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Herpes simplex virus 1 (HSV-1) is a neurotropic virus that travels long distances through cells using the microtubule network.
Its 125-nm-diameter capsid is a large cargo which efficiently recruits molecular motors for movement. Upon entry, capsids reach
the centrosome by minus-end-directed transport. From there, they are believed to reach the nucleus by plus-end-directed trans-
port. Plus-end-directed transport is also important during egress, when capsids leave the nucleus to reach the site of envelop-
ment in the cytoplasm. Although capsid interactions with dynein and kinesins have been described in vitro, the actual composi-
tion of the cellular machinery recruited by herpesviruses for capsid transport in infected cells remains unknown. Here, we
identify the spectraplakin protein, dystonin/BPAG1, an important cytoskeleton cross-linker involved in microtubule-based
transport, as a binding partner of the HSV-1 protein pUL37, which has been implicated in capsid transport. Viral replication is
delayed in dystonin-depleted cells, and, using video microscopy of living infected cells, we show that dystonin depletion strongly
inhibits capsid movement in the cytoplasm during egress. This study provides new insights into the cellular requirements for
HSV-1 capsid transport and identifies dystonin as a nonmotor protein part of the transport machinery.

Microtubules (MTs) are long, polarized structures made of
heterodimers of alpha and beta tubulin. They are nucleated

from microtubule organizing centers (MTOCs), the nature of
which may differ according to cell type (reviewed in reference 1).
The most common MTOC is the centrosome, from where nascent
MTs grow by polymerization of tubulin at their plus ends. The
minus ends are thought to be anchored and stabilized at the cen-
trosome by specific proteins (2). In general, MTs radiate from the
centrosome to the cell periphery.

Microtubule motors such as cytoplasmic dynein or kinesins
are involved in trafficking and transport of various cargoes, such
as protein complexes, vesicles, or even organelles along microtu-
bules. It has become progressively apparent that motor-cargo in-
teractions are often indirect in nature, with adaptor proteins or
lipids linking the molecular motor to its cargo (reviewed in refer-
ence 3).

Herpes simplex virus 1 (HSV-1) is a neurotropic human virus,
well known for its ability to traffic efficiently within cells, espe-
cially sensory neurons (4, 5), using the MT network (6, 7). It is a
large, double-stranded DNA virus. The genome is packaged in an
icosahedral capsid which is surrounded by tegument, a protein-
aceous layer that is characteristic of herpesviruses, and an outer
envelope. On entry, capsids migrate from the plasma membrane
to the nuclear membrane (retrograde transport), where they re-
lease the viral genome into the nucleus. Newly formed capsids
exiting the nucleus are assumed to travel from the nucleus to sites
of secondary envelopment through plus-end-directed transport
(anterograde transport). In neurons, this potentially implies trav-
eling long distances between the cell body and the axon terminus
during both entry and egress. Therefore, efficient recruitment of
the cellular trafficking machinery is required. HSV-1 tegumented
capsids were shown to bind to the molecular motors dynein and
kinesin-1 and -2 in vitro (8), and the dynein complex was shown to
be necessary for capsid transport in infected cells (9). Kinesin-1 is
also present on enveloped capsids undergoing anterograde trans-
port in neuronal processes (10). However, although numerous
interactions have been described between HSV-1 proteins and

molecular motors, as yet, none have been demonstrated as func-
tionally relevant in infected cells, and the actual composition of
the cellular transport machinery recruited by herpesvirus capsids
remains unknown (5, 11). To date, the best documented viral
candidates for a role in capsid transport are the tegument proteins
pUL36 and pUL37 (12). Unlike the majority of tegument proteins,
these proteins, which interact with each other, have been reported
to remain attached, at least in part, to capsids in transit to the
nucleus (4, 13). The same is true for the related pseudorabies
herpesvirus (PrV) (14, 15). In addition, it was demonstrated that
in their absence, intracellular transport of PrV capsids is either
severely impaired (pUL37) or totally absent (pUL36) (16, 17).

To unravel cellular factors involved in herpes capsid traffick-
ing, we used pUL37 as bait in a yeast two-hybrid screen and iden-
tified the protein dystonin (DST; or BPAG1) as a binding partner.
Dystonin is a giant protein which belongs to the conserved spec-
traplakin superfamily of proteins and, as such, contains numerous
spectrin repeats and a plakin domain (reviewed in references 18,
19, and 20). Additionally, it may have an actin-binding domain
(AB) and an MT-binding domain (MTBD) (Fig. 1A), depending
on the isoform. Four major isoforms have been identified to date,
with different cell specificities. Dystonin e (2,611 residues; sizes
relate to the murine form of dystonin) is found in epithelial cells,
whereas dystonin a (5,379 residues) is predominantly neuronal
and dystonin b (7393 residues) is mostly muscular (21). Isoform n
refers to the originally described neuronal dystonin (BPAG1n)
(22), but it is still unclear whether this isoform is actually pro-
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duced (21). Determining the molecular mechanism of action of
dystonin has proved to be challenging, mostly because of its large
size and the variety of isoforms. It has been shown to be necessary
for stabilizing MTs in neurones (23), and one isoform was re-
ported to be essential for retrograde transport in neuronal cells
through its interaction with the p150glued subunit of dynactin, a
cofactor of the dynein motor (24). Recently, it was also shown to
function during anterograde transport of secretory vesicles (25).

Using live-cell imaging and RNA silencing, we investigated the
relevance of the pUL37-dystonin interaction to intracytoplasmic
transport of HSV-1 capsids.

