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Upon entering a cell, alphaherpesvirus capsids are transported toward the minus ends of microtubules and
ultimately deposit virus DNA within the host nucleus. The virus proteins that mediate this centripetal transport are
unknown but are expected to be either viral tegument proteins, which are a group of capsid-associated proteins, or
a surface component of the capsid itself. Starting with derivatives of pseudorabies virus that encode a fluorescent
protein fused to a structural component of the virus, we have made a collection of 12 mutant viruses that lack either
the VP26 capsid protein or an individual tegument protein. Using live-cell fluorescence microscopy, we tracked
individual virus particles in axons following infection of primary sensory neurons. Quantitative analysis of the
VP26-null virus indicates that this protein plays no observable role in capsid transport. Furthermore, viruses lacking
tegument proteins that are nonessential for virus propagation in cell culture were also competent for axonal transport.
These results indicate that a protein essential for viral propagation mediates transport of the capsid to the nucleus.

Alphaherpesviruses are neurotropic pathogens that are the
causative agents of both mild (herpes labialis) and severe (herpes
keratitis and encephalitis) disease. Manifestation of each of these
disease forms is dependent upon the transport of virus particles in
axons of peripheral nerves. The initial infection of neurons is
mediated by retrograde axonal transport of viral particles from
peripheral nerve endings in the skin or mucosa to neuronal cell
bodies present in sensory or sympathetic ganglia. The transported
virus particle consists of a capsid, which contains the virus ge-
nome, and a subset of associated virus “tegument” proteins (10,
14). Virus membrane proteins and additional tegument pro-
teins are shed when the virus first enters the cytosol of a cell.
Retrograde axonal transport is dependent upon intact mi-
crotubules, and the dynein motor complex is the only known
cellular motor that can account for the directed transport of
capsids toward the nucleus (13, 21). Support for the involve-
ment of dynein in retrograde capsid transport has been
forthcoming in transformed cell lines (8, 22).

How herpesvirus capsids co-opt dynein has yet to be resolved.
Several herpesvirus proteins (UL9, UL34, VP11/12, and VP26)
bind to components of the dynein motor complex in yeast two-
hybrid or in vitro assays (9, 16, 24). The relevance of these inter-
actions is not immediately clear. The UL34 protein is not incor-
porated into extracellular virions and therefore cannot be
associated with capsids during transport to the nucleus (12, 17).
The ULY protein plays an essential role in virus replication but,
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similar to UL34, has not been reported as a structural component
of virions. The VP11/12 protein is not present on capsids under-
going retrograde transport toward the nucleus and is therefore
unlikely to participate in this process (10). In contrast, the VP26
protein is a surface component of the capsid and is thus a candi-
date to recruit dynein (3, 11).

VP26 was further implicated in the process of capsid trans-
port by assembling capsids with a baculovirus expression sys-
tem. Capsids assembled in the absence of VP26 show a reduced
propensity to cluster around the nucleus after microinjection into
cells, compared to capsids assembled in the presence of VP26 (9).
However, a mutant of herpes simplex virus type 1 (HSV-1) lack-
ing VP26 is transported to sensory ganglia following inoculation
into the mouse cornea (4). This indicates either that VP26 does
not participate in retrograde capsid translocation during infection
or that VP26 is only partly responsible for this process. To clarify
the role of the VP26-dynein interaction in retrograde capsid
transport, we provide the first examination of the dynamics of
VP26-null capsids in living cells and find that VP26 plays no
detectable role in capsid transport. Because this finding strength-
ens a possible role for the tegument proteins in capsid transport,
we made a collection of viruses, each with a deletion of one of the
tegument genes. We find that, of the 11 tegument proteins that
are not essential for virus propagation in cell culture and could
therefore be included in this study, none were required for ret-
rograde axonal transport. These findings are consistent with an
essential virus protein, such as the VP1/2 tegument protein, being
the mediator of intracellular capsid transport to the nucleus.

