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After fusion with the cellular plasma membrane or endosomal membranes,

viral particles are generally too large to diffuse freely within the crowded

cytoplasm environment. Thus, they will never reach the cell nucleus or the

perinuclear areas where replication or reverse transcription usually takes

place. It has been proposed that many unrelated viruses are transported

along microtubules in a retrograde manner using the cellular dynein

machinery or, at least, some dynein components. A putative employment

of the dynein motor in a dynein-mediated transport has been suggested

from experiments in which viral capsid proteins were used as bait in yeast

two-hybrid screens using libraries composed of cellular proteins and

dynein-associated chains were retrieved as virus-interacting proteins. In

most cases DYNLL1, DYNLT1 or DYNLRB1 were identified as the

dynein chains that interact with viral proteins. The importance of these

dynein–virus interactions has been supported, in principle, by the observa-

tion that in some cases the dynein-interacting motifs of viral proteins

altered by site-directed mutagenesis result in non-infective virions. Further-

more, overexpression of p50 dynamitin, which blocks the dynein–dynactin

interaction, or incubation of infected cells with peptides that compete with

viral polypeptides for dynein binding have been shown to alter the viral

retrograde transport. Still, it remains to be proved that dynein light chains

can bind simultaneously to incoming virions and to the dynein motor for

retrograde transport to take place. In this review, we will analyse the asso-

ciation of viral proteins with dynein polypeptides and its implications for

viral infection.

Introduction

The function of eukaryotic cells relies on the transport

of macromolecules and small organelles throughout

the cytoplasm. Microtubules are polar cytoskeletal

filaments assembled from thousands of a ⁄ b tubulin

heterodimers which are nucleated and organized by the

perinuclear microtubule organizing centre (MTOC).

Whereas kinesin and dynein motors use microtubules

to move cargo throughout the cytoplasm, myosin
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motors interact with actin filaments [1–3]. Cytoplasmic

dynein, frequently in cooperation with its cofactor

dynactin, is a minus-end-directed microtubule associ-

ated motor responsible for retrograde transport

(towards the nucleus) in eukaryotic cells [4–6]. This

molecular motor is a large multiprotein complex of

approximately 1.2 MDa that contains heavy chains,

intermediate chains, light intermediate chains and light

chains. Cytoplasmic dynein plays critical roles in a

variety of eukaryotic cellular functions, including

Golgi maintenance, nuclear migration, retrograde axo-

nal transport and organelle positioning. In addition,

cytoplasmic dynein is involved in numerous aspects of

mitosis, such as spindle formation and organization,

spindle orientation and mitotic checkpoint regulation

[7,8].

Cargoes transported by dynein are linked to the

motor via the tail, which consists of an N-terminal sec-

tion of one or more heavy chains and a number of

associated polypeptides [4,5,9,10]. In general, the cyto-

plasmic dynein complex is resolved on SDS ⁄polyacryl-
amide gels into subunit polypeptides of � 530 (dynein

heavy chains, DYNC1H), � 74 (intermediate chains,

DYNC1I), � 53–59 (light intermediate chains, DYN-

C1LI) and � 10–14 kD (light chains). Cytoplasmic

dynein heavy chain, with � 4650 amino acids in

humans, is among the largest polypeptides found in

mammalian cells. Dimeric dyneins have a conserved

tail structure in which the heavy chains dimerize

through protein–protein interactions mediated by

amino acids 300–1140 in the tail region (Fig. 1) [11].

In addition, dynein heavy chain residues 446–701 and

649–800 are involved in intermediate chain and light

intermediate chain binding respectively [11]. In the case

of cytoplasmic dynein, intermediate chain is also able

to form homodimers through interactions mediated by

residues 151–250 [12]. Furthermore, in mammals, the

74 kDa cytoplasmic intermediate chain is homologous

to the 67 kDa axonemal intermediate chain [13]. Three

highly conserved light chains, also shared by axonemal

dyneins, Tctex1 (DYNLT1), LC8 (DYNLL1) and

roadblock (LC7 or DYNLRB1), bind to distinct

regions of the intermediate chains, always as homodi-

mers [14,15]. DYNLL, a ubiquitous molecule, is the

most highly conserved among light chains and, inter-

estingly, in spite of lacking sequence homology dis-

plays a three-dimensional fold almost identical to that

of DYNLT [16–18]. Both DYNLT and DYNLL form

homodimers with a-helices flanking a shared central

b-sheet, with the peptides from interacting partners

lengthening the preformed b-strand. Indeed, according
to the recently published crystal structures [19,20] the

two short, consecutive protein stretches of dynein

intermediate chain that bind to DYNLT and DYNLL

adopt an extended conformation (Fig. 1). However,

DYNLRB, also a ubiquitous component of cytoplasmic

Fig. 1. General architecture of the cytoplas-

mic dynein motor complex. The positions of

DYNLL (dynein light chain LC8, green),

DYNLT (dynein light chain Tctex, yellow),

DYNLRB (dynein light chain roadblock, dark

blue), DYNC1I (dynein intermediate chain,

violet; the carboxy-terminal WD40 repeat

(b-propeller) is depicted as a heptagon),

DYNC1L (dynein light intermediate chain,

light blue) and DYNC1H (dynein heavy chain,

red) are shown. The crystallographic struc-

tures of the DYNLT1 homodimer (yellow)

