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Herpes Simplex Virus 1 US3 Phosphorylates Cellular KIF3A To
Downregulate CD1d Expression
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ABSTRACT

Herpes simplex virus 1 (HSV-1) causes one of the most prevalent herpesviral infections in humans and is the leading etiological
agent of viral encephalitis and eye infections. Our understanding of how HSV-1 interacts with the host at the cellular and organ-
ismal levels is still limited. We and others previously reported that, upon infection, HSV-1 rapidly and efficiently downregulates
CD1d cell surface expression and suppresses the function of NKT cells, a group of innate T cells with critical immunoregulatory
function. The viral protein kinase US3 plays a major role in this immune evasion mechanism, and its kinase activity is required
for this function. In this study, we investigated the cellular substrate(s) phosphorylated by US3 and how it mediates US3 sup-
pression of CD1d recycling. We identified the type II kinesin motor protein KIF3A as a critical kinesin factor in the cell surface
expression of CD1d. Interestingly, KIF3A is phosphorylated by US3 both in vitro and in infected cells. Mass spectrometry analy-
sis of purified KIF3A showed that it is phosphorylated predominantly at serine 687 by US3. Ablation of this phosphorylation
abolished US3-mediated downregulation of CD1d expression, suggesting that phosphorylation of KIF3A is the primary mecha-
nism of HSV-1 suppression of CD1d expression by US3 protein. Understanding of the precise mechanism of viral modulation of

CD1d expression will help to develop more efficient vaccines in the future to boost host NKT cell-mediated immune responses

against herpesviruses.

IMPORTANCE

Herpes simplex virus 1 (HSV-1) is among the most common human pathogens. Little is known regarding the exact mechanism
by which this virus evades the human immune system, particularly the innate immune system. We previously reported that
HSV-1 employs its protein kinase US3 to modulate the expression of the key antigen-presenting molecule CD1d to evade the
antiviral function of NKT cells. Here we identified the key cellular motor protein KIF3A as a cellular substrate phosphorylated
by US3, and this phosphorylation event mediates US3-induced immune evasion.

N atural killer T (NKT) cells are a group of innate, immune-
cell-like T cells restricted by the major histocompatibility
complex (MHC) class I-like CD1d molecule and have critical
immunoregulatory functions in diverse immune responses, in-
cluding antimicrobial immunity (1-3). Numerous viruses have
evolved elegant mechanisms by which to evade and/or suppress
the function of NKT cells during the acute, chronic, or latent
phase of infection (4, 5). One major mechanism of viral modula-
tion of NKT cell function is to downregulate the expression of
CD1d, the key antigen-presenting molecule required for NKT cell
development and activation, on the antigen-presenting cell sur-
face (4, 5).

Herpesviruses are highly prevalent in humans and generally
have large DNA genomes. Most herpesviruses enter a latent
stage after the acute infection stage and therefore have pro-
longed interaction with host immune systems. As a result of
coevolution, most, if not all, herpesviruses have developed in-
tricate mechanisms by which to modulate host immune sys-
tems for the benefit of viral survival (6). Because of the impor-
tance of NKT cells in antiviral immunity, viruses in all three
major herpesvirus families (alpha-, beta-, and gammaherpes-
viruses) have evolved viral mechanisms to evade CD1d and
NKT cell function (7-12). We and others have shown that her-
pes simplex virus 1 (HSV-1), the prototype alphaherpesvirus,
has evolved to downregulate CD1d expression in antigen-pre-
senting cells and evade NKT cell function (10, 13, 14). Further-
more, we have demonstrated that the viral protein kinase US3
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is a major viral protein that downregulates cell surface expres-
sion of CD1d by suppressing its recycling (8).

CD1d protein is synthesized in the endoplasmic reticulum
(ER) and transported to the cell surface via the secretory pathway.
Once there, CD1d cycles between the cell surface and endosomal
compartment through multiple rounds of endocytosis and recy-
cling steps while surveying lipid antigens for NKT cell recognition
(3,9, 15). Cellular endosomal trafficking is microfilament or mi-
crotubule based for short- or long-range transport, respectively.
Both transport mechanisms are active movements powered by
motor proteins, including dyneins, kinesins, and myosins (16,
17). The outbound trafficking of endosomes, including their re-
cycling, is powered by myosins and kinesins for short- and long-
range movements, respectively (16, 18). Kinesins are generally
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composed of a motor domain, a coiled-coil domain, and a sub-
strate-binding domain that binds target vesicles (18). N-, M-, and
C-kinesins contain the motor domains in the amino terminus,
middle, and carboxyl terminus, respectively. While N- and C-
kinesins drive microtubule plus- or minus-end-directed trans-
port, the M-kinesins depolymerize microtubules (16, 18). Many
studies have shown that the phosphorylation and dephosphoryla-
tion of kinesins is a rapid and efficient mechanism by which to
regulate microtubule-based transport in diverse cellular pro-
cesses, including mitosis and axonal transport (16, 18).