MATERIALS AND METHODS
Cells and viruses. African green monkey kidney (Vero), 293T, baby ham-
ster kidney (BHK), and human fetal foreskin fibroblast (HFFF2) cells were
grown at 37°C in Dulbecco’s modified Eagle medium (DMEM; PAA Lab-
oratories) supplemented with 8% fetal calf serum (FCS). For live-cell
microscopy studies, cells were grown on 35-mm MaTek glass-bottomed
petri dishes.

Wild-type (WT) HSV-1 (strain 17�) and vSR27-VP26GFP (where
GFP is green fluorescent protein) were propagated on BHK cells infected
at 0.01 PFU per cell, and virions were concentrated from supernatant
medium by centrifugation at 15,000 � g for 2 h.

The UL37-null mutant of HSV-1 (FR�UL37-VP26GFP) was grown
on the complementing cell line 80C02 (26, 27). Cells were infected at 0.01
PFU/cell, and 3 days later virions were concentrated from supernatant
medium by centrifugation at 15,000 � g for 2 h.

vSR27-VP26GFP was obtained by cotransfecting BHK cells with the
SR27 BACmid, containing the full-length genome of HSV-1 17� (pro-
vided by C. Cunningham) and with the plasmid pK26GFP (provided by P.
Desai), which encodes a VP26-GFP fusion protein (28). Progeny virus was
serially diluted, and a GFP-positive plaque was isolated and grown to high
titer.

The vUL35RFP1D1 virus has a wild-type background (17syn�), ex-
cept that it encodes a VP26 capsid protein fused at its N terminus to the
monomeric red fluorescent protein (mRFP) (26).

vUL37GFP-VP26RFP was obtained by coinfecting BHK cells with
vUL35RFP1D1 and with vUL37GFP, a virus encoding a fusion of GFP to
the C terminus of pUL37 (10). Progeny virus was collected and serially
diluted on fresh cells. Plaques exhibiting both GFP and RFP fluorescence
were selected and purified through five rounds of plaque purification.

Plasmids. pCDNA3.1-myc and pCDNA3.1-hemagluttinin (HA) vec-
tors were described in reference 29. pHA-UL32 was provided by E.
Palmer. UL37 was amplified by PCR from HSV-1 BAC SR27 and cloned
into the EcoRI-XbaI sites of pCDNA3.1-HA (pHA-UL37) or the EcoRI-
BamHI sites of the pLexA vector (pLexA-UL37), in frame with the respec-
tive tag. The pUL37-interacting fragment of dystonin was amplified by
PCR from the clone isolated in the yeast two-hybrid screen and cloned
into the EcoRI-XbaI sites of pcDNA3.1-myc, yielding pMyc-dystonin.
Plasmid pGFP-hEB3 was a kind gift of John Victor Small (Institute of
Molecular Biotechnology, Vienna, Austria).

Antibodies. The following antibodies were used. Rabbit antibodies
Y11 and monoclonal antibody (MAb) F7 against a defined epitope (HA)
from the influenza hemagglutinin and rabbit antibody A14 against c-myc
were obtained from Santa Cruz Biotechnology. MAb 9E10 against c-myc,
mouse anti-alpha-tubulin clone DM1A, and rabbit polyclonal anti-DST
antibody against human were obtained from Sigma. Capsids were visual-
ized using the rabbit PTNC antibody (29). Alexa Fluor 488- or 633-con-
jugated goat anti-mouse (GAM488 or GAM633) antibodies and Alexa
Fluor 568-conjugated goat anti-rabbit antibody (GAR568) were obtained
from Molecular Probes, and tetramethyl rhodamine isocyanate (TRITC)-
conjugated phalloïdin and horseradish peroxidase-conjugated goat anti-
mouse antibody were from Sigma.

Fluorescence microscopy. All immunofluorescence with tubulin
staining was done as follows. Cells were fixed in a mix of 3.7% formalde-
hyde and 0.1% Triton X-100 in PEM buffer (100 mM PIPES, 5 mM
EGTA, 2 mM MgCl2, pH 6.8) for 5 min at room temperature as described
in reference 30. Microtubules were stained using MAb DM1A against
alpha-tubulin (Sigma) and GAM488 or GAM633 antibody (90 min each
incubation). Actin fibers were stained using TRITC-phalloidin.

Samples were mounted in ImmuMount (Thermo) containing 1 �g/ml
4=,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma) for
DNA staining. All samples were visualized using a Zeiss Axio Observer Z1
microscope using a 63� Plan apochromat oil-immersion objective (nu-
merical aperture [NA] of 1.4; Zeiss).

Live-cell microscopy. HFFF2 cells were infected with 1 PFU/cell of
virus for 1 h at room temperature and incubated for 24 h at 37°C before
live-cell imaging.

At 37°C, the distance traveled by capsids moving at �2 �m/s on aver-
age is �1.3 �m in the minimum acquisition window of 600 ms allowed by
our equipment. These conditions would allow tracking of only small
numbers of capsid moving in a large space. Under normal infection con-
ditions, numerous moving capsids are present in a small space, making it
very difficult to identify and track efficiently capsids which have traveled
�1 �m between each frame. Therefore, all live-cell microscopy was re-
corded at room temperature (�25°C). Under these conditions, capsid
motion is slower, allowing more efficient tracking of a greater number of
capsids per movie. Movies were recorded at a rate of 1 frame/s for 55 to 60
s, with an average exposure time of 200 ms.

