JOURNAL OF VIROLOGY, Mar. 2009, p. 2058-2066
0022-538X/09/$08.00+0 doi:10.1128/JV1.01718-08

Vol. 83, No. 5

Copyright © 2009, American Society for Microbiology. All Rights Reserved.

MINIREVIEW

Herpesvirus Interactions with the Host Cytoskeleton”
Mathew G. Lyman and Lynn W. Enquist*

Department of Molecular Biology, Princeton University, Princeton, New Jersey 08544

Cellular infrastructure is often compared to a highly orga-
nized city. Organelles act as molecular factories to produce
proteins, lipids, nucleic acids and energy (ATP). The distribu-
tion of these products throughout the cell is critical to cell
viability and function. Due to the density of the host cytoskel-
eton and cellular organelles, there is a formidable barrier to
the free diffusion of macromolecular complexes (protein den-
sity in the cytoplasm approaches 300 mg/ml [51], analogous to
the viscosity of wet sand). The cytoskeleton provides a highly
dynamic, adaptable system that provides mechanical strength
to the cell as well as the molecular framework for localized and
long-distance trafficking of vesicle cargo and cellular organelles
(10). The complex process of traffic control is maintained by
three “basic” filament systems: actin filaments, microtubules,
and intermediate filaments (IFs) (which provide a scaffold for
proteins involved in polarized trafficking) (77). Molecular mo-
tor proteins facilitate the movement of various cargoes by
hydrolyzing ATP and virtually walking along actin streets and
microtubule highways. These active transport mechanisms are
crucial to the efficient transport of molecules larger than 500
kDa (54, 55).

The Herpesviridae family, comprising the alpha-, beta-, and
gammaherpesvirus subfamilies, is a large and diverse group of
double-stranded DNA viruses. Commonly studied members of
the alphaherpesvirus subfamily include the human pathogens
herpes simplex virus (HSV) and varicella-zoster virus (VZV)
and the animal pathogens pseudorabies virus (PRV), bovine
herpesvirus, and Marek’s disease virus. The betaherpesvirus
subfamily includes, among others, human and mouse cytomeg-
alovirus (HCMV and MCMYV, respectively), while the gamma-
herpesvirus subfamily contains the lymphotropic Epstein-Barr
virus (EBV) and Kaposi’s sarcoma-associated herpesvirus
(KSHV).

Despite the different tropisms of the three viral subfamilies,
all share a key survival strategy: herpesviruses replicate and
package their viral DNA inside the nuclei of infected cells (84).
Therefore, transport to and away from the nucleus is the crux
of successful propagation and transmission to an uninfected
cell/host. Virus particles must attach at the cell surface and be
actively trafficked through a crowded cytoplasm to the nuclear
pore complex, where viral DNA is released into the nucleus
(scale drawing, Fig. 1). Efficient diffusion of capsids is virtually
impossible; for example, it has been calculated that an HSV
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capsid would take >200 years to diffuse 1 cm in cytoplasm (97).
Upon replication of the viral genome and subsequent packag-
ing of genomes into viral nucleocapsids, immature particles
egress the nucleus and again must be efficiently transported to
the trans-Golgi network (TGN) or an endosomal compart-
ment, the site of secondary envelopment (62). Virions then are
exocytosed and released from the cell surface (or, for alpha-
herpesviruses, can be sorted into axons for long-distance trans-
port and release). This review addresses how herpesvirus pro-
teins engage the host cytoskeleton and associated motor and
remodeling proteins to move complex viral structures in and
out of cells with remarkable efficiency.

TRANSPORT ON MICROTUBULES: RIDING
CELLULAR HIGHWAYS

Microtubules provide tracks for the long-distance trans-
port of endocytic/exocytic vesicles, organelles, and chromo-
somes. Microtubules are stiff, polar cylinders comprising
a-tubulin and B-tubulin heterodimers. Single protofilaments
are assembled through the head-to-tail association of tubu-
lin dimers; 13 protofilaments then join to form a hollow
microtubule filament with an outer diameter of 25 nm (2).
Microtubules have a distinct structural polarity, with a
highly dynamic “plus” end that can grow and shrink rapidly
(a process known as dynamic instability), as well as a rela-
tively stable “minus” end that is tethered to the microtu-
bule-organizing center. The dynamics and distribution of
microtubules within a cell are controlled by a variety of
factors, including GTP hydrolysis, posttranslational modifi-
cation of tubulin subunits, and microtubule-associated pro-
teins (41, 74). Furthermore, the organization of microtubule
networks varies dramatically from cell type to cell type (e.g.,
that of an epithelial cell versus a neuron) (26).

