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The actin cytoskeleton is harnessed by several pathogenic

bacteria that are capable of entering into non-phagocytic cells,

the so-called ‘invasive bacteria’. Among them, a few also

exploit the host actin cytoskeleton to move intra- and inter-

cellularly. Our knowledge of the basic mechanisms underlying

actin-based motility has dramatically increased and the list of

bacteria that are able to move in this way is also increasing

including not only Listeria, Shigella and Rickettsia species but

also Mycobacterium marinum and Burkholderia pseudomallei.

In all cases the central player is the Arp2/3 complex. Vaccinia

virus moves intracellularly on microtubules and just after

budding, triggers actin polymerization and the formation of

protrusions similar to that of adherent enteropathogenic

Escherichia coli, that involve the Arp2/3 complex and facilitate

its inter-cellular spread.
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Introduction
Several intracellular bacterial pathogens share the ability

to enter the host cytoplasm during infection, where

they induce actin polymerization at their surface and

initiate actin-based motility. The force generated by actin

assembly propels the bacteria through the cytoplasm

and into neighboring cells, promoting cell-to-cell spread

(Figure 1). Direct spread from cell to cell allows these

pathogens to circumvent host innate and adaptive

immune responses [1–4]. Bacterial pathogens such as

Listeria monocytogenes, Shigella flexneri, and multiple Rick-
ettsia species, have been known for some time to exhibit

intracellular actin-based motility [4]. Recent studies indi-

cate that Burkholderia pseudomallei and Mycobacterium
marinum can be added to this list. In addition to pathogens

that use actin for intracellular movement, others such as

enteropathogenic Escherichia coli (EPEC) and Vaccinia
www.sciencedirect.com
virus use actin polymerization at the plasma membrane to

form motile pedestals on the surface of infected cells

(Figure 1). These structures result from attachment

(EPEC) or function in cell-to-cell spread (Vaccinia virus).

Interestingly, all pathogens studied so far promote actin

polymerization by exploiting a host protein complex

called the Arp2/3 complex, which is a conserved mole-

cular machine used by host cells to nucleate actin fila-

ments and organize them into branched arrays.

Nevertheless, it appears that different pathogens have

adapted different strategies for interacting with and acti-

vating the host Arp2/3 complex, suggesting that they have

independently evolved the capacity to undergo actin-

based motility.

Here, we review recent advances in our understanding of

actin-based pathogen motility. We describe the basic

machinery that regulates actin polymerization in eukar-

yotic host cells. Moreover, we survey advances in our

understanding of how pathogens exploit the host actin

polymerization machinery, focusing on L. monocytogenes,
S. flexneri, Rickettsia species, and vaccinia virus, as well as

on pathogens recently found to undergo actin-based

motility, including B. pseudomallei and M. marinum.

Regulation of actin polymerization in host
cells
The actin cytoskeleton of eukaryotic cells plays a critical

role in whole-cell motility [5], and in the intracellular

movement of organelles such as endosomes [6]. Strik-

ingly, pathogens have evolved the capacity to exploit the

host actin cytoskeleton to promote their own motility

during infection. Actin itself is one of the most abundant

proteins in eukaryotic cells, constituting upwards of 5% of

total protein in some cell types. It is an ATP-binding

protein that exists in two forms, monomers (G-actin), and

double helical polymers or filaments (F-actin). The spon-

taneous nucleation of actin filament assembly from pure

monomers is kinetically unfavorable, but once nucleation

takes place, filaments undergo rapid elongation by rever-

sible endwise association of monomers. Within each fila-

ment, monomers are arranged head to tail, imparting a

molecular polarity on the filament and defining two bio-

chemically distinct ends. One end is called the plus or

barbed end and the other the minus or pointed end. In
vitro, ATP-bound monomers polymerize onto the barbed

end with a rate constant that is 10 times greater than for

the pointed end, and in cells polymerization also occurs

predominantly at barbed ends. Following addition of the

monomer onto filament ends, ATP is hydrolyzed to ADP,

and inorganic phosphate is released. Filaments depoly-

merize by endwise monomer dissociation, which primarily
Current Opinion in Microbiology 2005, 8:35–45
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Figure 1
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Schematic drawing of various stages of the infectious process by (a) EPEC, (b) Listeria and Rickettsia, (c) Shigella and Burkholderia pseudomallei

and (d) vaccinia virus. EPEC adhere to the mammalian cells via interaction between the Tir protein after its translocation and insertion in the

mammalian cell membrane and the bacterial surface protein intimin. This interaction leads to the formation of pedestals. Listeria and