and DYNLL1 homodimer (green) binding to

adjacent sequences from the dynein

intermediate chain (violet) are shown at the

bottom (PDB accession number 3FM7). In

addition, the crystallographic structure of

the DYNLRB homodimer (PDB accession

number 3L9K) depicted in blue is shown on

top. Note that the crystal structure of the

motor domain of the dynein heavy chain has

also been recently reported [119].
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dyneins, is structurally different from Tctex1 and LC8,

with a dimer interface that includes the coiled-coiled

pairing of two a-helices [21]. Unlike when binding to

DYNLT or DYNLL, two sequential helical segments

of dynein intermediate chain associate to DYNLRB

(Fig. 1). In addition to these three light chain homodi-

mers, there is also a dimer of DYNC1LI bound to the

tail of cytoplasmic dyneins. Consistent with a role in

cargo binding, DYNC1LI has been shown to bind to

the core centrosomal protein pericentrin [22]. Thus,

since dynein light and light intermediate chains appear

to associate with cargo, it has been suggested that

viruses might target these cellular components during

infection processes.

In human cells, the DYNLT1 and DYNLL1 ho-

modimers bind to LGMAKITQVDF and KETQTP

motifs respectively, both contiguously positioned in the

intermediate chain sequence in which they adopt an

extended conformation (Fig. 1) [19,20,23,24]. It is gen-

erally assumed that most of the cellular and viral poly-

peptides that also bind to DYNLT1 or DYNLL1 have

protein stretches with similarities to these intermediate

chain sequences and bind in a similar fashion [25–28].

Following cell entry, several viruses exploit the cellu-

lar cytoplasmic transport mechanisms to allow them to

travel long distances through the cytoplasm and reach

their site of replication [29–32] (Fig. 2). Viruses require

active transport along microtubules since diffusion of

particles larger than 50 nm in diameter is restricted by

the structural organization of the cytoplasm [33].

Experiments in which microtubule-depolymerizing

agents such as colchicine, nocodazole or vinblastine

were used have shown that the integrity of the micro-

tubules is essential for virus infection. Many pathogens

causing widespread illness including herpes simplex

virus (HSV) [34,35], adenovirus [35,36], hepatitis B

virus [37], human cytomegalovirus [38], human immu-

nodeficiency virus (HIV) [39], African swine fever virus

(ASFV) [40], parvovirus [41], influenza virus [42], pap-

illomavirus (PV) [43] and rabies virus (RV) [44] rely on

microtubules for efficient nuclear targeting and

successful infection.

Labelling of unenveloped viruses, such as SV40 [45]

or adenoviruses [46], with fluorescent dyes has proved

extremely useful to show their retrograde transport.

Likewise, to initiate infection, herpes virus must attach

to cell surface receptors, fuse its envelope to the

plasma membrane and allow the de-enveloped capsid

to be transported to the nuclear pores [47–49]. More

recently, video microscopy using green fluorescent pro-

tein (GFP) tagged viral proteins has also demonstrated

the retrograde advance of viruses towards the cell

Fig. 2. Viral retrograde transport model. Both the entry of the viral particle through the endosome pathway (A, C) and the direct fusion of

the viral envelope to the plasma membrane (B) lead to the retrograde transport along microtubules using the cytoplasmic the dynein motor.

Viral capsid proteins might associate to dynein directly (A) or a cellular receptor might bind simultaneously to a viral protein and the dynein

motor (C). After reaching the MTOC at the microtubular minus end viruses are uncoated and directed to the sites of replication, production

and assembly of the new viral proteins (D) such as the nucleus or the viral factories. The newly assembled particles might become trans-

ported to the cell periphery by the anterograde transport machinery.
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nucleus. In particular, retrograde transport of HSV in

axons has been visualized using time-lapse fluorescent

microscopy [50]. Similarly, GFP-tagged poliovirus

receptor, which associates to dynein light chain DY-

NLT1, colocalizes with Alexa fluor 555-labelled polio-

virus and both undergo retrograde transport along

microtubules of cultured motor neurons [51]. Likewise,

GFP-tagged ASFV protein p54 was found associated

to microtubules during infection and nocodazole treat-

ment abrogated this association [52].

Remarkably, when virus proteins were used as baits

and screened against a library of cellular proteins, sev-

eral dynein polypeptides, mostly dynein light chains

DYNLL1 (LC8), DYNLT1 (Tctex) and DYNLRB1

(roadblock), were retrieved as interacting partners.

On the basis of these results, the hijack of the

dynein motor by numerous viruses has been proposed

as a common mechanism for virus delivery near the

cell nucleus replication site [29–32]. In this review we

will analyse in detail this association and its biological

significance.

Herpesviruses

Alphaherpesviruses such as HSV-1 are unique parasites

of the vertebrate peripheral nervous system. Primary

infection usually occurs at an epithelial surface, after

which the virus invades the termini of sensory and

autonomic neurons that innerve the infected tissue.

HSV-1 binds to cell surface receptors, then loses its

envelope after cell fusion and subsequently virion com-

ponents, including the tegument and capsid layers

together with the double-stranded DNA, are trans-

ported in a retrograde manner along axons towards

the cell bodies of these neurons [50,53,54]. Since simple

diffusion does not allow the viral components to travel

long distances, cellular microtubule-based motors must

be involved in alphaherpesvirus transport [31,55]. In

fact, the dynein motor is known to co-localize with

inbound cytosolic capsids of HSV-1 [34,56], virus

infection can be blocked by over-expression of the

dynactin subunit p50 (dynamitin) [56] and proteins

from both the capsid and the tegument of HSV-1 are

known to associate with dynein protein members.