Directional transport along microtubules is governed by two
classes of molecular motors. Plus-end-directed motors, i.e.,
those involved in transport to the cell periphery, are known as
kinesins. The kinesin superfamily includes up to 45 members in
mammalian cells (65). Conventional kinesin is a tetrameric
molecule composed of two heavy chains and two light chains.
These motors are highly processive and relatively powerful
(each motor generates ~6 pN of force) (103). Thus, few mo-
tors are required to transport cargo efficiently. Minus-end
transport, i.e., traffic directed from the periphery to the cell
center, is mediated by cytoplasmic dynein. This complex motor
protein consists of two dynein heavy chains, two intermediate
chains, and multiple light intermediate chains and light chains
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FIG. 1. Scale drawing of an alphaherpesvirus capsid (yellow) transported along a microtubule by dynein motors (the width of the image
represents 250 nm of cytoplasmic space). Note the crowded nature of the host cytosol, including actin filaments (narrow vertical cables to the right
and left of the herpesvirus capsid), an IF (medium-sized cable below the capsid), ribosomes (light red), de novo proteins (string-like structures
emerging from ribosomes), chaperones (round blue proteins), a proteosome (dumbbell-like structure near the left edge of the image), tRNAs
(pink, crescent-shaped proteins), aminoacyl-tRNA synthetases (small blue protein in complex with tRNAs), and assorted enzymes of glycolysis and
biosynthesis. The illustration is by David S. Goodsell, Scripps Research Institute.

(80). The processivity of dynein is also enhanced by a large
protein complex known as dynactin, which also interacts with
certain cargo proteins (103). Cytoplasmic dynein was originally
reported to generate up to 1 pN of force per motor (58).
However, more recent studies suggest that the force generated
is ~6 to 8 pN, roughly equal to that of kinesin (32, 100).

LOCAL TRANSPORT ON ACTIN FILAMENTS

Whereas microtubules are essential for long-distance trans-
port, actin filaments play a crucial role in short-range move-
ments of cargo inside the cell, especially in areas of high actin/

low microtubule density (4, 45, 50). Actin filaments (F-actin)
are composed of monomer subunits (G-actin), each bound to
a molecule of ATP, that assemble into two protofilaments (the
two filaments wind around each other and are stabilized by
lateral contacts). These flexible structures have diameters of 5
to 9 nm and can be further arranged into two- and three-
dimensional networks inside the cell (2). Like microtubules,
actin filaments have an intrinsic polarity consisting of plus and
minus ends (also designated “barbed” and “pointed,” ends,
respectively). Though actin filaments can be found throughout
the cell body, they are highly concentrated at the cell cortex,
which is the main site of polar actin networks (e.g., filopodia,
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lamellipodia, growth cones) (19). In general, cortical actin is
arranged with the barbed/plus end of the actin filament di-
rected toward the cell surface and with the minus end directed
toward the cell center.

Directed movement of vesicles and protein complexes along
actin filaments is mediated by the myosin superfamily of motor
proteins (49), notably myosin V (MyoV) and MyoVI. MyoV is
a highly processive, plus-end-directed motor that moves or-
ganelles and secretory vesicles outward toward the cell surface
(15, 24). Like kinesin-1, MyoV exists as a dimer with two head
regions (each head is an ATPase that binds directly to the actin
filament), a stalk region, and a tail region (important for cargo
binding) (59). MyoVI is involved in transporting endocytic
vesicles toward the pointed ends of actin filaments (12).