Capsid tracking. Movies were converted to an .avi file format using
the AxioVision software (release 4.8.1; Zeiss) and imported into ImageJ
(version 1.43u). Capsids were tracked using the Particles
Detector&Tracker plug-in (version 1.5) (31). Depending on the quality of
each individual movie, detection parameters were set as follows: radius �
3 or 5, cutoff � 3.0 or 0.0, percentile � 0.6 to 1.5%; linking parameters
were: link range � 2 and displacement � 10 to 20. Capsid motion was
analyzed using the coordinates provided by the software to calculate the
distance to origin. Capsid tracking starts as the capsid enters the field of
view and stops as it leaves it or when it moves out of focus. The direction-
ality of each trajectory was estimated according to the respective positions
of the nucleus and of the plasma membrane (see Fig. 6).

shRNA. The use of lentiviruses expressing short hairpin RNA
(shRNA) has been described previously (29, 32). Silencing of dystonin was
done by using two different 19-nt-long sequences, GTGTTGAAAGCCA
TTTAGA (shDyst1) or GTTGCACAGATTAGAGAGT (shDyst2). These
sequences (positions 1897 and 2027, respectively, on the murine open
reading frame) correspond to the plakin domain of human and murine
dystonin and are specific for all known isoforms of dystonin. They are not
conserved within sequences of other known plakin proteins. shControl
corresponds to a sequence specific to the luciferase gene (GTGCGTTGC
TAGTACCAAC) for all experiments. Silencing efficiency was routinely
assessed by real-time reverse transcription (RT)-PCR from total RNA
before every experiment. Only cells with a silencing rate of 70% or more
were used.

Reverse transcription and real-time PCR analysis. Total RNA was
isolated using TRI reagent (Molecular Research Center) according to the
manufacturer’s protocol. Reverse transcription experiments were per-
formed with 1 �g of total RNA in a total volume of 20 �l using Transcrip-
tor reverse transcriptase (Roche). PCRs were performed in triplicate using
a LightCycler capillar machine (Roche). For each reaction, a 1:400 final
dilution of the reverse transcription product was used with a 0.4 �M final
concentration of each primer in SYBR green I master mixture (Roche).
PCR conditions were one step of denaturation (8 min at 95°C) followed by
45 cycles (each cycle consisted of 10 s at 95°C, 10 s at 60°C, and 10 s at
72°C). Gene expression was normalized to expression of GAPDH. The
following primers were used for real-time PCR analysis (forward primer
listed first and reverse primer second): human dystonin (5=-CCAGCCC
GGTTAACTATTGA-3=/5=-TGGCAGAGCTGTAAGATCCA-3=) and
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human GAPDH (5=-GAGTCCACTGGCGTCTTCAC-3=/5=-TTCACAC
CCATGACGAACAT-3=).

A PCR control was also performed from the same cDNA samples
using the following primers: 5=-ACCACAGTCCATGCCATCAC-3= and
5=-TCCACCACCCTGTTGCTGTA-3= (GAPDH, forward and reverse,
respectively, human and murine), 5=-AGCAAAGGACGCATACTGA
C-3= (dystonin, forward, human only), 5=-AGCAAAGGACGCATGCTG
AC-3= (dystonin, forward, murine only), and 5=-CTTGGCAAATCTGAG
CCCCA-3= (dystonin, reverse, human and murine). The PCR products
were run on a 1% agarose gel.

Single-step virus growth. Replicate 35-mm dishes of HFFF2 cells,
expressing shControl, shDyst1, or no shRNA, were infected with 5 PFU/
cell of HSV-1 strain 17� (WT). After 1 h at 37°C, the cells were washed at
low pH to remove residual input infectivity and overlaid with 1 ml of
DMEM, and incubation was continued at 37°C. At 6, 12, 24, and 48 h after
infection, the cells were harvested by scraping into the medium and pel-
leted, and the progeny virus was titrated from the supernatant on Vero
cells. For growth in the presence of nocodazole, the drug (10 �M) was
added onto the cells 1 h before infection and kept all the time of infection
(see “Nocodazole” in Fig. 4B) or not at all and was replaced by dimethyl
sulfoxide (DMSO). Viral titers were determined as described above.

Yeast two-hybrid assay. The yeast two-hybrid system used in this
study has been described previously (33). L40 yeasts were transformed
with pLexA-UL37 HSV1 using lithium acetate, and transformants were
selected by their ability to grow on tryptophane-depleted agar plates.
These were then transformed with a cDNA library from differentiated
PC12 cells cloned in pGAD-GH (kindly provided by H. Raux, VMS,
CNRS, Gif-sur-Yvette) and screened as described in reference 33. The
control for specificity was the lack of interaction between the putative
pUL37-binding proteins and control proteins (lamin and LexA domain
alone). A total of 127,000 transformants were obtained, and 27 were pos-
itive for specific interaction with pUL37 after screening and control. Liq-
uid �-galactosidase assays were conducted as described in reference 33.

Immunoprecipitation. Coimmunoprecipitations were done as de-
scribed previously (29), except that only the cytoplasmic fraction was kept
for analysis.

Secondary structure prediction. The sequence of pUL37 from HSV-1
strain 17� (34) was analyzed by two secondary structure prediction algo-
rithms, APSSP2 (http://imtech.res.in/raghava/apssp/) and SOPMA (http:
//npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl? page�npsa_sopma.html)
to determine regions of the protein which were predicted to be unfolded.
These were used to select suitable positions at which to truncate the pro-
tein.

