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Alphaherpesviruses, including pseudorabies virus (PRV), spread directionally within the nervous systems of their mammalian
hosts. Three viral membrane proteins are required for efficient anterograde-directed spread of infection in neurons, including
Us9 and a heterodimer composed of the glycoproteins gE and gI. We previously demonstrated that the kinesin-3 motor KIF1A
mediates anterograde-directed transport of viral particles in axons of cultured peripheral nervous system (PNS) neurons. The
PRV Us9 protein copurifies with KIF1A, recruiting the motor to transport vesicles, but at least one unidentified additional viral
protein is necessary for this interaction. Here we show that gE/gI are required for efficient anterograde transport of viral parti-
cles in axons by mediating the interaction between Us9 and KIF1A. In the absence of gE/gI, viral particles containing green fluo-
rescent protein (GFP)-tagged Us9 are assembled in the cell body but are not sorted efficiently into axons. Importantly, we found
that gE/gI are necessary for efficient copurification of KIF1A with Us9, especially at early times after infection. We also con-
structed a PRV recombinant that expresses a functional gE-GFP fusion protein and used affinity purification coupled with mass
spectrometry to identify gE-interacting proteins. Several viral and host proteins were found to associate with gE-GFP. Impor-
tantly, both gI and Us9, but not KIF1A, copurified with gE-GFP. We propose that gE/gI are required for efficient KIF1A-medi-
ated anterograde transport of viral particles because they indirectly facilitate or stabilize the interaction between Us9 and KIF1A.

Alphaherpesviruses are common pathogens that replicate and
spread within the nervous systems of their mammalian hosts.

Well-studied alphaherpesviruses include the human pathogens
herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) and vari-
cella zoster virus (VZV), as well as the veterinary pathogen pseu-
dorabies virus (PRV) (2, 3). Dissemination of viral particles within
an infected host requires long-distance axonal transport of viral
particles in neurons (5). Alphaherpesvirus infection of the periph-
eral nervous system (PNS) is initiated when virions enter axon
termini and use retrograde axonal transport to travel toward neu-
ron cell bodies (7, 8). Newly replicated progeny virions are assem-
bled in the cell body and may be sorted into axons and transported
back out toward the periphery (anterograde-directed spread) (10,
11). Three highly conserved viral membrane proteins are impor-
tant for anterograde-directed spread of infection in vivo and in
vitro, including Us9 and the glycoproteins gE and gI (13–21).

PRV strains with Us9 deleted are completely defective for
axonal sorting of viral particles and exhibit no anterograde spread
of infection (23, 24). Us9 is a small, type II, tail-anchored mem-
brane protein that copurifies with the kinesin-3 motor KIF1A (6,
12). KIF1A is necessary for anterograde axonal movement of viral
particles, but at least one additional viral protein is required to
facilitate or stabilize its interaction with Us9; this protein (or pro-
teins) is not expressed by the attenuated PRV strain Bartha (6).
The PRV Bartha genome contains multiple mutations compared
to virulent PRV, including a deletion in the coding region for gI,
gE, Us9, and Us2 (28). Since deletion of gE or gI severely reduces
but does not completely disrupt the anterograde spread capacity
of PRV in vitro (24), we hypothesized that these two proteins may
be involved in the Us9-KIF1A interaction to promote virion trans-
port.

Both gE and gI are type I transmembrane proteins that form a
heterodimer (referred to here as gE/gI) in the endoplasmic retic-

ulum (ER) via noncovalent interactions between their ectodo-
mains (30). Because gE and gI can be found in a complex and
mutants with either gene deleted display a similar phenotype in
animals, gE/gI may act as a single functional unit. Importantly,
unlike Us9 null mutants, gE and gI single or double null mutants
display a small-plaque phenotype in cultured epithelial cells (9),
suggesting that this protein complex has multiple functions. In-
deed, the gE/gI complex is involved in virion assembly, cell-to-cell
spread, species-specific binding of immunoglobulin G as an Fc
receptor, and mediating full virulence in animal infections (32,
34–38).

Reconciling the different functions of gE/gI with a common
mechanism has been difficult. Previous experiments indicate that
targeting of viral structural components and membrane proteins
to axons requires both Us9 and gE/gI but that Us9 null mutants
are more defective than single or double gE and gI mutants (15).
Furthermore, the interactions of gE/gI with Us9 and with cellular
proteins are not well understood. Here, we sought to elucidate the
molecular mechanism by which gE/gI mediate anterograde spread
of infection. We demonstrate that gE/gI but not Us2 are required
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for efficient axonal sorting and anterograde-directed transport of
viral particles in axons. Importantly, we found that expression of
gE/gI is required for efficient interaction between Us9 and KIF1A.
We then used a direct biochemical approach to identify the host
and viral proteins that interact with gE. PRV recombinants that
express a functional gE-green fluorescent protein (GFP) fusion
protein were constructed, and immunoaffinity purification meth-
ods with GFP antibodies were employed to isolate proteins that
copurify with gE-GFP by mass spectrometry analysis. We identi-
fied 46 host and viral proteins that are in the complex with gE-
GFP. Interestingly, the gE-GFP fusion protein copurified with Us9
but not with KIF1A during PRV infection. These results suggest
that gE/gI directly or indirectly stabilize or facilitate Us9/KIF1A
complex formation and in turn promote efficient axonal sorting
and transport of viral particles in axons.

