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Abstract
Axonal transport is essential for the successful establishment of neuroinvasive herpesvirus
infections in peripheral ganglia (retrograde transport), and the subsequent spread to exposed body
surfaces following reactivation from latency (anterograde transport). We examined two
components of pseudorabies virus (US3 and UL13), both of which are protein kinases, as potential
regulators of axon transport. Following replication of mutant viruses lacking kinase activity,
newly assembled capsids displayed an increase in retrograde motion that prevented efficient
delivery of capsids to the distal axon. The aberrant increase in retrograde motion was accompanied
by loss of a viral membrane marker from the transported capsids, indicating that the viral kinases
allow for efficient anterograde transport by stabilizing membrane-capsid interactions during the
long transit from the neuron cell body to the distal axon.
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Neuroinvasive herpesviruses, including the human pathogens herpes simplex virus (HSV)
and varicella-zoster virus (VZV) and the veterinary pathogen pseudorabies virus (PRV),
establish life-long latent infections in sensory ganglia of the peripheral nervous system.
These viruses have a complex infectious cycle that includes two stages of long-distance
intracellular transport in axons of peripheral neurons. The first transport stage begins as
extracellular virions come into contact with and enter nerve endings originating from the
peripheral nervous system. Transport during this stage is dominated by retrograde
microtubule-based motion that concludes when the herpesvirus capsid arrives at the nucleus
of a neuronal cell resident in peripheral ganglia (i.e. trigeminal or dorsal root ganglia) (1).
The second stage of transport occurs after replication of progeny viral particles in the
infected peripheral neurons, usually after a prolonged period of latency. During the egress
stage of infection viral particle movement is predominantly in the anterograde direction,
toward the distal axon, where viral spread from the nerve endings results in infection of cells
at the body surface and ultimately transmission to new hosts (2).

Transport direction in axons is dictated by factors associated with the moving viral particles
and not by global changes in the infected neuron (1). Consistent with this, we recently found
that targeting of PRV is coupled with membrane association. Newly infecting viruses lose
the viral membrane upon entering a cell as a result of fusion of the virus envelope with the
plasma membrane, and retrograde transport of the de-enveloped capsid is subsequently
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initiated. In contrast, PRV particles targeted to the distal axon are associated with membrane
lipids and viral transmembrane proteins (3, 4). Progeny viral particles apparently need to
maintain membrane association, as a subset of particles traffic back to the cell body and lack
membranes. The velocities and run lengths exhibited by these misdirected particles are
indistinguishable from those observed when viruses first enter neurons, suggesting that the
particles have prematurely engaged the retrograde transport pathway that normally would
not occur until the viral particle has spread to another cell.

How cargoes regulate their temporal trafficking in neurons is generally not well understood.
PRV may use intracellular membranes to prevent capsids from engaging retrograde transport
motors (i.e. dynein), while also recruiting kinesin motors to effect anterograde transport.
However, the molecular events responsible for membrane recruitment as well as motor
recruitment and regulation are not known. In the current study, the roles of the viral protein
kinases in axon transport were examined by making mutants of PRV. Virally-encoded
protein kinases are generally uncommon, but neuroinvasive herpesviruses have two, UL13
and US3, both of which are structural components of virions (5–8). Kinases have the
potential to modulate intracellular virus trafficking by altering microtubule motor activity
(9–11), regulating motor association to the viral particle cargo (12, 13), or by modifying
viral particle composition (14).

Six mutant viruses were studied, encoding either individual or double deletions of the kinase
genes or point mutations in critical catalytic residues. All viruses were made to encode an
RFP-capsid fusion to allow for monitoring of virus transport dynamics in living neurons by
time-lapse fluorescence microscopy. We found that viruses encoding kinase mutations
exhibited an unusually high frequency of retrograde transport events during the egress phase
of infection, and were inefficiently trafficked to axon terminals. Using a GFP-tagged viral
membrane marker, the increase in retrograde motion was found to correlate to loss of
membrane from the viral particles. These findings indicate that stable interaction of the
capsid particle with a vesicular membrane is enhanced by the viral kinases and is essential
for the prolonged anterograde transport ultimately necessary to spread viral infection.

