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SUMMARY

During infection of the nervous system, alphaherpes-
viruses—including pseudorabies virus (PRV)—use
retrograde axonal transport to travel toward the
neuronal cell body and anterograde transport to
traffic back to the cell periphery upon reactivation
from latency. The PRV protein Us9 plays an essential
but unknown role in anterograde viral spread. To
determine Us9 function, we identified viral and host
proteins that interact with Us9 and explored the
role of KIF1A, a microtubule-dependent kinesin-3
motor involved in axonal sorting and transport. Viral
particles are cotransported with KIF1A in axons
of primary rat superior cervical ganglion neurons,
and overexpression or disruption of KIF1A function,
respectively, increases and reduces anterograde
capsid transport. Us9 and KIF1A interact early during
infection with the aid of additional viral protein(s) but
exhibit diminished binding at later stages, when
capsids typically stall in axons. Thus, alphaherpesvi-
ruses repurpose the axonal transport and sorting
pathway to spread within their hosts.

INTRODUCTION

Alphaherpesviruses are pathogens of the nervous systems

of their mammalian hosts. Well-studied alphaherpesviruses

include human herpes simplex virus types 1 and 2 (HSV-1 and

HSV-2), varicella zoster virus (VZV), and the veterinary pathogen

pseudorabies virus (PRV) (Pellett and Roizman, 2007). Neuronal

spread of infection requires bidirectional transport of viral parti-

cles over long distances in axons (Smith, 2012). Virions enter

termini of the peripheral nervous system (PNS) and undergo

retrograde transport toward the cell body to establish lifelong

latent infection. Following reactivation from latency, newly

assembled virions are sorted into axons and transported in the

anterograde direction back out toward the periphery (Smith,

2012). For PRV, the highly conserved Us9 protein is required

for anterograde spread of infection both in vitro and in vivo

(Ch’ng and Enquist, 2005). However, the molecular mechanism

underlying Us9-dependent anterograde spread has remained

elusive.

Prior to axonal sorting, PRV nucleocapsids and tegument

proteins bud into a membrane vesicle derived from the trans-

Golgi network (TGN) through a process known as secondary
806 Cell Host & Microbe 12, 806–814, December 13, 2012 ª2012 Els
envelopment. This produces an enveloped virion surrounded

by a transport vesicle that contains viral and host transmem-

brane proteins (Smith, 2012). Us9 is a type II tail-anchored

membrane protein that is incorporated within these particles

and is oriented such that its functional motifs can interact

with cytoplasmic proteins (Brideau et al., 1998). By live-cell

imaging of rat superior cervical ganglion (SCG) neurons in-

fected with PRV strains expressing functional GFP-tagged

Us9 fusion proteins, we previously demonstrated that GFP-

Us9 cotransports with anterograde-directed viral particles in

axons (Taylor et al., 2012). In the absence of Us9, viral particles

are assembled in cell bodies but are unable to undergo axonal

sorting (Lyman et al., 2007). Combined, these findings suggest

that Us9 functions by engaging previously unidentified viral or

host proteins that mediate axonal sorting and transport of intra-

cellular virions.

Here, we used mass spectrometry to identify proteins that

specifically copurified with GFP-Us9 from infected cells. Among

these was KIF1A, a microtubule-dependent kinesin-3 motor that

has a well-defined role in axonal sorting and transport of other

axonal cargoes (Klopfenstein et al., 2002; Lo et al., 2011). We

demonstrate that viral particles are cotransported with KIF1A,

and that overexpression of dominant-negative KIF1A proteins

disrupts anterograde transport of viral particles. Our results

suggest that alphaherpesviruses repurpose the synaptic vesicle

sorting pathway for efficient spread within their hosts.

RESULTS

Identification of GFP-Us9 Interactions with Viral
and Host Proteins
To identify Us9-associated proteins, we isolated GFP-Us9 from

PRV-infected cells by immunoaffinity purification (IP). We used

neuronal growth factor (NGF)-differentiated PC12 cells, which

can be readily cultured in sufficient quantities for these experi-

ments. Differentiated PC12 cells possess many of the character-

istics of sympathetic neurons, including long polarized neurites

that label with classic axonal markers (Lyman et al., 2008).