Rickettsia enter non phagocytic cells via a zipper mechanism i.e. with tight apposition of the plasma membrane around entering bacteria.

Shigella enter non-phagocytic cells via a trigger mechanism i.e. the formation of large membrane extensions that result in macropinocytosis.

Burkholderia induce large membrane invaginations. Listeria, Rickettsia, Shigella and Burkholderia are internalized in a vacuole from which

they rapidly escape. Free in the cytosol, they recruit and start to polymerize actin, thereby inducing their own movement. In some cases, they

reach the membrane, induce the formation of protrusions, that result in the formation of two membrane vacuoles that are lyzed and allow a

new cycle of infection to begin. Note that Mycobacterium marinum (see text) only infects macrophages and does not induce ruffles.

Vaccinia virus (the IEV form) moves intracellularly on microtubules (green). After virus release from the infected cell, the virus (the ECV form,

see text) is propelled on a pedestal following Src recruitment and a Src mediated switch between microtubule-dependent movement and

actin-based motility.
occurs by loss of ADP-bound monomers from pointed

ends. In cells, the processes of actin polymerization and

depolymerization are regulated by an enormous variety of

actin binding proteins that perform numerous functions

including nucleating filament assembly, binding mono-

mers, capping filament ends, severing and depolymerizing

filaments, and organizing filaments into different arrays.

These proteins allow cells to modulate actin assembly in

response to external or internal stimuli.

Pathogens have evolved the ability to exploit the host

machinery that controls actin polymerization and depo-

lymerization to generate actin arrays that function in

motility. To initiate motility, pathogens first stimulate

the nucleation of actin filament assembly at their surface,

or at the plasma membrane, by activating host actin

nucleating factors. All pathogens evaluated so far have

been shown to utilize the Arp2/3 complex, one of two

major actin nucleating activities in cells [7]. The Arp2/3

complex consists of the actin related proteins (Arps) Arp2

and Arp3, as well as five other subunits. Because Arp2 and

Arp3 are structurally similar to conventional actin [8], it

has been hypothesized that in the active complex, the

barbed ends of these Arps may serve as a template for

polymerization. However, on its own the Arp2/3 complex
Current Opinion in Microbiology 2005, 8:35–45
has no actin nucleation activity. It is activated by a class of

cellular proteins called nucleation promoting factors

(NPFs) [9] of which one example are the members of

the Wiskott–Aldrich syndrome protein (WASP) family.

Most NPFs contain several conserved domains including

a proline-rich region, a C-terminal WASP homology 2 (W)

region that binds actin monomers, and C-terminal central

and acidic regions (CA) that bind to the Arp2/3 complex.

Activation of the Arp2/3 complex by NPFs involves a

conformational change in the complex [10��], which is

thought to facilitate binding to the side of an existing

actin filament and initiation polymerization of a new

filament at a 708 angle, generating characteristic Y-

branched structures that can be observed by electron

microscopy at the leading edge of motile cells

[5,11,12]. Intracellular pathogens have adopted two main

strategies for activating the Arp2/3 complex: either they

express mimics of WASP family NPFs (e.g. L. monocyto-
genes ActA /L. ivanovii IactA, or Rickettsia RickA), or they

express surface proteins that recruit host family WASP

proteins (e.g. S. flexneri). Interestingly, no pathogens

evaluated thus far have been demonstrated to utilize a

second set of actin nucleating proteins in host cells, the

formin family. Formins are an evolutionarily conserved

set of proteins that nucleate actin assembly and remain
www.sciencedirect.com
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tethered to the barbed end of growing filaments, where

they permit polymerization and inhibit filament capping

and termination [13]. In cells, formins promote the for-

mation of parallel bundles of actin filaments, which are

geometrically distinct from the branched arrays generated

by the Arp2/3 complex. Because formins have not been

shown to be utilized by pathogens, we will not discuss

them at length.