Results
Isolation of viruses lacking protein kinase activity

To examine the roles of the two PRV protein kinases in axonal trafficking, viruses encoding
an alanine substitution for a catalytic aspartate residue (D>A) in either or both the US3 or
UL13 kinase genes were isolated (15, 16). Viruses were also made that encode deletions in
the US3 and UL13 genes (Figure 1A). Each deletion allele was designed to avoid polar
effects on neighboring viral gene expression. All mutations were introduced in a virus
previously made to express red-fluorescent capsids to allow for imaging of individual viral
particles in living neurons (referred to as “wild type” in this report) and were confirmed by
restriction analysis (Supplemental Figure 1) and sequencing (data not shown) (1). UL13 and
US3 are both structural components of extracellular virions, belonging to the tegument layer
of proteins found between the capsid and membrane envelope (5–8, 17). Western blot
analysis of purified extracellular virions confirmed that both US3 and UL13 are structurally
incorporated into PRV, and documented the absence of the kinases in virions encoding
deletions in either or both kinase genes (Figure 1B, and data not shown). Structural
incorporation of components of the capsid (VP5), inner tegument (UL37), outer tegument
(VP22) and membrane envelope (gD) were not obviously altered in the absence of kinase
activity. In addition, UL13 and US3 expression and incorporation into extracellular virions
were not affected by D>A substitutions (Figure 1B). Inactivation of both kinases resulted in
reduced viral propagation that was comparable to that observed for the double-kinase-null
virus, demonstrating the D>A substitutions were phenotypically equivalent to the loss of
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kinase gene expression (Figure 1C; see Supplemental Figure 2 for propagation kinetics of
PRV mutated for individual kinases). The decrease in viral titers at 24 hours post-infection
was comparable to that previously reported for a strain of PRV disrupted in both kinase
genes (18).

The viral kinases promote transport of capsids to the distal axon
Cultured dorsal root ganglia (DRG) sensory neurons were infected with either wild-type or
kinase-mutant viruses. Because the US3 and UL13 kinases participate in several facets of
viral infection (19–32), we sought to avoid complications from potential changes in the
overall dynamics of infection that could indirectly impact bulk axon transport events by
directly imaging individual capsids actively undergoing transport. Initial observations hinted
at an increase number of aberrant retrograde transport events during the egress phase of
infection when both kinases were absent, which was borne out by quantitative analysis
(Figure 2A). These findings are noteworthy for two reasons. First, the defect was only
observed when both viral kinase activities were removed. Second, the increased frequencies
in retrograde motion approached the theoretical maximum of 50%, at which point an equal
number of capsids moving in the anterograde and retrograde directions would imply that all
progeny capsids that begin as anterograde movers leaving the cell body and moving to the
distal axon would eventually reverse to aberrant retrograde motion. An alternative
explanation of the mutant phenotype, that the origin of particles actively transporting to the
neuronal cell body may be attributed to entry of extracellular virions late during infection is
unlikely for two reasons: (i) infected cells become refractory to additional viral entry, and in
DRG sensory neurons the block to infection begins at 4 hours post-infection (i.e. 8 hours
before imaging was conducted) and is independent of US3 and UL13 (data not shown, and
33), and (ii) the peak amount of entering particles seen early in infection, even if sustained
for 12–15 hours when imaging of egress was conducted, could not account for the number
of minus-end moving particles observed during the egress phase (1).

Based on these findings, a detailed examination of capsid transport was conducted with the
double-kinase mutant viruses. During egress, anterograde moving capsids were previously
noted to sometimes stop moving for extended intervals (2). In the current study, stalling
frequencies during egress were measured as actively transporting capsids that stopped
moving and failed to reengage transport by the end of the recording (recordings were
typically 25 s in duration). The double-kinase mutant viruses exhibited increases in the
frequencies of stalling events (Figure 2B). In contrast, anterograde transport velocities and
run lengths were not diminished by the absence of kinase activity. We were surprised to note
small, but statistically-significant (p < 0.0001), increases in retrograde motion immediately
following entry into the neurons with the mutant viruses (Figure 2C). Although increases in
retrograde velocity and run length should enhance the kinetics of capsid delivery to the cell
body following infection at axon terminals, the associated anterograde transport defects
predict that spread of progeny viral particles to axon terminals would be inefficient in the
absence of kinase activity. Examination of capsid accumulation at axon terminals late during
infection provided support for this prediction (Figure 3).

The viral kinases stabilize viral particle association with membranes
In the absence of the viral kinases, the increase in retrograde motion may result from either a
change in the regulation of plus- and minus-end directed microtubule motors associated with
the viral cargo (which effect anterograde and retrograde transport respectively), or by a
change in the composition of the viral cargo itself. PRV particles are membrane bound
during anterograde transport in axons. However, sustained retrograde transport during the
egress phase occurs when lipids and viral glycoproteins are absent from the viral particle (3,
4). To examine if the increase in retrograde trafficking observed in the absence of kinase
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activity was accompanied by loss of membrane from the transporting particles, the
glycoprotein D (gD) viral transmembrane protein was fused to GFP (gD-GFP) in wild-type
viruses and viruses deleted or inactivated for both kinases. The gD membrane protein is an
essential component of the virion structure (34, 35). Fusion of gD to GFP did not further
impair the propagation kinetics of the mutants and the gD-GFP fusion protein was
structurally incorporated into extracellular virions of the mutant and wild-type viruses at
equivalent levels (Supplemental Figure 3). The resulting viruses expressed RFP-capsids and
the gD-GFP membrane marker, allowing for imaging of both viral components during axon
transport. Following infection and replication in cultured DRG sensory neurons, progeny
viral particles were predominantly detected in association with gD-GFP emissions when
moving in the anterograde direction in axons (Figure 4A). We have previously estimated
that the remaining subset of anterograde moving viral particles are likely also membrane
bound, but with gD-GFP levels below the limit of detection (3). Consistent with the initial
findings (Figure 2A), the kinase mutant viruses exhibited increased frequencies of aberrant
retrograde motion. The origin of the additional retrograde moving capsids was not simple
reversal events of membrane-bound viral particles, but rather was coupled to a loss of
membrane from the capsids (Figure 4B). These findings support the hypothesis that
membrane association is required for anterograde trafficking of viral particles.