MATERIALS AND METHODS

Virus and cells. All viruses were derived from the infectious clone of pseudo-
rabies virus (PRV) strain Becker, pBecker3 (19). Each mutant virus was isolated
following transfection of the corresponding infectious clone into pig kidney
epithelial (PK15) cells, as previously described (14). Single-step growth curves
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were used to determine rates of virus propagation, and viral titers were measured
by plaque assay as previously described (18).

Dorsal root ganglia explants were isolated from E8-E10 chicken embryos and
cultured on poly-pr-ornithine and laminin as previously described (20). Neurons
were cultured for 2 to 3 days before being infected.

Construction of recombinant virus strains. PRV-GS443 and PRV-GS847
encode green fluorescent protein (GFP) and monomeric red-fluorescent protein
(mRFP1) fused to the UL35 gene product (VP26 capsid protein), respectively,
and were previously described (2, 20, 21). PRV-GS962 encodes mRFP1 fused to
the N terminus of the UL36 gene product (VP1/2 tegument protein) and is
identical to the previously described PRV-GS935, with the coding sequence for
mRFP1 in place of that for the latter’s GFP (14). PRV-GS962 was made by RecA-
dependent homologous recombination by previously described methods (18).

Disruption of UL4, UL14, UL21, UL35, UL4L, UL46, ULA47, UL48, UL49,
and UL51 was accomplished by first inserting a kanamycin marker flanked with
Flp recombination target (FRT) sites into the infectious clone by RED-GAM
mutagenesis, followed by FLP recombinase-mediated excision of the marker, as
previously described (14). The mutations are summarized in Table S1 in the
supplemental material. In each case, primers were designed to encode 40 bp of
homology flanking the gene targeted for deletion. Each primer also encoded an
FRT sequence (underlined sequence in Table S1 in the supplemental material)
with one FRT site preceded by a stop codon (shown in bold in Table S1 in the
supplemental material). The linear PCR product was recombined into either
pGS962 (for deletion of UL35) or pGS443 (for deletion of tegument-encoding
genes) by RecA-independent homologous recombination in the Escherichia coli
strain EL250. The kanamycin marker was subsequently removed by Flp-medi-
ated recombination at the two FRT sites. The resulting infectious clones carry a
stop codon and a single 34-bp FRT site in the target gene and, in all but one case
(UL14), a deletion within the target coding sequence. A deletion was not intro-
duced into the UL14 coding sequence, due to the proximity of the UL13 and
ULI15 genes, which overlap the UL14 coding sequence. Deletions removed the
entire coding sequence of the target gene when possible but in some instances
were designed to avoid polar effects on neighboring genes (UL4, UL47, ULA49,
and ULS51).

Deletion of either the US3 or UL13 gene was achieved by RecA-dependent
homologous recombination with the pGS847 infectious clone. The deletion al-
leles were made with the following primers: for deletion of UL13, 5'-GGAGG
AGGCGTGAGCTAACTGCCGTACGAGGTGG-3' and, for deletion of US3,
5'-CCAACTCGCGCACCATGTAATTGACGTTTGATCCCGTCC-3'.  Each
primer was paired with a reverse-complement primer and used in a sequential
overlap extension PCR to produce the mutant allele, which was subsequently
cloned into the pGS284 allelic exchange vector and recombined with pGS847,
resulting in pGS950 and pGS1015 (18). The UL13 deletion replaces codons 12 to
278 (of 398 codons total) with a single TAA stop codon, thereby leaving the
overlapping UL12 and UL14 genes intact. The US3 deletion replaces codons 2
to 368 (of 390 codons total and relative to the minor US3-coding sequence) with
a TAA stop codon.

Fluorescence microscopy. All images were captured with an inverted wide-
field Nikon Eclipse TE2000-U (Sutter Instruments, Novato, Calif.) and a Cas-
cade:650 camera (Photometrics; Roper Scientific). The microscope was housed
in a box, with the environment kept at 37°C (Life Imaging Services, Reinach,
Switzerland). Images were acquired and processed using the Metamorph soft-
ware package (Molecular Devices, Downington, Pa.).