INTERMEDIATE FILAMENT PROTEINS: A
CELLULAR SCAFFOLD

IFs are ropelike fibers with an average diameter of 10 nm, an
“intermediate” size in relation to actin filaments and microtu-
bules (38, 46). IFs are largely responsible for providing me-
chanical integrity to a cell and do not serve as “rails” for
transport of secretory and endocytic vesicles. Several well-
known examples include keratins, neurofilaments, vimentin,
desmins, and lamin A/C (33). IFs are formed through the
winding of two monomeric polypeptides into a coiled-coil
dimer. Two dimers then align in antiparallel fashion to form a
staggered tetrameric structure. This tetramer is the basic unit
for IF formation and is analogous to the tubulin dimer/actin
monomer subunit (2). Staggered tetramers form protofila-
ments, and eight protofilaments form a mature IF (33). This
unique, nonpolar structure makes IFs extremely resistant to
bending and stretching forces within the cell.

CYTOSKELETON REMODELING DURING
HERPESVIRUS ENTRY

The impact of herpesvirus infection on the host cytoskeleton
is immediate, and it commences with certain viral glycopro-
teins binding their cognate receptor on the surface of an un-
infected cell (Fig. 2). Fusion of the herpes virus envelope with
the host plasma membrane requires the coordinated activity of
at least three viral glycoproteins, namely, gB and gH/gL (the
core fusion machinery) (99). All alphaherpesviruses, with
the exception of VZV and Marek’s disease virus, also require
the viral gD envelope protein for entry (18). This viral protein
is known to bind several host receptors, including nectins (cell
adhesion molecules that induce the formation of adherens
junctions in fibroblasts and epithelial cells), as well as synaptic
junctions in neurons (71). Nectins regulate the reorganization
of the actin cytoskeleton by activation of actin-remodeling
proteins, such as Ras and Rho GTPases (e.g., Rapl, Cdc42,
and Racl) (86).

Binding of PRV gD to nectin-1 during entry into porcine
trigeminal ganglion neurons induces the formation of varicos-
ities (synaptic boutons) (22) via an actin-based remodeling
process (102). This effect can be blocked by the treatment of
neurons with secramine A, an inhibitor of Cdc42 Rho GTPase.
Early during infection, this type of actin remodeling in neurons
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FIG. 2. Binding of herpesvirus glycoproteins to host receptors dur-
ing viral entry induces cytoskeletal rearrangements inside the cell.
Binding of PRV gD to nectin-1 on the surfaces of swine trigeminal
ganglion neurons activates certain Rho GTPase and mitogen-activated
protein kinase (MAPK) signaling pathways, leading to the formation
of varicosities/synaptic boutons. This event may prime neurons for
egress of progeny virus particles. The attachment of KSHV gB to o331
integrin during viral entry activates RhoA and Racl GTPases, leading
to the acetylation (stabilization) of microtubules and increased deliv-
ery of viral capsids to the nucleus.

may prepare neurons for virus egress at synaptic boutons
(known sites for virus egress from axons) (16, 22, 87).

The gB glycoprotein of KSHV (human herpesvirus 8§ [HHV-
8]) utilizes the a3B1 integrin as one of its entry receptors.
Binding of gB to this receptor led to the activation of cell
signaling cascades and a marked rearrangement of the host
cytoskeleton (72, 92). Binding and internalization of HHV-8
induced the acetylation of microtubules and the activation of
the Rho GTPases RhoA and Racl (73). The inactivation of
Rho GTPases decreased microtubular stability, thereby limit-
ing the delivery of viral DNA to the nucleus. Conversely, the
activation of Rho GTPases increased the efficiency of viral
trafficking along microtubules to the nucleus (73). These stud-
ies emphasize a role for the host cytoskeleton during HHV-8
entry in addition to the cross talk that can occur between
actin-remodeling proteins and microtubule formation (34).

A role for actin was also reported for a novel “phagocytosis-
like” entry pathway for HSV type 1 (HSV-1) (17). Attachment
of virus particles to human corneal fibroblasts and nectin-1-
expressing CHO cells activated both Cdc42 and RhoA, leading
to filopodium-like protrusions from the cell membrane. Virus
particles preferentially associated with these protrusions, and
treating cells with actin-depolymerizing drugs blocked HSV-1
internalization (17). Entry of HSV-1 into Madin-Darby canine
kidney II cells also triggered Rac1/Cdc42 signaling, and expres-
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sion of Racl/Cdc42 mutants (prior to infection) decreased
HSV-1 infectivity (40).