Importantly, the Us9 null phenotype observed in SCG neurons

is recapitulated in differentiated PC12 cells (Lyman et al., 2007,

2008). Since Us9 must be incorporated into lipid rafts in order

to facilitate axonal sorting (Lyman et al., 2008), protein extraction

conditions were chosen to preserve protein interactions that

depend on Us9’s presence within these membrane domains

(see Experimental Procedures). Differentiated PC12 cells were

infected with PRV strains that express GFP-Us9 (PRV 340)

or GFP (PRV 151) as a control. At 20 hr postinfection (hpi),

IPs were performed with anti-GFP antibodies (Figure 1A). The
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Figure 1. Identification of GFP-Us9 Interacting Proteins

(A) Schematic diagram for parallel IPs of GFP (PRV 151) and GFP-Us9 (PRV 340) from PRV-infected PC12 cells.

(B) Representative Coomassie-stained gel of a GFP-Us9 IP (4%–12% polyacrylamide gel).

(C) Western blot analysis of GFP and GFP-Us9 IP samples with anti-GFP and anti-Us9 antibodies (10% polyacrylamide gel).

(D) Visualization of putative Us9-associated proteins at 20 hpi. Proteins were manually categorized based on their biological function or subcellular localization

and color-coded according to their enrichment value. Proteins highlighted with blue borders were depleted or not detected in at least one of the functionally

defective GFP-Us9 IP samples compared to wild-type GFP-Us9, as presented in Figure S2. See also Figure S1 and Table S1.
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efficiency of GFP-Us9 purification was assessed by Coomassie

staining and western blot analysis (Figures 1B and 1C). GFP-

Us9 consistently migrated as three bands on 10% SDS poly-

acrylamide gels. By western blot analysis, these bands were

detectable using antibodies against GFP and Us9 (Figure 1C).

Untagged Us9, when resolved on 12.5% SDS polyacrylamide

gels, also migrates as three bands (Brideau et al., 1998). We

attribute this migration pattern to Us9’s phosphorylation state

(Brideau et al., 2000) or a common result of membrane protein

biochemistry (Rath et al., 2009). Overall, we conclude that

GFP-Us9 was efficiently purified from infected cells (Figures 1B

and 1C).

To identify Us9 interactions by mass spectrometry, immunoi-

solates of GFP-Us9 and GFP were resolved by SDS-PAGE,
Cell Host &
subjected to in-gel trypsin digestion, and analyzed by nLC-

tandem MS (MS/MS) using an LTQ-Orbitrap Velos mass spec-

trometer (Figure 1A). The specificity of protein interactions was

assessed using a label-free spectral counting approach to

calculate the relative enrichment of each protein in the GFP-

Us9 samples compared to the GFP controls (Tsai et al., 2012).

Proteins with an average enrichment of at least 2-fold and

a minimum of eight spectra in both biological replicates were

considered putative Us9-associated proteins (see Experimental

Procedures). Overall, 63 proteins met these criteria (Figure 1D

and Table S1). As expected, Us9 was the most enriched protein.

Ten additional viral proteins were enriched in the GFP-Us9

samples, eight of which represent structural proteins belonging

to the capsid (UL17), tegument (Us2, EP0, UL42), and envelope
Microbe 12, 806–814, December 13, 2012 ª2012 Elsevier Inc. 807
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(UL43, as well as glycoproteins gE, gC, gB, and gM) layers of

PRV extracellular virions (Kramer et al., 2011).

Among the cellular proteins that coisolated with Us9, one

of the most notable was KIF1A, a member of the kinesin-3

family of microtubule-dependent molecular motors (Figure 1D).

Previous studies have established that KIF1A mediates axonal

sorting and long-distance transport of axonal cargoes, such as

synaptic vesicle precursors and dense core vesicles (Klopfen-

stein et al., 2002; Lo et al., 2011). In addition to KIF1A, four other

proteins known to be involved in synaptic vesicle dynamics were

detected. These proteins include the vesicle SNARE (v-SNARE)

VAMP2, as well as the target SNARE (t-SNARE) subunits

SNAP-25, VTI1B, and syntaxin-6. We also identified 14 proteins

that are involved in an assortment of intracellular and intercellular

signaling pathways, such as regulators of GTPase activity,

G-protein-coupled receptors, neurotransmitters, and neuronal

growth and morphogenesis (Figure 2). Two of the most highly

enriched proteins within this category are the GTPase-activating

proteins RABGAP1 and RABGAP1L (RABGAP-1-like). We also

detected the E3 ubiquitin ligase NEDD4, which has been shown

to interact with the HSV-2 membrane protein UL56 (Ushijima

et al., 2008). In agreement with our findings during PRV infection,

HSV-2 UL56 has also been shown to interact with KIF1A by yeast

two-hybrid and in vitro purifications (Koshizuka et al., 2005).