MATERIALS AND METHODS
Viruses and plasmids. We used the wild-type (WT) PRV Becker strain as
well as the previously described derivatives PRV 99 (gE and gI null) (39),
and PRV 174 (Us2 null, expresses enhanced GFP [EGFP] from the Us2
locus) (41). For construction of PRV expressing gE-GFP (PRV 187), the
gE open reading frame was ligated into the multiple-cloning site of
pEGFP-N1 (Clontech) at the BamHI/EcoRI sites. This plasmid construct
was designated pTK001. Next, pTK001 was cut with NheI/MfeI, and the
fragment containing gE-GFP was ligated into the multiple-cloning site of
pII1 (1). This plasmid was designated pTK013. To recombine gE-GFP
into the Us4 locus of the PRV genome, linearized pTK013 was cotrans-
fected with nucleocapsid DNA from PRV 758 (15) into PK15 cells. Virus
produced after cotransfection was plated on PK15 cells, and plaques ex-
pressing gE-GFP were identified by epifluorescence microscopy, isolated,
and subjected to three rounds of purification. To construct PRV 199 (gE-
GFP, monomeric red fluorescent protein [mRFP]-VP26), PK15 cells were
coinfected with PRV 187 and PRV 180 (WT mRFP-VP26) (4). Virus pro-
duced after coinfection was plated on PK15 cells, and plaques expressing
both gE-GFP and mRFP-VP26 were identified by epifluorescence micros-
copy, isolated, and subjected to three rounds of purification.

We derived a PRV recombinant expressing GFP-Us9 in the PRV BaBe
background, which carries the Bartha deletion within the unique short
region of the genome including the coding regions for Us7 (gI), Us8 (gE),
Us9, and Us2 (39). The open reading frame encoding the GFP-Us9 fusion
sequence (44) was cloned into the pII1 shuttle vector (1), which contains
flanking sequence homologous to the Us4 genome region, at the NheI/
MfeI restriction sites; the resultant plasmid was designated pTK037. PK15
cells were then cotransfected with linearized pTK037 and nucleocapsid
DNA from PRV BaBe. GFP-positive recombinant plaques showing a
membrane-bound GFP localization pattern were picked and further sub-
jected to three rounds of plaque purification. The resulting strain was
designated PRV 444. We also derived a PRV BaBe recombinant expressing
mRFP-VP26 (designated PRV 446). Briefly, PK15 cells were coinfected
with PRV 180 (mRFP-VP26, Becker background) (4) and PRV 432 (PRV
BaBe expressing GFP), and dual-fluorescent GFP/mRFP-positive plaques
were picked and further subjected to three rounds of plaque purification.
Three recombinants were isolated and then analyzed by Western blotting
to confirm appropriate expression patterns. The resultant strain was des-
ignated PRV 438 and then used to coinfect PK15 cells along with PRV
BaBe to derive the PRV BaBe/mRFP-VP26 recombinant (PRV 446), iden-
tified through loss of GFP fluorescence. The newly derived PRV 444 and
PRV 446 recombinants were then coinfected to isolate a two-color recom-
binant (GFP-Us9, mRFP-VP26, null for gI, gE, Us9, and Us2), designated
PRV 448.

For adenovirus (Ad) transduction experiments where GFP-Us9 is ex-
pressed, we used the previously described nonreplicating adenoviral vec-
tor Ad TK101 (here referred to as Ad GFP-Us9) (6).

Antibodies. Rabbit polyclonal antisera specific for gE cytoplasmic tail
(used at 1:1,000) (9), rabbit polyclonal antiserum specific for Us9 (used at
1:1,000) (12), the phospho-specific mouse monoclonal Us9 antibody
2D5E6 (used at 1:1,000) (22), and the rabbit polyclonal anti-GFP antibod-
ies (25) have all been previously described. The mouse monoclonal anti-
body for cellular actin (AC-40, used at 1:5,000; Sigma-Aldrich, St. Louis,
MO) was also employed.

Cell lines and primary neuron cultures. Porcine kidney epithelial
cells (PK15 cells) were maintained in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% pen-
icillin-streptomycin (HyClone, Logan, UT). The transformed neuronal
cell line PC12 (26) has been used extensively to model primary neurons
for infection with PRV and reproduces Us9-associated viral transport
phenotypes (23, 27). PC12 cells were cultured on dishes coated with type
1 rat tail collagen (BD Biosciences, Bedford, MA) in 85% RPMI 1640 with
10% horse serum and 5% FBS (HyClone). PC12 cells were differentiated
in RPMI 1640 supplemented with 1% horse serum and nerve growth
factor (NGF) (Invitrogen, Carlsbad, CA) at 100 ng/ml. Differentiation
medium was replaced every third day for 11 days before infection.

Dissociated cultures of primary rat superior cervical ganglion (SCG)
neurons were prepared as previously detailed (27). Prior to plating, Mat-
Tek glass-bottom dishes (Ashland, MA) were coated with poly-DL-orni-
thine (Sigma-Aldrich) and murine laminin (Invitrogen). SCGs dissected
from embryonic day 15.5 (E15.5) to E16.5 pregnant Sprague-Dawley rats
(Hilltop Labs Inc., Pittsburgh, PA) were then plated and maintained in
neuronal medium consisting of Neurobasal medium (Invitrogen) supple-
mented with 1% penicillin-streptomycin-glutamine (Invitrogen), B27
(Invitrogen), and 50 ng/ml NGF. Cultures were allowed to differentiate
for at least 14 days prior to infection.

Chambered neuronal cultures. SCG neurons cultured in modified
Campenot chambers have been employed extensively in our laboratory to
assay directional spread of viral infection (29). For chambered cultures,
plastic tissue culture dishes were coated as described above. A series of
parallel grooves were then etched across the surface and covered with 1%
methylcellulose in DMEM. A CAMP320 three-chambered Teflon ring
(Tyler Research; Edmonton, Alberta, Canada) was then coated with vac-
uum grease on one side and placed on top of the tissue culture surface,
oriented such that the grooves extended across all three compartments.
SCG neurons were then plated in one compartment (S compartment) and
maintained in neuronal medium as for dissociated cultures. Following
�17 days of culture, robust axonal extensions develop across the center
(M compartment) into the far side (N compartment). A detector layer of
PK15 cells (�5 � 105 cells in neuronal medium supplemented with 1%
FBS) was plated in the N compartment 24 h before any infections to
amplify virus spread into this compartment.