Likewise, immunofluorescence studies of pig mono-

cytes infected with pseudorabies virus, also a member

of the Alphaherpesvirinae family, showed a clear

co-localization with dynein [57].

Protein UL34 of HSV-1 is an integral membrane

protein that is targeted to the inner nuclear membrane

and only transiently associated with viral particles dur-

ing the passage through the nuclear envelope during

egress of newly assembled capsids from the nucleus

into the cytosol [58]. Surprisingly, it has been reported

that UL34 is associated with the microtubular network

and binds to the dynein intermediate chain

(DYNC1I1) [59]. The importance of this interaction is

hard to evaluate in vivo, since UL34 from HSV-1 and

the homologous genes in all other herpesviruses encode

for an essential protein [60].

Using a yeast two-hybrid screen, fifteen HSV-1 pro-

teins were confronted with dynein light chains DY-

NLL1, DYNLT1 and DYNLT3, and a strong

interaction could be detected between both UL35(VP26)

and UL46(VP11 ⁄12) and the dynein light chain DY-

NLT1 and its homolog DYNLT3 [61]. In fact recombi-

nant capsids of HSV-1 were microinjected into the

cytoplasm, and those decorated with VP26 showed a

stronger tendency to accumulate at the nuclear envelope

[61]. Besides a role of VP26 in recruiting the dynein

motor, these data may also suggest that VP26 is some-

how involved in binding to the nuclear pores. Neverthe-

less, additional HSV-1 proteins must associate with the

dynein motor, since capsids from HSV-1 mutants that

lack VP26 can still bind to purified dynein [62,63]. In

addition, studies with HSV-1 lacking VP26 have shown

no significant effect on dynein-dependent retrograde

viral transport in cell cultures [64]. Recent results seem

to indicate that both dynein (retrograde movement

motor) and kinesin (anterograde movement motor) can

bind isolated capsids of HSV-1 in vitro [62], hence rais-

ing the possibility that this association might be impor-

tant for certain steps of the viral life cycle or that these

two cellular motors must somehow be coordinated for

viral infection to succeed [62]. Likewise, it has been

reported that VP26 of pseudorabies virus is also not

required for intracellular transport [65]. Finally, HSV-1

mutants lacking VP26 are not impaired in animal exper-

iments that rely on axonal transport [66].

Moreover, HSV-1 UL9, a protein that binds to the

viral origin of replication, displays a consensus

DYNLL1 binding motif (746-KSTQT-750) that is

functional when tested as an isolated dodecapeptide

[28].

The Betaherpesvirus human herpes virus 7 (HHV-7)

is known to infect CD4+ T lymphocytes and epithelial

cells of salivary glands. Its protein U19, probably a

transactivator according to its similarity to human

cytomegalovirus UL38, displays a consensus sequence

for DYNLL1 binding (RSTQT) repeated in tandem at

its carboxy terminus. Using a pepscan technique, these

sequences were found to efficiently associate with

DYNLL1 [28]. Interestingly, no similarity exists

between HHV-7 and HHV-6 at this region, thus indi-

cating that the association to this dynein light chain

might be restricted to the HHV-7 isolate.
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Rabies virus

RV belongs to the lyssavirus genus of the Rhabdoviri-

dae family, with rabies and Mokola virus as reference

strains. They are small, enveloped, single-stranded neg-

ative-sense RNA viruses, whose genome is tightly

encapsidated into a ribonucleoprotein complex with

the viral proteins of the nucleocapsid, the RNA poly-

merase and the phosphoprotein P as non-catalytic co-

factor. RV is a highly neurotrophic virus that enters

the organism by bites or injuries in the skin and mus-

cle, where it replicates. It then enters the neuronal end-

ings of peripheral nerves, such as neuromuscular

junctions, to reach the central nervous system and

causes lethal encephalitis in animals and humans. After

receptor binding, RV enters its host cells through the

endosomal pathway via a low-pH-induced membrane

fusion process catalysed by the glycoprotein G, a

major determinant for RV neuropathogenicity [67].

The retrograde transport along microtubules has been

shown recently by using fluorescently labelled RV gly-

coprotein. Incubation of in vitro differentiated NS20Y

neuroblastoma cells with fluorescently labelled virus

clearly showed the transport in the retrograde direction

over long distances in neurites [68]. Subsequently, all

transcription and replication events take place in the

cytoplasm, inside a specialized virus factory referred to

as the Negri body [69].

Experiments performed simultaneously by two inde-

pendent groups used the rabies and Mokola virus

phosphoproteins as baits in yeast two-hybrid screens

and retrieved DYNLL1 as an interacting partner using

PC12 cells and human brain libraries [70,71]. Fine

mapping of the DYNLL1 binding site within the P

phosphoprotein of these two lyssaviruses revealed the

presence of a KSTQT motif in rabies and KSIQI motif

in Mokola that constituted the interacting polypeptide

stretch. The P phosphoprotein of rhabdovirus is a co-

factor of the RNA polymerase complex and, in fact,

facilitates the binding of the polymerase to the

N-RNA complex [67]. Using the SAD-D29 low-viru-

lent strain of RV, deletion of the DYNLL1 binding

motif in the P phosphoprotein resulted in a remarkable

viral attenuation after intramuscular but not after

intracranial inoculation [72]. Unfortunately, no differ-

ence could be observed between wild-type and recom-

binant viruses in which the DYNLL1 binding sequence

had been deleted in the P phosphoprotein when non-

attenuated viral strains were used. Other authors have

concluded that the deletion of the DYNLL1 binding

site in phosphoprotein P did not produce a biologically

important impairment of viral transport in the nervous

system [73].