Once filaments are nucleated and organized into Y-

branched networks by the Arp2/3 complex at the pathogen

surface, filament elongation occurs, generating a force that

drives motility. Force generation has been proposed to

involve several biophysical mechanisms, including a teth-

ered Brownian ratchet mechanism that takes into account

filament behavior at the molecular level, and an elastic

model that considers the behavior of actin networks at the

macroscopic level [14]. Regardless of the precise mechan-

ism of force generation, elongation is eventually termi-

nated at the ends of older filaments by capping protein

CapZ [15], leaving only the ends of newly nucleated

filaments at the pathogen surface free to polymerize. As

filaments age and hydrolyze ATP, older ADP-containing

filaments in the array are severed and depolymerized via

the activity of ADF/cofilin proteins [16]. The set of host

proteins described above, including those involved in

nucleation (Arp2/3 complex and NPFs), capping (CapZ)

and depolymerization (ADF/cofilin), have been shown to

constitute the minimal set of proteins sufficient to drive

actin-based motility in vitro [17]. Interestingly, while

mechanisms of depolymerization appear similar between

pathogens, mechanisms for promoting actin nucleation are

more variable, and each pathogen studied to date has

evolved a slightly different strategy, as discussed below.

The actin-based motility of pathogenic
bacteria
Listeria monocytogenes

L. monocytogenes is responsible for foodborne infections,

during which bacteria spread from the intestinal lumen to

the liver and spleen, and ultimately, via a hematogenous

route, to the brain and the placenta. Symptoms include

gastroenteritis, encephalitis and abortion. A related

pathogen, L. ivanovii, primarily infects animals. Once

ingested, bacteria are internalized into host cells [2,18]

and then rapidly escape from the internalization vacuole

into the cytosol, where they polymerize actin on their

surface and initiate actin-based motility. Moving bacteria

form characteristic comet tails consisting of filaments

oriented with their fast-growing barbed ends facing the

bacterial surface [19,20] (Figure 2). The velocity of moti-

lity averages 10–15 mm/min, but can be as fast as 36 mm/

min in some cell types [21,22]. Recently, the velocity of L.
monocytogenes motility was also shown to vary as bacteria

pass through regions of a single cell with different

cytoarchitectures [23]. The mechanistic role of motility

in cell-to-cell spread (Figure 1), originally proposed based
www.sciencedirect.com
on electron microscopy, has now been confirmed by real

time observation in tissue culture cells [24].

Actin assembly at the L. monocytogenes surface is mediated

by the ActA protein [25,26] (Figure 3). L. ivanovii has a

related protein called IactA, whose expression can com-

plement a L. monocytogenes actA mutant [27,28]. ActA is

necessary for bacterial motility in tissue culture cells, and

is critical for pathogenesis in the murine model of infec-

tion [29,30]. Moreover, ActA is sufficient for motility in

the absence of other bacterial factors, as demonstrated by

the observation that ActA-coated latex beads polymerize

actin and undergo actin-based motility in cell extracts

[31]. The protein is secreted and is tethered to the

bacterial surface by a transmembrane domain, where it

displays a polarized distribution, with maximal expression

at the pole from which the comet tail forms [32].

