Molecular Devices).

All other static and time-lapse images were acquired from living cells by using
an inverted wide-field Nikon Eclipse TE2000-U microscope. The microscope was
fitted with a Cascade:650 CCD (Roper Scientific) and was housed in a 37°C
environmental box (Life Imaging Services). Infected cells were imaged in sealed
chambers as previously described (37). The Metamorph software package was
used for image acquisition. Fluorescent and phase contrast images of infected
PK1S5 cells were captured by using a X10/0.3 numerical aperture (NA) objective,
and time-lapse fluorescent imaging of infected Vero cells was performed with a
X60/1.4NA objective. Cytoplasmic fluorescent punctae observed in Vero cells
were consistent with emissions from individual fluorescent-capsids (37, 38). Nu-
clear fluorescence was significantly brighter and not diffraction limited and likely
results from the formation of large nuclear capsid inclusions (7, 30).

Image analysis. 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 cytoplasmic or nuclear, cells were only scored as positive if 10 or
more fluorescent punctae were considered to be outside of the nucleus.

To examine cytoplasmic capsid dynamics, time-lapse fluorescence images were
captured at 5 frames/s (continuous 200-ms exposures). The fluorescent punctae
of individual fluorescent capsids were subsequently tracked by using the Meta-
morph “Track Points” application. Because many capsids displayed little or no
motion during recording, only capsids that moved at least 1 pm were included in
the data sets used for subsequent analysis.

RESULTS

Isolation of fluorescent-capsid viruses lacking either the
VP1/2 or UL37 tegument protein. We have previously de-
scribed infectious clones of PRV that encode the VP26 capsid
protein fused to a fluorescent protein (i.e., GFP or mRFP1)
and have wild-type growth properties in culture (23, 37, 38). To
test the roles of VP1/2 and UL37 in intracellular capsid trans-
port, recombination in E. coli was used to replace either nu-
cleotides 4 to 8910 of the 9255-nt UL36 ORF or nucleotides 46
to 2199 of the 2760-nt UL37 ORF, with a TAA stop codon
followed by a 34-bp FRT site (Fig. 1A). This was accomplished
by RED-mediated insertion of a kanamycin cassette flanked by
a pair of FRT sites, followed by Flp-mediated excision of the
kanamycin cassette (Fig. 1B).
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VP1/2 is essential for herpesvirus growth in cultured cells,
whereas UL37 is essential for the growth of herpes simplex
virus type 1 (HSV-1) and is necessary for wild-type growth of
PRV (2,9, 18, 35). To verify that the AUL36 (VP1/2-null) and
AUL37 mutations introduced into the PRV infectious clones
impacted viral growth as expected, each clone was transfected
into PK15 cells and capsid fluorescence was monitored (Fig.
2A). A virus with intact UL36 and UL37 genes resulted in
productive infections, as noted by the spread of capsid fluo-
rescence to all cells with corresponding cytopathic effects (i.e.,
cell rounding). In contrast, transfection of the AUL36 clone
resulted in fluorescent-capsid expression in single cells only.
The lack of viral spread from cell to cell was consistent with a
lethal mutation. The AUL37 clone displayed minimal spread.

To propagate the AUL36 and AUL37 virus for further study,
complementing cell lines stably expressing either VP1/2
(PK15-UL36) or UL37 (PK15-UL37) were made. PK15-UL36
cells failed to fully complement growth of the AUL36 virus,
since VP1/2-null virus produced small foci (Fig. 2B). The in-
ability of VP1/2-expressing cells to fully complement PRV
lacking VP1/2 was previously noted by others (9).
Transcomplementation of the AUL37 virus resulted in efficient
viral spread throughout the cell culture.

To avoid reversion of the deletion viruses by recombination
with the wild-type UL36 or UL37 genes in complementing
cells, complemented viral stocks were examined by infection of
noncomplementing cells (Fig. 2b). In one case, a spontaneous
UL36 revertant was harvested from PK15 cells and further
examined (not shown). The revertant virus grew with wild-type
growth kinetics and was saved for use as a control in subse-
quent experiments (Fig. 3A). A spontaneous UL37 revertant
was never observed; however, a UL37 revertant was isolated
after infection of PKI15 cells transiently transfected with a
full-length UL37 construct. Unlike the AUL37 virus, which
grew poorly, the revertant virus grew with wild-type kinetics
(Fig. 3B).