Some recent data seem to indicate that mutations in

the DYNLL1 binding site within the P phosphoprotein

of RV significantly attenuated viral transcription and

replication in the central nervous system, hence show-

ing that DYNLL1 binding to the viral protein has a

more crucial role in viral polymerase activity than in

the intracellular transport of the virus [74]. This is in

agreement with the nuclear staining of the P phospho-

protein where it co-localizes with promyelocytic leu-

kaemia protein [75]. In this context, it is interesting to

note that the DYNLL1 binding motif of the phospho-

protein of RV when fused to a reporter protein is not

able, by itself, to promote active import into the cell

nucleus although it can facilitate nuclear protein

import when appended to proteins with nuclear locali-

zation sequences [76].

African swine fever virus

ASFV, the only member of the family Asfarviridae, is

a large double-stranded DNA virus that codes for

approximately 150 proteins. ASFV enters the cell by

dynamin- and clathrin-dependent endocytosis, and its

infectivity depends on the acidification of the endo-

some [77]. Elegant studies by Alonso and co-workers

have shown that ASFV p54, a major protein of virion

membranes, associates with DYNLL1, which allows

the transport of the virus to the MTOC in the cell

perinuclear area [78]. Fine mapping in yeast two-

hybrid assays, site-directed mutagenesis and the pres-

ence of a polypeptide stretch in p54 with the sequence

TASQT that closely resembles the DYNLL1 consensus

binding motifs [25,27] led to the identification of the

DYNLL1 binding region in p54 [78,79]. In fact, small

peptide inhibitors that display this binding sequence

together with an internalization sequence can disrupt

the interaction between p54 and DYNLL1 altering

both infectivity and the viral egress [79]. Likewise, the

inhibition of the dynein–dynactin complex formation

by the overexpression of p50 dynamitin blocks ASFV

transport in infected cells [78]. Thus, the interaction of

ASFV p54 with DYNLL1 is required for efficient

infectivity, virus replication and viral production

yields.

Papillomavirus

PVs are small non-enveloped double-stranded DNA

viruses that infect the stratified epithelia of skin and

mucous membranes. The icosaedric capsid contains

360 copies of the major capsid protein L1 and up to

72 molecules of the minor capsid protein L2 [80].

Whereas the L2 protein is required for egress of the

J. Merino-Gracia et al. Viral proteins and host cell dynein components
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viral genome from endosomes, L1 does not appear to

exit the endosomal compartment [81]. Based on immu-

nofluorescence and co-immunoprecipitation experi-

ments, the L2 protein was found attached to

microtubules after uncoating of incoming human PV

pseudovirions [82]. Then, the minor capsid protein L2

accompanies the viral DNA to the nucleus and subse-

quently to the subnuclear promyelocytic leukemia

protein bodies [83]. Since L2 and the viral genome

co-localize in the nucleus at promyelocytic leukemia

protein bodies, it has been suggested that they are

associated in the nucleus forming a complex [83].

Site-directed mutagenesis and deletion studies showed

that the carboxy-terminal region of L2 somehow asso-

ciates with the dynein motor [82]. This observation is

in agreement with previous experiments that had

shown that bovine PV binds to microtubules and

becomes transported along them, and suggested the

possibility that dynein is involved in this process [84].

Recently, a yeast two-hybrid screen using PV L2 as

bait against a human cDNA library retrieved dynein

light chain DYNLT1 as a tight binder. In addition,

in vitro binding studies and cotransfection experiments

in HeLa cells proved that L2 was also able to bind to

its homologue DYNLT3 [43]. Subsequent studies have

shown that depletion of DYNLT1 or DYNLT3 using

small interfering RNA (siRNA) treatment inhibited

human PV-16 infection, whereas infection was

increased after overexpression of these dynein light

chains [43].

It must also be noted that human PV has another

polypeptide, termed E4 (also known as E1^E4), that is

expressed from an E1^E4 spliced mRNA prior to the

assembly of infectious virions and accumulates to very

high levels in cells supporting productive infection [85].

Several PV types, such as 08, 47 or 21, display a poly-

peptide stretch with the sequence KQTQT that con-

forms a consensus binding sequence for DYNLL1.

In vitro binding assays have shown that this sequence

does, indeed, bind to DYNLL1 tightly [28], although

no studies have been performed yet to demonstrate

that this interaction occurs during viral infection.

Poliovirus

Poliovirus is an enteric virus that rarely causes disease

in humans. Nevertheless, in the pre-vaccine era � 1%

of infected individuals developed paralytic poliomyeli-

tis due to viral invasion of the central nervous system

and destruction of motor neurons. To gain access and

sustain infection in neurons, a neurotropic virus such

as poliovirus must be able to efficiently traffic in

axons, which can be up to 1 m long. CD155, the

human poliovirus receptor, is a member of the immu-

noglobulin superfamily, with three linked extracellular

Ig-like domains followed by a membrane-spanning

domain and a short cytoplasmic domain. Intramuscu-

larly inoculated poliovirus is known to become incor-

porated into neural cells after binding to the first Ig-

like domain of CD155 followed by endocytosis [86,87].