Western blotting. Cell lysates that were analyzed by Western blot-
ting were prepared in RSB–NP-40 (10 mM Tris-HCl [pH 7.5], 10 mM
NaCl, 1.5 mM MgCl2, 1% NP-40) with protease inhibitor cocktail at 1:100
(Sigma-Aldrich). For coimmunoprecipitation experiments, samples were
prepared as previously described (6). All samples were heated to 65°C for
10 min, mixed with Laemmli sample buffer (Invitrogen), and run on
one-dimensional SDS-polyacrylamide gels. Primary antibodies were di-
luted in 5% milk in Tris-buffered saline with Tween 20 (TBS-T) (50 mM
Tris [pH 7.4], 200 mM NaCl, 0.1% Tween 20) and applied to the mem-
brane for 1 h at room temperature. Membranes were then washed 3 times
with TBS-T, and secondary horseradish peroxidase (HRP)-conjugated
antibody (used at 1:20,000; KPL, Gaithersburg, MD) was applied for 1 h at
room temperature. Signals were detected using the SuperSignal West Pico
chemiluminescent substrate kit (Thermo-Fisher Scientific, Rockford, IL),
according to the manufacturer’s instructors.

Immunoaffinity purifications. To isolate protein complexes, we em-
ployed high-affinity anti-GFP antibodies for immunoaffinity purification
of viral protein complexes, as previously described (31, 33). Differentiated
PC12 cells were infected with PRV strains expressing GFP-Us9 or gE-GFP
fusion proteins, and cells were then lysed at the indicated time points (6).

Kratchmarov et al.

9432 jvi.asm.org Journal of Virology

http://jvi.asm.org


Cells were washed twice with phosphate-buffered saline (PBS) and then
resuspended in a previously optimized immunoaffinity purification lysis
buffer (20 mM HEPES-KOH [pH 7.4], 110 mM potassium phosphate, 2
mM MgCl2, 1 �M ZnCl2, 1 �M CaCl2, 0.1% Tween 20, 1% Triton X-100,
and 150 mM NaCl) supplemented with protease inhibitor cocktail
(Sigma-Aldrich) at 1:100. Samples were first homogenized by at least 15
passages though an 18-gauge needle and subsequently incubated for 30
min at 4°C. Following the lysis period, samples were rehomogenized and
centrifuged at 20,800 � g for 10 min to pellet insoluble cellular debris.
Dynal M-270 epoxy magnetic beads (Invitrogen) were coated with cus-
tom-made rabbit polyclonal anti-GFP antibodies as previously described
(31) (5 �g antibodies per 1 mg of beads). Three milligrams of beads was
added to each sample and then incubated for 1 h at 4°C. The beads were
then washed six times with ice-cold lysis buffer, and protein complexes
bound to the beads were eluted by incubation at 65°C for 10 min in 1�
SDS-PAGE loading buffer (Invitrogen) supplemented with 60 mM di-
thiothreitol (DTT). For mass spectrometry (MS) experiments, samples
were alkylated with 100 mM iodoacetamide (Sigma-Aldrich) at room
temperature for 1 h in the dark.

Mass spectrometry and data analysis. Reduced and alkylated GFP
and gE-GFP affinity purification samples were resolved (approximately 3
cm) by SDS-PAGE, and proteins were stained with Coomassie blue. Each
gel lane was cut into 1-mm slices, pooled into six fractions, and then
digested in gel with trypsin as previously described (40). Nano-liquid
chromatography-tandem MS (nLC-MS/MS) analysis of tryptic peptide
fractions was performed on a Dionex Ultimate 3000 rapid-separation LC
(RSLC) (Dionex, Amsterdam, the Netherlands) coupled online to an LTQ
Orbitrap Velos mass spectrometer (Thermo-Fisher Scientific), as previ-
ously described (40). Proteome Discoverer (v1.3) (Thermo-Fisher Scien-
tific) and Scaffold (v3.4) (Proteome Software Inc., Portland, OR) were
used to perform database searches and peptide and protein validation, as
previously described (42). Label-free spectral counting analyses were per-
formed as previously described (40), with slight modification. To be con-
sidered for analysis, identified proteins had a minimum of 5 spectral
counts. Spectral counts within the gE-GFP samples were normalized
based on the average number of total identified spectra in the GFP control
samples. Next, spectral counts between biological replicates of the GFP
samples were averaged. Proteins unique to gE-GFP with at least 3.0-fold
spectral count enrichment in gE-GFP versus the GFP control were con-
sidered putative gE interactions. The relative abundance of proteins that
copurified with gE-GFP was calculated using the normalized spectral
abundance factor (NSAF) method (43). Spectral counts of proteins de-
tected in the gE-GFP sample were normalized by protein length, divided
by the sum of all normalized spectral counts, and expressed as a percent-
age of the total abundance (Table 1).

Fluorescence microscopy imaging. To visualize the subcellular local-
ization of GFP-Us9 or gE-GFP and mRFP-VP26 in neuronal cell bodies,
we utilized a Perkin-Elmer spinning-disc confocal microscope (Perkin-
Elmer, Waltham, MA). Dissociated SCG cultures were infected with PRV
341, PRV 448, or PRV 199 and fixed at 8 h postinfection (hpi) with 4%
paraformaldehyde prior to fluorescence microscopy visualization.