Temporal Analysis of GFP-Us9 Interactions over
the Course of Infection
We next monitored the dynamics of viral and host proteins asso-

ciated with Us9 over the course of infection (Figure S1). Western

blot analysis showed that KIF1A copurified most efficiently with

GFP-Us9 at 8 and 12 hpi and then was detectable in diminishing

amounts at 18 and 24 hpi (Figure S1A). The reduced amount of

copurified KIF1A at later times postinfection is consistent with

previous measurements showing that the number of stalled

capsids in axons increases over the course of infection (Smith

et al., 2001). Reduced copurification of KIF1A with GFP-Us9 is

likely correlated with depletion of KIF1A in the input cell lysates

over time in both PC12 cells and SCG neurons (Figures S1A

and S1B). Furthermore, efficient reduction of KIF1A protein

levels is dependent on Us9 expression (Figure S1B).

Mass spectrometry-based proteomics and spectral counting

analyses were used to identify proteins that were reproducibly

detected (Table S1). Our results suggest that most proteins

consistently copurify with GFP-Us9 over the course of infection

(Figures S1C–S1F). Additionally, by mass spectrometry, we

detected phosphorylation of five Us9 serine residues, including

two previously identified sites (S51 and S53) (Brideau et al.,

2000) and three additional sites (S38, S46, and S59) (Figures

S1G-S1I).

Analysis of Mutant PRV Strains Expressing Functionally
Defective GFP-Tagged Us9 Proteins
To validate these proteomic findings and gain insight into their

functional relationship with Us9, we took advantage of three

mutant viral strains that express functionally defective GFP-

tagged Us9 proteins (Figure 2A). These included HSV-1 Us9

(HSV-1 GFP-Us9), non-lipid raft-associated Us9 (TfR TMD

GFP-Us9), and Us9 with mutations in an essential dityrosine

motif (Y49-50A GFP-Us9). To confirm that these PRV mutants
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are defective in anterograde neuronal spread, we utilized a previ-

ously described compartmentalized neuronal culture system

(Ch’ng and Enquist, 2005) (Figure 2B). The anterograde axonal

spread-defect of these mutants was similar to that observed

during infection with a PRV Us9 null strain.

In neuron cell bodies, wild-type GFP-Us9 localized to the

plasma membrane, as well as intracellular vesicular puncta

(Figure 2C). Y49-50A GFP-Us9 displayed a similar localization

pattern. In contrast, HSV-1 GFP-Us9 appeared to localize

more prominently to intracellular punctate structures and less

to the plasma membrane. Finally, the TfR TMD GFP-Us9 dis-

played a diffuse or reticular localization pattern that was unlike

any of the other three GFP-tagged Us9 proteins.

We next performed IPs from PC12 cells infected with the GFP-

tagged Us9mutants.Western blot analysis confirmed equivalent

expression levels of GFP-tagged Us9 proteins from these strains

and similar IP efficiencies (Figure 2D). Mass spectrometry-based

spectral counting analysis of the IP samples was used to identify

and compare proteins that copurify with the wild-type and

functionally defective GFP-Us9. Overall, we identified 110 pro-

teins that were enriched compared to the GFP-Us9 control and

detected in at least one of the GFP-Us9 samples (Figure S2

and Table S2). Notably, KIF1A was the only protein exclusively

detected in the wild-type GFP-Us9 sample (Figure S2). This

was confirmed by western blot analysis (Figure 2D). This conclu-

sion is consistent with the inability of these proteins to facilitate

anterograde spread of PRV infection, and it confirms that the

interaction betweenwild-type Us9 and KIF1A confers both phys-

ical and functional specificity.