Then, the cytoplasmic domain of CD155 is known to

associate to the dynein light chain DYNLT1 [86,88]

and subsequently the endosomes, together with the

CD155-bound poliovirus, undergo retrograde transport

along microtubules through the axon to the neural-cell

body, where the uncoating and replication of poliovi-

rus occur [51,87].

Alternative splicing generates two membrane-bound

CD155 isoforms: CD155a and CD155d. Yeast two-

hybrid analyses have identified the 50-residue cytoplas-

mic domain of CD155a and the 25-residue cytoplasmic

domain of CD155d as DYNLT1 binding partners

[87,88]. Subsequent studies have revealed that a basic

motif adjacent to the transmembrane domain is

required for efficient binding. In addition, purified

recombinant DYNLT1 binds to the cytoplasmic

domain when fused to glutathione S-transferase

in vitro [87].

Retrovirus

Spumaviruses, also known as foamy viruses, target the

microtubule organizing centre prior to nuclear translo-

cation. Hence, centrosomal targeting of incoming viral

proteins and subsequent viral replication can be inhib-

ited by nocodazole treatment [89]. The efficiency of

MTOC targeting was analysed by using various GFP-

tagged Gag mutant constructs of human foamy virus

transfected in cultured cells, and a region located

around amino acids 150–180 was found necessary for

this subcellular localization. In this regard, a

Leu171Gly Gag mutant displayed drastically reduced

infectivity of the proviral clone [90]. Interestingly,

when COS6 cells were transfected with wild-type Gag,

but not with its Leu171Gly mutant, dynein light chain

DYNLL1 could be co-immunoprecipitated. However,

the direct interaction between DYNLL1 and human

foamy virus Gag protein has not been unequivocally

proved [90].

HIV enters the cells following virus binding to CD4

and co-receptors and the fusion of the viral membrane

with the plasma membrane of the cell. During passage

through the cytosol, the viral RNA genome is reverse

transcribed into DNA within a structure named the

reverse transcription complex that, eventually, must be

imported into the nucleus, where the HIV genome is

Viral proteins and host cell dynein components J. Merino-Gracia et al.
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integrated into a chromosome. Initial reports con-

cluded that depolymerization of cell microtubules with

nocodazole had little effect on virus infection whereas

actin depolymerization had a profound effect on infec-

tion [91]. Subsequent studies used a GFP-tagged Vpr

incorporated into virions and in vivo fluorescence to

show a microtubule-dependent transport towards the

MTOC positioned in perinuclear areas [39]. Interest-

ingly, the individual treatment of infected cells with

either nocodazole or the F-actin inhibitor latranculin B

did not impede the movement of GFP-labelled parti-

cles, whereas the simultaneous treatment with both

compounds led to a cessation of movement. This sug-

gests that HIV movement inside the cell depends on

both actin and the microtubule network. Furthermore,

the direct implication of dynein in HIV movement was

further shown when infected cells were injected with

anti-dynein antibodies and viral migration along

microtubule networks decreased significantly [39].

Nonetheless, in the case of HIV and its binding to the

dynein motor the exact viral protein and its dynein

partner remain to be identified.

By means of broad yeast two-hybrid screens, HIV

integrase was found to bind to the yeast dynein light

chain Dyn2p, the orthologue of mammalian DYNLL1.

When analysed inside yeast, HIV integrase associates

to the microtubular network and accumulates at the

spindle pole body, the yeast equivalent of mammalian

perinuclear MTOC [92]. In fact, nocodazole treatment

of transfected yeast or transfection of the GFP–inte-

grin construct in a Ddyn2 mutant strain resulted in the

aberrant localization of HIV integrase. Nevertheless, it

is not known if HIV integrase binds to DYNLL1 in

mammalian cells or if this association is required for

efficient virus infection.

Interestingly, the matrix protein of Mason–Pfizer

monkey virus, the archetypal D-type retrovirus, binds

directly to dynein light chain DYNLT1, according to

yeast two-hybrid assays, in vitro association of recom-

binant proteins and in cell immunoprecipitation assays

[93]. Indeed, this association might be responsible for

the retrograde transport of Gag-synthesizing poly-

somes alongside microtubules or perhaps for other

steps of the viral cycle. It is not known, nonetheless, if

other retroviral matrix proteins associate to DYNLT1

as well.

Finally, the dynein motor has also been involved in

the regulation of viral Gag and viral genomic RNA

egress on endosomal membranes. In this regard, fol-

lowing transcription and nuclear export, the viral

genomic RNA might transit towards the MTOC where

it interacts with Gag proteins in a dynein-mediated

process [94].

Adenovirus

Adenoviruses are 90–100 nm diameter non-enveloped

dsDNA viruses that exit to the cytosol soon after

receptor-mediated endocytosis. Early studies revealed

that adenoviruses associate to the dynein motor

[36,95,96] and microinjection of function-blocking anti-

dynein but not anti-kinesin antibodies abolished the

viral nuclear localization, consistent with a net minus-

end-directed motility [97]. It was then suggested that

the subcellular transport of adenoviruses is the result

of the equilibrium between dynein (retrograde move-

ment) and kinesin (anterograde movement) forces

[36,46,98].