At the molecular level, a central function of ActA is to act

as an NPF for the Arp2/3 complex [33,34] (Figure 4). The

N-terminal portion of the protein is sufficient for this

activity [34], and is also necessary for actin polymerization

and actin-based motility in infected cells [35,36]. Inter-

estingly, the N-terminal region of ActA contains consen-

sus elements present in eukaryotic WASP family NPFs,

including an actin monomer-binding region as well as

Arp2/3 binding C and A regions. A series of mutagenesis

studies have demonstrated that activation of the Arp2/3

complex by these elements, and in particular the C

region, plays an essential role in actin polymerization

and a critical role in pathogenesis [36–40]. One key

difference between ActA and host NPFs is that ActA

lacks elements that bind to regulatory proteins such as

Rho family GTPases, which is likely to be advantageous

for pathogenesis because it allows for constitutive actin

nucleation activity that is independent of host regulation.

Under normal circumstances, the N-terminus of ActA

appears to continuously activate the Arp2/3 complex dur-

ing L. monocytogenes motility, as the complex is located

throughout comet tails [33], and filaments throughout tails

are organized in a Y-branched arrangement with the char-

acteristic 708 branch angle [41,42]. However, a recent

report has demonstrated that, at least in vitro, if Arp2/3

activity is inhibited after the initial nucleation event,

L. monocytogenes motility can continue by Arp2/3-

independent filament elongation [43��]. The elongation

phase involves the formation of tails consisting of long,

parallel filaments, and requires the presence of an actin-

bundling protein such as fascin as well as an unknown

factor that binds to the bacterial surface. Interestingly, a

similar (but not identical) filament architecture is observed

in those comet tails formed within membrane protrusions

resulting from the collision of a bacterium with the plasma

membrane [44]. This suggests that bacteria may naturally

transition between phases of motility that are more or less

dependent on Arp2/3-mediated nucleation.
Current Opinion in Microbiology 2005, 8:35–45
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Figure 2

Shigella

Vaccinia

Listeria

Rickettsia

Electron microscopy of actin tails analyzed after myosin S1 decoration. For Shigella, Listeria and Rickettsia, see [41]; reprinted with permission.

Copyright 1999 The company of biologists Ltd. For vaccinia see [85]; reprinted with permission, Copyright 1995 Nature publishing group.

Strikingly, Rickettsia tails are made of long and unbranched filaments. It is not the case for Listeria, Shigella tails and vaccinia pedestals

which display the characteristic Y branched structures.

Figure 3

Wild type ∆actA

Current Opinion in Microbiology

PtK2 cells infected by Listeria wild type (left)or the actA deletion mutant (right panel). Infected cells were fixed and labeled with DAPI (blue) to

label DNA in the nucleus and in bacteria, FITC phalloidin (green) to label actin and anti-Listeria antibodies (red) for fluorescence microscopy

analysis. The actA mutant forms microcolonies inside cells.

Current Opinion in Microbiology 2005, 8:35–45 www.sciencedirect.com
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Figure 4
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Schematic representation of three types of Arp2/3 activation by various pathogens (a) Listeria monocytogenes and Rickettsia species,

(b) Shigella flexneri and Mycobacterium marinum and (c) EPEC and vaccinia virus. The surface proteins ActA of L. monocytogenes and

RickA of Rickettsia species, directly activate the Arp2/3 complex. IcsA of Shigella recruits N-WASP which then activates the Arp2/3 complex.

M. marinum recruits WASP and by doing so probably activates the Arp2/3 complex. However, the mycobacterial protein(s) or component(s)

involved are unknown. Vaccinia virus and EPEC trigger the recruitment of N-WASP and thus induce the activation of the Arp2/3 complex.

Note that in these two cases the pathogen is separated from the actin cytoskeleton machinery by the plasma membrane.
In addition to the role of the N-terminal region and Arp2/