KIF1A Cotransports with Anterograde-Directed Viral
Particles in Axons of Primary SCG Neurons
We next used live-cell imaging to directly test whether viral

particles are cotransported with KIF1A in axons. Since primary

SCG neurons are challenging to transfect, we utilized a previ-

ously characterized nonreplicating adenoviral transduction

vector (AdEasy) that is widely used for protein expression in

many cell types (Luo et al., 2007). SCG neurons were transduced

with an adenovirus vector that expressesmCitrine-tagged KIF1A

(AdmCit-KIF1A) and coinfected with a PRV strain that expresses

mRFP-tagged capsid proteins (mRFP-VP26). Visualization of

these two fluorescent proteins by live-cell imaging revealed

that anterograde-directed but not retrograde-directed capsid

puncta cotransport with KIF1A in axons (Figure 3A and

Movie S1). KIF1A was detectable on over 95% of anterograde-

directed capsids (Figure 3B). KIF1A puncta were also seen

moving independently of capsids but did not associate with

retrograde-directed capsid puncta. Similarly, we found that

mCherry-tagged viral membrane glycoprotein gM (gM-mCherry)

puncta cotransport with KIF1A in axons (Movie S1). To confirm

that mCitrine-KIF1A interacts with Us9, we performed reciprocal

co-IP experiments from differentiated PC12 cells that were

transduced with Ad mCit-KIF1A and coinfected with wild-type

PRV (PRV Becker). Us9 specifically copurified with mCitrine-

KIF1A, but not with a parallel control in which cells were trans-

duced with an adenoviral vector that expresses diffusible GFP

(Ad GFP; Figure 3C).

To determine whether KIF1A is functionally required for

mediating anterograde axonal transport of viral particles, we
evier Inc.



Figure 2. Characterization of PRV Strains Expressing Wild-Type and Functionally Defective GFP-Us9 Proteins

(A) Schematic representation of the genomes of PRV Becker (wild-type), PRV 161 (Us9 null), PRV 151 (diffusible GFP), PRV GFP-Us9 (wild-type), PRV HSV-1

GFP-Us9 (HSV-1 Us9 in PRV), PRV TfR TMD GFP-Us9 (the transmembrane domain of Us9 was swapped for that of the transferrin receptor, thus making it

non-lipid raft-associated), and PRV Y49-50A GFP-Us9 (mutated PRV Us9 in which the tyrosine residues at positions 49 and 50 have been substituted with

alanines). The GFP and GFP-Us9 proteins are expressed ectopically from the HCMV promoter in the nonessential gG locus of the PRV genome.

(B) Quantification of the efficiency of anterograde axonal spread using a chambered neuronal culture system. Cell bodies in the S compartment were infected at

a high multiplicity of infection (moi) with the indicated PRV strains. Four chambers were used for each viral strain. At 24 hpi, the entire content of the S and N

compartments were harvested separately and titered on PK15 cells using a standard plaque assay.

(C) Confocal microscopy of SCG neuron cell bodies infected with PRV strains expressing wild-type and functionally defective GFP-Us9 proteins at 20 hpi (scale

bars = 15 mm).

(D) Western blot analysis of IPs from differentiated PC12 cells that are infected (at 20 hpi) with PRV strains that express the indicated GFP-tagged proteins. See

also Figure S2 and Table S2.
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Figure 3. KIF1A Mediates Anterograde-Directed Transport of Viral Particles in Axons
(A) Live-cell imaging of KIF1A (green) and capsid puncta (red) in axons of SCG neurons. Neurons were transduced with Ad mCit-KIF1A. At 4 days

posttransduction, neurons were infected with PRV mRFP-capsids and imaged between 8 and 12 hr post-PRV infection.

(B) Quantification of the percentage of anterograde-directed mRFP-tagged capsid puncta (mRFP-VP26) that cotransport with mCitrine-KIF1A in axons of SCG

neurons. n = 555 capsids in 21 axons from four independent experiments.

(C) PC12 cells were transduced with Ad GFP, Ad mCit-KIF1A, or Ad DN GFP-KIF1A and subsequently infected with PRV Becker. At 12 hpi (and 4 days

postadenoviral transduction), cell lysates were prepared and subjected to IP using anti-GFP antibodies.