In this study, we further investigated the molecular mechanism
by which US3 modulates CD1d intracellular trafficking and iden-
tified the cellular motor protein KIF3A as the main target of US3
phosphorylation. We also found that phosphorylation of KIF3A is
required for the US3-mediated downregulation of CD1d.

MATERIALS AND METHODS

Viruses, cells, antibodies, and DNA constructs. The wild-type HSV-1 F
and HSV-1 US3A (R7041) strains were generous gifts from Bernard Roiz-
man (University of Chicago, Chicago, IL). The HSV-1 KOS strain express-
ing green fluorescent protein (GFP)-fused VP26 protein was generously
provided by Prashant Desai (Johns Hopkins University, Baltimore, MD).
The HeLa.CD1d cell line has been described previously (8). A rabbit
monoclonal antibody (MAb) against KIF3A and a rabbit polyclonal anti-
body against KIF3B were purchased from Abcam. A mouse anti-V5 MAb
was obtained from Invitrogen. A mouse MADb against myc was purchased
from BioXcell. A goat anti-glutathione S-transferase (GST) polyclonal
antibody was obtained from GE. A mouse MAb against human CD1d
CD1d51.1 was obtained from Steven Porcelli (Albert Einstein College of
Medicine, Bronx, NY). MADbs against Grp94 and LAMP1 were from
Stressgen and BD-Pharmingen, respectively. A phycoerythrin-conjugated
anti-CD63 MAD was purchased from BD-Pharmingen. Rabbit anti-US3
sera were generously provided by Bernard Roizman (University of Chi-
cago, Chicago, IL) and Yasushi Kawaguchi (University of Tokyo, Tokyo,
Japan). A mouse anti-HSV-1 ICP4 MAb was obtained from Virusys. A
rabbit anti-protein kinase A (PKA) substrate (RRXS*/T*) MAD (catalog
no. 9624) was from Cell Signaling.

The KIF3A gene was subcloned by PCR from a cDNA construct from
Transomics Inc. into the pTracer-EF/V5-HisA (Life Technologies Inc.)
and pEBG (Addgene, Inc.) vectors. The pEBG.US3 construct was sub-
cloned from the pLPCX.US3 construct (8). pTracer-US3KA and pEBG-
US3KA were generated by mutating the HSV-1 US3 gene in a pEBG.US3
construct by PCR with previously described primers (8). For the in vitro
phosphorylation assay, the US3 gene was subcloned into pGEX-4X-1 (GE
Healthcare) from pLPCX.US3 (8). The C-terminal peptides (amino acids
531 to 702 of KIF3A for GST-KIF3A.CT and amino acids 796 to 904 of
HSV-1 glycoprotein B [gB] for GST-gBct) were subcloned from KIF3A
c¢DNA (Addgene) and pLPCX.gB (8) plasmids, respectively, into a
pGEX.4X-1 vector (GE Healthcare). ATPase-mutated dominant negative
mutant KIF3A.T107N in peGFP-C1 was kindly provided by Stefan Linder
(University Medical Center Eppendorf, Hamburg, Germany) (19).

shRNA knockdown of KIF3A. We designed two oligonucleotides for
each KIF gene as described in a previous report (20) (CCGGGCCTGTTT
GAACACATTCTAACTCGAGTTAGAATGTGTTCAAACAGGC
TTTTTG and CCGGCGTCAGTCTTTGATGAAACTACTCGAGT
AGTTTCATCAAAGACTGACGTTTTTG for KIF3A and CCGGGCCT
GTTTGAATAAGAACAAACTCGAGTTTGTTCTTATTCAAACAG
GCTTTTTG and CCGGCCTGCCTCTTACAACGTAGAACTCGAGTT
CTACGTTGTAAGAGGCAGGTTTTTG for KIF3B) with the Mission
short hairpin RNA (shRNA) search software (Sigma). They were chemi-
cally synthesized, annealed, and cloned into the lentiviral expression vec-
tor pLKO.1 (Sigma). The lentiviral-vector-bearing shRNAs were con-
firmed by DNA sequencing. Forty-eight hours after cotransfection with a
gag/pol, Rev, and vesicular stomatitis virus G protein lentiviral packaging
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plasmid (Sigma) into 293T cells, the lentivirus-containing supernatant
was harvested and used for infection of HeLa.CD1d cells in the presence of
8 wg/ml Polybrene (Sigma).