VP1/2 and UL37 are required for efficient nuclear egress of
PRYV. Cells infected with either HSV-1 or PRV harboring de-
letions in UL36 (VP1/2-null) are reported to accumulate un-
enveloped cytosolic capsids at late time points postinfection (2,
9). To our surprise, our initial observations of cells infected
with the AUL36 virus indicated that capsids were typically
restricted to the nucleus. This observation was in contrast to a
previous report of HSV-1 harboring a deletion in UL36 (2).

To further assess the role of VP1/2 in nuclear egress, Vero
cells were infected with the fluorescent-capsid viruses harbor-
ing the wild-type UL36, AUL36 or the UL36-revertant alleles.
Living infected cells were scored for the presence of cytoplas-
mic fluorescent capsids from 11 to 15 h postinfection (hpi) by
fluorescence microscopy. Each virus produced capsids in the
nuclei of infected cells as expected; however, only a fraction of
infected cells were observed to have capsids that had translo-
cated from the nucleus to the cytoplasm (Fig. 4). Nearly half of
cells infected with wild-type and revertant UL36 viruses had
clear cytoplasmic capsid fluorescence (the fraction of cells with
cytoplasmic capsids increased with time; data not shown). In
contrast, capsids of the AUL36 virus egressed from nuclei at a
significantly lower frequency. Examination of the AUL37 virus
by this assay indicated a reduction in nuclear egress that was
not as dramatic as the AUL36 virus, while the UL37-revertant
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FIG. 2. Initial characterization of VP1/2- and UL37-null viruses and complementing cell lines. (A) Images of living PK15 cells 2 days
posttransfection with infectious clones encoding fluorescent capsids (pGS575; “parent”) and clones carrying additional AUL36 (pGS678) or
AUL37 (pGS993) mutations. (B) Images of living PK15 or complementing cells (as indicated) 2 days postinfection with viruses derived from the
above three infectious clones (PRV-GS575, PRV-GS678, and PRV-GS993).

virus behaved similarly to the “wild-type” and the UL36-rever-
tant viruses.

Microtubule-based transport of capsids requires VP1/2. The
dynamics of cytoplasmic fluorescent-capsids were examined by
time-lapse microscopy in living Vero cells. Capsids of the par-
ent virus (PRV-GS575) displayed three dynamic states: (i)
static, (ii) random nonprocessive motion, and (iii) curvilinear
processive motion (movie S1 in the supplemental material).
The static capsids were observed around the margins of the cell
and at the basal surface adjacent to the coverslip, a finding
consistent with this population of capsids having exited the cell
as fully assembled viral particles (data not shown). Individual
moving capsids were tracked for up to 20 s or as long as they
remained visible in the focal plane. An approximately equal
number of PRV-GS575 capsids demonstrated processive (di-
rected) and nonprocessive (random) movement (Fig. SA). The
randomly oriented nonprocessive motion generally did not re-
sult in capsids diffusing more than 2 pm from the initially
observed starting point during the course of recording. Proces-
sively transporting capsids moved greater distances (>10 pm
in at least one instance) at rates comparable to that reported in
axons of neurons (1 to 5 wm/s) (37, 38).

No curvilinear capsid transport from the AUL36 virus was

observed; instead, motion was exclusively random and non-
processive (Fig. 5B and F; see also movie S2 in the supplemen-
tal material). Although transport of the AUL37 virus was re-
duced from wild type, directed transport could still be observed
(Fig. 5D and F). The UL36- and UL37-revertant viruses both
had wild-type capsid transport dynamics (Fig. 5C, E, and F).

To determine whether actin filaments or microtubules were
required for capsid motion, cells were treated with cytochalasin
D, nocodazole, or both drugs in combination. Both drugs were
effective at disrupting their respective cytoskeletal targets (Fig.
6); however, in some cells isolated nocodazole-resistant micro-
tubules were observed (for example, see the lower left panel in
Fig. 6). In the presence of nocodazole the processive curvilin-
ear transport of capsids was lost, whereas treatment with cy-
tochalasin D or dimethyl sulfoxide (DMSO) alone did not
result in an obvious change in transport (Fig. 7A to E). Non-
processive motion was unaffected by cytochalasin D, nocoda-
zole, or the combination of both drugs.