Retrograde transport accompanied by membrane loss is not due to the viral membrane
fusion apparatus

Herpesvirus capsids mature to become membrane-bound by budding into intracellular
membranes derived from the cellular secretory pathway (reviewed in 36). Because progeny
viral particles undergoing anterograde transport during the egress phase of infection contain
capsids, tegument proteins, lipids and transmembrane glycoproteins, these particles may be
fully-assembled infectious virions (3, 4, 37). If correct, loss of membrane from the viral
particle would be expected to require a membrane fusion event, for instance between the
viral membrane envelope and the surrounding membrane of a cellular transport vesicle. An
analogous event is required for herpesviruses to enter cells by fusing the viral envelope with
the plasma membrane of a target cell (reviewed in 38). Alternatively, if capsids are bound to
membranes but are not fully enveloped, loss of membrane would simply require a
dissociation event (Figure 5A). To test if the viral fusion apparatus is responsible for loss of
membrane from transporting viral particles during the egress stage of infection, a deletion in
the gene encoding glycoprotein B (gB) was made. The gB membrane protein is required for
viral membrane fusion and entry into cells (39–41). Cells made to express gB were used to
propagate the gB-null virus and the resulting viral stocks were used to infected primary
sensory neurons. In this way, infection of cells with a phenotypically-complemented gB-null
virus can occur, but the resulting progeny viruses assembled after replication lack gB and
cannot infect additional cells due to loss of membrane fusion activity (Supplemental Figure
4). When compared to neurons infected with the corresponding wild-type virus, the
frequency of minus-end transport events during the egress stage of infection was not
significantly changed in the absence of gB (Figure 5B). Furthermore, the increased
frequency of retrograde motion observed in a virus lacking kinase activity was also gB-
independent. Therefore, the loss of membrane from transporting viral particles, and the
concomitant change in transport direction back to the neuronal cell body, is not dependent
upon the viral fusion apparatus.

The viral kinases function locally
The findings up to this point indicate that the viral kinases function at the viral particle
surface, presumably at the interface with cellular vesicles. To determine if the modulation of
axon trafficking is specific for viral particles, DRG sensory neurons were labeled to steady-
state with TMR-Dextran, which fluorescently labels retrograde and anterograde trafficking
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vesicles in axons. The labeled neurons were subsequently infected with PRV expressing
both kinases or mock infected for 12 hours, and the anterograde vesicles were tracked and
analyzed for transport velocities and run lengths. No significant changes in vesicle motility
were observed (Supplemental Figure 5). We also note that the transport dynamics of
anterograde moving vesicles were indistinguishable from the motion exhibited by
anterograde moving viral particles (Figure 2C), as would be expected if the virus traffics
anterograde by associating with endogenous cellular cargoes.

The findings also predict that the viral kinases are components of actively transporting
capsids. To test this directly, recombinants of PRV were made that express RFP-capsids and
GFP fused to either the US3 or UL13 kinase, with the intent of correlating the motion of the
kinases with capsids in axons of living neurons (3, 37). However, the kinases are minor
components of the PRV tegument (42), potentially making detection in actively transporting
viral particles difficult. Nevertheless, US3-GFP emissions were sometimes detected from
transporting capsids immediately following infection of neurons, as well as following
replication in association with progeny capsids moving to axon terminals (Supplemental
Figure 6). The results with US3 are consistent with previous reports indicating that US3 is
capsid bound in mitotic cells (17, 43). Recombinants of PRV expressing UL13 fused to GFP
at either the amino- or carboxy-terminus were also made. Unfortunately, neither produced
sufficient GFP emissions for reliable detection in static extracellular virions, eliminating the
possibility of examining UL13 localization on actively transported capsids by live cell
imaging (data not shown). Although we expect that both kinases are components of the
transported viral particle in axons, only the US3 kinase could be confirmed by live cell
imaging.