RESULTS
pUL37 interacts with the plakin domain of dystonin. To identify
cellular proteins interacting with pUL37, a cDNA library prepared
from differentiated PC12 cells, a rat neuronal cell line, was
screened by yeast two-hybrid (Y2H) assay using pLexA-UL37 as
bait. Out of 127,000 transformants, 27 were positive for interac-
tion as assessed by �-galactosidase staining and growth on selec-
tive medium. Among these 27 clones representing 17 different
genes, we identified a sequence corresponding to dystonin/
BPAG1. This protein was of particular interest for several reasons:
(i) its ability to bind MTs (23, 35), (ii) its role in retrograde and
anterograde transport (24, 25), and (iii) it is expressed in tissues
relevant to infection by HSV-1, namely, epithelial and neuronal
cells (21). In particular, dystonin-null mice develop severe sensory
nerve degeneration (36), highlighting its role in the natural target
cell type of HSV-1, the sensory neuron.

The fragment of dystonin that we isolated from the Y2H screen
encompasses residues 526 to 851 on isoform a and represents part
of the plakin domain of the protein which is common to all
dystonin isoforms (Fig. 1A).

To map the domain of pUL37 that interacts with dystonin, we
cloned different truncations of pUL37 as LexA fusions and tested
them against the 526-to-851 fragment of dystonin isolated from
the Y2H screen (Fig. 1B). The boundaries of each truncation were
chosen to be in regions of the protein expected to be unfolded, as
determined by secondary structure prediction algorithms. Frag-
ments 517 to 1123, 1 to 899, and 578 to 899 were shown to interact
with dystonin in Y2H as assessed by liquid �-galactosidase assay
(Fig. 1B). Surprisingly, we were unable to detect any interaction
with fragment 517 to 899, while fragment 1 to 899 gave a stronger
�-galactosidase signal (around 3-fold higher) than wild-type
UL37 or any of the other positive fragments. Presumably, amino
acids 517 to 578 fold in such a way as to mask the interaction site
or disrupt its folding when present in the 517-to-899 fragment,
but this effect is prevented in longer proteins or when these se-
quences are deleted. No interaction could be observed with frag-
ments shorter than 578 to 899. These results map the dystonin
interaction domain between residues 578 and 899 of pUL37.

We attempted to confirm the interaction in mammalian cells
by coimmunoprecipitation. Vero cells were cotransfected with
pHA-UL37, encoding full-length pUL37 fused to an N-terminal
HA tag, and with pMyc-dystonin, encoding the 526-to-851 frag-
ment of dystonin fused to an N-terminal myc tag. As a control,
pHA-UL32, encoding a full-length, unrelated herpesviral protein,
pUL32, fused to an N-terminal HA tag, was used in place of pHA-
UL37. Twenty-four hours after transfection, cells were lysed and
pUL37 or pUL32 were immunoprecipitated with an HA-specific
antibody. The immunoprecipitates were analyzed by Western
blotting using a myc-specific antibody to reveal the presence of
myc-dystonin. In pHA-UL37 immunoprecipitates, myc-dystonin
could be readily detected, but it was absent from pHA-UL32 im-
munoprecipitates (Fig. 1C). Similar results were obtained when
the converse experiment was carried out. Thus, HA-pUL37 could
be immunoprecipitated with myc-dystonin, whereas HA-pUL32
could not (Fig. 1D). These results validate the interaction between
pUL37 and dystonin in mammalian cells.

Based on these results, we conclude that pUL37 interacts with
the plakin domain of dystonin and that residues 578 to 899 of
pUL37 are sufficient for this interaction.

Reduction of dystonin levels in HFFF2 cells and cellular lo-
calization of dystonin. In order to identify a possible role for
dystonin in the HSV-1 replication cycle, silencing experiments
were set up using small-hairpin RNA (shRNA) technology.
HFFF2 cells were transduced with lentivirus vectors expressing
two different shRNAs against sequences that are common to all
known isoforms of human dystonin or with a control lentivirus
(henceforward referred to as shDyst1, shDyst2, and shControl
cells, respectively). As it proved difficult to detect endogenous
dystonin in cells by Western blotting, due to its large size and
relatively low abundance, the efficiency of RNA silencing was as-
sessed at the transcript level and by immunofluorescence. RT-
PCR assays using a set of universal primers for the known isoforms
of dystonin confirmed that dystonin mRNA could be detected in
our cell line (Fig. 2A). Upon RNA silencing in HFFF2 cells, the
amount of dystonin transcripts decreased by �80% and �60% in
shDyst1 and shDyst2 cells, respectively, compared to the control,
as assessed by quantitative RT-PCR (Fig. 2B).

Using an antibody directed against human dystonin (anti-DST
antibody), the protein could be detected in uninfected HFFF2
shControl cells, where it was localized throughout the cytoplasm
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in spots or short lines, mostly alongside and at the end of MTs (Fig.
3A). In shDyst1 cells, however, no specific fluorescence could be
detected, confirming that the silencing was efficient at the protein
level (Fig. 3A). As reported previously, the distribution of MTs in
shControl cells that had been infected for 16 h was less well orga-
nized (37). However, dystonin localization appeared unaffected
by infection (Fig. 3B). The localization pattern of dystonin is typ-
ical of a protein linked to the plus end of MTs. To check whether
this was the case, HFFF2 cells were transfected with a plasmid
expressing human end-binding protein 3 (EB3), a plus-end-bind-
ing protein (38), fused to GFP. As shown in Fig. 3C, dystonin short
lines colocalized with EB3 “comets” at the plus ends of MTs,
thereby confirming that dystonin can localize to MT plus ends.