To further analyze the impact of cytoskeletal drugs on capsid
motion, we examined the mean-square capsid displacement for
each tracking experiment (Fig. 7F). This analysis allows for an
examination of the overall capsid diffusion in a sample. As
expected for either passive or facilitated diffusion, mean-
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FIG. 3. Single-step growth kinetics of fluorescent-capsid viruses.
(A) Comparison of the growth of the parent virus (PRV-GS575; cir-
cles) with the UL36 revertant virus (PRV-GS678R; squares). The
AUL36 virus was not viable and therefore could not be examined.
(B) Comparison of the growth of the parent virus (PRV-GS958; cir-
cles) with the AUL37 virus (PRV-GS993; triangles) and the UL37
revertant virus (PRV-GS993R; squares). Virions were harvested from
the media (dashed lines; open symbols) and cells (solid lines; filled
symbols) at the indicated times.

square capsid displacement was approximately linear with time
(we note that this linearity was gradually lost as capsids pro-
gressed beyond ~5 pwm, which is consistent with diffusion being
caged by the plasma membrane [data not shown]). Surpris-
ingly, nocodazole did not completely disrupt capsid transport;
wild-type capsid displacement in the presence of nocodazole
was greater than that of AUL36 capsids. Cytochalasin D alone
had no effect on capsid displacement (the cytochalasin D sam-
ple was indistinguishable from the DMSO control), but when
cytochalasin D was added in combination with nocodazole
capsid motion was reduced to that of the AUL36 virus. Co-
treatment of AUL36 infected cells with cytochalasin D and
nocodazole resulted in no further reduction in capsid diffusion.
Addition of azide also failed to further reduce capsid diffusion.
Collectively, these results indicated that (i) directed capsid
motion was dependent on VP1/2, (ii) random nonprocessive
motion occurred by passive diffusion of capsids in the cyto-
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FIG. 4. Nuclear egress of capsids into the cytoplasm. The percent-
age of living cells displaying cytoplasmic capsids 11 to 15 h postinfec-
tion is shown. Vero cells were infected with PRV-GS575, having intact
UL36 and UL37 genes (“WT”), PRV-GS678 (AUL36), PRV-GS993
(AUL37), the PRV-GS678R revertant virus (UL36R), or the PRV-
GS993R revertant virus (UL37R) at an MOI of =<0.1. Because capsids
near the nuclear rim could not be scored easily in this assay, cells were
only counted as positive if at least 10 fluorescent-capsid punctae were
observed in the cytoplasm. Error bars are standard error of the pro-
portions (SEp). PRV-GS678 and PRV-GS993 were significantly dif-
ferent from each other and from each revertant virus (z < 0.01).

plasm, (iii) VP1/2-mediated capsid transport was primarily de-
pendent on microtubules, and (iv) residual capsid motion in
the presence of nocodazole, relative to AUL36 capsids, was
primarily dependent on intact actin filaments and not nocoda-
zole-resistant microtubules.

DISCUSSION

The neurotropic properties of the alphaherpesvirus subfam-
ily are dependent upon long distance transport of capsids along
microtubules in axons (20, 27). Transport of herpesvirus cap-
sids to the nucleus of sensory neurons and subsequent trans-
port of progeny viral particles to distal axons occurs by
bidirectional transport processes at rates consistent with dy-
nein- and kinesin-based mechanisms (37, 38). Similar transport
mechanisms likely traffic intracellular herpesvirus particles to
the nucleus and cell periphery in nonpolarized cells. Herpes-
virus capsids newly deposited in Vero cells travel along micro-
tubules from the plasma membrane to the nucleus, and this
transport is dependent upon the dynein-associated complex,
dynactin (5, 32, 40). In contrast, transport of newly assembled
herpesvirus particles to the periphery of nonpolarized cells has
been less well studied. Here we report on the dynamics of
herpesvirus transport during egress from Vero cells and iden-
tify the first herpesvirus protein, VP1/2, required for microtu-
bule-based capsid transport.