Discussion
Intracellular transport of neuroinvasive herpesviruses, such as HSV and PRV, is dependent
upon microtubules both in neurons and non-neuronal cells (44–50). The microtubule motors
required for viral transport have not been identified although cytoplasmic dynein is
implicated by its presence on intracellular capsids and the observation that disruption of
dynactin, which is a cofactor for dynein as well as other motor complexes, interferes with
capsid translocation (44, 51). Furthermore, dynein is the only motor known that can account
for the retrograde velocities observed during delivery of newly infecting viral particles from
the distal axon to the neuronal cell body (1). This initial stage of infection begins when the
membrane envelope of a viral particle fuses with the axon plasma membrane, and the capsid
is deposited into the cytosol (1, 3, 52, 53). The intracellular capsid, or a viral protein that
remains capsid associated, is expected to recruit and activate the dynein motor complex (14,
37, 43, 54). Retrograde axon transport is essential for productive infection of the neuron and
establishment of the life-long latent infection that is a hallmark of these viruses (47, 48).

Following reactivation from latency, progeny viral particles are assembled and transported
back to the distal axon where viral spread results in infection of peripheral tissue and
ultimately dissemination to new hosts. The composition of these anterograde-targeted viral
particles has proved difficult to resolve. Separate studies applying electron microscopy
imaging to cultured neurons infected with HSV have reported the presence of either
membrane-enveloped capsids or membrane-free capsids in axons (53, 55). Electron
microscopy of axons from HSV-infected animals has also produced opposing conclusions
(56, 57), and a study of PRV-infected animals found capsids surrounded by compressed
membranes that were not easily resolved (58). Electron microscopy studies of PRV in
cultured neurons consistently reveal membrane-bound capsids in axons (4, 59), yet
immunofluorescence methods provide little evidence of viral membrane glycoproteins
associated with capsids in neurons infected with either HSV or PRV (2, 60, 61). A
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reinterpretation of these discrepancies by additional EM analysis concluded that both
membrane-bound and membrane-free HSV capsids co-exist in axons, but infers that only the
membrane-free capsids would have been transporting prior to fixation and imaging (62).
Live imaging of capsids and membranes in sensory neurons infected with PRV supports the
notion that both membrane-bound and membrane-free capsids co-exist in axons but,
inconsistent with some previous interpretations, membrane-associated capsids actively
transported in the anterograde direction towards axon terminals. Interestingly, membrane-
free capsids moved in the retrograde direction (3, 4). Based on the PRV studies, capsid-
membrane association appears to be a good predictor of virus transport direction in axons.
The phenotypes of the kinase mutant viruses provided an opportunity to further examine this
hypothesis.

PRV lacking kinase activity were slightly enhanced in the retrograde motion necessary to
deliver viral capsids to neuronal nuclei, but suffered from a disproportional decrease in
transport to axon terminals following replication. The decrease in anterograde transport
resulted from an aberrant reversal to sustained retrograde motion during the egress stage of
infection coupled to a concomitant loss of membrane association. These findings are
consistent with the conclusion that membrane association targets capsid transport in axons
(3), and further implicates the kinases as modulators of this process. We propose that dynein
recruitment sites on the capsid surface (or on a capsid-associated protein) become
inaccessible in a membrane bound state, and that by associating with an anterograde-
trafficked vesicle the normally retrograde-trafficked capsid would gain a means to travel to
the distal axon (with the kinases promoting the capsid-membrane interaction and thereby
helping to exclude the capsid from cytoplasmic dynein during the voyage). Consistent with
this model, we find that viral anterograde transport occurs with kinetics that are
indistinguishable from that of endogenous axon vesicles.

We initially expected that the membrane-bound capsids would be fully-assembled infectious
virions, and premature fusion of the virion envelope with the surrounding transport vesicle
membrane would produce the membrane-free capsids that transport back to the neuronal cell
body. However, the appearance of retrograde moving particles during the egress phase of
infection did not require an active viral fusion apparatus. Although we cannot rule out that
an unrecognized fusion mechanism could be responsible for membrane loss, an alternative
hypothesis is that viral capsids become membrane bound and possibly invaginate into
vesicle membranes, without becoming fully-enveloped virions. This model is supported by
the finding that membrane-bound capsids purified from HSV-infected cells are frequently
partially wrapped by vesicle membranes. Furthermore, these capsid-associated invaginated
vesicles translocate along microtubules in vitro apparently by recruiting kinesin motors (63).
Partially enveloped capsids are also detected in axons of sensory neurons infected with HSV
(62). Although these particles were previously attributed to late budding events that may
occur after anterograde transport has completed, the phenotypes of the kinase mutant viruses
described here support that such particles are, at least in part, responsible for anterograde
transport in axons.

US3 is reported to participate in several events during infection of mitotic cell lines,
including: nuclear egress of capsids (22, 23, 25, 28–30, 64–66), cell-to-cell spread of virus
mediated by cytoskeletal rearrangements (25–27, 32), and inhibition of apoptosis (31, 67–
74). We do not expect that the axon transport defects described in this report are related to
any of the known US3-dependent processes, as viruses mutated only for US3 have no defect
in axon transport as reported here and in previous studies (75–78), and US3 is not required
to block virus-induced apoptosis in sensory neurons and neuron-like PC12 cells (79–81). A
US3-null PRV spreads with decreased kinetics in the mammalian nervous system, but this
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defect appears to be due to inefficient intercellular spread as intraaxonal transport occurred
at wild-type velocities (75).