3 in nucleation, the central proline-rich region of ActA

plays an important role in promoting efficient motility

[35]. These proline-rich sequences serve as binding sites

for the host vasodilator-stimulated phosphoprotein

(VASP) [45], whose mechanistic contribution to motility

is just now beginning to be understood. One function of

VASP is to bind and recruit profilin, an actin monomer-

binding protein that itself promotes polymerization at

barbed-ends [45]. Additionally, more recent work sug-

gests that VASP promotes the release of Arp2/3 complex

branch junctions from ActA [46�], which may accelerate

motility by allowing for more rapid growth of the actin

network at the bacterial surface. Moreover, VASP appears

to influence the geometry of networks formed by the

Arp2/3 complex. In particular, VASP reduces the fre-

quency of Y-branch formation [47,48], and has recently

been shown to increase the proportion of filaments orga-

nized in a parallel alignment in comet tails formed by

beads in vitro [49�]. The interaction with VASP is impor-

tant for pathogenesis, as ActA mutants that do not interact

with VASP exhibit alterations in motility parameters such

as directionality and persistence, and are defective in cell-

to-cell spread and virulence in mice [50�].
www.sciencedirect.com
Although mammals and mammalian tissue culture cells

have thus far served as primary models for studying

L. monocytogenes pathogenesis, recent work suggests that

other model systems can also be employed. For example,

L. monocytogenes has now been shown to infect Drosophila
melanogaster [51�] and cell lines derived from fly [51�,52�].
Moreover, actin-based motility occurs in the cytosol

of insect cells. This opens up the possibility that non-

mammalian model systems may contribute to our under-

standing of L. monocytogenes motility and pathogenesis in

the near future.

Shigella flexneri

Shigella flexneri is a Gram-negative, foodborne pathogen

that invades the colonic mucosa, causing inflammation

and diarrhea. The infection cycle strongly resembles that

of L. monocytogenes. After internalization by phagocytosis,

bacteria escape from the internalization vacuole and

begin actin-based motility at rates of 10–15 mm/min

[41,53] (Figure 1), similar to L. monocytogenes. Actin poly-

merization is mediated by a bacterial protein called IcsA

(or VirG), which is both necessary for [54–56], and is the

only bacterial protein that is sufficient for this process

[53,57]. IcsA is localized to the outer membrane in a
Current Opinion in Microbiology 2005, 8:35–45
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polarized distribution, with the highest concentration at

the pole from which actin polymerizes [58]. Although the

mechanism of polarization is not well understood, it is

thought to involve polar secretion [59]. IcsA, as the

protein AIDA (adhesion involved in diffuse adherence)

that shares similarity with IcsA, is a member of a family of

autotransporters that mediate their own translocation

across the outer membrane [60,61].

In contrast to ActA, which evolved to mimic WASP family

NPFs, IcsA has evolved the ability to bind a host NPF

called N-WASP and recruit it to the bacterial surface

[62,63] (Figure 4). Host N-WASP co-localizes with IcsA at

the bacterial pole from which actin polymerizes, and it is

essential for S. flexneri motility in cell extracts [62] and in

infected cells [64,65]. Binding of N-WASP to IcsA occurs

via N-terminal autoregulatory regions within N-WASP

[65]. These autoregulatory regions can bind to the C-

terminal WCA element of N-WASP when it is present in

the autoinhibited conformation, preventing Arp2/3 com-

plex activation. Activation of N-WASP in host cells nor-

mally occurs upon binding of the Rho family GTPase

Cdc42 together with other factors, which causes a con-

formational change that exposes the WCA region, leading

to Arp2/3 activation [66,67]. IcsA appears to function like

Cdc42 in that it promotes the conformational change that

activates N-WASP and subsequently the Arp2/3 complex.

Thus, rather than mimicking the host NPF molecule, as

ActA, IcsA appears to mimic an activator of a host NPF.

In addition to host N-WASP, host Arp2/3 complex is also

essential for bacterial motility in cell extracts [63], and it is

present throughout actin tails [41]. At the ultrastructural

level, S. flexneri tails appear morphologically similar to

those formed by L. monocytogenes [41]. Despite the com-

mon use of the Arp2/3 complex for actin nucleation by S.
flexneri and L. monocytogenes, there are interesting differ-

ences between these bacteria with regard to the function

of other actin binding proteins. For example, it has

recently been observed that VASP and the related Mena

and Evl proteins play no apparent functional role in S.
flexneri motility, as bacteria move at normal velocity in

cells deficient in these proteins [68�]. Nevertheless,

VASP does localize to the bacterial surface, and is found

in actin tails [41,68�]. Additionally, the focal adhesion

protein vinculin has been postulated to play a role in

S. flexneri, but not L. monocytogenes motility, although this

is controversial [4]. Thus, although S. flexneri uses an

Arp2/3-based nucleation mechanism, it has evolved a

distinct mechanism for activating the Arp2/3 complex,

and it utilizes a distinct but overlapping set of actin

binding proteins during motility.