Live-cell imaging of the recombinant fluorescent strains PRV 341,
PRV 448, and PRV 199 was performed in dissociated SCG cultures as
previously described for the wild-type GFP-Us9 fusion protein (44). All
imaging was performed with a Nikon Ti-Eclipse epifluorescence inverted
microscope designed for rapid, serial acquisition of multiple fluorescent
channels under a heated cell culture chamber (Live Cell Instrument,
Seoul, South Korea). Cultures were imaged between 6 and 16 h postinfec-
tion. Manual quantification of mobile/stalled capsids in 10 movies from 2
biological replicates, each 3 min in length, for PRV 341 and PRV 448 was
performed. Statistical analyses of capsids quantified from movies were
performed using the Prism software package (Prism GraphPad Software,
Inc.). For quantification of colocalization of GFP and mRFP signals on
anterograde-directed puncta during infection with PRV 199, a total of 65
puncta were manually scored from 5 movies from 2 biological replicates.

RESULTS
Both gE and gI, but not Us2, are required for anterograde spread
of infection in neurons. We recently demonstrated that the kine-
sin-3 motor KIF1A copurifies with the viral membrane protein
Us9 (6). While Us9 is necessary for directly or indirectly interact-
ing with KIF1A and recruiting the motor complex to transport
vesicles, at least one additional viral protein that is missing or
mutated in PRV Bartha is required for this interaction (6). The
genome sequences of wild-type PRV Becker and Bartha have been
completed (28). Compared to the 67 wild-type protein-coding
regions, PRV Bartha has missense or silent mutations in at least 46
proteins as well as a deletion in the unique short region of the PRV
genome that removes the coding sequences for gI (Us7), gE (Us8),
Us9, and Us2. Since both gE and gI have a well-established role in
anterograde spread in neurons (13–15, 17–19), the function of the
heterodimer formed by these two proteins may be required for
mediating the interaction between Us9 and KIF1A. However,
since the Us2 protein is also mutated in Bartha and, like gE, copu-
rifies with Us9 (6) we also assessed whether it is required for
anterograde spread of infection using a previously described com-
partmentalized neuronal culture system (Fig. 1) (24). The PRV
Us2 null mutant (PRV 174) spread with an efficiency similar to
that of the wild-type strain PRV Becker, while the gE/gI null strain
(PRV 99) showed a 2.5-log reduction in anterograde spread.
These findings confirm that gE/gI, but not Us2, are required for
efficient anterograde spread in neurons. We then assessed the
anterograde spread capacity of the newly derived PRV 444, which
expresses GFP-Us9 but not gI, gE, or Us2 and also does not have
the point mutations of PRV Bartha. Compared with the wild-type
strain expressing GFP-Us9 (PRV 340), PRV 444 displayed a 2.5-
log anterograde spread defect. This defect was comparable to the
2.5-log spread defect for the gE/gI null mutant (PRV 99) com-
pared with PRV Becker. Taken together, these results indicate that
Us2 is not required for anterograde transport and that PRV 444
recapitulates the spread phenotype associated with deletion of gE
and gI.

Expression of gE/gI is required for efficient Us9-dependent
axonal sorting and anterograde transport of viral particles.
Since gE copurifies with Us9 and is required for efficient axonal
targeting of viral structural components (6, 15), we first tested
whether gE/gI are required for proper localization of GFP-Us9 in
cell bodies and axons. In primary rat superior cervical ganglion
(SCG) neurons infected with PRV expressing GFP-Us9 and
mRFP-VP26 (red capsid), GFP-Us9 localizes predominantly to
intracellular puncta within the cell body (6) (Fig. 2A). Similarly, in
the absence of gE, gI, and Us2, infected cell bodies contained
puncta that were dually labeled for GFP-Us9 and mRFP-tagged
capsids (Fig. 2A). This is consistent with previous work showing
that gE/gI are not required for incorporation of Us9 into second-
ary envelopment membranes and mature virions (46). Further-
more, in both wild-type- and gE/gI null-infected neurons, we ob-
served puncta that were singly labeled with GFP or mRFP (Fig.
2A). These represent GFP-Us9-containing vesicles or unenvel-
oped capsids, respectively.

We next determined whether gE/gI affect the efficiency of ax-
onal transport by visualizing fluorescently labeled viral particles in
axons. Neurons were infected with wild-type or gE/gI null PRV
strains expressing GFP-Us9 and mRFP-tagged capsids and im-
aged at 8 h postinfection (hpi). In the absence of gI, gE, and Us2,
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we observed that GFP-Us9 and mRFP-VP26 dually labeled puncta
underwent anterograde-directed axonal transport (Fig. 2B). This
is consistent with previous work showing that PRV particles un-
dergo secondary envelopment in cell bodies prior to Us9-depen-
dent axonal sorting and transport (10, 23, 44). Quantification of
these transport events revealed that the number of anterograde-
directed viral particles in the gI, gE, and Us2 null PRV mutant was
reduced by approximately 4-fold compared to that the wild-type
strain (Fig. 2C). Retrograde motion of capsids, as well as the num-
ber of stalled capsids, did not differ significantly between the two
recombinants. These results suggest that gE/gI facilitate efficient
axonal transport of Us9-containing viral particles.

Previously, we demonstrated that efficient anterograde trans-
port in axons required phosphorylation of Us9 at S51 and S53
(22). We therefore used phospho-specific antibodies raised
against these residues to determine if Us9 is inefficiently phos-
phorylated in the absence of gE/gI. Us9 was phosphorylated at
wild-type levels at these key residues in the presence (PRV Becker
infection) or absence (PRV 99 infection) of gE/gI (Fig. 2D). These
results indicate that gE/gI expression does not impact Us9 post-
translation modification.