Of greater significance to this report, an overlap in US3 and UL13 function was previously
noted based on a synergistic decrease in the propagation of PRV lacking both kinases,
however, the process to which both kinases contributed was not known (18). Both kinases
phosphorylate viral tegument and membrane proteins (5, 7, 19, 20, 82, 83) and in different
instances promote either the association (42, 84) or disassociation (14) of viral proteins. In
this regard, the kinases may effect efficient anterograde transport by modulating viral
particle composition and strengthening interactions between viral transmembrane proteins
and proteins in the tegument and capsid, thereby enhancing membrane association with the
viral particle.

In summary, we find that the two virally-encoded protein kinases, US3 and UL13, act
together to sustain long-distance transport of viral particles to the distal axon by preventing
membrane disassociation from capsids and restricting capsids from engaging in retrograde
transport events (as would normally occur following entry into cells). The kinases modulate
what appears to be a delicate balance between retrograde and anterograde trafficking that
occur at opposing stages of the herpesvirus infectious cycle, making them interesting
candidates as targets to interfere with disease progression and neural dissemination. As far
as we are aware, the increase in retrograde transport events associated with viruses lacking
both kinase activities is the first defect reported for a herpesvirus that impairs the
modulation of intracellular transport direction.

Materials and methods
Cells

Pig kidney epithelial cells (PK15) were used for propagation of viral stocks. Single-step
growth curve analysis was used to determine viral rates of propagation, and viral titers were
measured by plaque assay as previously described (85). Recombinant PRV viruses were
isolated following electroporation of infectious clone plasmids into PK15 cells as previously
described, or using Lipofectamine 2000 (37). A Vero cell line (N7) stably expressing PRV
glycoprotein B was previously described (86). N7 cells were maintained in 10% FBS and
penicillin/streptomycin to which G418 (35 μg/ml) was added at every third passage.

Peripheral sensory neurons were isolated from dorsal root ganglia (DRG) of embryonic
chickens (E8-E11) and maintained as previously described (2, 87). For studies of viral entry
and subsequent retrograde axonal transport, intact DRG explants were seeded on coverslips
treated with poly-ornithine and laminin. Neurons were maintained in culture for 3 days to
allow for axon outgrowth prior to initiating infections.

Virus construction
All recombinant viruses were derived from a previously described pBecker3 derived
infectious clone, pGS847, which encodes for a fusion of monomeric red-fluorescence
protein (mRFP1) to the N-terminus of the capsid protein VP26 (1). Viruses deleted for either
the UL13 (PRV-GS950) or US3 (PRV-GS1015), or both genes (PRV-GS1034) were
previously described (88, 89). A virus encoding the catalytically-inactive US3 kinase was
made using primers: 5′ CGCATCATGCATGCGGCCGTCAAGGCGGAGAAC and the
reverse complement primer. The primers encode for point mutation (underlined nucleotide)
that results in the substitution of an alanine in place of an aspartate in the translated protein.
Primers were used in a splicing by overlap extension PCR to produce the mutant allele,
which was subsequently cloned into the pGS284 allelic exchange vector and recombined
with pGS847 by RecA-dependent homologous recombination (85, 90). The resulting
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infectious clone, pGS976, was confirmed by sequencing. Because identifying the desired
mutant infectious clone by sequencing proved to be time consuming, we first replaced the
UL13 open reading frame with a kanamycin-resistance cassette by RED-GAM mutagenesis
using the EL250 strain of E. coli (91). Primers used were: 5′
GCGCTCGTGTTCCTCAACGGCCGCGGGCTCAGCCACCTGGACCCAGTCACGACG
TTGTAAAACG and 5′
CATGTTGCCGCACGTGCGCACAAAGATGTTGCCGCCCTTGACGAAACAGCTATG
ACCATGATTACG. The underlined sequences provided the UL13 homology. The resulting
kanamycin-resistant infectious clone plasmid was moved back to the RecA+ E. coli strain
and RecA-dependent homologous recombination was used as described above to introduce
an aspartate to alanine codon change. Primers used to construct the catalytically inactive
UL13 allele were: 5′ GGCTCAGCCACCTGGCCGTCAAGGGCGGCAAC and the reverse
complement. The resulting infectious clone, pGS1293, was initially identified as a
kanamycin-sensitive isolate and confirmed by sequencing. An infectious clone encoding
both mutations was made by introducing the kanamycin-resistance cassette into UL13 of
pGS976, followed by replacement with the UL13 catalytically-inactive encoding allele
resulting in pGS1018. A revertant of pGS1034 was constructed by sequentially repairing
both deletions by RecA-dependent homologous recombination with plasmids carrying wild-
type US3 and UL13 genes, resulting in pGS1555.