The capsids of viruses with an intact UL36 gene, which
encodes VP1/2, often moved in curvilinear trajectories, and
this motion was sensitive to nocodazole. This transport was
processive and saltatory, with similar velocities to those seen in
neurons (1 to 5 pmy/s) (38). Also similar to axonal transport,
only a fraction of capsids moved directionally in Vero cells
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FIG. 5. Transport of capsids in the cytoplasm. Individual moving fluorescent capsids were tracked in the cytoplasm of Vero cells at 18 hpi.
Tracking was performed on time-lapse fluorescence recordings collected from a single focal plane at five frames/s. A profile of transport for each
infection is shown by plots of the individual capsids tracked as distance from starting position in the first frame (y axis) versus time (x axis). Vero
cells were infected with the following viruses: PRV-GS575 (A), PRV-GS678 (B), PRV-GS678R (C), PRV-GS993 (D), and PRV-GS993R (E).
(F) Summary of data shown as percentage of tracked capsids that moved greater than 3, 4, 5, 6, 7, 8, and 9 wm from the origins for each infection

(shown from left to right, respectively).

during the course of a recording (37). However, unlike capsids
in axons, capsids in Vero cells also displayed nonprocessive
motion. The random nature of the later movement and the
observation that nocodazole, cytochalasin D, and azide could
not impede it argues that this motion is simple diffusion. Her-
pesvirus capsids would not normally be expected to diffuse to
any significant degree in cytoplasm (22, 39). However, we note
that late in infection the cytoplasm of Vero cells becomes
increasingly soluble, as indicated by increased motion of cyto-
plasmic structures observed by transmitted light microscopy
(data not shown). This may in part be explained by virus-
induced loss of actin filaments or cytopathic effects resulting in
cellular distress (22, 34, 43).

In the absence of VP1/2 capsids fail to re-envelope and
instead accumulate in the cytosol (2, 9). We find that these
capsids do not move directionally in the cytoplasm. This lack of
transport was similar to that seen when wild-type UL36 virus

was treated with nocodazole, indicating that the VP1/2 tegu-
ment protein was required for microtubule-based transport of
capsids. Unexpectedly, capsids of wild-type UL36 virus treated
with nocodazole displayed some residual motion relative to
AUL36 capsids. The residual motion was abrogated when in-
fected cells were cotreated with nocodazole and cytochalasin
D, indicating this motion was actin dependent. We are unclear
as to whether the residual motion is a result of capsids using
some aspect of the actin cytoskeleton as a motile force or if this
is an indirect effect. However, we note that at least one her-
pesvirus protein has been reported to bind to a myosin motor
(42).

There are two likely explanations of the VP1/2-null pheno-
type. First, VP1/2 may bind a host motor complex either di-
rectly or indirectly, possibly through another tegument protein,
and deliver capsids to the site of re-envelopment (for example,
the HCMV VP1/2 homologue was shown to bind the cellular
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FIG. 6. Vero cell cytoskeleton susceptibility to cytochalasin D and
nocodazole. Uninfected Vero cells were treated for 1 h with cytocha-
lasin D, nocodazole, or both drugs together (or DMSO alone as con-
trol). Cells were fixed and processed for immunofluorescence imaging
of filamentous actin and microtubules (image pairs).

p180 protein, which in turn binds kinesin, as described in
references 3 and 31). In support of this model, VP1/2 remains
bound to capsids during intracellular transport, making it a
good candidate for a motor binding protein (23). VP1/2 is
thought to bind to the capsid surface directly, while additional
tegument proteins, such as UL37, require VP1/2 for capsid
association (2, 9, 15, 49). Second, VP1/2 may play a direct role
in the re-envelopment process, and the observed capsid trans-
port may represent cellular vesicles containing re-enveloped
capsids (i.e., virions) moving to the plasma membrane.

We expect that both explanations are true. Both PRV and
HSV-1 lacking UL37 are defective for re-envelopment in the

CAPSID TRANSPORT REQUIRES VP12 207

cytoplasm, resulting in accumulation of unenveloped cytosolic
capsids (1, 17). This phenotype is strikingly similar to those of
PRV and HSV-1 lacking UL36 (2, 9). However, in the present
study, AUL37 capsids frequently moved directionally in the
cytoplasm, albeit with reduced overall kinetics, while AUL36
capsids failed to do so. The capsid transport that remains intact
in the absence of UL37 demonstrates that unenveloped capsids
transport prior to re-envelopment, as AUL37 viruses rarely
re-envelope (1, 17). With both VP1/2 and UL37 available,
capsids of wild-type viruses would then re-envelope and be-
come available to transport within the cellular secretory path-
way, collectively resulting in wild-type transport. There is pre-
cedence for such a model with the poxvirus, vaccinia. Like
herpesviruses, vaccinia intracellular mature virus particles bud
into internal host membranes to form an intracellular envel-
oped virus, which then transports to the cell periphery and
releases the virion by fusion with the plasma membrane. With
vaccinia virus, host motors are used to transport intracellular
mature virus particles to the site of envelopment and subse-
quently to move the membrane-enclosed intracellular envel-
oped viruses to the plasma membrane (11, 14, 33, 44-46).
Development of a dual-fluorescent virus with tags on capsid
and a membrane protein may allow for resolution of these
possibilities.