It is clear that early events in the herpesvirus viral life cycle
(e.g., attachment at the cell surface) trigger cytoskeletal rear-
rangements that facilitate efficient virus entry and, in the case
of alphaherpesviruses, potential downstream egress events
from synaptic boutons. After traversing the cell cortex, herpes-
virus particles transition from actin-mediated transport (local
streets) to microtubule-based “highways” that lead to the host
nucleus.

MICROTUBULES, A DYNEIN MOTOR, AND
VIRAL ENTRY

Nuclear targeting of many viruses is mediated by microtu-
bules and cytoplasmic dynein (reviewed in reference 26). Viral
cargo traffics in the retrograde direction (microtubule minus
ends) toward the microtubule-organizing center, which is often
juxtaposed to the nucleus (20, 26). A crucial study by Sodeik et
al. revealed that HSV-1 capsids associated with microtubules
while in transit from the plasma membrane to the nucleus:
capsids colocalized with cytoplasmic dynein, and microtubule-
disrupting drugs strongly reduced the transport of HSV-1 cap-
sids to the nucleus (98). An ultrastructural study of PRV entry
demonstrated that capsids were tightly associated with micro-
tubules in the cytoplasm (35). Nuclear targeting of CMV (a
betaherpesvirus) is also dependent on an intact microtubule
network, but is not dependent on actin filaments (75). Unfor-
tunately, little is known about the transport of gammaherpes-
viruses to the nucleus. The speculation is that it is similar to
that of other herpesviruses (42).

The direct interaction of various herpesvirus structural pro-
teins with the dynein motor has been reported (26) (Fig. 3A).
The outer HSV capsid protein, VP26, was reported to interact
with the dynein light chains RP3 and Tctexl by yeast two-
hybrid analyses and in vitro pull-down assays (27). Recombi-
nant herpesvirus capsids lacking VP26 also failed to move
toward the nucleus when microinjected into HEp-2 cells (27).
However, in another study, an HSV-1 mutant lacking VP26
was capable of efficient retrograde transport to sensory ganglia
after inoculation into the mouse cornea, suggesting that VP26
does not play a major role in nuclear targeting of capsids (23).
A VP26-null mutant in PRV also moved to the nucleus with
wild-type kinetics in sensory neurons, leading to the conclusion
that VP26 has no role in retrograde transport to the nucleus
(3). Thus, if VP26 does interact directly with dynein light
chains RP3 and Tctexl1, this interaction may reflect another
process distinct from capsid transport. The HSV-1 UL34 pro-
tein (a primary envelope component) was reported to interact
with the dynein intermediate chain. The relevance of this in-
teraction to virion transport is unknown, as the UL34 protein
is not present in cytoplasmic and extracellular virions (83).
HSV-1 VP5 and ULD9 also interact with the dynein light-chain
LC8 by Pepscan analysis using a technique in which recombi-
nant LC8 protein was incubated with cellulose membrane
bearing 75 overlapping spots of synthetic viral dodecapeptides.
However, these putative interactions were not confirmed to
occur inside infected cells (60).

More-recent evidence supports the idea that inner tegument
proteins promote capsid transport along microtubules and
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FIG. 3. Dynein and kinesin-mediated transport of herpesvirus cap-
sids along microtubules. (A) Transport of herpesvirus capsids along
microtubules to the nucleus is mediated by the cytoplasmic dynein-
dynactin complex. Dynein consists of two heavy chains (DHC; black),
two intermediate chains (DIC; green), two light intermediate chains
(DLIC; blue), and six light chains (DLC; red). Dynactin consists of
eleven distinct subunits, mainly Arpl, dynamitin, and p150°-VEP
(brown)_Several herpesvirus proteins have been reported to interact
with dynein motor components, though their relevance during infec-
tion remains ill-defined. Inner tegument proteins have also surfaced as
ideal candidates for interacting with the dynein-dynactin complex.
(B) Kinesin-mediated transport of herpesvirus capsids is likely in-
volved in the transport of capsid/tegument structures to sites of sec-
ondary envelopment in the TGN and in the trafficking of enveloped
virus particles, contained within a vesicle, to the cell periphery (high-
lighted with red arrows). Kinesin-1 is represented in the diagram with
two heavy chains (KHC; black) and two light chains (KLC; blue),
though other kinesin motors may be involved in different stages of
herpesvirus egress.