Rickettsia species

Rickettsia species are obligate intracellular, Gram-negative

bacteria that fall into two groups, the spotted fever group

and the typhus group. Members of the spotted fever
Current Opinion in Microbiology 2005, 8:35–45
group, including R. conorii, the agent of the Mediterra-

nean spotted fever, and R. rickettsii, the agent of Rocky

Mountain spotted fever, exhibit actin-based motility

in the cytosol of host cells. The velocity of motility is

about 5–8 mm/min [41,69–71], which is half the rate of

L. monocytogenes and S. flexneri. Of the typus group Rick-
ettsia, only R. typhi has been observed to exhibit erratic

actin-based motility, and to form actin tails that are

shorter than those of R. conorii or R. rickettsii [72]. Inter-

estingly, Rickettsia can also grow within the nucleus of

infected cells, and actin-based bacterial motility has been

observed in the nuclear compartment [69].

Despite superficial similarities with other pathogens,

Rickettsia exhibit some striking differences from L. mono-
cytogenes and S. flexneri, the most pronounced of which

relates to the organization of actin filaments in their comet

tails [41] (Figure 2). At the resolution of the light micro-

scope, R. rickettsii tails comprise two or more distinct

bundles that wrap around each other in a helical fashion

[72] (this feature has not been observed with R. conorii).
At the ultrastructural level, Rickettsia tails comprise long

filaments arranged in nearly parallel arrays [41,72], dis-

tinct from the branched organization seen in tails formed

by L. monocytogenes. Consistent with the long and

unbranched filament architecture, Arp2/3 complex is

not detected along the length of Rickettsia tails by immu-

nofluorescence microscopy [41,72,73]. In addition, over-

expression of the WCA fragment of N-WASP, which

interferes with Arp2/3 complex function and S. flexneri
motility in cells, has only a modest effect on R. rickettsii
motility [73]. It was, however, not the case for R. conorii,
for which motility was impaired in cells expressing the

WCA fragment of Scar, a WASP-family protein [74��].
These observations led to the speculation that Rickettsia
motility may not involve the activity of the Arp2/3

complex.

Despite these observations, recent work suggests that

Rickettsia do use the Arp2/3 complex for actin-based

motility. The first clue implicating Arp2/3 complex came

from genome sequence information, which revealed the

existence of a gene in R. conorii that encodes a protein

with sequence similarity to the human WASP family

of NPFs [75]. This gene and its protein product, called

RickA, are present in several spotted fever group

Rickettsia species, but are absent from the genomes of

typhus group species such as R. prowazekii and R. typhi
[76,77��]. RickA is expressed on the bacterial surface

[74��], but it lacks a signal sequence, and the mode of

secretion is unknown. Importantly, RickA behaves like L.
monocytogenes ActA and other NPF in its ability to activate

the Arp2/3 complex in vitro [74��,77��] (Figure 4). More-

over, overexpression of the RickA WCA domain inhibits

actin-based bacterial motility in infected cells [74��],
suggesting that RickA activation of the Arp2/3 complex

is critical for this process. Finally, the Arp2/3 complex was
www.sciencedirect.com
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detectable around intracellular bacteria before tails

formation [74��].

Several interesting questions about the mechanism of

Rickettsia motility remain to be addressed. For example,

why is the Arp2/3 complex absent from Rickettsia tails, and

how is the parallel architecture of filaments generated?