Living primary neurons from chicken dorsal root ganglia were imaged in
sealed chambers with a 60 X 1.4 numeric aperture oil objective as previously
described (21). In axons, capsid transport toward the cell body was recorded by
time-lapse fluorescence microscopy of mRFP1 or GFP emissions, and the emis-
sions were tracked and analyzed as previously described (21).

RESULTS

Construction of a fluorescently tagged capsid virus lacking
the VP26 capsid protein. Using time-lapse fluorescence mi-
croscopy, we have previously imaged and tracked individual
capsids undergoing retrograde axonal transport to the nuclei of
sensory neurons in culture (21). Because a recombinant virus
encoding the GFP-coding sequence fused to the VP26 gene
was used for these studies, this approach is not amenable to the
study of a VP26-null virus. However, we have recently deter-
mined that two tegument proteins, VP1/2 and UL37, remain
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FIG. 1. Single-step growth kinetics of VP26- and VP26-null fluo-
rescent viruses. Virions were harvested from media (dashed lines, open
symbols) and PK15 cells (solid lines, filled symbols) at the indicated
times. Squares, PRV-GS962; circles, PRV-GS1205.

associated with capsids during retrograde transport toward the
nucleus and, importantly, can be detected in axons only as part
of the capsid transport complex (14). Using VP1/2 as an alter-
native target for tagging capsids with a fluorescent protein,
two derivates of the alphaherpesvirus, pseudorabies virus,
were made.

The coding sequences for the monomeric red-fluorescent
protein were inserted into the 5’ end of the VP1/2 gene (UL36)
by RecA-dependent homologous recombination with the
pBecker3 infectious clone, resulting in pGS962 (2, 19). Dele-
tion of the entire VP26-coding sequence from pGS962 resulted
in pGS1205. Transfection of pGS962 and pGS1205 into pig
kidney epithelial (PK15) cells produced the viruses PRV-
GS962 and PRV-GS1205, respectively.

Although a VP26-null strain of HSV-1 has previously been
described, the propagation kinetics of a VP26-null alphaherpes-
virus have not previously been examined (4). Therefore, the
kinetics of virus entry and propagation of PRV-GS962 and
PRV-GS1205 were examined by single-step growth analysis in
PK15 cells. PRV-GS962 propagation occurred at a rate equiv-
alent to that of our previous reports for the wild-type PRV-
Becker (14). Intracellular PFU were detected as early as 2 h
postinfection at similar titers for both viruses, indicating that
the absence of VP26 did not impact the ability of PRV-GS1205
to reach the nucleus and undergo replication (Fig. 1). We
noted that PRV-GS1205 released fewer PFU in the culture
media than PRV-962, indicating a role for VP26 in virus egress
or capsid/virion stability. In a separate experiment, an approx-
imate twofold decrease in overall burst size was observed with
PRV lacking VP26 (PRV-GS962, 6 X 10° PFU/ml; PRV-
GS1205, 3 X 10® PFU/ml), similar to that of a previous report
for HSV-1 lacking VP26 (4).

The VP26 capsid protein does not actively participate in
microtubule transport of capsids toward the nucleus. To ob-
serve the retrograde transport of capsids, axons of primary
sensory neurons were imaged within the first hour postinfec-
tion by time-lapse fluorescence microscopy using 200-ms ex-
posure times (5 frames/s), as previously described (21). Capsid-
VP1/2 complexes of PRV-GS962 and PRV-GS1205 were both
readily observed moving processively in the retrograde direc-
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FIG. 2. VP26-null capsid retrograde axonal transport. Example of
virus particle transport resulting from infection of dorsal root sensory
neurons with PRV-GS1205 and imaged within the first hour postin-
fection. A montage of eight frames from a subregion of a time-lapse
recording are shown (see movie M1 in the supplemental material for
the entire time-lapse recording). Each frame is a 200-ms exposure
representing every fourth frame of the original recording (the montage
represents a 6.4-s time window). A single VP26-null capsid (mRFP1-
VP1/2) complex is shown in the montage. The frames are each 2.7 um X
15.2 pm.