Efficient interaction between Us9 and KIF1A requires ex-
pression of gE and gI. Since anterograde-directed spread of PRV
is dependent upon the recruitment of the kinesin-3 motor KIF1A
by Us9 and gE/gI are also required for efficient sorting into axons,
we assessed whether expression of gE/gI is necessary to mediate
the Us9-KIF1A interaction. We compared the efficiency of KIF1A
copurification with GFP-Us9 during infection of differentiated
PC12 cells with PRV expressing GFP-Us9 in a wild-type back-
ground (PRV 340), GFP-Us9 in a gE, gI, and Us2 null background
(PRV 444), and GFP-Us9 transduced by a nonreplicating adeno-
viral transduction vector (Ad TK101). Immunoaffinity purifica-
tion experiments were performed using custom-made high-affin-
ity anti-GFP antibodies, which have been previously used to

isolate GFP-tagged PRV membrane protein complexes (6, 33).
Lysis and immunoaffinity purification conditions were optimized
to preserve lipid raft membrane microdomains; incorporation of
Us9 within these membrane domains is necessary for Us9 to me-
diate anterograde spread and for interactions with KIF1A (6, 45).
At 16 hpi, KIF1A copurified with GFP-Us9 during wild-type in-
fection, but this interaction was not seen in the absence of the
other PRV proteins (Fig. 3A). Furthermore, at this time postinfec-
tion, GFP-Us9 does not copurify with KIF1A in the absence of gE,
gI, and Us2 expression. Given that Us2 is not required for antero-
grade-directed spread, these findings suggested that expression of
gE/gI is required for Us9-KIF1A interactions. Since the Us9-
KIF1A interaction decreases at late time points during infection
(6), we performed this coimmunoaffinity purification analysis at
three time points (8, 16, and 24 hpi) (Fig. 3B). For PRV 444,
Us9-KIF1A complex formation was markedly reduced at all three
time points, although a small quantity of interactions were de-
tected at 8 hpi. The reduced Us9-KIF1A complex formation is
consistent with the severe reduction, but not complete absence, of
anterograde-directed spread observed in vitro during gE/gI null
infections (Fig. 1).

Subcellular localization and transport of functional GFP-
tagged gE fusion proteins. To visualize the subcellular localiza-
tion of gE in neurons and then assay potential interacting part-
ners, we constructed PRV recombinants that express functional
full-length gE-GFP fusion proteins. To verify that this fusion pro-
tein was functional for anterograde spread, we first infected cham-
bered neuronal cultures with wild-type PRV expressing GFP (PRV
151), PRV gE null (PRV 758), or PRV gE-GFP (PRV 187) (Fig. 4).
At 24 hpi, viral titers in the S compartment were similar for all
three PRV recombinants, indicating that these viruses replicated
efficiently in cell bodies. Spread of the PRV gE null mutant to the
N compartment was markedly reduced compared to that of the
wild-type control (mean of 6.4 � 104 PFU/ml for PRV 758 and

FIG 1 gE and gI, but not Us2, are required for efficient anterograde spread in neurons. Quantification of the efficiency of anterograde axonal spread using a
chambered neuronal culture system is shown. Cell bodies in the soma (S) compartment were infected at a high multiplicity of infection (MOI) with the indicated
PRV strains. At 24 hpi, the contents of the soma (S) and neurite (N) compartments were collected separately, and titers were determined on PK15 cells using a
standard plaque assay. The following PRV strains were used: Becker (wild type), PRV 174 (Us2 null), PRV 99 (null for gE and gI), PRV 340 (GFP-Us9), and PRV
444 (expresses GFP-Us9 and null for gE, gI, and Us2). Point estimates reflect viral titers in each compartment. Data are from two biological replicates, each
performed in triplicate. Lines indicate medians.
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2.9 � 107 PFU/ml for PRV 151), as previously reported (24). In
contrast, anterograde spread of PRV expressing gE-GFP was es-
sentially identical to that of wild-type PRV expressing soluble GFP
(mean of 1.3 � 107 PFU/ml for PRV 187). These experiments
indicate that the gE-GFP fusion protein is functional for promot-
ing anterograde spread of infection in vitro.

To further establish functionality of the gE-GFP fusion protein
in infected neurons, we utilized confocal microscopy to visualize
fluorescent protein localization and then performed live imaging
experiments to characterize particle dynamics. We infected SCG
neurons with PRV 199 (expresses both mRFP-VP26 and gE-GFP)
(Fig. 5A). At 8 hpi, gE-GFP localized predominantly to intracellu-

FIG 2 gE/gI are required for efficient axonal sorting and anterograde transport of viral particles. (A) Dissociated SCG cultures were infected with PRV 341
(expresses GFP-Us9 and the capsid protein mRFP-VP26) or PRV 448 (expresses GFP-Us9 and mRFP-VP26 and is null for gE, gI, and Us2). Infected cells were
fixed at 8 hpi and visualized by confocal microscopy. Each image represents a maximum-intensity projection. (B) Live-cell imaging of anterograde transport of
virions at 8 hpi with PRV 448, showing GFP-Us9 and mRFP-VP26 channels over time. The arrowhead indicates the position of a dually labeled viral particle at
different time points. In each frame, the arrow above the axon indicates the direction of anterograde movement. (C) Quantification of anterograde transport of
capsids in axons infected with PRV 341 or PRV 448. Ten axons from two biological replicates were imaged for 3 min each, and the numbers of anterograde,
retrograde, and stalled capsids were manually quantified. The number of viral particles counted in each axon was normalized to axon length. Error bars indicate
standard errors of the means (SEM). *, P � 0.001; N.S., not significant. (D) Differentiated PC12 cells were infected with PRV Becker or PRV 99 (null for gE and
gI), lysed at 12 hpi, and subjected to Western blot analysis using the indicated antibodies.