(D) SCGneuronswere transducedwith AdmCit-KIF1A, Ad DNGFP-KIF1A, AdGFP, or mock. At 4 days posttransduction, neurons were infectedwith PRVmRFP-

capsids and visualized by live-cell imaging between 8 and 12 hr post-PRV infection. The number of anterograde, retrograde, and stalled particles was manually

quantified and normalized to the measured axon segment length. Data are from: 12 axons containing 972 capsids for PRV mRFP-VP26 only, 9 axons containing

938 particles for Ad mCit-KIF1A and PRV mRFP-VP26, 14 axons containing 620 capsids for Ad DN GFP-KIF1A and PRV mRFP-VP26, and 12 axons containing

999 capsids for Ad GFP and PRVmRFP-VP26. For each of these conditions, data were acquired from at least two independent replicates. Error bars indicate the

mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

(E) Representative kymographs of mRFP-capsids in axons of neurons transduced with the indicated adenoviral vectors. See also Movie S1.
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constructed an adenovirus vector that expresses dominant-

negative KIF1A proteins (Ad DN GFP-KIF1A) in which the

N-terminal motor domain of KIF1A was substituted with GFP

(Klopfenstein et al., 2002). Us9 copurified with DN GFP-KIF1A,

indicating that this construct functions by inhibiting Us9’s

capacity to recruit endogenous cellular KIF1A. SCG neurons

were transduced with Ad mCit-KIF1A, Ad DN GFP-KIF1A, or

Ad GFP or mock transduced and then infected with PRV-

expressing mRFP-capsids. Expression of dominant-negative

GFP-KIF1A resulted in a significant reduction of anterograde-

directed capsids in axons, compared to neurons that were

transduced with GFP, mCitrine-KIF1A, or mock. Moreover,

expression of mCitrine-KIF1A resulted in a modest—but statisti-

cally significant—increase in anterograde-directed capsids

(Figures 3D and 3E). In contrast, the number of stalled or retro-

grade-directed capsids was not significantly altered following
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transduction with any of the tested constructs (Figure 3D). We

conclude that KIF1A is functionally required for mediating anter-

ograde-directed transport of viral particles in axons.

The Interaction between Us9 and KIF1A Requires Other
Viral Proteins
We next constructed an adenoviral vector that expresses GFP-

Us9 (Ad GFP-Us9). When expressed independently of PRV

infection, GFP-Us9 localizes to puncta within cell bodies of

SCG neurons (Figure 4A). While GFP-Us9 was enriched in these

structures in all imaged cells, it was also occasionally detected at

the plasma membrane. Using our trichamber neuronal culture

system, we demonstrated that Ad GFP-Us9 efficiently trans-

complements the anterograde spread-defect of a Us9 null PRV

mutant (Figure 4B). In neurons that were transduced with Ad

GFP-Us9 and coinfected with wild-type PRV, GFP-Us9 was
evier Inc.



Figure 4. Us9 Is Necessary but Not Sufficient for Interacting with KIF1A during PRV Infection

(A) SCG neurons were transduced with an adenoviral vector expressing GFP-Us9 (Ad GFP-Us9). At 5 days posttransduction, neurons were infected with PRV

Becker or PRV Bartha or mock infected (scale bars = 10 mm).

(B) Neurons grown in a trichamber were transduced with Ad GFP-Us9 in the S compartment. Us9 null PRV (PRV 161) was added at the indicated times post-

transduction. For comparison, we also tested PRVUs9 null and PRV expressing GFP-Us9 (PRV 340) without adenoviral transduction. The S and N compartments

of all chambers were harvested at 24 hr post-PRV infection and titered using a standard plaque assay. The total times of Ad GFP-Us9 transduction, including the

PRV infection period, are the indicated times plus 24 hr.

(C) PC12 cells were transduced with Ad GFP-Us9 for 4 days and then infected with the indicated PRV strains ormock infected. Cells were lysed at 12 hr post-PRV

infection and subjected to IP using anti-GFP antibodies, as previously described.

(D) Schematic model of Us9-dependent axonal sorting and transport of viral particles. Our data indicate that the membrane protein Us9 (orange) recruits KIF1A

(dark blue) to intracellular viral particles contained within transport vesicles. Us9 must be incorporated within membrane microdomains known as lipid rafts (light

blue) to interact with KIF1A. At least one additional viral protein (dark red) is required to facilitate the interaction between Us9 and KIF1A.
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consistently localized to both the plasma membrane and intra-

cellular puncta (Figure 4A).