One possibility is that RickA and Arp2/3 are used only

transiently to initiate actin polymerization bacterial sur-

face. Once polymerization is initiated, the Arp2/3 com-

plex may not be necessary for actin filament elongation

and sustained motility. This idea is in agreement with the

recent observation that the initiation of L. monocytogenes
motility in vitro requires the Arp2/3 complex, but that

sustained motility can be driven by Arp2/3-independent

filament elongation [43��]. Understanding how Rickettsia
may transition from Arp2/3-dependent to Arp2/3-

independent actin polymerization, and why they may

have evolved this strategy, are questions for future

investigation.

Mycobacterium marinum

Mycobacteria are responsible for human diseases includ-

ing tuberculosis, a respiratory infection caused by M.
tuberculosis, and leprosy, a peripheral nerve infection

caused by M. leprae. The related species M. marinum
causes a systemic tuberculosis-like disease in animals

such as fishes and frogs, and a localized disease in humans.

Like M. tuberculosis, M. marinum grows and replicates in

macrophages. Persistent macrophage infection results in

the aggregation of infected cells and can lead to granu-

loma formation. Until recently, it was thought that patho-

genic mycobacteria did not escape from the phagosome

into the cytosol of macrophages. However, a recent report

demonstrates that a fraction of M. marinum can in fact

escape from the phagosome [78��]. Intriguingly, once in

the cytosol, bacteria are propelled using actin-based

motility at rates of about 11 mm/min [78��]. This striking

observation suggests a role for actin-based motility in cell-

to-cell spread of M. marinum.

The mechanism of actin polymerization by M. marinum
appears to be most similar to S. flexneri. M. marinum
appears to initiate actin polymerization by recruiting

WASP, a host NPF that is specifically expressed in

macrophages and other blood cells [78��]. WASP is con-

centrated at the bacterial pole from which actin poly-

merizes, suggesting a role in actin nucleation. Similarly,

the Arp2/3 complex is localized throughout actin tails, as

is the actin-binding protein VASP. Although these obser-

vations strongly suggest that M. marinum uses WASP and

the Arp2/3 complex to nucleate actin assembly during

motility, this hypothesis has not yet been directly tested.

Nevertheless, it appears that M. marinum and S. flexneri
have evolved the same strategy for promoting actin

nucleation by recruiting a host NPF to the bacterial

surface (Figure 4).
www.sciencedirect.com
Because there is only a single report documenting M.
marinum actin-based motility, several questions remain to

be addressed. For example, which M. marinum gene(s)

and protein(s) are involved in the recruitment of WASP?

Do other mycobacterial species exhibit actin-based moti-

lity? What is the functional importance of actin-based

motility during infection? Future work that addresses

these questions will expand on this intriguing new

development in the mycobacterium field.

Burkholderia pseudomallei

B. pseudomallei is a Gram-negative bacterium that causes

melioidosis, a disease that affects humans and animals in

tropical areas. Infection by environmental organisms gen-

erally occurs via cutaneous inoculation. The clinical

manifestations are diverse and range from localized sub-

acute infections to pneumonia and sepsis. It has been

known for some time that B. pseudomallei is internalized

into host cells, where it escapes from the phagosome and

grows in the cytosol. However, it was only recently

reported that B. pseudomallei can induce actin polymer-

ization and form actin tails [79], tell-tale signs of actin-

based motility. Bacteria also form actin-rich membrane

protrusions, and can spread from cell to cell in tissue

culture models of infection.

The molecular mechanism of actin polymerization by B.
pseudomallei is largely unknown. It was recently shown

that the Arp2/3 complex is localized throughout actin tails

formed by this bacterium, suggesting a role for the com-

plex in actin-based motility [80��]. However, a functional

role for the Arp2/3 complex is uncertain, as overexpres-

sion of an Arp2/3 binding WCA fragment of Scar, which

inhibits Listeria, Shigella and R. conorii motility, does not

block B. pseudomallei tail formation. Moreover, it is not

clear whether B. pseudomallei expresses its own NPF for

the Arp2/3 complex (like L. monocytogenes and Rickettsia),

recruits a host NPF to its surface (like S. flexneri and

M. marinum), or uses some other mechanism for actin

polymerization. Bacteria do not utilize the host NPF N-

WASP, as actin tails form normally in N-WASP�/� cells.