FIG 3 Expression of gE/gI is necessary for efficient Us9-KIF1A interactions. (A) Differentiated PC12 cells were infected with the indicated PRV strains, lysed at
16 hpi, and subject to immunoaffinity purification (IP) using anti-GFP antibodies. Western blot analysis was used to assess the efficiency of KIF1A copurification
with GFP-Us9 following infection with the indicated viral strains. (B) Western blot analysis of immunoaffinity purifications of differentiated PC12 cells infected
with the indicated viral strains over the course of infection.
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lar vesicular compartments, with fluorescence barely detectable
at the plasma membrane. In live-cell imaging studies with SCG
neurons infected with PRV 199 (Fig. 5B) we observed signifi-
cant colocalization of gE and capsid protein fluorescent signals
on punctate structures moving in the anterograde direction. Ap-
proximately 95% of anterograde-directed capsid puncta labeled
with mRFP-VP26 also had detectable gE-GFP signal (Fig. 5C).
These data are similar to previous reports where over 95% of an-
terograde-moving capsids colabeled with GFP-Us9 and mCitrine-
KIF1A (6, 44). We conclude that nearly all mRFP-VP26-positive
capsids undergo anterograde transport in complex with detect-
able levels of gE-GFP.

Identification of gE-GFP interactions with viral and host
proteins. Since gE and gI are required for efficient complex for-
mation between Us9 and KIF1A and we previously identified the
host and viral proteins in the Us9/KIF1A complex (6), we sought
to determine the proteins that interact with gE under similar con-
ditions. We performed coimmunoaffinity purifications from
PC12 cells infected with PRV 187 (gE-GFP) or PRV 151 (diffusible
GFP) as a control. At 20 hpi, cells were harvested and extracted
with lysis buffer that preserves the incorporation of gE within lipid
rafts (45). Whole-cell lysates were subjected to immunoaffinity
purification using the same high-affinity polyclonal anti-GFP an-
tibodies described above for isolating GFP-Us9 complexes. Im-

FIG 4 PRV expressing gE-GFP is competent for efficient anterograde spread
in vitro. Viral titers in the S (left panel) and N (right panel) compartments of
chambered SCG cultures at 24 hpi with PRV 151 (GFP), PRV 758 (gE null), or
PRV 187 (gE-GFP) are shown. Point estimates reflect viral titers in each com-
partment. Lines indicate the medians.

FIG 5 Visualization of gE-GFP in PRV-infected SCG neurons. (A) Confocal microscopy of an SCG cell body infected with PRV 199 (expresses gE-GFP and
mRFP-VP26) at 8 hpi. (B) Live-cell epifluorescence microscopy imaging of SCG axons was performed at 8 hpi for 3 min per axon. GFP and mRFP channels are
shown sequentially. Two anterograde-directed puncta, each representing enveloped viral particles, are highlighted with black and green triangles, respectively.
(C) Anterograde-directed mRFP-VP26-positive punctate structures were scored for colocalization with gE-GFP. A total of 65 puncta were counted across 5
movies, representative of 2 biological replicates.
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TABLE 1 Proteomic analysis of viral and host proteins that copurify with gE-GFP by mass spectrometry

Protein category and name Gene Accession no.
Mol size
(kDa)

Protein length
(amino acids)

Assigned
spectrum

Relative abundance
(% NSAF)

Copurifies
with GFP-Us9a

Viral
Glycoprotein E Us8 P08354 62 577 1,149 38.5 �
Glycoprotein I Us7 Q6UK12 39 366 424 22.4
Glycoprotein H UL22 Q00660 72 686 265 7.5
Us9 Us9 Q5PP80 11 98 13 2.6 �
UL43 UL43 Q9QQM8 38 373 22 1.1 �
UL52 helicase/primase UL52 Q85228 103 962 36 0.7 �
Glycoprotein C UL44 P06024 51 479 16 0.6 �
Glycoprotein M UL10 Q85041 42 393 12 0.6 �

Endoplasmic reticulum
Tecr TECR Q64232 36 308 22 1.4 �
Smpd4 SMPD4 Q6ZPR5 93 823 42 1.0
Atp2a2 ATP2A2 P11507 115 1,043 55 1.0 �
Sec61�1 SEC61A1 P61620 52 476 23 0.9 �
Erlin-2 ERLIN2 B5DEH2 38 339 11 0.6
Ribophorin-1 RPN1 P07153 68 605 17 0.5
Sel1l SEL1L Q80Z70 89 794 18 0.4
Neuropathy target esterase PNPLA6 Q3TRM4 150 1,355 21 0.3

Chaperones
CCT-� TCP1 P28480 60 556 32 1.1
CCT-� CCT8 P42932 60 548 30 1.1
CCT-� CCT3 Q6P502 61 545 28 1.0
CCT-	 CCT6A P80317 58 531 22 0.8
CCT-
 CCT2 Q5XIM9 57 535 22 0.8
CCT-� CCT7 P80313 60 544 23 0.8
CCT-� CCT4 Q7TPB1 58 539 21 0.8
Bat3/Bag6 BAT3 Q6MG49 115 1,146 33 0.7
CCT-ε CCT5 Q68FQ0 60 541 16 0.6

Immune
Complement C3 C3 P01027 186 1663 42 0.5
NF-
-B-activating protein NKAP Q4V7C9 47 415 10 0.5

Secretory and cytoskeletal
Itm2b ITM2B Q5XIE8 30 266 19 1.4
Plectin PLEC Q9QXS1 534 4,691 179 0.7
Atp9a ATP9A O70228 119 1,047 14 0.3

Nuclear import/export
14-3-3 
/� YWHAB P35213 28 246 20 1.6
Importin 
 KPNB1 P70168 97 876 28 0.6 �
Transportin-1 TNPO1 Q8BFY9 102 898 18 0.4
Exportin-1 XPO1 Q6P5F9 123 1,071 13 0.2

Mitochondrial
Slc25a1 SLC25A1 P32089 34 311 11 0.7
Cds2 CDS2 Q91XU8 51 443 10 0.4