Effect of dystonin reduction on growth of HSV-1. To estab-
lish whether reducing the level of dystonin transcripts affected
HSV-1 replication, single-step growth analysis of WT HSV-1 was
carried out in shDyst1, shControl, or untreated HFFF2 cells. At 6
h, 12 h, 24 h, and 48 h postinfection, cells were scraped into the
medium and pelleted. The supernatant was harvested, and the
titer of progeny virus was determined on Vero cells (Fig. 4A). This
showed that silencing of dystonin led to a significant delay in the
production of infectious virus, compared to both the untreated
and shControl cells, although by 24 h after infection, the amount
of virus produced under all 3 conditions was similar. We com-
pared these growth kinetics with those obtained under conditions
where the MT network was disrupted by nocodazole (Fig. 4B).

FIG 1 pUL37 interacts with the plakin domain of dystonin. (A) A yeast two-hybrid (Y2H) screen was set up using the LexA-pUL37 HSV-1 construct as bait and
a cDNA library isolated from differentiated PC12 cells (rat neuroblastoma) as prey. pUL37 is shown on top, with the domain interacting with dystonin in light
gray (residues 578 to 899, see panel B). A simplified domain map of the neuronal isoform of murine dystonin (isoform a) is depicted below pUL37. Note that
dystonin is not drawn to scale compared to pUL37 and that although the plakin domain is common to isoforms a, b, and e of dystonin, only isoform a is shown
here. CH, calponin homology domains; EF, EF hands; GAS2, GAS2 domain; AB, actin-binding domain; MTBD, MT-binding domain. Based on reference 20. The
domain of dystonin interacting with pUL37 (526 to 851) is shown. (B) Different truncations of pUL37 (black lines, left) were fused to the LexA DNA-binding
domain and tested for Y2H interaction with pGAD-dystonin, which contains the plakin domain of dystonin obtained from the initial Y2H screen, fused to the
GAL4 activation domain (AD). pGAD alone was used as a negative control. The interaction was evaluated by quantification of �-galactosidase activity in liquid
yeast cultures by an optical density at 420 nm (OD420) (right). Bars represent standard deviations of the mean. (C, D) Coimmunoprecipitation of HA-pUL37 and
myc-dystonin. Vero cells were cotransfected with plasmids coding for HA-pUL37 or HA-pUL32 and the 526-to-851 region of rat dystonin (myc-dystonin) and
were lysed 16 h later. Following immunoprecipitation with anti-myc A14 (C) or anti-HA Y11 (D) antibodies, cell extracts (inputs) and immune complexes (IP)
were separated by SDS-PAGE and analyzed by Western blotting using anti-HA F7 to reveal the presence of HA-pUL37 and HA-pUL32 and using anti-myc 9E10
to reveal the presence of myc-dystonin. The coimmunoprecipitations between pUL37 and dystonin were carried out in duplicate for each set of conditions.
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The time course of virus production when the MT network was
disrupted by nocodazole was very similar to that seen following
dystonin depletion. Thus, virus production was delayed but even-
tually attained equivalent levels to that seen in control cells. Sim-
ilar behavior has been reported previously for cells treated with
nocodazole (37). To show that the delay in infection following
dystonin depletion was not a result of nonspecific inhibition of
viral gene expression, levels of late protein synthesis were deter-
mined by examining the major capsid protein VP5. Western blot-
ting confirmed that VP5 expression at 16 h and 24 h postinfection
was unaffected by treatment of cells with shDyst1 (Fig. 4C). These
results showed that the effects of reducing the amount of dystonin
and disrupting the MT network were similar and suggested a pos-
sible involvement of dystonin in virus transport.

Association of capsids with endogenous dystonin in infected
cells. The possibility that dystonin is involved in transport during
virus egress was examined by looking for association of capsids
with endogenous dystonin. HFFF2 cells were infected with 1 PFU/
cell of vSR27-VP26GFP or vFR�37-VP26GFP for 16 h, and capsid
localization relative to dystonin was monitored. As shown in Fig.
5, capsids could be observed colocalizing with dystonin spots in
vVP26GFP-infected cells, albeit at low frequency. In contrast, we
were unable to see any colocalization between individual capsids
and dystonin in cells infected with the UL37-null mutant vFR�37-
VP26GFP. These data indicate that HSV-1 capsids can recruit
dystonin during infection and that this requires pUL37. However,
the low frequency of colocalization between dystonin and capsids
may indicate that this interaction is transient or intermittent.

Role of dystonin in capsid movement during egress. Given

the demonstrated role of dystonin in anterograde transport of
vesicles (25), its preferred localization at plus ends of MTs (Fig. 3),
and its association with capsids, we postulated that dystonin
might be involved in capsid transport during egress. To verify this,
shControl and shDyst1 HFFF2 cells were infected at 37°C with 1
PFU/cell of vSR27-VP26GFP (a virus expressing a GFP-tagged
capsid protein), and 24 h postinfection, capsid movements in the
cytoplasm were monitored by live-cell microscopy. Live-cell im-
aging was carried out at room temperature (�25°C), because at
37°C the large number of capsids moved too fast to be tracked
efficiently, thus limiting both the reliability of the tracking and the
number of capsids that could be analyzed (see Materials and
Methods). However, the large effect of dystonin depletion on cap-
sid transport as described in Fig. 6 was also observed at 37°C (data
not shown). shControl cells contained numerous capsids moving
throughout the cytoplasm (Fig. 6A and B; see also Movie S1 in the
supplemental material). Movement was both anterograde (away
from the nucleus; 50% of capsids) and retrograde (35% of capsids)
(Fig. 6J). The average maximum distance to origin (defined as the
capsid position at the start of recording) was 5.6 �m, with a peak
at more than 19 �m for the duration of the acquisition (around 1
min, Fig. 6A and I). The average maximum speed observed was
0.95 �m/s. This was in sharp contrast with what was seen in
shDyst1 cells, where capsids showed no or limited motion (Fig. 6C
and D; see also Movie S2 in the supplemental material). The aver-
age maximum distance to origin was 0.54 �m (Fig. 6C and I), and
the average maximum speed was 0.19 �m/s. The few moving cap-
sids had essentially retrograde movement (Fig. 6J). This behavior
was very similar to that observed in cells where the MT network
was disrupted by treatment with 10 �M nocodazole (Fig. 6E, F,
and I; see also Movie S3 in the supplemental material).