A derivative of pBecker3 encoding for both RFP-VP26 and gD-GFP, pGS1236, was
previously described (3). The gD-GFP allele was recombined into the pGS1018 and
pGS1034 infectious clones by a two-step recombination protocol resulting in pGS1892 and
pGS1616 respectively (92). The ΔgB (UL27) virus was also constructed by two-step
recombination using primers: 5′
ACACCACGCTGCAGCTGCGCGGGGCGCCGTCGCGCTAGCGTAGCCCCCTCCCGC
GGGAAAAGGATGACGACGATAAGTAGGG and 5′
AAACAAGCGCATCTTTATTGTTTCCCGCGGGAGGGGGCTACGCTAGCGCGACGG
CGCCCCGCCAACCAATTAACCAATTCTGATTAG. Each primer encodes homology to
UL27 both upstream and downstream of the sequence to be deleted (underlined) and to the
pEPKan-S2 template plasmid (92). The deletion leaves intact the first 130 bp of the UL27
ORF to keep intact the overlapping UL28 ORF (The UL28 stop codon is indicated in bold in
the primers). The recombination was used to modify the infectious clone pGS1236 and
pGS1018, resulting in pGS1901 and pGS2347 respectively.

A dual-fluorescent virus encoding mRFP1-VP26 and US3-GFP (PRV-GS1504) was isolated
by recombining a PCR product encoding the kanamycin-resistance gene flanked by FLP-
recombination target (FRT) sites and adjacent to the GFP coding sequence, into pGS847.
Primers used for PCR amplification were: 5′
CTTCCGCTGATGAGATACTCAACTTTGGAATGTGGACCGTAGCAGACCCACGAC
CAGTTGCTACTATGGTGAGCAAGGGCGAGG and 5′
AAAGGTGTGTGTGTCCTACCGCTCGGAGCCGGGCCGTTTTACCGCCCGAGAAGT
TCC. The underlined sequence is derived from PRV-Becker, and provided the homologies
necessary to insert the GFP coding sequence in-frame with the 3′ end of the US3 open
reading frame (with an eight codon linker at the fusion junction). A mRFP1-VP26/GFP-
UL13 dual-fluorescent virus (PRV-GS2651) was constructed using the two-step
recombination method (92). Because the 3′ end of UL14 overlaps with the 5′ end of UL13,
primers were designed to preserve the 3′ end of UL14 while inserting GFP in frame with the
UL13 ORF: 5′
CGACGAGGACGAGGGGGAGGAGGCGGACGAGGCCCTGCTGACCCAGTGGCTGC
TGGAGGAGGCGGAGGAGGCGTGACCATGGTGAGCAAGGGCGAGGAG and 5′
GGCGCGGACGTGCCGCGGTGGATGGGCGGCCGCGCCAGCGCGGCCCGGCTCAC
GCCTCCTCCGCCTCCTCCAGCAGCCTTGTACAGCTCGTCCATGCC. In the first
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primer, the underlined sequence is homologous to UL14 and ends with the UL14 stop codon
(TGA), and the highlighted base indicates a point mutation designed to destroy the
endogenous UL13 start codon (ATG>GTG). In the second primer, the underlined sequence
is homologous to UL13 and includes a reconstruction of the first 11 codons that were lost
from the overlap with UL14. The 3′ ends of both primers are designed to amplify the GFP
ORF. As a result of this recombination, the overlap between the UL13 and UL14 ORFs is
removed and the GFP coding sequence is placed in-frame with the new 5′ end of the UL13
ORF. For production of the mRFP1-VP26/UL13-GFP dual-fluorescent virus (PRV-
GS2639), a two-step recombination reaction was carried out with primers: 5′
CGGTGGCCCCGCTGCTCGAGCTCGTGGCCCGGTTCTGCGGCGAGGACGGCGGCG
CTCGTTTTGCCGAACTCGCTGCCGTGAGCAAGGGCGAGGAGC and 5′
CCGCGCAGGAACCGCAGGAAGGTGCGCGCGGCCAGCTCCTCAGGCAGCGAGTT
CGGCAAAACGAGCGCCGCCATCCTTACTTGTACAGCTCGTCCATGC. The 3′ end
of UL13 overlaps with the 5′ end of UL12, so this primer pair was designed to fuse GFP to
the 3′ of UL13 while reconstructing the translation start site and 5′ end of UL12
downstream of the GFP insertion. The first primer encodes homology to the 3′ end of UL13
(without the translation stop; underlined sequence) fused in-frame to the GFP sequence in
the 3′ end of the primer, and also encodes a silent point mutation (indicated in bold)
destroying the start codon of UL12 (ATG>ACG). In the second primer, the underlined
sequence is homologous to UL12 and includes a reconstruction of the first 11 codons that
were lost from the overlap with UL13, including an optimized Kozak sequence. The 3′ ends
of both primers are designed to amplify the GFP ORF. As a result of this recombination, the
overlap between the UL12 and UL13 ORFs is removed and the GFP coding sequence is
placed in-frame with the new 3′ end of the UL13 ORF.