therefore are strong candidates for interaction with the dynein-
dynactin complex (57, 109). Efficient movement of capsids
along microtubules in vitro required the HSV inner tegument
proteins UL36 (VP1/2) and UL37, but capsids devoid of teg-
ument proteins showed virtually no movement. Furthermore,
capsids with inner tegument proteins bound strongly to dynein
intermediate-chain and dynactin components from cytosolic
extracts of Xenopus (109). Live-cell imaging experiments ex-
amining the retrograde transport of monomeric red fluores-
cent protein-tagged PRV capsids and green fluorescent protein
(GFP)-tagged tegument proteins (in sensory neurons) revealed
that outer tegument proteins, such as VP13/14, VP16, and
VP22, were lost during viral entry and did not move with
capsids to the nucleus. In contrast, the inner tegument proteins
VP1/2 and UL37 remained associated with capsids as they
entered neurons, trafficked to the nucleus, and subsequently
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docked at the nuclear rim (57). Thus, these two alphaherpes-
virus proteins are ideal candidates for interactions with micro-
tubule transport machinery.

NUCLEAR EGRESS OF VIRAL CAPSIDS

Upon delivery into the nucleus, herpesvirus DNA is tran-
scribed, replicated, and packaged into newly assembled
capsids. These capsids leave the nucleus by moving to the
nuclear periphery and budding through the nuclear envelope
(herpesvirus capsids are likely too large to exit via the nuclear
pore complex) (61, 63). Several components of the host cy-
toskeleton are involved in this process.

Infection of neurons with PRV or HSV-1 results in the
formation of actin filaments within the nucleus, a process that
depends on viral transcription but not viral DNA synthesis
(29). PRV capsids are associated with these filaments as shown
by serial block-face scanning electron microscopy, i.e., acquir-
ing a z-stack of electron-microscopic images. PRV GFP-tagged
capsids in the nucleus also colocalized with the MyoV motor
protein, suggesting that transport of capsids along actin fila-
ments was dependent on actin-based motor proteins (29).
HSV-1 capsids were shown to be actively transported within
the nuclei of infected HEp-2 cells, and this movement was
sensitive to actin depolymerization and treatment with 2,3-
butanedione monoxime, a putative inhibitor of myosin motors
(30). Nuclear actin also plays a role in the formation of higher-
order capsid assemblies of alphaherpesviruses (29, 30), though
paradoxically, treatment of cells with actin-depolymerizing
drugs does not alter/reduce infectious virus yields (94). Taken
together, these findings indicate that capsid movement to the
periphery of the nucleus may be driven (at least in part) by
myosin motors trafficking along actin filaments.

Egress from the nucleus requires herpesvirus capsids to tra-
verse the inner nuclear membrane (INM), an IF meshwork
composed of lamins and lamin-associated polypeptides, e.g.,
LAP1 and LAP2B (56). This formidable barrier is roughly 20
to 80 nm in width and is normally disrupted by phosphorylation
by cellular kinases during mitosis (69). Muranyi et al. showed
that MCMYV overcame this obstacle via its M50/p35 and M53/
p38 proteins (69). M50 was inserted into the INM and con-
centrated into distinct sites by M53 (69). M50 then recruited
cellular protein kinase C (PKC), which phosphorylated lamins,
thereby destabilizing the nuclear lamina layer (69). Efficient
nuclear egress is a crucial step in the life cycle of all herpesvi-
ruses, as reflected by the fact that M50 and MS53 have ho-
mologs in both alpha- and gammaherpesvirus subfamilies,
namely, UL34 and -31 for HSV and PRV and ORF67 and -69
for KSHV (88, 89).