Miscellaneous
Scn3b SCN3B Q9JK00 25 215 12 1.1
Tho4 THOC4 O08583 27 255 11 0.8
Hnrnpa1 HNRNPA1 P04256 34 320 11 0.7
Slc2a3 SLC2A3 Q07647 54 493 16 0.6 �
Poly(rC)-binding protein 3 PCBP3 P57722 39 371 11 0.6
HOS FBXW11 Q5SRY7 62 542 10 0.4
Myb-binding protein 1A MYBBP1A O35821 152 1,344 22 0.3
Ikbkap IKBKAP Q8VHU4 149 1,331 11 0.2
Caspr1 CNTNAP1 P97846 156 1,381 12 0.2
Ube3c UBE3C Q80U95 124 1,083 14 0.2

a From reference 20.
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munoisolates of gE-GFP and GFP were resolved by SDS-PAGE,
digested in-gel with trypsin, and analyzed by nLC-tandem MS
(MS/MS) using an LTQ-Orbitrap Velos mass spectrometer. Im-
munoaffinity purification and mass spectrometry analysis of GFP-
Us9 (from PRV 340-infected cells at 20 hpi) were performed in
parallel using identical extraction and purification conditions.
Data from GFP-Us9 purifications have been previously published
(6). A minimum of three unique peptides in at least one replicate
was required for protein identification. The specificity of protein
interactions in the gE-GFP sample compared to the GFP controls
was assessed by a previously described label-free spectral counting
approach (40) to assess the relative enrichment of each protein in
the gE-GFP sample compared to the GFP controls. Proteins with
an average spectral count enrichment of at least 3-fold compared
to the GFP controls and a minimum of five spectra were consid-
ered putative gE-associated proteins.

Overall, 46 proteins that met these criteria were identified.
These proteins were manually categorized based on their subcel-
lular localization and function (Table 1). The relative abundance
of each protein was calculated using the normalized spectral abun-
dance factor (NSAF) method (43). For each putative gE-associ-
ated protein, the number of spectral counts was normalized by the
protein’s length and then divided by the sum of all normalized
spectral counts and expressed as a percentage (Table 1). As ex-
pected, gE was the most abundant protein, followed by its well-
characterized binding partner gI (30). Six additional viral proteins
were enriched in the gE-GFP sample, five of which represent
structural proteins belonging to the envelope layer of PRV extra-
cellular virions (Us9, UL43, and glycoproteins gC, gH, and gM)
(42). With the exception of gH, these viral proteins also copurified
with GFP-Us9 at 20 hpi (6).

Additionally, 38 cellular proteins copurified with gE-GFP.
Among the host proteins that copurified with gE-GFP were all
eight subunits of the TRiC/CCT chaperonin complex, a 1-MDa
hetero-oligomer that assists the folding of proteins in eukaryotes
(47). Additionally, we identified two isoforms of Bat3/Bag6 (ho-
mologues of yeast Get4). Bat3/Bag6 functions as a cytosolic chap-
erone that facilitates targeting of tail-anchored membrane pro-
teins to the ER (48). Of the cellular proteins we detected, five
proteins also copurified with GFP-Us9 (6). These include the ER
proteins Sec61a1, very-long-chain enoyl coenzyme A (enoyl-
CoA) reductase (Tecr), and ATP2a2 (an ER ATPase subunit), as
well as importin 
 and the glucose transporter Slc2a3. Impor-
tantly, KIF1A did not copurify with gE-GFP under these condi-
tions, though Us9 was detectable in the complex. This finding
indicates that gE/gI may facilitate or stabilize the interaction be-
tween Us9 and KIF1A indirectly. It also remains possible that our
biochemical purification of gE-interacting proteins under these
conditions may not preserve weak interaction between gE and
KIF1A.

DISCUSSION

Directional spread of alphaherpesvirus infection requires long-
distance transport of viral particles in axons. We previously dem-
onstrated that KIF1A mediates Us9-dependent axonal sorting and
anterograde transport of viral particles (6). Here, we utilized flu-
orescent fusion proteins and biochemical purifications to identify
a role for the viral proteins gE and gI in mediating efficient antero-
grade spread of infection. We extended previous observations that
gE/gI are required for efficient axonal sorting of Us9-containing

viral particles through live-cell imaging and infections of cham-
bered neuronal cultures. Furthermore, we confirmed that the Us2
protein, which copurifies with Us9, is not required for antero-
grade spread in vitro (Fig. 1) and in vivo (T. del Rio and L. W.
Enquist, unpublished data). By immunoaffinity purification, we
demonstrated that gE/gI are required for facilitating or stabilizing
the interaction between Us9 and KIF1A. Since KIF1A does not
copurify with gE-GFP, we propose that gE/gI indirectly mediate or
stabilize the Us9-KIF1A interaction.