Fluorescence microscopy
All images were captured with an inverted widefield Eclipse TE2000-U microscope (Nikon)
fitted with a 60x 1.4 numerical aperture objective, automated fluorescence filter wheels
(Sutter Instruments), and a Cascade 650 camera (Roper Scientific). The microscope was
housed in an environmental box maintained at 37°C (Life Imaging Services). Images were
acquired and processed using the Metamorph software package (Molecular Devices).

Capsid transport in live primary sensory neurons during entry was imaged up to 1 hour post-
infection and egress was imaged between 12–15 hours post-infection in chambers sealed
with a 1:1:1 mixture of Vaseline, lanolin and beeswax. Time-lapse imaging of mRFP1
emissions alone was achieved by automated capture with a 50 ms exposure time, resulting in
20 frames/sec. Time-lapse imaging of mRFP1 and GFP emissions was achieved by
automated sequential captures with 200 ms exposures for each channel.

Endogenous carrier vesicles were imaged using similar parameters. Three days post seeding
DRG sensory neurons onto poly-ornithine treated coverslips, the cultures were incubated
with 0.2 mg/ml of TMR-Dextran for 12 hours. For studies of infected cells, neurons were
infected with GFP-capsid virus (PRV-GS443) (2) at the time of TMR-Dextran addition. The
neurons were washed three times with prewarmed culture media, and imaging as described
above using 50 ms exposure times. Anterograde and retrograde carrier vesicles were labeled
by this method, but only the anterograde trafficked vesicles were analyzed for transport
dynamics.

Transport dynamics of run length, velocity, and stalls were measured using the kymograph
function provided as part of the Metamorph imaging package. Continuous runs of transport
were identified as uninterrupted vertical lines in the resulting plots of distance versus time.
Each run was measured for distance traveled and average velocity (slope).
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For quantifying capsid accumulation at axon terminals, dissociated DRG from and E9
chicken embryos were infected with wild type (PRV-GS847), revertant (PRV-GS1555), Δ/
Δ (PRV-GS1034), or D>A/D>A (PRV-GS1018) viruses. Neurons were washed with
phospho-buffered saline (PBS) and fixed at 14 hours post-infection with 3.2% formalin, and
the number of capsids (identified as red fluorescence punctae) were counted for each axon
terminal.

Extracellular virus purification and western blot analysis
For each mutant virus examined, one 100 cm dish of confluent PK15 cells was infected at a
multiplicity of 10. The supernatant was harvested at 17 hours post infection and the cell
debris was removed by centrifugation at 5000 rpm for 30 min at 4°C. The cleared
supernatant was transferred to a Beckman SW28 centrifugation tube, and 6 ml of 30%
sucrose was layered underneath. The sample was spun at 13000 × g for 30 min at 4°C. The
pellet was resuspended in 100 μl of TNE (50 mM Tris-HCl, 150 mM NaCl, 10 mM EDTA)
supplemented with protease inhibitor cocktail (Sigma). Infected cell lysates were made by
infecting one 10 cm dish of confluent PK15s at a multiplicity of infection of 10. The cell
media was removed at 17 hours post infection and the cells were harvested and washed three
times with PBS at 4°C. Cells were resuspended in 1 ml of 2x final sample buffer (6.25 mM
Tris [pH 6.8], 10% glycerol, 0.01% bromophenol blue, 2% sodium dodecyl sulfate, 10% β-
mercaptoethanol) and boiled for 3 min.