It is well documented that HSV-1 infection also results in
the dramatic relocalization of INM proteins. Scott and O’Hare
reported that a “major morphological distortion” occurs by 8
hours postinfection in COS-1 cells of such proteins as lamin B
receptor and lamins A/C, B,, and B, (91). The HSV-1 UL31,
UL34, and Us3 gene products were later implicated in this
process, as production of these proteins in uninfected cells was
sufficient to disrupt lamin A/C localization, UL31 and UL34
could bind lamin A/C in vitro, and UL31 and UL34 caused
conformational changes in the nuclear lamina during infection
(9, 82). As with MCMV, PKC was recruited to the nuclear rim
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after HSV-1 infection (a process that depends on the presence
of UL31 and UL34) (78). Emerin, an INM protein that binds
directly to lamin A/C, was also phosphorylated and delocalized
during HSV infection, contributing to the egress of viral cap-
sids from the nucleus (68).

MICROTUBULES, KINESIN MOTORS, AND
VIRAL EGRESS

Upon penetration of the nuclear lamina, mature nucleocap-
sids undergo envelopment and deenvelopment steps at the
nuclear membrane before being released into the cytoplasm
(11, 61, 95). Viral capsids acquire a secondary/mature envelope
in the cytoplasm and move to the cell periphery for release
from the infected cell. The movement of cellular and viral
cargo to the cell periphery occurs toward the plus end of
microtubules (anterograde movement) and is mediated by a
variety of kinesin motor proteins (14, 26) (Fig. 3B). Herpesvi-
rus capsids acquire a mature envelope by budding into vesicles
derived from the TGN or endosomes, a process that is depen-
dent on intact microtubules (62, 101). Lee et al. reconstituted
the anterograde trafficking of HSV-containing vesicles in vitro
by isolating cytoplasmic organelles from infected epithelial
cells (52). These vesicles were heavily enriched in the Golgi
marker TGN46 (but not endosomal markers) and shown to be
the main destination for enveloping HSV capsids after they
enter the cytosol (37). As shown by time-lapse video micros-
copy, many of the vesicles containing GFP-tagged HSV traf-
ficked along rhodamine-labeled microtubules in vitro in a man-
ner consistent with anterograde movement of HSV in living
cells (52).

The anterograde transport of alphaherpesvirus proteins in
axons is a microtubule-dependent process and can be dis-
rupted with nocodazole treatment (66, 79). Individual PRV
capsids move in axons of sensory neurons with fast axonal
kinetics (~2 wm/s), a process that is dependent on microtubule
motor proteins (39, 96). It is largely unknown which viral
proteins bind kinesin motors to mediate this process, though
several candidates have been reported. The major problem is
that neurons are difficult to propagate and often do not pro-
vide sufficient material for biochemical analyses. Pulldown as-
says from HSV-infected HEp-2 cells, using the cargo-binding
domain of kinesin heavy chain (KHC) as bait, demonstrated
that four HSV proteins bound to the tail of KHC in vitro: the
major capsid protein VP5 and the tegument proteins VP16,
VP22, and Usl11 (25). VP5 was an unlikely candidate, as capsid
proteins are predicted to have restricted access to bind kinesin
(the capsid is heavily coated with tegument proteins) (25, 26).
VP16 and VP22 bound to Usll and did not bind directly to
KHC. Thus, Usll was considered to interact directly with
conventional KHC and play a major role in anterograde trans-
port of HSV nucleocapsids (25). However, the significance of
this finding is obscured by the fact that Usll can bind to
multiple proteins in vitro. In addition to binding KHC, Usl1
also interacts with PAT1 (a microtubule binding protein),
mRNAs, double-stranded RNA, rRNA, protein kinase R
(PKR), PACT kinase activator, and certain proteins that arrest
cell growth (8, 25, 26, 67). Therefore, the role of Usll in
anterograde transport of viral structures is not clear, despite its
affinity for KHC in vitro. The UL56 gene product of HSV-2
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was reported to bind to KIF1A, a kinesin motor protein re-
sponsible for the axonal transport of synaptic vesicle precur-
sors (48). KIF1A colocalized with UL56 in transiently trans-
fected cells and interacted with UL56 in yeast two-hybrid and
glutathione S-transferase pulldown assays. However, the im-
pact of ULS6 in anterograde transport of viral components
inside infected cells was not examined. Thus, the functional
relevance of this interaction remains unknown.