To test whether Us9 is sufficient to interact with KIF1A, we

purified GFP-Us9 from Ad GFP-Us9-transduced PC12 cells in

the presence or absence of wild-type PRV infection. We

conclude that at least one additional PRV protein is required

for GFP-Us9 to interact with KIF1A (Figure 4C). We also per-

formed similar IP experiments with cells transduced with Ad

GFP-Us9 and coinfected with PRV strains that are mutant for

one or more of these proteins. Three PRV mutants that con-

tained mutations in genes that are nonessential for viral replica-

tion in cell culture were tested. One of these was the attenuated
Cell Host &
vaccine strain PRV Bartha. The PRV Bartha genome contains

multiple mutations, including a large deletion in the coding

region for gI, gE, Us9, and Us2 (Szpara et al., 2011). Since

PRV Bartha does not express Us9, this strain is defective for

anterograde spread of infection in neurons both in vitro and

in vivo (Ch’ng and Enquist, 2005). Furthermore, both gE and gI

have a previously reported but poorly understood role in

promoting anterograde spread (Ch’ng and Enquist, 2005). We

also tested PRV mutants that are null for the virion proteins

UL43 or EP0. Both of these proteins copurified with GFP-Us9

(Figure 1), but have no known function in mediating anterograde

spread.
Microbe 12, 806–814, December 13, 2012 ª2012 Elsevier Inc. 811
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Overall, our results show that KIF1A coisolated with GFP-Us9

in the absence of UL43 and EP0 expression during PRV infec-

tion, but not from cells that were infected with PRV Bartha (Fig-

ure 4C). During PRV Bartha infection, GFP-Us9 was detected in

both the plasma membrane and intracellular puncta (Figure 4A).

However, we observed that at this time point (12 hr post-PRV

infection, 4 days post-Ad GFP-Us9 transduction), GFP-Us9

was enriched at the plasma membrane during PRV Bartha infec-

tion compared to PRV Becker infection. The mutations in PRV

Bartha may disrupt the interaction between Us9 and KIF1A

due to mislocalization of GFP-Us9. Thus, we conclude that while

the Us9-KIF1A interaction is necessary for anterograde transport

of viral particles, one or more of the viral proteins that are

mutated or null in Bartha (besides Us9) is required to facilitate

this interaction.

DISCUSSION

Anterograde axonal transport of viral particles is necessary for

efficient spread of infection within and between hosts. A long-

standing hypothesis has been that the PRV Us9 protein

promotes anterograde transport by directly or indirectly interact-

ing with a kinesin motor (Smith, 2012). However, identification of

the specific motors that mediate viral particle transport has been

challenging, in part because mammalian genomes encode up to

45 different kinesins (Lo et al., 2011). Here, we demonstrate that

PRV Us9 functions by recruiting the kinesin-3 motor KIF1A to

viral particles for efficient anterograde axonal sorting and trans-

port (Figure 4D). Our results suggest that viral particles utilize the

synaptic vesicle secretory pathway for efficient axonal sorting

and transport. We propose that this represents the molecular

basis for anterograde spread of alphaherpesvirus infection in

neurons.

We found that KIF1A copurified with wild-type GFP-Us9, but

not with the GFP control or any of the functionally defective

GFP-Us9 mutants. This confirmed that the interaction between

KIF1A and wild-type GFP-Us9 is specific and strongly suggests

that Us9 functions to recruit KIF1A. Our experiments on mutant

GFP-Us9 proteins also provide insight into how the interaction

between Us9 and KIF1A may be regulated. For example, failure

of the TfR TMDGFP-Us9 to interact with KIF1A is consistent with

previous work from our lab showing that Us9 must be incorpo-

rated within lipid rafts in order to function (Lyman et al., 2008).

Furthermore, failure of KIF1A to copurify with Y49-50A GFP-

Us9 indicates that KIF1A is not required for plasma membrane

targeting of Us9 and suggests that this motif may mediate

Us9-KIF1A protein-protein interactions.