VP1/2 also remains associated with cytosolic capsids after
viral entry, and it is possible that the VP1/2 protein plays a
critical role in capsid transport at this early stage of infection
(12, 23). However, the dynamics of capsid transport toward the
nucleus in the absence of VP1/2 could not be examined be-
cause the AUL36 virus does not produce extracellular virions
with which to infect cells (when grown on complementing cells
virions incorporate VP1/2, rendering them useless for such
investigations). The role of UL37 also could not be studied
during capsid transport after entry, since titers of the AUL37
virus recovered from noncomplementing cells were too low to
effectively image using our live-cell imaging methods.

Lastly, we note that capsids of the AUL36 and AUL37 vi-
ruses were found in the cytoplasm of infected cells at a lower
frequency than capsids of viruses that encoded both proteins.
In agreement with our present findings, deletion of the UL37
gene from HSV-1 was previously reported to result in a partial
defect in nuclear egress (1). However, in the current study, the
AUL36 virus displayed the more dramatic nuclear egress de-
fect, yet a previous examination of a HSV-1 AUL36 mutant
indicated no such defect (2). The reason for these differences
is not immediately clear. The mutant UL36 allele introduced
into HSV-1 left ~62% of the coding sequence intact, which
could have resulted in the production of a truncated protein
with partial function. Alternatively, the nuclear egress function
in PRV and HSV-1 may be mediated by different proteins. The
PRV AULS36 virus in the current study (PRV-GS678) assem-
bled capsids in the nucleus based on transmission electron
microscopy, which is consistent with the findings in the previ-
ous AUL36 studies in PRV and HSV (data not shown). How-
ever, we observed that deletion of UL36 in PRV resulted in a
polar effect that decreased UL37 expression by ~4-fold. This
reduction in expression was unexpected since the UL36 dele-
tion did not overlap with the predicted UL37 polyadenylation
site or 3’ untranslated region but nevertheless may contribute
to the difficulty in complementing the growth of the PRV
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FIG. 7. Dependence of cytoplasmic capsid transport on cytoskeleton integrity. Infected Vero cells were treated with cytochalasin D and
nocodazole (or DMSO alone as control) at 17 hpi as indicated. (A to D) Individual moving cytoplasmic fluorescent capsids were tracked at 18 hpi
and analyzed as described in the legend of Fig. 5. (E) Summary of data shown as a percentage of tracked capsids that moved greater than 3, 4,
5,6, 7,8, and 9 um from the origins for each infection (shown from left to right). (F) Diffusion profiles of moving cytoplasmic capsids. The mean
squared displacement of the capsids from origin is shown over the first 1.6 s of the recordings. Symbols are as follows: m, PRV-GS575 (“wild-type”);
®, PRV-GS678: AUL36; [1, PRV-GS575 + DMSO; V, PRV-GS575 + cytochalasin D; A, PRV-GS575 + nocodazole; O, PRV-GS575 +
cytochalasin D + nocodazole; ¢, PRV-GS678 + cytochalasin D + nocodazole; X, PRV-GS575 + cytochalasin D + nocodazole + azide. The error

shown is 95% confidence.

AUL36 virus as was observed in this report and previously by
others (9; data not shown). As such, we cannot rule out that the
nuclear egress defect observed in the AUL36 virus is a syner-
gistic defect from coincidental lowered UL37 expression.

In summary, although many herpesvirus proteins are known
to bind cellular motor components, VP1/2 is the first viral
protein shown to be essential for intracellular capsid transport.
This role of VP1/2 is not dependent on the VP1/2 binding
protein, UL37, although the latter is required for wild-type
transport kinetics. These findings provide an important step
toward the identification of the mechanism of herpesvirus in-
tracellular transport and ultimately determining how alphaher-
pesviruses spread in the vertebrate nervous system.
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