INTERACTIONS WITH HERPESVIRUS PROTEINS AND
MOTOR COMPLEXES DURING INFECTION

Transport of cargo (organelles, viruses, vesicles, etc.) by
molecular motors involves the coordination of multiple traf-
ficking events to ensure proper targeting within cells. For ex-
ample, movement of cargo in and out of the cell involves
switching between microtubules and actin filaments, specifi-
cally at the cell cortex and actin-microtubule intersections (85).
Movement of certain cargoes can also be bidirectional and
saltatory (proceeding by leaps rather than smooth gradual
transitions), a consequence of binding both kinesin and dynein
motors at the same time (108). In this case, the net movement
of cargoes is achieved through winning a molecular “tug-of-
war,” or coordinated release of one motor type so the other
dominates (85). The mechanism of cargo attachment to motor
complexes also varies significantly, with motors binding cargo
through a coat protein, molecular scaffolds, transmembrane
proteins, or GTPases (47).

Several putative in vitro interactions with alphaherpesvirus
proteins and dynein and kinesin motor components have been
described, and they have been studied using a variety of cell
types: rat neonatal neurons and HEp-2, MDCK, COS-1, and
Vero cells (8, 25, 27, 48, 104). Considering the dynamic nature
of cargo transport inside cells, it is unclear if these interactions
represent transient events within certain compartments of the
cell (e.g., transport of cytoplasmic nucleocapsids to the site of
secondary envelopment) or are cell type specific (occur in
epithelial cells but not neurons or vice versa). Furthermore, it
is not certain if these interactions tether viral cargo to the
motor or regulate the association of the motor with the micro-
filament (i.e., motor processivity). It is also possible that viral
proteins bind molecular motors indirectly through accessory
proteins. If this scenario is correct, then screenings using motor
subunits as “bait” may not identify these viral proteins. These
questions highlight the difficult task for herpesvirus research-
ers: connecting the molecular interactions between viral struc-
tural proteins and the motor protein (the snapshot) and ap-
plying these findings to the cell biology of the infected cell (the
movie).

ROLE FOR ACTIN DURING THE LATE STAGES
OF INFECTION

Infection of most susceptible cells by herpesviruses causes a
dramatic rearrangement of actin filaments. This cytopathic ef-
fect is particularly visible late in infection. HSV-infected Vero
cells showed a reorganization of actin filaments as early as 4
hours postinfection and a continuous decrease of F-actin over
the next 12 to 16 h (and a subsequent increase in G-actin
pools) (7). The dissociation of actin stress fibers during alpha-
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herpesvirus infection is promoted by the viral Us3 serine/
threonine kinase (70, 90, 105), a multifunctional protein that
also plays a role in egress of primary virions from the nucleus
(90, 107) and protection from virus-induced apoptosis (1, 31,
53, 76). In addition to actin stress fiber disassembly, PRV Us3
promoted the formation of long projections from the surfaces
of sparsely plated epithelial cells (13, 28). These cell projec-
tions contained both actin and microtubule filaments, and
GFP-tagged capsids were transported toward their tips (which
were in contact with neighboring, uninfected cells). Inhibiting
the formation of these processes reduced the cell-to-cell
spread capability of the virus (28).

Similar protrusions were observed for HSV-1- and VZV-
infected cells, though it is unclear if these cytoskeletal rear-
rangements are driven by a Us3 ortholog (104, 111). van Leeu-
wen et al. reported that the major tegument protein of HSV-1,
VP22, interacted with the actin-associated motor protein non-
muscle MyoIIA (NMIIA). These proteins colocalized in a
perinuclear vesicular pattern and within virus-induced projec-
tions emanating from the cell surface of infected Vero cells
(104). Inhibition of NMIIA also impaired the release of virus
into the extracellular medium. Thus, the rearrangement of the
actin cytoskeleton and motor proteins (late in infection) may
assist in the egress of alphaherpesviruses from epithelial cells.