An interesting feature of the shDyst1 cells was that many of the
capsids formed small aggregates (arrowheads in Fig. 6D), al-
though this was not the reason for the lack of movement, as track-
ing was carried out on individual capsids. Capsid aggregation is
typically observed in cells infected with a virus lacking the UL37
gene (26, 27, 39, 40). Furthermore, capsid motion was shown to be
very limited in cells infected with a UL37-null mutant of PrV (17).
Indeed, HFFF2 cells infected with a UL37-null virus (vFR�37-
VP26GFP) showed very similar behavior to shDyst1 cells infected
with the parental virus. Both contained capsid aggregates, while
individual capsids displayed essentially no motion (Fig. 6G to J;
see also Movie S4 in the supplemental material). This similarity in
behavior suggests that the effect of reducing dystonin levels is
mimicking the absence of pUL37. This phenotype is different
from what was observed in nocodazole-treated HFFF2 cells in-
fected with vSR27-VP26GFP, where capsid motion was also ab-
sent, but capsids did not aggregate (Fig. 6E and F).

To determine whether the capsid aggregation and lack of mo-
bility in shDyst1 cells could be caused by lack of pUL37, we
checked whether pUL37 was present on capsids in dystonin-de-
pleted cells. shControl or shDyst1 cells were infected for 30 h with
vUL37GFP-VP26RFP, a virus with GFP fused to the C terminus of
pUL37 and mRFP fused to the N terminus of the capsid protein
VP26. As shown in Fig. 7, pUL37 was associated with capsids in
both control and dystonin-depleted cells, confirming that the lack
of capsid movement in the latter was not due to a lack of pUL37 on
these capsids.

These results demonstrate that dystonin has a major role in
capsid trafficking during egress.

FIG 2 Silencing of dystonin in HFFF2 cells as assessed by quantitative reverse
transcription-PCR (qRT-PCR). (A) Dystonin mRNA levels in silenced cells.
HFFF2 cells transduced by two different shRNAs targeting dystonin (shDyst1
and shDyst2) or by an irrelevant shRNA (shControl) were lysed 3 days
postransduction. RT-PCR was performed on the extracted total mRNA, and
the resulting cDNA was used as a template for a PCR using primers specific for
the plakin domain of dystonin (Dyst.) or for GAPDH as a loading control. The
PCR product was visualized on an agarose gel (A) or quantified by real-time
qPCR where shControl transcript levels were defined as 1 (B). GAPDH tran-
scripts were used as a standard for quantification.
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Effect of dystonin silencing and of HSV-1 infection on mi-
crotubule and actin networks. HSV-1 has been reported to cause
reorganization of the MT network at late stages of infection (37).
In addition, dystonin can stabilize MTs by cross-linking them to
the actin cytoskeleton (23). Therefore, a possible explanation for
the effects we observed is that the combination of dystonin silenc-
ing and infection by HSV-1 destabilized the cytoskeleton, thereby
preventing efficient capsid transport during egress.

To determine whether this was the case, shControl or shDyst1
HFFF2 cells were mock infected or infected with vSR27-VP26GFP
for 24 h and then stained to reveal MTs and F-actin. As shown in
Fig. 8A, treatment with 10 �M nocodazole for 1 h, which prevents
capsid transport (Fig. 6E and I), caused most of the MTs to de-

polymerize, leaving only a small number of twisted filaments. In
contrast, dystonin silencing did not disrupt the MT network in
mock-infected cells, but it appeared to result in a denser pattern of
MTs at the vicinity of the nucleus than that in shControl cells (Fig.
8B and C). Infection had a noticeable effect on the MT network in
both shDyst1 and shControl cells, resulting in a more disorga-
nized, less nuclear-centric arrangement, although the higher den-
sity of MTs observed in mock-infected shDyst1 cells was still ap-
parent in infected shDyst1 cells (Fig. 8C).

Therefore, although the combination of dystonin silencing and
infection may lead to a local reorganization of the MTs close to the
nucleus, it does not cause the disruption of the MT network that is
observed in cells treated with nocodazole.

FIG 3 Dystonin localization in HFFF2 cells. (A) shControl or shDyst1 cells were fixed, and the distributions of dystonin (red) and alpha-tubulin (green) were
determined using antibodies DST and GAR568 and DM1A and GAM488, respectively. Identical exposure times were used to collect images of shControl and
shDyst1 cells. (B) shControl cells were infected with vUL35RFP1D1, a virus that encodes a VP26 capsid protein fused to the mRFP. Sixteen hours postinfection,
cells were fixed and stained as described above, except that secondary antibodies were GAR488 and GAM647. Infected cells (i) were distinguished from noninfected
cells (ni) through mRFP fluorescence (not shown). (C) HFFF2 cells were transfected with pGFP-hEB3, which encodes GFP fused to the plus-end-binding protein
EB3 or with pEGFP-C1 as a control. Twenty-four hours after transfection, cells were fixed and immunostained for dystonin as described for panel A (red).
GFP-EB3 and GFP are visualized through autofluorescence (green). An area from each cell image (dashed box) is enlarged. Scale bars, 20 �m.