tion toward the neuronal cell body (Fig. 2, movie M1 in the
supplemental material, and data not shown). To compare the
transport dynamics of PRV-GS962 and PRV-GS1205 capsids,
individual capsid-VP1/2 fluorescent punctae were tracked for
each virus. A statistical analysis of average capsid velocities
during continuous runs of uninterrupted retrograde movement
was performed (Fig. 3). PRV-GS962 moved with an average
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FIG. 3. Analysis of capsid transport velocities. Histogram of retro-
grade transport velocities of individual virus particles resulting from
infections of dorsal root sensory neurons with PRV-GS962 (a) and
PRV-GS1205 (b). The smooth curve in each panel represents the
best-fit Gaussian curve for each sample.
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TABLE 1. Retrograde transport of capsids following
infection of dorsal root sensory neurons

. Total

. Knocked out Ave. capsid No. of no. of

Virus tegument gene velocity capsids runs

(nm/s = SEM)  tracked analyzed

PRV-GS443 1.91 = 0.07 53 104
PRV-GS717 UL4 1.52 = 0.09 24 79
PRV-GS950 UL13 1.69 = 0.08 25 55
PRV-GS729 UL14 1.63 = 0.09 18 52
PRV-GS762 UL21 1.57 = 0.09 17 56
PRV-GS747 ULA41 (VHS) 1.53 = 0.08 28 73
PRV-GS776 ULA46 (VP11/12) 1.85 = 0.07 37 79
PRV-GS731 ULA7 (VP13/14) 1.60 = 0.10 17 45
PRV-GS1081 ULA48 (VP16) 1.90 = 0.10 25 39
PRV-GS764 ULA9 (VP22) 1.60 = 0.10 12 30
PRV-GS735 ULS51 1.52 = 0.08 24 80
PRV-GS1015 US3 1.64 = 0.08 24 60

velocity of 1.94 = 0.04 pwm/s, with uninterrupted motion pro-
ceeding across an average distance of 11.1 = 0.5 pm (n = 153).
PRV-GS1205 velocity was 1.87 = 0.07 wm/s and occurred
across an average distance of 10.1 £ 0.4 pm (n = 300). The
differences between the two viruses were determined to be
statistically insignificant (¢ test; alpha = 0.05).

Tegument proteins that are nonessential for virus propaga-
tion in cultured cells are dispensable for retrograde axonal
transport of capsids. The failure of the VP26-null mutation to
impact retrograde capsid transport supports the possibility that
capsid-associated tegument proteins may be required for this
process. We therefore made a collection of 11 viruses that each
lacked a single tegument protein (see Table S1 in the supple-
mental material). Each mutant virus genome was confirmed by
restriction analysis and DNA sequencing (data not shown).

Infection of cultured dorsal root sensory neurons was per-
formed as described above; however, imaging of axons was
performed with 50-ms exposure times (20 frames/s), which was
possible due to the brighter fluorescence achieved by fusion of
a fluorescent protein to VP26 as opposed to VP1/2. Capsids
moving progressively in the retrograde direction were readily
observed for each mutant virus, although, as expected, mutant
viruses that produced low titers produced fewer observable
moving capsids (data not shown). An initial assessment of
capsid velocities, which included tracking 30 or more uninter-
rupted runs of capsid motion from at least 12 recordings each,
indicated that transport was not grossly affected by the absence
of any of the 11 tegument proteins examined (Table 1).