Transient transfection, coimmunoprecipitation, GST pulldown,
immunofluorescence, SDS-PAGE, Phos-tag gel electrophoresis, West-
ern blotting, virus infection, and flow cytometry. Transient transfec-
tions of 293T and HelLa cells were performed with Bio-T (Bioland Co.) or
polyethylenimine (Polysciences, Inc.) in accordance with the manufac-
turer’s instructions. Other procedures, including coimmunoprecipita-
tion, SDS-PAGE, Western blotting, immunofluorescence, virus infection,
and flow cytometry, were performed essentially as described previously
(8). For immunoprecipitation and GST pulldown, HeLa.CD1d or 293T
cells were infected or transfected with plasmid DNA and lysed in TBS (20
mM Tris HCI, pH 7.4, 150 mM NaCl) with a protease inhibitor cocktail
(Roche). The supernatant was immunoprecipitated with the antibodies
indicated and protein A (Sigma)- or protein G-Sepharose beads (GE
Healthcare). Precipitated protein was boiled in SDS-PAGE sample buffers
and loaded onto an SDS-PAGE gel. GST-tagged proteins were purified
with glutathione-Sepharose beads (GE Healthcare) in accordance with
the manufacturer’s instructions. Phos-tag gel electrophoresis of phos-
phorylated proteins was performed in accordance with the manufactur-
er’s procedures (Wako Pure Chemical Industries, Ltd.).

Purification of KIF3A and MS/MS. A plasmid expressing GST-fused
KIF3A was cotransfected with or without pLPCX.US3.myc plasmid in
293T cells. Forty-eight hours later, cells were harvested and purified with
glutathione-Sepharose beads (GE Healthcare) in accordance with the
manufacturer’s procedure. The proteins were analyzed separately by mul-
tidimensional liquid chromatography coupled with tandem mass spec-
trometry (MS/MS) at the Taplin Biological Mass Spectrometry Facility,
Harvard Medical School (Boston, MA). The MS/MS spectra were run
against a sequence database by the program SEQUEST and associated
software packages for the identification of the proteins.

In vitro phosphorylation assay of KIF3A by US3 protein. GST-
KIF3Act, mutant GST-KIF3Act, and GST-gBct were purified from tran-
siently transfected 293T cells or Escherichia coli with glutathione-Sephar-
ose beads (GE Healthcare) in accordance with the manufacturer’s
instructions. Purified GST fusion proteins were verified for purity by Coo-
massie blue staining. One microgram of GST-fused substrate proteins was
added to 0.2 g of purified GST or GST-US3 protein and incubated in a
buffer containing 50 mM Tris HCI (pH 9.0), 20 mM MgCl,, 1 mM dithio-
threitol, 0.1% NP-40, 10 pM ATP, and 0.5 pCi/pl of [y->’P]ATP
(PerkinElmer) at 30°C for 30 min. GST fusion proteins were again puri-
fied with glutathione-Sepharose beads, and aliquots of the reaction prod-
uct were analyzed by SDS-PAGE and subjected to autoradiography.

RESULTS

HSV-1 protein kinase US3 specifically downregulates the sur-
face expression of CD1d and late endosome/lysosome proteins.
Our previous results showed that, upon infection, HSV-1 employs
its viral protein kinase US3 to rapidly and efficiently downregulate
cell surface CD1d expression by suppressing its recycling (8, 13).
To dissect the cellular mechanism by which HSV-1 and US3
suppress the recycling pathway, we examined the specificity with
which either HSV-1 or US3 modulates membrane trafficking.
To better track HSV-1-infected cells and sensitively detect the
cell surface expression of membrane proteins, we infected
HeLa.CD1d cells with a GFP-expressing HSV-1 strain at a low
multiplicity of infection (MOI) and compared the expression of
CD1d on the surface of infected GFP-positive cells to that on the
surface of uninfected GFP-negative cells. At an MOI of 0.5 and 12
h postinfection, approximately 8 to 9% of the HeLa.CD1d cells
were infected and GFP positive (Fig. 1A). HSV-1 inhibits CD1d
expression primarily by suppressing CD1d recycling (8, 13).
Endocytic recycling of cellular membrane proteins has been cate-
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FIG 1 CD1d downregulation by HSV-1 expressing GFP (A, B) or US3 protein (C). HeLa.CD1d cells were infected with HSV-1/GFP for 12 h (A, B) or transfected
with plasmids expressing GFP only or US3 and GFP (C). The gating strategy for cells infected with HSV-1/GFP (A, B) is shown in panel A. A GFP-expressing
plasmid was used as a control for transfected cells (C). GFP-positive and GFP-negative cells were designated infected or transfected and uninfected or untrans-
fected cells, respectively. Expression levels of indicated cell surface proteins were then analyzed by flow cytometry.
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gorized into rapid and slow recycling mechanisms via early/
sorting endosomes and the endocytic recycling compartment,
respectively (17). We therefore examined the expression of repre-
sentative cell surface proteins by using different recycling routes
upon viral infection. The transferrin receptor (TfR, CD71) goes
primarily through the rapid recycling pathway (17). On the other
hand, membrane proteins residing in late endosomes/lysosomes
go through the endocytic recycling compartment and employ the
slow recycling pathway (17, 21). After HSV-1 infection, no CD71
downregulation was detected, whereas CD1d was clearly down-
regulated (Fig. 1B). Interestingly, two other late endosome/lyso-
some-resident proteins, LAMP1 and CD63, were not downregu-
lated but rather upregulated (Fig. 1B, lower panels), consistent
with our earlier results obtained with human primary dendritic
cells (13). It is possible that the increased expression of these two
proteins is important for the viral replication and/or some cellular
function. We then examined the mechanism and specificity of
US3-mediated downregulation of CD1d expression. HeLa.CD1d
cells were transiently transfected with plasmids expressing GFP
only or US3 and GFP as previously described (8). GFP was used to
track transfected cells. Flow cytometry analysis showed that ex-
pression of US3 clearly downregulated CD1d but did not down-
regulate CD71 (Fig. 1C), similar to the result of HSV-1 infection
(above). Interestingly, the other two late endosome/lysosome pro-
teins, CD63 and LAMP1, were also downregulated, with CD63
being downregulated more substantially (Fig. 1C). Control trans-
fection of GFP did not downregulate either CD71 or late endo-
some/lysosome protein CD1d, CD63, or LAMPI1 at a detectable
level (Fig. 1C). These results suggest that US3 specifically down-
regulates cell surface expression of late endosome/lysosome pro-
teins.