Pasdeloup et al.

2862 jvi.asm.org Journal of Virology

http://jvi.asm.org


Since dystonin localizes at plus-end tips of MTs (Fig. 3C), we
looked at possible effects of dystonin depletion on MT plus-end
dynamics. shControl or shDyst1 HFFF2 cells were transfected
with a plasmid encoding EB3-GFP, and MT plus ends were
tracked by live-cell microscopy (see Movie S5 in the supplemental

material). This showed that MT plus-end dynamics were unaf-
fected by dystonin depletion.

In summary, the striking reduction in capsid movement dur-
ing egress observed in shDyst1 cells (Fig. 6) does not appear to
result from disruption of the MT network or from an effect on MT
plus-end dynamics.

DISCUSSION

In this paper, our aim was to identify cellular factors that could
account for the efficient capsid trafficking seen in HSV-1-infected
cells. Although it is clear that microtubules and their associated
molecular motors are involved (6, 7, 9), the intermediates between
the viral capsid and these motors, if any, were unknown. The inner
tegument proteins pUL36 and pUL37 are strongly suspected as
having important roles in capsid transport. For example, although
pUL37 is dispensable for release of viral DNA into the nucleus of
HSV-1-infected cells (27), PrV capsid translocation to the nucleus
(16) and capsid trafficking during egress (17) are both impaired in
its absence. Furthermore, in vitro studies have shown that HSV-1
capsids which are associated with inner tegument proteins bind to
dynein, dynactin, and kinesin-1, whereas untegumented capsids
do not (8). However, whether capsid transport requires direct
interactions between motor proteins and particle components is
unknown, and the role such interactions play in transport within
infected cells remains to be determined.

The cellularprotein dystonin is an important element in cy-
toskeleton organization in skin, muscle, and neuron cells. It
belongs to the plakin family (18) and, as such, contains a plakin
domain, which is common to all known isoforms of dystonin
and which, as we show here, is targeted by pUL37. It is possible
that pUL37 may bind to other members of the plakin family,
such as the closely related protein MACF/ACF7 (41, 42), al-
though we have not examined this. One isoform of dystonin
(BPAG1n4) was shown to have a role in retrograde transport in
neurons through interactions with the p150glued subunit of dy-
nactin (a cofactor of the dynein motor [24]) and retrolinkin, a
component of vesicle membranes (43). More recently,
dystonin has also been shown to be involved in anterograde
transport of vesicles (25). The identification of dystonin as a
binding partner for pUL37 in our Y2H assay therefore sug-
gested a plausible role for this interaction in trafficking of

FIG 4 Growth kinetics of HSV-1 in the absence of dystonin or of MTs. Single-
step growth curves of HSV-1 WT virus (17�) in control cells or cells silenced
for dystonin (A) or in the presence or absence of nocodazole (B). (A) HFFF2
cells were transduced with shControl or shDyst1 shRNAs or untreated before
being infected with 5 PFU/cell of HSV-1 17�. One hour after infection, the
viral suspension was removed and cells were acid washed. At 6, 12, 24, or 48 h
after infection, cells were scraped into the medium and pelleted. The superna-
tant was harvested and the titer of progeny virus was determined on Vero cells.
(B) HFFF2 cells were incubated with 10 �M nocodazole 1 h before infection
and all the time of infection (nocodazole) or not at all (DMSO). Infection and
titration were done as described for panel A. Experiments were done in tripli-
cate. Error bars indicate standard deviations of the mean (SDM). Asterisks
indicate statistical differences with control conditions (17� in untreated cells
in panel A and DMSO condition in panel B) as determined by a paired Student
t test (*, P � 0.05; **, P � 0.01). (C) Western blot analysis of lysates obtained
from shControl or shDyst1 cells infected with 5 PFU/cell of 17� for the indi-
cated times (16 h or 24 h pi). The progress of infection was visualized using the
DM165 antibody directed against the major capsid protein VP5, and alpha-
tubulin levels were monitored as loading controls using the DM1A antibody.

FIG 5 Capsid association with dystonin. HFFF2 cells were infected with 1 PFU/cell of vSR27-VP26GFP or vFR�37-VP26GFP. Sixteen hours later, cells were fixed
and endogenous dystonin was visualized using specific antibodies DST and GAR568 (red). Capsids were visualized through autofluorescence (green). Arrowheads
indicate capsids colocalizing with dystonin spots. Scale bars, 5 �m.
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FIG 6 Impact of dystonin reduction on capsid transport during egress. HFFF2 cells transduced with shControl (A and B and E to H) or shDyst1 (C and D) were
infected with one PFU/cell of vSR27-VP26GFP (A to F) or vFR�37-VP26GFP (G and H). Cytoplasmic capsid movements were monitored by live-cell imaging
at 24 h postinfection, at a rate of one frame per second. Results are plotted as the distance to origin (in �m) for every individual capsid for each frame taken (A,
C, E, and G). The premature truncation of some lines is due to the capsids moving out of the field of view. The slope of each line indicates capsid speed. A
representative cell with all capsid trajectories from one movie per condition is shown (B, D, F, and H). Dashed boxes show the area displayed in the corresponding
movie (see Movies S1, S2, S3, and S4, respectively). N, nucleus. Note the absence (B, F) or presence (arrowheads in D, H) of capsid aggregates. (I) Summary of
the maximum distances to origin from the data shown in panels A to H as percentages of cells in categories of distance to origin. (J) Every moving capsid was
tracked individually, and its directionality was estimated according to positions of the nucleus and the plasma membrane. “Both or none” indicates either a capsid
having opposite directionalities within the same run or the absence of clear directionality. Scale bars, 10 �m.
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HSV-1 capsids. Efficient pUL37-dependent transport of cap-
sids is necessary during egress for acquisition of the outer teg-
ument and subsequent envelopment (17, 26, 39, 40), and cap-
sid trafficking during egress was severely inhibited by dystonin

shRNA treatment. The consequence for capsid transport of
reducing the level of dystonin was equivalent to that seen in the
absence of pUL37 or when the MT network was disrupted by
the addition of nocodazole (Fig. 6).