It is noteworthy that the UL37x1 protein of HCMV also
reduces actin polymerization indirectly by inducing the release
of Ca®* stores from the endoplasmic reticulum, an event that
causes dramatic morphological changes within the cell,
namely, cell rounding and reorganization of F-actin (81, 93).
The effects of infection on Ca" stores by other Herpesviridae
members remain to be determined.

CYTOSKELETAL COMPONENTS IN VIRIONS

Proteins from the host cytoskeleton are incorporated into
purified virions of all three subfamilies of Herpesviridae, though
it is unclear what role these proteins play in particle formation
and viral egress or in subsequent infection. F-actin was effi-
ciently incorporated into wild-type PRV virions (110) and was
more enriched in virions of mutants lacking the tegument
proteins Us3, UL47, and UL49 (21, 64). These findings sug-
gested that actin may compensate structurally for the loss of
certain tegument proteins during virus assembly/budding (21).
Thin filaments (up to 40 nm in length) were also observed
within the tegument region of isolated HSV virions by cryo-
electron tomography. Filaments had a width of ~7 nm, leading
the authors to suggest that they were F-actin (36). Electron
tomography showed that nascent HSV nucleocapsids, under-
going envelopment at the INM, were connected to the mem-
brane by fibers (bridging rods) that were potentially composed
of actin or lamins (5).

Host cytoskeletal proteins were also associated with purified
particles of the betaherpesvirus family. Mass spectrometry of
HCMYV virions identified a-actin, B-actin, a-tubulin, B-tubulin,
cofilin, keratin, and vimentin as cellular components of the
HCMYV proteome (6, 106). A similar, but more limited, rep-
ertoire of cytoskeletal proteins was also identified for the viri-
ons of MCMV (44).

Studies of purified virions from several gammaherpesvi-
ruses, e.g., EBV and KSHV, revealed a similar trend. EBV



2064 MINIREVIEW

virions purified from infected lymphocytes showed a large
amount of B-actin, making it one of the most abundant tegu-
ment proteins within virus particles; tubulin and cofilin were
also associated within the EBV tegument (43). Nonmuscle
B-actin and class II myosin heavy chain were both detected in
KSHYV virions, suggesting that “the myosin-actin cytoskeleton
is involved in intracellular capsid transport and assembly and
egress of virions” (112).

In view of the wide array of cellular proteins that are incor-
porated into herpes virions, it is unclear whether packaging of
certain cytoskeletal proteins has a functional role in viral
egress or is “residual” material that is incorporated nonspe-
cifically into virus particles during primary and secondary en-
velopment. There is intimate contact with viral particles and
the host cytoskeleton during each stage of viral egress.
Whether the incorporation of these cellular proteins into viri-
ons is important for efficient egress, particle viability, or sub-
sequent entry events remains to be determined.

CONCLUSION

Herpesviruses are dependent on the host cytoskeleton for
efficient entry, replication, and egress. To facilitate these pro-
cesses, viral structures must associate with host motor protein
complexes in the cytoplasm and nucleus to direct viral cargo to
the appropriate site within the infected cell. Multiple viral
cargoes must be moved in regulated processes. Therefore, the
challenge is to design biochemical assays that identify the com-
position and function of the transported complexes at each
stage in the virus life cycle.

QUESTIONS FOR FUTURE RESEARCH

Future research should address the following questions.
What herpesvirus proteins interact directly or indirectly with
host motor proteins (or associated motor proteins)? How do
these interactions facilitate trafficking within the cell? How are
nucleocapsids directed to sites of primary envelopment in the
nucleus and sites of secondary envelopment in the cytoplasm?
Is egress from an infected cell “random,” or are virions moved
to and released from sites in close contact with other cells?
What is the function, if any, of the cytoskeletal components
found within purified virions? How is transport of viral cargo
regulated along microtubules and actin filaments? Are viral
mRNA transcripts moved to locations in cells by cytoskeletal
systems?
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