KIF3A is a critical motor protein for the cell surface expres-
sion of CD1d. US3 is one of the early late (y1) genes expressed
during HSV-1 infection, and its expression can be detected at
approximately 3 to 4 h postinfection (8, 22). Concomitant with
US3 expression, the virus rapidly suppresses cell surface expres-
sion of CD1d as early as 5 to 6 h postinfection (8, 10, 13, 14). We
hypothesized that a rapid shutdown of cytoskeleton-based intra-
cellular vesicular trafficking is a major mechanism of suppression
of CD1d expression. Little is known about the cytoskeleton-based
intracellular transport of CD1d-containing vesicles. One elegant
study showed that the cytoplasmic tail of CD1d interacts with
Rho-associated coiled-coil kinase 1 (ROCK1) and ROCK2, which
regulate actin fiber polymerization by phosphorylating LIM ki-
nase (23). In animal cells, actin filaments support short-range
movements of vesicles, whereas microtubules support long-range
movements (16). As most intracellular CD1d proteins reside in
the late endosome/lysosome compartment (13, 24, 25), we rea-
soned that long-range transport is at least as critical as short-range
transport for intracellular trafficking of CD1d-containing vesicles
and cell surface CD1d expression. The outbound long-range in-
tracellular transport of late endosome/lysosome vesicles to the cell
surface is powered mostly by the superfamily of kinesin motor
proteins (16, 18, 21). To better understand the roles of kinesins in
US3-mediated CD1d downregulation, we first investigated the
role of a kinesin(s) that associates with cellular late endosomes/
lysosomes. A previous biochemical study demonstrated that
KIF3A is the kinesin protein most abundantly associated with late
vesicles in mammalian cells (26). Antibodies against KIF3A, but
not other kinesins, specifically inhibit the movement of these late
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vesicles along microtubules (26). Furthermore, an independent
study showed that small interfering RNA knockdown or expres-
sion of a dominant negative mutant form of KIF3A specifically
blocked the plus-end-directed transport of cellular cargos from
late endosomes to the cell periphery (27). We therefore examined
the role of KIF3A in the cell surface expression of CD1d. A dom-
inant negative mutant form of KIF3A with a mutation in its
ATPase domain (T107N) has been previously generated (19). We
expressed this dominant negative mutant KIF3A protein in
HeLa.CD1d cells and found that its suppression of KIF3A func-
tion indeed led to a clear downregulation of CD1d expression (Fig.
2A and B).

To further confirm that KIF3A and its heterotrimer complex
kinesin 1II are critical for cell surface expression of CD1d, we
knocked down KIF3A protein expression with shRNAs and mea-
sured the impact on cell surface expression of CD1d. In mamma-
lian cells, the major kinesin II complex is composed of KIF3A
paired with KIF3B and KAP (18, 28). Little is known about the
relative turnover rates of the KIF3A, KIF3B, and KAP proteins in
kinesin IT complexes. We therefore designed two separate siRNAs
constructs for either KIF3A or KIF3B as previously described (20)
in order to achieve efficient knockdown of the kinesin II com-
plexes. shRNA constructs for both the KIF3A and KIF3B genes
were found to decrease the expression levels of the targeted pro-
teins (Fig. 2C). Interestingly, when the KIF3A protein is signifi-
cantly knocked down, KIF3B protein levels are also reduced and
vice versa, suggesting that lower levels of one KIF3 protein subunit
may lead to instability of the complex and therefore decrease the
total levels of the complex and other subunits. Upon the knock-
down of either KIF3A or KIF3B, we observed that CD1d expres-
sion levels were significantly downregulated, suggesting that mi-
crotubules and KIF3A-based long-range trafficking are critical for
CD1d cell surface expression (Fig. 2D). Interestingly, when KIF3A
was knocked down more efficiently by shKIF3A-2 shRNA, the
CD1d expression level was reduced more than it was by
shKIF3A-1 shRNA (compare Fig. 2C, left panels, and D, middle
panels), suggesting a dosage effect of the KIF3A expression level
on CD1d expression.