Type 2 adenovirus E3 protein, a polypeptide

involved in the downregulation of the host’s immune

response, binds to a small GTPase (RRAG) that, in

turn, is associated with the dynein light chain

DYNLT1 [99]. Since this viral polypeptide is not a

structural component of the virion, the biological sig-

nificance of the interaction remains unclear.

Dynein has been implicated in the transport of naked

viral capsids from endosomes to the nuclear periphery

after virus uncoating in the endosomes [97]. However,

incubation of HeLa cells with recombinant adenovirus

penton base protein clearly shows that a significant

population of the viral protein traffics in a retrograde

manner towards the cell nucleus. Cell treatment with

nocodazole or transfection with p50 ⁄dynamitin abro-

gates retrograde transport by at least � 50% [100].

Recent analysis has revealed that the viral capsid

hexon subunit interacts directly with the dynein inter-

mediate chain [101]. Using immunoprecipitation stud-

ies as well as antibody microinjection experiments the

adenovirus hexon binding site was selectively localized

to a single site within the intermediate chain and no

significant interactions were observed with any of the

three dynein light chains DYNLL1, DYNLT1 or

DYNLRB1 [101].

Other viruses

Several other virus proteins have been reported to

interact with the dynein motor. For instance, the E

protein of severe acute respiratory syndrome coronavi-

rus, a small integral membrane protein of 76 amino

acids, associates, directly or indirectly, with dynein

heavy chain when overexpressed in Vero cells [102]. In

addition, its non-structural protein 3 is also known to

bind to multiple cellular proteins in infected Vero cells,

including the dynein heavy chain, although it is not

known if this binding is direct or mediated by other

dynein light chains [102].
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Yeast two-hybrid screening has also revealed that

virion protein 35 of ebolavirus binds to DYNLL1

through the consensus binding sequence SQTQT [103].

Interestingly, VP35 inhibits type I interferon produc-

tion, thereby suppressing host innate immunity, an

activity analogous to that of the P protein from RV,

which also binds to DYNLL1.

In the case of canine parvovirus the role of dynein

in viral infection has been inferred not only from the

observation that intact microtubules are required for

the traffic of viral particles towards the nucleus but

also by the fact that microinjection of anti-dynein anti-

bodies reduced the nuclear accumulation of viral caps-

ids and immunoprecipitation of dynein in infected cells

co-immunoprecipitated viral capsid proteins [41,104].

A very recent paper described a silencing screen

using siRNAs targeted against 5516 different cellular

genes, with each gene being covered by three indepen-

dent siRNAs. When Borna disease virus was used to

infect an oligodendroglial cell line, silencing of dynein

light chain DYNLRB1 significantly blocked virus

infection. Although the exact viral protein that associ-

ated to DYNLRB1 has yet to be identified, this ele-

gant approach has revealed the implication of this

dynein light chain in viral infection [105].

The dynein motor is also involved in influenza virus

infection. Surprisingly, endosomal acidification of this

pathogen occurs in perinuclear areas after a dynein-

mediated retrograde transport has taken place, as dem-

onstrated by experiments using anti-dynein antibody

injection [42].

Finally, using a pepscan technique and after screen-

ing multiple viral polypeptides with putative DYNLL1

binding sequences, polypeptides from Amsacta moorei

entomopoxvirus, the polymerase from Vaccinia virus

or Yam mosaic potyvirus polyprotein were shown to

bind to this dynein light chain Nevertheless, additional

studies are clearly needed in order to ascertain if these

interactions do, indeed, take place during the virus

infective cycle.

Selected interactions between viral polypeptides and

dynein chain proteins are summarized in Table 1.

The dimer–dimer hypothesis

Both DYNLL1 and DYNLT1 are protein members of

the dynein motor in which they bind contiguously to

the dynein intermediate chain [19,20,24]. However, only

about 40% of total DYNLL1 associates to the dynein

intermediate chain in a microtubule pellet of rat brain

[106]. Likewise, a significant fraction of DYNLT1 is

not associated to microtubules in fibroblasts, as shown

by sequential immunoprecipitation [107].

Although they share no significant sequence similar-

ity, dynein light chains DYNLL1 and DYNLT1 dis-

play a very similar three-dimensional structure and

adopt identical ‘geometric specificity’ upon binding to

protein ligands [19,20]. Both of these small proteins are

homodimers and structurally consist of two a-helices
followed by five b-strands, with the second b-strand
being swapped between protomers. The proteins that

bind to either DYNLL1 or DYNLT1 do so through

polypeptide stretches that adopt an extended b-strand
conformation that inserts into the ligand binding

grooves. The consensus protein sequence necessary for

binding to dynein light chain DYNLT1 is not well

known. However, numerous atomic coordinates are

available for dynein light chain DYNLL1 in associa-

tion with protein partners, and in all cases GIQVD or

KXTQT motifs, or variations of them, are inserted into

the DYNLL1 binding grove [24,25,27,108]. Using yeast

two-hybrid and mutagenesis experiments, the binding

region to DYNLL1 has been narrowed to TASQT for

ASFV p54 [78] and KSTQT and KSIQI in the case of

the P protein of rabies and Mokola viruses respectively

[70,71] and SQTQT in the case of protein VP35 of ebo-

lavirus [103]. The presence of these sequences that

closely resemble the KXTQT motif in various viral pro-

teins [28] suggests that virus association also occurs

with the viral protein adopting an extended antiparallel

b strand that fits into the DYNLL1 groove and extends

the pre-existing b-sheet. The atomic coordinates of the

modeled ASFV p54–DYNLL1 complex clearly indicate

that this is indeed the case [26]. In fact, RV P protein

and the pro-apoptotic Bcl-2 family member Bim

display an identical DYNLL1 binding sequence

(DKSTQT) and the published NMR structure of the

DYNLL1–Bim complex also shows the b-sheet aug-

mentation mode of binding [18].