By isolating GFP-Us9 at different times postinfection, we

found that more KIF1A copurified at 8 and 12 hpi than at later

times postinfection (Figure S1A). This is likely due to depletion

of intracellular KIF1A over the course of infection. Previously,

Kumar et al. (2010) demonstrated that after binding to and trans-

porting cargo, KIF1A is targeted for degradation by the ubiquitin-

proteasome pathway at synaptic regions. In agreement with

this, KIF1A is not efficiently depleted during infection if Us9 is

not expressed (Figure S1B) or cannot interact with KIF1A (as

during PRV Bartha infection; Figure 4C). We speculate that the

E3 ubiquitin ligases EP0 and NEDD4may target KIF1A for degra-

dation (Ushijima et al., 2008; Van Sant et al., 2001).
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Besides KIF1A, we identified 61 viral and host proteins that

copurified with GFP-Us9 at 20 hpi (Figure 1D). For the viral

proteins we detected, additional experiments are needed to

determine whether these interactions are required for virion

assembly or viral spread. For example, virion structural compo-

nents (e.g., UL17, Us2, and gM) may copurify with GFP-Us9 as

a result of direct or indirect protein-protein interactions that link

Us9 to the capsid, tegument, and envelope layers during virion

assembly (Kramer et al., 2011). Also, we found evidence that

PRV utilizes the neuronal secretory pathway for targeted

membrane fusion along axons. Specifically, GFP-Us9 copurified

with the v-SNARE VAMP2, which has been previously shown to

cotransport with anterograde-directed PRV and HSV-1 viral

particles in axons (Antinone et al., 2010). We also detected

proteins that are part of t-SNARE complexes, including SNAP-

25, VTI1B, and syntaxin-6. We hypothesize that incorporation

of Us9 and these SNARE proteins within the same membrane

microdomains is functionally required for efficient spread of

infection. Furthermore, we recently demonstrated that alphaher-

pesvirus infection disrupts mitochondrial motility in axons

(Kramer and Enquist, 2012). Additional work is needed to deter-

mine whether the dynamics of synaptic vesicles and other

cellular axonal cargoes may be altered.

Involvement of KIF1A in directional viral particle transport

fits well with several known properties of KIF1A function and

viral particle dynamics. First, KIF1A is highly expressed in

neuronal tissues and is enriched in axons (Klopfenstein et al.,

2002). Second, KIF1A has a well-established role in mediating

axonal sorting and transport of cargoes such as synaptic vesicle

precursors and dense-core vesicles (Lo et al., 2011). Loss of

KIF1A leads to a reduced number of synaptic vesicle precursors

in axons and accumulation of these organelles in cell bodies

(Pack-Chung et al., 2007). The Us9 null phenotype is strikingly

similar; viral particles are assembled in the cell body but fail

to sort into axons (Lyman et al., 2007, 2008). Finally, KIF1A

is a relatively fast kinesin motor with average velocities of

1.2–2.5 mm/s, depending on the model system (Klopfenstein

et al., 2002). The measured average velocity of anterograde-

directed PRV capsids in axons is within this range (1.97 mm/s)

(Smith et al., 2001).

Future studies will focus on identifying whether other alpha-

herpesviruses utilize KIF1A for axonal transport and whether

Us9 is involved in mediating this interaction. We demonstrate

that KIF1A does not copurify with HSV-1 GFP-Us9 expressed

during PRV infection (Figure 3D), but also found that at least

one additional PRV protein is required for facilitating the interac-

tion between Us9 and KIF1A (Figure 4C). Thus, we postulate

that a virus-specific protein cofactor is required for various

Us9 homologs to interact with KIF1A. For both PRV and

HSV-1, gE and gI, which function as a heterodimer, are involved

in promoting anterograde spread of infection (Ch’ng and

Enquist, 2005). Since the genes that encode these proteins are

deleted in PRV Bartha (Szpara et al., 2011), they likely act in

concert with Us9 to promote recruitment of KIF1A through an

unknown mechanism. As deletion of gE/gI severely limits but

does not completely ablate the anterograde spread capacity of

PRV in vitro (Ch’ng and Enquist, 2005), these proteins may func-

tion as accessory proteins to stabilize the interaction between

Us9 and KIF1A (Figure 4D). Alternatively, gE/gI may function by
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targeting Us9 to the proper subcellular compartment so that it

can interact with KIF1A. Our unpublished results show that gI

andUs9, but not KIF1A, copurify with gE-GFP fromPRV-infected

PC12 cells (T.K., T.M.G., I.M.C., and L.W.E, unpublished data).

Finally, further study is needed to determine how other alphaher-

pesvirus particles recruit KIF1A, or potentially other motors, for

efficient transport within their hosts.

Overall, our results suggest that alphaherpesviruses hijack

and repurpose KIF1A for efficient axonal transport of viral parti-

cles in order to spread within the nervous system of their hosts.