FIG 7 Association of pUL37 to capsids in shControl and shDyst1 cells. shControl or shDyst1 HFFF2 cells were infected with 5 PFU/cell of vUL37GFP-VP26RFP
for 30 h before fixation. pUL37 was visualized through direct GFP fluorescence (green) and capsids through direct RFP fluorescence (red). Scale bars, 20 �m.

FIG 8 Effect of nocodazole, infection, and dystonin silencing on MT and actin networks. (A) HFFF2 cells were incubated with 10 �M nocodazole for 1 h before
being fixed and stained with MAb DM1A against alpha-tubulin and GAM488 (pseudocolored in red) and with TRITC-conjugated phalloidin to label actin (blue).
Nuclei were visualized with DAPI (white). shControl (B) or shDyst1 HFFF2 (C) cells were either mock infected or infected with 5 PFU/cell of vSR27-VP26GFP.
Twenty-four hours later, cells were fixed and stained with MAb DM1A against alpha-tubulin and GAM633 (red) and with TRITC-conjugated phalloidin to label
actin (blue). Capsids were visible through direct GFP fluorescence (green). N, nucleus. Scale bars, 20 �m.
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It is significant that despite the almost total block on capsid
movement during virus egress resulting either from depletion of
dystonin or from MT disruption, production of infectious virus
eventually reached normal levels (Fig. 4). However, in both cases,
virus production was delayed. This is consistent with previous
studies which have shown that MT transport is important for
increasing the efficiency of infection (37) but that alternative
transport mechanisms for capsids exist if the MT network is dis-
abled, for example, the actin cytoskeleton (17). It is also possible
that some MTs are stabilized by infection and therefore more re-
sistant to nocodazole treatment, as was shown previously (44).

During egress, it is likely that the greater part of capsid move-
ment from the nucleus to the site of secondary envelopment oc-
curs through plus-end-directed transport. Therefore, the inhibi-
tion of capsid transport during egress following reduction of
dystonin levels (Fig. 6) is probably indicative of a role for the
dystonin-pUL37 interaction in plus-end-directed transport. It is
notable, therefore, that our analysis of dystonin distribution
within cells showed that it preferentially colocalized with the MT
plus-end-binding protein, EB3 (Fig. 3). This is consistent with the
presence of an SxIP EB1-binding motif (45) in the microtubule-
binding domain of dystonin (MTBD in Fig. 1). Interestingly, a
recent study demonstrated that Shot (the Drosophila orthologue
of spectraplakin proteins) also associates with the plus end of MTs
through an interaction with the plus-end-binding protein EB1
(46). We are currently investigating whether plus-end-directed
transport of capsids is also affected during virus entry.

In the course of this study, the interaction domain of pUL37
with dystonin was mapped to residues 578 to 899 (Fig. 1). We were
not able to investigate the importance of the interaction in virus
infection by deleting this region, as it is known to be important for
the essential interaction of pUL37 with pUL36 (47, 48). Therefore,
we attempted to define the interaction domain more accurately by
random mutagenesis. However, although we were able to identify
residues which abolished the interaction of full-length pUL37
with dystonin (but not with pUL36) in Y2H, these were in regions
of the protein important for other interactions, indicating that this
portion of pUL37 contains multiple binding sites (data not
shown).

A well-described phenotype of UL37-null mutants of HSV-1
and PrV is the aggregation of capsids in the cytoplasm of infected
cells (26, 27, 39, 40). This phenotype is very similar to what we
observed in dystonin-depleted cells, where aggregation occurred
even though pUL37 was present on the capsids (Fig. 7). Therefore,
preventing the interaction of pUL37 and dystonin appears to
mimic the effect of removing pUL37 altogether, indicating the
importance of this interaction for pUL37 function.

The mechanism of action of the pUL37-dystonin interaction
remains to be elucidated. Dystonin appears to have several func-
tions in the cell. It has been shown to interact with the MT-asso-
ciated protein 1 (MAP1) to support MT stability through tubulin
acetylation and is also important for maintaining TGN integrity
(25). However, we did not observe any obvious defect in MT or-
ganization or stability in our shDyst cells (Fig. 8), and although
TGN fragmentation occurred in shDyst cells (data not shown), it
is also a common consequence of HSV-1 infection (37). There-
fore, these effects appear unlikely to be the cause of the defect in
capsid transport observed in dystonin-depleted cells. A more in-
triguing possibility is that dystonin acts as a linker between HSV-1
capsids and molecular motors, as was suggested to be the case with

neuronal vesicles (24, 43). By nature, this interaction would be
expected to be transient and could explain the low frequency of
colocalization observed between capsids and endogenous
dystonin in infected cells (Fig. 5). Such a linker role would account
for both the effects of dystonin depletion described in this paper
and for the properties of UL37-null mutants. Further investiga-
tion into the mechanism of action of the pUL37-dystonin inter-
action would shed light not only on herpesvirus capsid transport
but also on the role of dystonin in cellular mechanisms of trans-
port.
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