US3 interacts specifically with KIF3A and phosphorylates
KIF3A. To determine whether US3 directly phosphorylates
KIF3A, we first examined potential US3-KIF3A interaction by im-
munofluorescence analysis. HeLa.CD1d cells were cotransfected
with plasmids expressing US3 and KIF3A. As reported previously
(8,29), US3 is expressed mostly in the cytosol and has a granular
staining pattern with some nuclear localization, whereas KIF3A is
expressed primarily in the cytosol. In the cytosol, US3 and KIF3A
have a high degree of colocalization (Fig. 3A). We further exam-
ined whether US3 specifically interacts with KIF3A. Initial efforts
to investigate the potential interaction by coimmunoprecipitation
did not detect a positive KIF3A-US3 interaction. It has been re-
ported that many kinase-substrate interactions are transient and
mutation of the kinase motif to render a kinase-dead mutant pre-
serves the interaction of kinases with their substrates (30). We
therefore coexpressed a kinase-dead mutant form of US3
(US3K220A) (8, 29) with KIF3A. Indeed, a coprecipitation assay
clearly showed a specific interaction between US3K220A and
KIF3A (Fig. 3B). These results, together with the immunofluores-
cence results, suggest that US3 and KIF3A indeed interact with
each other intracellularly.

We then examined whether US3 can directly phosphorylate
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FIG 2 Identification of KIF3A as a critical kinesin motor for CD1d expression. (A, B) A dominant negative mutant form of cellular KIF3A (T107N, GFP fused)
was transiently expressed in HeLa.CD1d cells. Cells expressing the KIF3A dominant negative mutant protein were gated as GFP-positive cells (A), and cell surface
expression of CD1d was analyzed by flow cytometry and CD1d expression levels of GFP-positive transfected cells and GFP-negative untransfected cells were
compared (B). A GFP-expressing plasmid was used as a control. (C, D) shRNA knockdown of KIF3A and KIF3B was performed by lentiviral transduction, and
the expression of KIF3A, KIF3B, and the control (ctrl) B-actin was assayed by Western blotting (immunoblotting [IB]) (C), while cell surface expression of CD1d

was assayed by flow cytometry (D).

KIF3A. Phosphorylation of cellular motor proteins to regulate
intracellular trafficking has been reported in diverse cellular pro-
cesses, and one major regulation mode is the phosphorylation of
the C-terminal cargo-binding domains of N-kinesins (16, 31-33).
The C terminus of KIF3A (KIF3Act, amino acids 531 to 702),
which has been shown to bind to cargo vesicles (34), was cloned
and expressed as a GST fusion protein. Purified GST-KIF3Act was
incubated with GST-US3 purified from transiently transfected
293T cells. US3 has been reported to phosphorylate several viral
and cellular proteins, including viral gB, at the C terminus (35—
37). Therefore, the C terminus of gB (gBct, amino acids 796 to
904) was used as a positive control in the phosphorylation assay.
The in vitro kinase assay showed that purified US3 kinase robustly
phosphorylates the C terminus of KIF3A (Fig. 3C), suggesting that
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US3 interacts directly with KIF3A and phosphorylates it at the C
terminus.

To confirm that KIF3A is phosphorylated directly by US3, we
purified both wild-type US3 and the kinase-dead mutant form
US3K220A (8, 35) and repeated the phosphorylation assay. The
US3 kinase-dead mutant form was expressed in transfected cells at
lower levels (Fig. 3D), presumably because the US3 protein en-
hances cellular translation, including its own expression (38).
Nevertheless, even at a lower protein input, wild-type US3 po-
tently phosphorylated KIF3A protein whereas kinase-dead US3
did not (Fig. 3E), suggesting that phosphorylation is directly by
US3 and not any cellular kinase(s) copurified with the US3 kinase.