Dynein light chains have been proposed to mediate

cargo binding for their cellular transport. DYNLL1 is

a bivalent molecule and many of its interacting part-

ners are dimeric (or oligomeric) proteins [20]. How-

ever, linking cargo molecules to dynein is not easily

reconciled with binding data [109]. In fact, DYNLL1

binding affinity for a dimeric partner is significantly

higher compared with the same partner as a monomer

[19,20]. This observation has led to the hypothesis that

two identical polypeptide segments from a dimeric

partner occupy both of the binding grooves of

DYNLL1 and DYNLT1. If this is the case, it is hard

to accept that one DYNLL1 binding site is occupied

by a viral protein whereas the other is occupied by the

dynein intermediate chain as would be required for ret-

rograde transport. Although this is theoretically possi-

ble, binding of a viral polypeptide to either DYNLL1
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or DYNLT1 would require the displacement of the

dynein intermediate chain from one of the binding

sites, which is a thermodynamically unfavourable pro-

cess. In this regard, it must be mentioned that, for

instance, in the case of DYNLT1, peptides from the

intermediate chain compete with the G protein b sub-

unit [110], an indication that both peptides bind at the

same location and therefore DYNLT1 cannot be

simultaneously binding to both proteins. Therefore, if

the DYNLL1 dimer (and by analogy the DYNLT1

dimer) binds to either two chains of the dynein inter-

mediate chain or two chains of putative cargo proteins

at the same location, how can viruses be transported

in a retrograde manner towards the minus end of

microtubules associated to the dynein motor?

It is conceivable that viral polypeptides, either as

part of the virion or detached after uncoating, associ-

ate to dynein light chains using both binding sites

simultaneously when these light chains are not part of

the dynein motor [Fig. 3A, binding modes (a) and (b)].

Hence, binding to dynein light chains might promote

dimerization of viral polypeptides through the binding

to intrinsically disordered regions, a function that has

recently been assigned to DYNLL1 [111,112]. This

would mean that the interaction of viral polypeptides

with dynein light chains is not responsible for the asso-

ciation with microtubules and might be responsible for

other processes during the infective cycle. Moreover,

this would rationalize the fact of why several viral pro-

teins that are neither envelope glycoproteins nor

belong to the virion capsid associate to dynein light

chains.

If we focus on DYNLL1 only (a similar case could

be put forward for viral polypeptides that associate to

DYNLT1) three different situations might explain the

proposed dynein motor–virus association responsible

for the aforementioned retrograde transport.

1. It is conceivable that viral proteins could interact

with DYNLL1 with one binding site occupied by

the dynein intermediate chain and the opposite site

of the same homodimer occupied by the viral pro-

tein (Fig. 3B-a).

2. However, since binding of DYNLL1 to dimeric

partners is energetically favourable over monomeric

partners, it is then conceivable that viral proteins

might adopt a conformation that facilitates the

binding of two dynein light chain dimers with viral

polypeptides alternating with dynein intermediate

chains in each groove of the homodimer (Fig. 3B-

b).

3. Alternatively, virus polypeptides might bind simulta-

neously to the two equivalent sites within DYNLL1,

hence displacing the dynein intermediate chain, but

with the light chains still being part of the dynein

motor through interactions with other dynein proteins

(Fig. 3B-c). This might occur if the dynein heavy

chain (coloured in red) could associate to DYNLL1

through a different surface, such as its a-helices.

Virus, dynein light chains and
apoptosis

Bim and Bmf are two pro-apoptotic BH3-only proteins

that signal to the cell death machinery by sensing

Table 1. Selected viral proteins involved in a direct interaction with dynein polypeptides. The most recent dynein nomenclature [10] is used:

DYNLL (dynein light chain LC8), DYNLT (dynein light chain Tctex), DYNLRB (dynein light chain roadblock), DYNC1LI (dynein light intermedi-

ate chain) and DYNC1I (dynein intermediate chain).