Similarly, tails form normally in cells deficient in VASP/

Ena/Mena, indicating that these proteins are not essential

for actin polymerization. Future work will reveal whether

B. pseudomallei has evolved a strategy for polymerizing

actin that is similar to other pathogens, or whether it uses

a so far undescribed mechanism of actin-based motility.

Vaccinia virus

Vaccinia virus is a relative of the smallpox virus, and is

used as the vaccine for smallpox. After entry into cells,

replication and assembly of intracellular mature virus

(IMV) particles occur in cytoplasmic virus factories. A

subset of IMVs are then transported along microtubules

towards the centrosome, where they are wrapped by a

double membrane to generate the intracellular enveloped

virus (IEV). Although it was originally thought that IEVs
Current Opinion in Microbiology 2005, 8:35–45
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exhibited intracellular actin-based motility [81], it has

subsequently been shown that IEVs are transported to

the plasma membrane along microtubules via the activity

of kinesin motor proteins [82]. Upon fusion of IEVs with

the plasma membrane, an infectious cell associated envel-

oped virus (CEV) remains associated with the extracel-

lular surface of the host cell. At this stage, actin

polymerization is initiated beneath the CEV particle,

resulting in the formation of actin tails that support

membrane protrusions with CEVs at their tips [83].

This form of actin-based motility has been proposed to

facilitate cell-to-cell spread during infection [81,82]

(Figure 2).

Vaccinia virus has evolved a strategy for inducing actin

polymerization that is mediated by Src tyrosine kinase

signaling. A viral protein called B5R, which is associated

with the surface of the CEV, interacts with an unknown

host-cell protein to promote Src activation and subse-

quent tyrosine phosphorylation of the viral A36R protein

[84��]. Phosphorylated A36R in turn recruits the adaptor

proteins Nck and Grb2, which bind to and activate a

complex of WIP (WASP interacting protein) and the NPF

N-WASP [85–87] (Figure 4). Actin polymerization is

presumed to involve the Arp2/3 complex, and inhibition

of Arp2/3 activity by expression of the WCA fragment of

the NPF N-WASP was recently shown to inhibit the viral

infection cycle [88]. Interestingly, A36R also binds

directly to the kinesin light chain [89], and is critical

for microtubule-based movement of IEVs [83]. Moreover,

it was recently observed that tyrosine phosphorylation of

A36R by Src can act as a molecular switch between

microtubule and actin-based motility, as Src mediates

dissociation of the virus from kinesin and association with

the actin polymerization machinery [84��]. The mechan-

ism used by vaccinia virus to trigger actin polymerization

and protrusion formation shares many similarities with

pedestal formation by enteropathogenic Escherichia coli
(EPEC) [90]. In the case of EPEC, tyrosine phosphoryla-

tion of a type III secreted protein called Tir, which is

inserted in the mammalian cell membrane causes recruit-

ment of Nck and N-WASP to induce Arp2/3-mediated

actin polymerization and pedestal formation [91]. Inter-

estingly, S. flexneri exploits also the Src signaling pathway

to induce actin polymerization at the plasma membrane

during infection [92].

Conclusions
Our knowledge of actin-based motility has in 15 years

reached a degree of in-depth knowledge that was totally

unsuspected when bacterial motility was first reported.

What are the remaining black boxes? One first question is

how long actin filaments are generated during Rickettsia
movement? Is there another factor involved or has RickA

other activities? Another issue concerns the switch

between the formation of branched filaments and the

generation of long filaments observed upon Listeria or
Current Opinion in Microbiology 2005, 8:35–45
Shigella-induced protrusion formation. Another critical

question is how Arp2/3 switches from an inactive form

to an active form. One may hope that the X-ray structure

of a co-crystal of Arp2/3 with one of its activators, a

bacterial one or another will shed light on an event which

is at the heart of so many critical events for the cell and for

pathogenic bacteria.
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