This finding is important for understanding the molecular nature

of viral spread and disease in the nervous system.

EXPERIMENTAL PROCEDURES

Virus Strains

Viral stocks were propagated in PK15 cells grown with Dulbecco’s Modified

Eagle’s Medium (DMEM), supplemented with 2% fetal bovine serum and

1% penicillin/streptomycin (all from HyClone, Logan, UT). A complete list of

viral strains used in this study is available in the Supplemental Experimental

Procedures.

PC12 Cell Culture and Infection

A detailed protocol for culturing and differentiating PC12 cells has been

described previously (Ch’ng et al., 2005). PC12 cells were differentiated in

the presence of neuronal growth factor (NGF) for 10–12 days. Differentiated

PC12 cells were infected with 1 3 108 plaque forming units (pfu) of the

indicated PRV strains per 10 cm dish or 2 3 108 pfu per 15 cm dish. For

adenoviral transductions, PC12 cells were incubated with 13 108 fluorescent

foci units (FFUs) per 10 cm dish and subsequently infected with PRV at

the indicated times posttransduction. Additional details are available in the

Supplemental Experimental Procedures.

Primary Neuronal Culture and Trichamber System

Embryonic superior cervical ganglia (SCG) were isolated from Sprague-

Dawley rats (Hilltop Lab Animals, Inc., Scottdale, PA) at embryonic day 17,

dissociated into individual neurons, and cultured as described previously

(Ch’ng et al., 2005). Neurons used for experiments were grown between 14

and 28 days in culture. For PRV infection of SCG neurons, cells were incubated

with 1 3 106 pfu of the indicated viral strains. These conditions have been

previously demonstrated to allow for a synchronous infection of all of the

neuron cell bodies in the culture dish (Ch’ng et al., 2005). For adenoviral

transductions, SCG neurons were incubated with 1 3 107 FFUs in neuronal

medium and subsequently infected with PRV at the indicated times posttrans-

duction. The trichamber system for assaying anterograde spread of infection

has been described previously (Curanovic et al., 2009). Neuron cell bodies in

the S compartment were infected with the indicated viral strains and incubated

until 24 hr post-PRV infection. The S and N compartments were harvested

separately by scraping each compartment and titered on epithelial cells.

Immunoaffinity Purifications,Mass Spectrometry, andData Analysis

IPs were performed on magnetic beads, as previously described (Cristea and

Chait, 2011a, 2011b), with modifications. Differentiated PC12 cells were

infected with the indicated viral strains and resuspended in immunoprecipita-

tion lysis buffer designed to preserve Us9’s incorporation within lipid rafts (see

Supplemental Experimental Procedures). Insoluble debris was pelleted by

centrifugation and the supernatant was incubated with Dynal M-270 epoxy

magnetic beads (Invitrogen, Carlsbad, CA) coated with custom-made high-

affinity rabbit polyclonal anti-GFP antibodies. Protein complexes were eluted

in 1X SDS-PAGE loading buffer (Invitrogen). For mass spectrometry analysis,

GFP-Us9 affinity purification samples were resolved by SDS-PAGE and

digested in-gel with trypsin. NanoLC-MS/MS analysis of tryptic peptide frac-

tions was performed on a Dionex UltiMate 3000 RSLC (Dionex, Amsterdam),

coupled online to an Orbitrap Velos mass spectrometer (Thermo-Fisher

Scientific, San Jose, CA). Label-free spectral counting analyses were per-

formed as previously described (Tsai et al., 2012), with slight modification.
Cell Host &
Microscopy and Image Analysis

Imaging experiments were performed on a Leica SP5 laser scanning confocal

microscope (Leica Microsystems, Wetzlar, Germany) and an Eclipse Ti

inverted epi-fluorescence microscope (Nikon Instruments, Tokyo). Additional

details are provided in the Supplemental Experimental Procedures.

Statistical Analysis

One-way ANOVAwith Tukey’s posttest was performed using GraphPad Prism

5.0d (GraphPad Software, San Diego, CA).

SUPPLEMENTAL INFORMATION

Supplemental Information includes two figures, two tables, one movie, and

Supplemental Experimental Procedures and can be found with this article

online at http://dx.doi.org/10.1016/j.chom.2012.10.013.
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