Virus Family

Protein that binds to a

dynein polypeptide Dynein protein Reference

Herpes simplex Alphaherpesvirinae Viral UL34 DYNC1I1a [59]

Viral UL9 (helicase) DYNLL1 [28]

Viral UL35 (VP26) DYNLT1 and DYNLT3 [61]

Herpesvirus 7 Betaherpesvirinae Viral U19 DYNLL1 [28]

African swine fever Asfarviridae Viral p54 DYNLL1 [78]

Mokola Rhabdoviridae Viral phosphoprotein (P) DYNLL1 [71]

Rabies Rhabdoviridae Viral phosphoprotein (P) DYNLL1 [70,71]

Papillomavirus Papillomaviridae Viral minor capsid protein L2 DYNLT1 and DYNLT3 [43,82]

Viral probable protein E4 DYNLL1 [28]

Borna disease Bornaviridae Probably viral G surface glycoprotein DYNLRB1 [105]

Poliovirus Picornaviridae Cellular CD155 receptor DYNLT1 [86,88]

Human immunodeficiency Retroviridae Viral integrase Dyn2p (yeast orthologue

of DYNLL1)

[92]

Mason–Pfizer monkey Retroviridae Viral matrix DYNLT1 [93]

Adenovirus Adenoviridae Viral capsid hexon DYNC1LI2 DYNC1LI1 [101]

Ebolavirus Filoviridae Viral phosphoprotein (VP35) DYNLL1 [103]

J. Merino-Gracia et al. Viral proteins and host cell dynein components

FEBS Journal 278 (2011) 2997–3011 ª 2011 The Authors Journal compilation ª 2011 FEBS 3005



cellular damage. In healthy cells both Bim and Bmf

are sequestered away from the sites where pro-survival

Bcl-2 family members reside (fundamentally the endo-

plasmic reticulum and mitochondria membranes)

through interaction with dynein light chain proteins.

In these cells the light chain component of the myosin

V motor complex, DYNLL2, binds to the polypeptide

stretch DKATQTL present in Bmf [113], whereas

the equivalent component of cytoplasmic dynein,

DYNLL1, binds to the polypeptide stretch DKSTQTP

present in the Bim isoforms BimL and BimEL [114].

In response to apoptotic stimuli that impact upon the

motor complexes, Bim or Bmf in complex with their

respective light chains are released into the cytoplasm

where they can interact with pro-survival Bcl-2 pro-

teins via their BH3 domains.

Since virus infection is frequently associated with

cell apoptosis [115,116] it has been suggested that viral

polypeptides and Bim or Bmf compete for the binding

of dynein light chains DYNLL1 and DYNLL2. Thus,

binding of a viral polypeptide to DYNLL1 or DY-

NLL2 might release Bim or Bmf which, in turn, would

translocate to the mitochondria and initiate apoptosis.

In this regard, transfection of Vero cells with ASFV

p54 but not with a mutant protein that cannot bind to

DYNLL1 triggers the release of microtubule-associated

Bim and the concomitant caspase-9 and caspase-3

activation [117]. Hence, apoptosis induced by p54

results from the direct competition between Bim and

p54 for their binding to DYNLL1, which suggests that

virus–dynein interactions might be important not only

in retrograde transport. Likewise, HIV Tat, which

binds to microtubules through residues 35–50, induces

apoptosis in a Bim-dependent manner [118].

Conclusions

In the past few years, numerous studies of virus–host

interactions have revealed the role of the dynein motor

and the integrity of microtubules in virus infection.

The development of microscopy techniques has also

enabled the retrograde movement of viruses in the cel-

lular cytoplasm to be tracked. In addition, the in vitro

binding and transport assays using complete viral caps-

ids and intact microtubule motors may be instrumental

in further characterizing potential functions of the

interactions between dynein light chains and viral pro-

teins. Moreover, several viral polypeptides are known

to associate to dynein light chains, although many of

them do not belong to capsid proteins. However,

dynein light chains appear also as homodimers in the

cellular cytoplasm, without being part of the dynein

motor. Therefore, it remains to be unambiguously

established if the interaction of viral polypeptides with

Fig. 3. (A) Model for the interaction of a generic viral capsid with cytoplasmic, non-microtubule-associated DYNLL. It is then conceivable that

the DYNLL homodimer might bind simultaneously to two viral polypeptides when part of the viral capsid (a) or when soluble after viral disas-

sembly (b). This is in agreement with the modeled solution structure of the complex of DYNLL1 with p54 of ASFV [26]. (B) Three hypothe-

ses for the association of viral proteins to the dynein molecular motor. One viral polypeptide displaces a dynein intermediate chain from one

binding side of the DYNLL homodimer (a). Two DYNLL homodimers associate to one dynein intermediate chain and to one viral polypeptide

simultaneously (b). Binding of the viral polypeptides displaces the dynein intermediate chains from the DYNLL binding grooves but DYNLL

remains part of the dynein motor through the binding to the dynein heavy chain (red) (c).
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dynein light chains links the virion to the dynein

motor when bound to microtubules and if this interac-

tion is responsible for the observed viral retrograde

transport. Hence, co-immunoprecipitation of dynein

intermediate or heavy chains bound to incoming viri-

ons would be an adequate experiment to prove that

the interaction of certain viral polypeptides with

dynein light chains does indeed link virions to microtu-

bules via the dynein motor. Since DYNLL1 (and prob-

ably DYNLT1) work as dimerization clamps that bind

to intrinsically disordered regions of proteins it is also

conceivable that the dimerization of viral polypeptides

might be important for certain viral infective processes

distinct from retrograde transport. This might be the

case of the interaction of DYNLL1 with the phospho-

proteins of RV, Mokola virus and ebolavirus. On the

other hand, a conundrum therefore exists in that cer-

tain envelope or capsid viral proteins bind to dynein

light chains at the same site used by dynein intermedi-

ate chain. Thus, whether the binding of viral proteins

to dynein light chains displaces dynein intermediate

chain and how it is performed remains to be

established.
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