In order to investigate whether US3 phosphorylates KIF3A in
vivo, we examined the phosphorylation status of KIF3A in cells
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The GST-, V5-, or myc-tagged KIF3A and US3K220A (US3KA) proteins were coexpressed in 293T cells, and the US3/KIF3A complexes were purified by GST
pulldown and analyzed by Western blotting (immunoblotting [IB]). Western blotting with anti-GST, anti-V5, and anti-myc antibodies was performed to verify
the expression of tagged proteins, while Western blotting with anti-Grp94 antibodies was used to control the total protein amount of cell lysates. WCL, whole-cell
lysate. (C) In vitro phosphorylation of KIF3A by US3. Purified GST or GST-fused C-terminal fragments of KIF3A (KIF3Act) and HSV-1 gB (gBct) were incubated
with purified GST-US3 protein in the presence of [y-**P]JATP. Phosphorylation of these proteins was analyzed by autoradiography (left). An equivalent reaction
mixture without [y->*P]ATP (unlabeled samples) was analyzed by Coomassie staining for examination of protein purity (right). (D) Coomassie blue staining of
GST-fused US3 or kinase-dead mutant US3 (US3K220A) protein purified from transfected 293T cells. (E) Purified GST-fused KIF3A was coincubated with
purified GST-fused or kinase-dead mutant US3 (US3KA) in the presence of [y-**P]ATP. To compare phosphorylation by wild-type and mutant US3 proteins at
comparable amounts of input protein, a smaller amount of wild-type US3 (1/20) was also used for the phosphorylation assay. The input US3, US3KA, and KIF3A
proteins were detected by Western blotting with anti-myc or anti-KIF3A antibodies. (F, G) Analysis of US3 phosphorylation of KIF3A by the Phos-tag method.
Plasmids expressing KIF3A and US3 were cotransfected into 293T cells, and KIF3A was purified by GST pulldown (F). For viral infection, HeLa.CD1d cells were
infected with the HSV-1 F strain or US3-deficient virus (US3A) at an MOI of 5 for 12 h. Endogenous KIF3A was precipitated with anti-KIF3A antibodies (G).
Phosphorylation of KIF3A was analyzed by Western blotting with anti-KIF3A antibodies after electrophoresis in the presence of Phos-tag. Western blotting with
anti-ICP4 antibodies was performed to confirm the infection of HeLa.CD1d cells by US3A mutant HSV-1. U.L, uninfected.
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FIG 4 Identification of KIF3A phosphorylation site by US3 kinase. (A) GST-KIF3A fusion protein was expressed in 293T cells in the presence or absence of US3
kinase, purified by GST pulldown, and analyzed by SDS-PAGE, followed by Coomassie blue staining. MS/MS identified two potential phosphorylation sites at
the C terminus of KIF3A, serine 687 and threonine 633, as indicated by the arrows. M.W., molecular mass. (B) I vitro phosphorylation of GST or GST-fused
wild-type (WT) or mutant C-terminal KIF3A protein by purified GST-fused US3 protein. The input GST and GST-fused KIF3A proteins were examined with
Coomassie blue staining. (C) Detection of KIF3A phosphorylation with a phosphospecific antibody. GST-fused KIF3A was expressed in 293T cells in the presence
or absence of US3 and purified by GST pulldown. A serine/threonine phosphospecific antibody (9624) detects KIF3A phosphorylated by US3. IB, immunoblot-
ting; WCL, whole-cell lysate. (D) Mapping of KIF3A phosphorylation sites. Threonine 633 and serine 687 were mutated to alanines. Mutant or wild-type KIF3A
was expressed as a V5-tagged protein in 293T cells in the presence or absence of US3. The V5-tagged KIF3A protein was purified by anti-V5 antibody
immunoprecipitation (IP) and then analyzed by Western blotting with a phosphospecific antibody (9624). Total immunoprecipitated KIF3A and expressed
GST-US3 proteins were measured by Western blotting with anti-KIF3A and anti-GST antibodies, respectively.

expressing US3 kinase. Since KIF3A is a relatively large protein
(~80 kDa), the size shift due to potential phosphorylation of
KIF3A may not be readily detectable by regular SDS-PAGE. We
therefore employed the recently developed Phos-tag method,
which specifically increases the molecular mass shift of phosphor-
ylated proteins for detection (39). In cells expressing US3, a por-
tion of KIF3A was clearly shifted to a high-molecular-mass band
(Fig. 3F), consistent with the expected KIF3A phosphorylation.
More importantly, we purified the KIF3A protein from HSV-1-
infected cells and found that a portion of the KIF3A protein was
phosphorylated only in cells infected with wild-type HSV-1 strain
F and not in cells infected with US3-deficient HSV-1 (Fig. 3G).
These results suggest that US3 specifically phosphorylates KIF3A
in HSV-1-infected cells.