An aliquot of purified virus was combined with an equal volume of 2x final sample buffer
and boiled for 3 min. Ten microliters of the sample was separated on a 8.0% sodium dodecyl
sulfate-polyacrylamidegel (Lifegels) and then transferred to a Hybond ECL membrane
(Amersham Pharmacia). The VP5 capsid protein was detected with mouse monoclonal
antibody 3C10 (a gift from Lynn Enquist) at a dilution of 1:1000. The UL37 tegument
protein was detected with rabbit polyclonal antibody D1789 at a dilution of 1:2500 (93). The
VP22 tegument protein was detected with rabbit polyclonal antibody PAS236 (a gift from
Lynn Enquist) at a dilution of 1:5000. The gD envelope protein was detected with mouse
monoclonal antibody SC1 (a gift from Gary Cohen, Roz Eisenberg and Sarah Connolly) at a
dilution of 1:50,000. The tegument protein kinase, UL13, was detected with a rabbit
polyclonal anitsera (a gift from Lynn Enquist) at a dilution of 1:1000. The tegument protein
kinase, US3, was detected with a rabbit antisera at a dilution of 1:8000 (32). For detection of
gD-GFP expression in infectious viral particles and infected cell lysates, a mouse
monoclonal GFP antibody (Santa Cruz) was used at a dilution of 1:1000. Secondary goat
anti-mouse or goat anti-rabbit antibodies conjugated to horseradish peroxidase (Jackson
ImmunoResearch) were used at a 1:10,000 dilution, followed by incubation with a luminol-
coumericacid-H2O2 chemiluminescence solution. Exposed film was digitized with an EDAS
290 documentation system (Kodak).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mutagenesis of the viral kinases
(A) Illustration of UL13 and US3 mutations made in the PRV genome (PRV-GS847: strain
Becker previously modified to express mRFP1 fused to the VP26 capsid protein). (B)
Western blot analysis of extracellular purified virions. Viral kinases were detected with anti-
UL13 or anti-US3 antibodies. A revertant of the double-kinase-null virus (PRV-GS1555) in
which both kinase deletion alleles were repaired (rev) expressed both kinases similar to the
wild type (wt). Representative proteins of each component of the virus were also examined
for structural incorporation: VP5 (capsid), UL37 (inner tegument), VP22 (outer tegument),
gD (envelope). (C) Kinase mutants propagate with reduced kinetics. PK15 cells were
infected at MOI=5, and the cells and supernatants were harvested at the indicated times post
infection. Viral titers were quantitated by plaque assay.
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Figure 2. Capsid transport dynamics in axons
(A) The frequency of retrograde transport during the egress stage of infection for viruses
encoding wild-type (wt and rev) or mutated kinase genes are shown. Transport of individual
RFP-capsids was imaged in axons of cultured DRG sensory neurons between 12–15 hours
post infection at 20 frames/s. The number of capsids undergoing retrograde events are
presented as a percentage of all capsids observed actively transporting in either direction.
Parental and revertant wild-type viruses are indicated (wt and rev), and reproduced findings
from a previous study (2). Error bars indicate standard error (of the proportions), and
asterisks designate values statistically distinct from the wild type (p < 0.0001). (n, number of
capsids tracked) (B) Frequency of stalls in capsid transport during the egress stage of
infection for viruses encoding wild-type (wt and rev) or mutated kinase genes. Stalls in
capsid transport were scored when actively transported capsids ceased motion and failed to
recover during the duration of a recording (500 frames). Infections and imaging was as
described in panel A. Error bars are standard error (of the proportions). Asterisks indicate
values that show deviation from the wild type (p < 0.01). (C) Retrograde and anterograde
capsid transport velocities and run lengths in axons during the entry and egress phases of
infection. RFP-capsid images were acquired continuously with 50 ms exposures (20 frames/
s). Recordings of entry transport were acquired within the first hour post infection, while
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egress recordings were made between 12–14 hours post infection. Horizontal bars indicate
the mean for each sample.
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Figure 3. Transport of capsids to axon terminals
(A) DRG sensory neurons were infected with the wild-type and revertant viruses (wt and
rev), the double-kinase-null virus (Δ/Δ), and the virus in which both kinases were
inactivated by a single amino acid substitution (D>A/D>A). Neurons were fixed with
parafomaldehyde at 14 hours post infection and axon terminal growth cones were imaged by
differential interference contrast (DIC) and fluorescence microscopy. Scale bars = 10
microns. (B) Average number of capsids per growth cone (n, number of growth cones
examined for each sample). Error bars are standard error (of the means) and asterisks
indicate significant deviation from the wild type (p < 0.001).
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Figure 4. Increased frequency of retrograde motion is coupled with a loss of viral membrane
association
DRG sensory neurons were infected with dual-fluorescent viruses expressing mRFP1-
capsids and GFP fused to the viral membrane protein, gD, and encoding either wild-type or
mutated kinase genes. De novo assembled progeny virus particles were imaged and tracked
in axons for red and green emissions between 12–15 hours post-infection using automated
filter wheels and sequential capture of each emission spectra. This resulted in an artificial
spatial shift of red and green fluorescence due to movement of the dual-fluorescent particles
between red and green imaging. (A) Example of two viral particles in one axon with the
double-kinase-null virus. One red capsid particle exhibits retrograde motion and lacks
detectable GFP fluorescence, while the second capsid moves anterograde and is associated

Coller and Smith Page 20

Traffic. Author manuscript; available in PMC 2013 August 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with GFP emissions, indicating the presence of the gD viral transmembrane protein. The
frames were captured over a period of 6 seconds and are each 5.6 × 17.4 microns. (B)
Quantification of mRFP1-capsid transport direction and gD association. (n, number of
capsids tracked)
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Figure 5. Minus-end motion is not dependent upon the virus fusion machinery
(A) Illustration of two possible origins of unenveloped capsids that undergo aberrant
retrograde transport in axons during the egress stage of infection. In the lower model,
membrane fusion is required to release the enveloped capsid into the cytosol to initiate
retrograde transport; the upper model does not require a fusion event to release the capsid
from the associated membrane. (B) Cultured DRG sensory neurons were infected with gB-
null viruses, and de novo assembled progeny viral particles were imaged and tracked in
axons between 12–15 hours post infection. Frequencies of retrograde transport events are
shown. The data support the upper model in panel A (see text). Error bars are standard error
(of the proportions). (n, number of capsids tracked)
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