The gE/gI proteins are important for cell-to-cell spread in non-
neuronal cells and anterograde spread in neurons, but it is not
clear if these two phenotypes reflect common or distinct mecha-
nisms. The gE protein contains conserved endocytosis motifs in its
cytoplasmic tail that are required for efficient cell-to-cell spread
(49, 50). Since gE and other viral membrane proteins copurify
with lipid raft-associated GFP-Us9 (6), the endocytosis function
of gE/gI may be important for recovery of these proteins from the
plasma membrane. These endocytic vesicles may serve as sub-
strates for secondary envelopment (51) or for fusion with other
secondary envelopment membranes. This process would ensure
that newly made viral particles contain all the necessary viral and
host membrane proteins for carrying out the sequential molecular
steps leading to egress and reentry. For example, an axon-targeted
viral particle must contain Us9 in the transport vesicle membrane
to recruit KIF1A for axonal sorting. The virion envelope inside the
transport vesicle must carry the viral fusion glycoprotein complex
gB/gH/gL to enable entry into a new cell after release from the
axon (52, 53). However, other data are not compatible with this
model. First, gE mutant proteins with truncated cytoplasmic tails
are incorporated into extracellular virions, although with reduced
efficiency compared to full-length gE (49). This finding indicates
that the endocytosis motifs of gE/gI are not required for virion
assembly or release from nonneuronal cells. Second, expression of
gE is not required for incorporation of Us9 into virus envelopes
(Fig. 2A) (46). Finally, gE and gI null mutants show reduced but
measureable anterograde neuronal spread in vitro, even though
expression of these proteins is required for efficient Us9-KIF1A
complex formation (Fig. 3). Previously, Ch’ng and Enquist found
in Campenot chamber experiments that gE null mutants pro-
duced minimally detectable anterograde-directed spread at early
times after infection though viral titers in the axonal compartment
did increase at later times (15, 24). In this study, we found that the
Us9-KIF1A interaction in the absence of gE/gI is detected by
Western blot analysis only at early times postinfection (Fig. 4B).
Therefore, the increased anterograde directed spread by gE/gI null
mutants late in infection likely reflects a limited number of early
spread events that then amplify in the detector cell layer. We re-
cently demonstrated that the interaction between Us9 and KIF1A
is more robust at early times postinfection (6). Reduced copurifi-
cation of KIF1A with GFP-Us9 is correlated with depletion of
KIF1A over the course of infection and is dependent on Us9 ex-
pression. This is consistent with previous measurements showing
that the overall number of stalled capsids in axons increases over
the course of infection (5).

One hypothesis for how gE/gI function to promote antero-
grade spread via Us9-KIF1A binding is by selective membrane
partitioning. Since the secondary envelopment membrane is ulti-
mately divided into two functionally distinct membranes, i.e., the
virion envelope and the transport vesicle, gE/gI may be involved in
selective targeting or partitioning of viral proteins between these
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two topologically distinct compartments. This would ensure, for
example, that gB/gH/gL is localized to the virion envelope in order
to facilitate membrane fusion while Us9 is localized to the trans-
port vesicle to facilitate axonal sorting. Taylor et al. previously
hypothesized that GFP-Us9 could be selectively enriched in the
transport vesicle membrane compared to the virion envelope
membrane (44). In agreement with this, a recent report from Bo-
hannon et al. provides evidence that the secondary envelopment
process results in the asymmetric distribution of membrane and
tegument proteins within mature virions (54). This work provides
evidence that secondary envelopment and virion assembly pro-
duce asymmetric viral particles and suggests a framework for how
gE/gI (and, potentially, other proteins) may function to establish
this asymmetry. In this model, viral particles that are within trans-
port vesicles containing Us9-rich membranes would be more
likely to recruit KIF1A and undergo axonal sorting.

gE/gI may also facilitate the formation of KIF1A-Us9 com-
plexes indirectly by targeting Us9 to the correct membrane mi-
crodomains. Proteomic analysis of gE-GFP immunoaffinity puri-
fications revealed that gE-GFP copurifies with several host
proteins involved in a variety of cellular functions (Table 1). Of
particular interest is Bat3/Bag6, which targets tail-anchored mem-
brane proteins to the ER (48). Us9 is a tail-anchored membrane
protein that must be incorporated within lipid rafts in order to
interact with KIF1A and facilitate anterograde spread (6, 45).
However, gE expression is not required for Us9 lipid raft localiza-
tion, such that the copurification of Bat3/Bag6 with gE may simply
be a marker of the subcellular localization of these proteins. Fur-
ther work is necessary to determine whether the interaction be-
tween Bat3/Bag6 and gE is important for efficient membrane lo-
calization of Us9.

The limited overlap between host proteins that copurify with
GFP-Us9 and gE-GFP, respectively, may reflect their localization
to different membrane microdomains during recruitment of the
KIF1A motor complex. Under this model, gE would function in-
directly to stabilize Us9-KIF1A complexes. Alternatively, gE/gI
may reside in the same membrane microdomain as Us9 but not
directly interact with Us9-KIF1A protein complexes. Thus, gE/gI
interactions with KIF1A may be more indirect or transient than
interactions between Us9 and KIF1A. An additional explanation
for the differences in proteins that copurify with gE-GFP and
GFP-Us9 relates to the stability of these complexes during the
infection time course. The Us9-KIF1A complex is highly enriched
at early times postinfection (6). Over the course of infection, we
demonstrated that KIF1A levels are diminished in the cell (6),
such that at later times postinfection, Us9 proteins are likely in
great excess to KIF1A. This is consistent with our finding that
gE-GFP copurifies with Us9 but not KIF1A at 20 hpi. However,
based on our previous proteomic analysis, the reduced copurifi-
cation of KIF1A with GFP-Us9 at late time points is the result of a
regulated process. The remaining proteins that consistently copu-
rified with GFP-Us9 over the course of infection, including gE, did
not follow this trend (6). Furthermore, immunoaffinity purifica-
tion of gE-GFP was performed in parallel with purification of GFP
and GFP-Us9 using identical lysis buffer and purification condi-
tions. Mass spectrometry analysis of these samples showed that
KIF1A was detected robustly and reproducibly only in the GFP-
Us9 sample (6). Thus, the majority of the host proteins that copu-
rify with gE-GFP but not GFP-Us9 at 20 hpi may reflect gE’s other
functions besides axonal sorting. These proteins may copurify

with gE proteins that are localized to membranes that are not
involved in KIF1A-dependent transport.

Overall, our findings suggest that the glycoproteins gE and gI
mediate anterograde spread of infection indirectly by facilitating
efficient interactions between Us9 and KIF1A, which are directly
required for axonal sorting and transport. Further work is needed
to establish the mechanisms by which gE/gI mediate Us9-KIF1A
interactions as well as the molecular function of this heterodimer
during infection of nonneuronal cells.
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