HSV-1 US3 protein phosphorylates KIF3A at serine 687. To
understand how US3 phosphorylation of KIF3A modulates CD1d
intracellular trafficking, we endeavored to identify the phosphor-
ylation site(s) of KIF3A. KIF3A was expressed in 293T cells as a
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GST fusion protein in the presence or absence of US3 expression
and purified to homogeneity by GST pulldown (Fig. 4A). MS/MS
analysis was performed to identify the amino acid(s) specifically
phosphorylated upon coexpression with US3. Two phosphory-
lated peptides were detected containing the amino acid sequences
RSAKPETVIDSLLQ and RKQTPVPDKK, which correspond to
amino acids 686 to 699 and 629 to 639, respectively, of the KIF3A
protein (Fig. 4A). Since US3 is a PKA-like serine/threonine pro-
tein kinase (40), serine 687 (S687) is the apparent phosphoryla-
tion site on the first phosphopeptide, while the only threonine,
T633, is most likely to be the phosphorylation site on the second
phosphopeptide. To confirm that S687 and T633 can be phos-
phorylated by US3, we repeated the in vitro phosphorylation assay
with the purified US3 protein as shown in Fig. 3C with a KIF3A
protein with either of the two amino acids mutated. Mutation of
either amino acid to alanine led to a lower phosphorylation signal
level (Fig. 4B), suggesting that both amino acids can be phosphor-
ylated by US3, consistent with the MS/MS results.
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FIG 5 KIF3A phosphorylation at serine 687 during HSV-1 infection is essential
for US3-mediated CD1d downregulation. (A) HeLa.CD1d cells were infected with
wild-type (WT, strain F) or US3-deficient mutant HSV-1 (US3A) at an MOI of 5
for 12 h. Endogenous KIF3A protein was purified by immunoprecipitation with
anti-KIF3A antibodies, and phosphorylation of KIF3A was analyzed with a phos-
phospecific antibody (9624). IP, immunoprecipitation; IB, immunoblotting;
WCL, whole-cell lysate; U.L, uninfected. (B) HeLa.CD1d cells were cotransfected
with US3 and GFP-tagged wild-type or S687A mutant KIF3A, and the cell surface
expression of CD1d was analyzed by flow cytometry. The relative CD1d expression
level is presented as the ratio of the CD1d expression level (measured as the mean
fluorescence intensity of CD1d staining) in GFP-positive transfected cells to the
CD1d expression level in GFP-negative untransfected cells. Statistics were calcu-
lated from three independent experiments.

Currently, there is no phosphospecific antibody against phos-
phorylated S687 or T633 in KIF3A; therefore, we tested the reac-
tivity of the anti-phospho-PKA substrate motif antibody (catalog
no. 9624; Cell Signaling), which was generated with a phosphor-
ylated peptide containing the PKA substrate motif (RRXS*/T*).
We found that this antibody indeed specifically detected KIF3A
phosphorylation by the US3 protein (Fig. 4C). To identify which
of the two amino acids is phosphorylated by US3, an alanine was
introduced to either of these two sites. Mutant KIF3A proteins
were coexpressed with US3 as V5-tagged proteins and purified by
anti-V5 antibody immunoprecipitation, followed by Western
blotting with the 9624 antibody. Mutation of S687 (S687A) com-
pletely diminished the Western blotting signal (Fig. 4D), suggest-
ing that the 9624 antibody was detecting KIF3A with S687 phos-
phorylated. Interestingly, mutation of T633 (T633A) did not
reduce the phosphorylation level but rather increased it. We then
mutated both T633 and S687 to alanines and coexpressed the re-
sulting mutant KIF3A protein with US3. The phosphorylation
signal was completely abolished (Fig. 4D), strongly suggesting that
the phosphorylation signal detected by the 9624 antibody is spe-
cific for KIF3A phosphorylation at S687.

US3 phosphorylates KIF3A at $687 during HSV-1 infection,
and this phosphorylation is required for US3-mediated CD1d
downregulation. We next analyzed KIF3A phosphorylation in
HSV-1-infected cells. HeLa.CD1d cells were infected with HSV-1
strain F or a US3-deficient strain for 12 h. Endogenous KIF3A was
then immunoprecipitated and blotted for the 9624 anti-phospho-
PKA substrate antibody. KIF3A phosphorylation was detected only
in cells infected with the wild-type F strain of HSV-1 and not in cells
infected with the US3-deficient virus or in uninfected cells (Fig. 5A),
suggesting that US3 phosphorylates KIF3A at serine 687 in HSV-1-
infected cells.
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To investigate whether S687 phosphorylation of KIF3A by US3
is required for US3-mediated CD1d downregulation, we cotrans-
fected US3 with either wild-type or S687A mutant KIF3A into
HeLa.CD1d cells. The S687A mutation completely abolished
US3-mediated CD1d downregulation (Fig. 5B), suggesting that
phosphorylation at S687 is required for US3 to shut down intra-
cellular trafficking and cell surface expression of CD1d. This result
also suggests that in these transfected cells, although US3 phos-
phorylates serine 687 of endogenous KIF3A and nullifies its func-
tion in CD1d exocytosis, S687A mutant KIF3A may evade this and
stay functional in transporting late endosomes/lysosomes to the
cell surface, thereby retaining CD1d expression.