DISCUSSION

The delivery of viral DNA to the host cell nucleus is a critical
step in the establishment of a herpesvirus infection. This pro-
cess is made efficient by the recruitment of the dynein motor
complex to capsids deposited in the cytosol following virus
entry into cells (8). Association of dynein with capsids is pre-
sumably essential for retrograde axonal transport and alpha-
herpesvirus neurotropism. To better understand the mechanism
by which herpesviruses recruit dynein and move intracellularly,
we made a collection of fluorescent viruses carrying knockout
mutations for the capsid surface protein, VP26, and for each of
the viral tegument proteins.
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VP26 binds the VP5 major capsid protein at a 1:1 ratio on
hexons, resulting in 900 copies of VP26 on the capsid surface
and making VP26 an attractive candidate as a recruiter of
dynein (1, 23, 26). However, reports on the role of VP26 in
capsid transport have yielded somewhat contradictory conclu-
sions. Assembly of capsid structures with or without VP26 in
insect cells and subsequent microinjection of the particles into
mammalian cells support a role for VP26 in the retrograde
transport of capsids along microtubules (9). However, a virus
with a deletion of the gene encoding VP26, UL35, is compe-
tent for retrograde axonal transport in a mouse model of in-
fection (4). We therefore set out to image and track individual
VP26-null capsids during retrograde axonal transport in cul-
tured sensory neurons. Although previous studies imaged cap-
sids in living cells by virtue of a GFP-VP26 fusion, imaging
VP26-null capsids was made possible by fusing mRFP1 to the
capsid-associated tegument protein, VP1/2 (5-7, 14, 20, 21).

The absence of VP26 was found to have no impact on the
kinetics of capsid retrograde transport in axons. This finding
was unexpected, as the absence of the 900 copies of VP26
results in a significant alteration in capsid surface topology
(26). Yet we find that transport of these aberrant capsids
proceeds with kinetics that are indistinguishable from those of
fully assembled capsids. The simplest explanation is that the
VP26 protein plays no role in the retrograde transport of
capsids toward the nucleus. This indicates that another capsid
protein or capsid-associated protein (i.e., tegument protein)
mediates the relevant interaction with dynein. On the capsid
surface, the absence of VP26 at pentons exposes the VP5
major capsid protein. Although VPS5 coprecipitates with dynein
from infected cells, this interaction is likely indirect, as the
capsid vertices are binding sites for the tegument, and capsid-
tegument interactions persist after virus entry into cells (14, 24,
25). Our findings further demonstrate that VP1/2 association
with capsids is independent of VP26, which is consistent with
its binding via the vertices. Therefore, VPS5 is probably not
available for direct interactions with dynein.

We therefore examined the roles of the tegument proteins in
retrograde capsid transport. Eleven mutant viruses were made,
each lacking a single tegument protein. Two additional mutant
viruses, with the gene encoding either the VP1/2 or UL37
tegument protein deleted, were previously made but could not
be included in the current study (15). The VP1/2 tegument
protein is required for viral propagation and therefore could
not be used to infect cells in the absence of the VP1/2 protein.
Similarly, propagation of the AUL37 isolate of PRV resulted in
titers that were insufficient for the subsequent imaging of cap-
sid transport in our neuronal cultures following infection. Of
the remaining 11 tegument-knockout viruses examined, none
were notably impaired for retrograde transport. Small varia-
tions in the rate of transport were observed among the mutant
viruses, but these differences may result from the small number
of infected cells from which capsid velocities were analyzed
(data not shown). A thorough examination of capsid trans-
port dynamics, similar to that conducted for the VP26-null
virus, for all 11 mutant viruses was beyond the scope of this
study. However, we expect that the observed variations in
transport velocities may not be relevant, as at least one of
the mutants with reduced velocity lacked a protein (VP13/
14) that is not associated with intracellular capsids after
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entry into cells and is therefore unlikely to participate in the
transport process (10, 14).

Based on the exclusion of the proteins examined in this
report from the transport process, a role for the VP1/2 or
UL37 tegument proteins in dynein binding and capsid trans-
port is supported. This model is consistent with the finding that
both VP1/2 and UL37 remain associated with capsids as they
traverse the cytosol to the nucleus (10, 14). We have recently
determined that VP1/2, but not UL37, is required for the
transport of capsids along microtubules during the egress
phase of infection (15). Whether the microtubule-based trans-
port of viral particles following entry and during the egress
phase proceeds by a related mechanism is unknown but is of
much interest. Although yeast two-hybrid assays have so far
failed to identify interactions between dynein and VP1/2 or
UL37, we expect that additional genetic manipulations of these
viruses will result in the identification of the relevant partici-
pants in the microtubule-based transport of herpesvirus cap-
sids (9).
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