DISCUSSION

HSV-1 and US3-mediated CD1d downregulation. We and other
groups have demonstrated that HSV-1, upon infection, rapidly
and efficiently downregulates a critical antigen-presenting mole-
cule, CD1d, thereby inhibiting the function of NKT cells (8, 10, 13,
14). In addition to downregulating key antigen-presenting mole-
cules such as CD1d and MHC class I/II for the sake of immune
evasion (41, 42), HSV-1 reprograms the entire cellular machinery
for the benefit of its own replication. Therefore, it is conceivable
that the virus precisely modulates the cell surface expression of
diverse membrane proteins, depending on their role(s) in cellular
metabolism and viral replication. This may explain why we ob-
served specific downregulation of CD1d expression but not other
cellular molecules, including CD71, CD63, and Lampl1 (Fig. 1,
left). When the US3 protein is expressed ectopically in uninfected
cells, it downregulates both CD1d and other late endosomal/lys-
osomal proteins, such as CD63 and Lampl. This result suggests
that US3, on its own, targets the trafficking of multiple (if not all)
late endosomal/lysosomal proteins. The results of viral infection
and ectopic expression of US3 together also suggest that during
viral infection, other viral genes may have an impact on the traf-
ficking of other late endosomal/lysosomal proteins, including
CD63 and Lampl.

Regulation of KIF3A function by US3 phosphorylation. By
phosphorylating KIF3A at serine 687, US3 modifies the function
of KIF3A and inhibits KIF3A-based exocytosis of late endosomes/
lysosomes. Ablation of this phosphorylation by the mutation of
S687 to alanine abolished the US3-mediated downregulation of
CD1d expression on the cell surface (Fig. 5B). This is the first
report of KIF3A phosphorylation at S687 by a viral protein kinase.
Little is known about how this phosphorylation might modify the
function of KIF3A and kinesin II. Phosphorylation of different
kinesins inhibits kinesin-based transport by interfering with their
interactions with either cargo proteins/cargo adaptor proteins or
microtubules (18). In vitro assays have shown that cellular calcium
calmodulin kinase II can phosphorylate KIF3A at S687 and this
phosphorylation is required for the interaction of KIF3A with tu-
bulin, possibly by the disruption of an autoinhibitory interaction
between the N and C termini of KIF3A (31). On the other hand,
the C termini of KIF3A and KIF3B have been demonstrated to
interact with Rip11/FIP5, the adaptor protein for cargo endo-
somes (34). Interestingly, consistent with the structures of
kinesin-based motor complexes, most phosphorylation events at
the C termini of kinesins disrupt their association with cargo pro-
teins/cargo adaptor proteins, whereas phosphorylation at the N-
terminal motor domains disrupts their association with microtu-
bules (18). It is therefore tempting to speculate that US3

jviasm.org 6653


http://jvi.asm.org

Xiong et al.

phosphorylation of KIF3A at the C terminus S687 disrupts the
interaction between kinesin I motor and cargo adaptor proteins,
possibly Rip11/FIP5 (34) or dynactin, another recently reported
adaptor protein (43).

Functions of kinesins in CD1d exocytosis. Kinesins are en-
coded by a large gene family composed of 44 members in humans
(18, 44). Kinesins transport diverse cargoes, including different
membranous organelles and large protein complexes. Motor-
cargo combinations for individual kinesins have a high degree of
specificity, although there is redundancy in the function of indi-
vidual kinesins (18). CD1d expression and exocytosis in antigen-
presenting cells are expected to involve multiple cellular organ-
elles, including the ER, the trans-Golgi network, early or recycling
endosomes, and late endosomes/lysosomes (3, 15). Therefore,
multiple kinesin motors may contribute to CD1d cell surface ex-
pression. To investigate the roles of individual kinesins in the cell
surface expression of CD1d, we performed a survey of kinesins in
human epithelial cells by expressing dominant negative mutant
forms of individual kinesins in CD1d-expressing cells. Indeed, we
discovered that multiple kinesins play a role in CD1d expression,
whereas functional inhibition of KIF3A led to the lowest expres-
sion of CD1d (R. Xiong and W. Yuan, unpublished results). Little
is known regarding how these diverse kinesins can be regulated by
protein phosphorylation and how these phosphorylations may
contribute to the regulation of CD1d expression during diverse
immune responses. HSV-1 protein kinase US3, which efficiently
downregulates CD1d expression (8), may provide a useful tool
with which to dissect the function and regulation of kinesins that
are important for CD1d expression.
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