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Abstract. The ActA protein is responsible for the ac- 
tin-based movement of Listeria monocytogenes in the 
cytosol of eukaryotic cells. Analysis of mutants in which 
we varied the number of proline-rich repeats (PRR; 
consensus sequence DFPPPPTDEEL)  revealed a lin- 
ear relationship between the number of PRRs and the 
rate of movement, with each repeat contributing ,-~2-3 
ixrn/min. Mutants lacking all functional PRRs (gener- 
ated by deletion or point mutation) moved at rates 30% 
of wild-type. Indirect immunofluorescence indicated 
that the PRRs were directly responsible for binding of 
vasodilator-stimulated phosphoprotein (VASP) and for 
the localization of profilin at the bacterial surface. The 

long repeats, which are interdigitated between the 
PRRs, increased the frequency with which actin-based 
motility occurred by a mechanism independent of the 
PRRs, VASP, and profilin. Lastly, a mutant which ex- 
pressed low levels of ActA exhibited a phenotype in- 
dicative of a threshold; there was a very low percentage 
of moving bacteria, but when movement did occur, it 
was at wild-type rates. These results indicate that the 
ActA protein directs at least three separable events: (1) 
initiation of actin polymerization that is independent of 
the repeat region; (2) initiation of movement depen- 
dent on the long repeats and the amount of ActA; and 
(3) movement rate dependent on the PRRs. 

ISTERIA monocYtogenes is a Gram-positive facultative 
intracellular bacterial pathogen that grows in the 
cytosol of eukaryotic cells (12, 47). During intracel- 

lular growth, L. monocytogenes moves in the host cytosol 
and spreads cell to cell by a mechanism dependent upon 
the polymerization of host actin (8, 24, 36, 45, 47). When 
first exposed to the cytosolic environment of the host, L. 
monocytogenes becomes coated uniformly in a network of 
actin filaments and actin-binding proteins referred to as an 
actin "cloud" (47). The cloud rearranges into an asymmet- 
ric structure, or actin "tail," at the onset of bacterial actin- 
based movement (36, 45, 47). The force for movement is 
presumably provided by actin polymerization at the inter- 
face of the actin tail and the surface of the bacterium (36, 
45). The actin tail does not move with the bacterium but is 
fixed in the cytosol and depolymerizes at a constant rate. 
Thus, the length of the actin tail is proportional to the rate 
at which the bacterium is moving (45). 
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L. monocytogenes has been measured moving at speeds 
up to 87.6 ixm/min in the J774 mouse macrophage-like cell 
line and 24 ixm/min in the PtK2 potoroo kidney epithelial 
cell line (8, 45). Moving bacteria often interact with the 
host plasma membrane, forming stable filopod-like projec- 
tions with a single bacterium at the filopod tip (24, 47). 
Mutants unable to induce actin polymerization do not in- 
duce filopod formation, are incapable of cell-to-cell spread, 
and are avirulent (3, 9, 17). 

Unraveling the mechanisms that control actin polymer- 
ization in living cells is complicated by the large array of 
actin-binding proteins and the involvement of membranes 
in both the regulation and induction of actin polymeriza- 
tion (30, 54). L. monocytogenes provides a simplified 
model for the study of actin polymerization, as actin-based 
motility can be reconstituted in cell-free extracts (46). In 
addition, L. monocytogenes provides a genetic model in 
which a single surface-exposed protein, ActA, is sufficient 
to induce both actin polymerization and actin-based motil- 
ity (19, 38). 

ActA is a 639-amino acid transmembrane protein with 
no overall identity to other known proteins. However, 
ActA contains two interdigitated sets of repeats (see Fig. 1 a) 
(9, 17). The smaller repeats are 11 amino acids in length 
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and consist of three or four consecutive prolines sur- 
rounded by four acidic amino acids. Each "proline-rich re- 
peat" is separated from its neighbor by one of three se- 
quences collectively called the "long repeats." The first 
two long repeats are 24 amino acids in length and are 92- 
100% identical depending upon the isolate of L. monocy- 
togenes (Smith, G.A., and D.A. Portnoy, unpublished ob- 
servations). The third long repeat is composed of 33 amino 
acids that share no sequence identity with the first two 
long repeats. However, all three long repeats are predicted 
to have similar hydrophilic and secondary structure profiles 
(Smith, G.A., and D.A. Portnoy, unpublished observations). 

The number of functions the ActA protein performs to 
generate bacterial motility is unknown. In the simplest sce- 
nario, ActA may provide free barbed ends of filamentous 
actin (either by a filament trapping, uncapping, severing, 
or "de-novo" nucleation event) and the reaction condi- 
tions of the host cell may spontaneously polymerize actin 
into filaments and propel the bacteria through the cyto- 
plasm (23). However, the isolation of a L. monocytogenes 
mutant that polymerizes actin but fails to move suggests 
that the induction of actin-based motility may be more 
complex (20). Mutational analysis of ActA has been per- 
formed in bacterial-free plasmid-based mammalian cell 
transfection systems (11, 28). By this approach, an NH2- 
terminal region of ActA separable from the repeats was 
implicated in initiating actin polymerization, while the re- 
gion of ActA including the repeats enhanced the amount 
of actin polymerized (29). While such models allow for 
easy manipulation of the actA gene, they are limited in 
that they only reproduce the process of actin polymeriza- 
tion and are not functional for the study of actin-based 
motility. More recently, mutated ActA isoforms have 
been expressed in L. monocytogenes from a multicopy 
plasmid (21). These studies have corroborated the findings 
of the transfection experiments and went on to show that 
removal of the entire repeat region of ActA results in a 
slower rate of bacterial actin-based motility. Taken to- 
gether, these studies indicate that the generation of bacte- 
rial actin-based motility by the ActA protein is accom- 
plished by multiple functions. 

Two cytosolic host eukaryotic proteins have been impli- 
cated to play a direct role in the actin-based motility of L. 
monocytogenes. The first identified, profilin, is a poly-L- 
proline and monomeric actin binding protein (42, 44). The 
second, vasodilator-stimulated phosphoprotein (VASP), 1 
is a profilin binding protein (13, 34). Both proteins have 
been demonstrated to localize at the bacterial/actin-tail 
interface of moving L. rnonocytogenes, the site where actin 
polymerization is known to occur (5, 46). Additionally, 
VASP has been shown to directly bind the ActA protein 
(5). The binding sites responsible for this interaction are 
not known on either protein; however, large deletions 
within ActA that span both NH2-terminal and COOH-ter- 
minal of the repeat motifs fail to bind VASP (29). The 
functional significance of this interaction and the effects of 
these deletions on association with profilin are unknown. 

In this study, ActA function has been evaluated using 

1. Abbreviations used in this paper: BHI, brain/heart infusion broth; PtK2, 
potoroo kidney epitelial cells; SOE, splicing overlap extension; VASP, va- 
sodilator-stimulated phosphoprotein. 

strains of L. monocytogenes expressing a series of sequen- 
tial deletions and mutations within the ActA repeat mo- 
tifs. The results demonstrate a quantitative role for the 
proline-rich repeats in the localization of VASP and profi- 
lin at the bacteria/tail interface and the rate of actin-based 
motility. In addition, the long repeats, in a mechanism that 
is independent of VASP/profilin binding, enhance the 
transformation of actin polymerization into a force-gener- 
ating mechanism capable of propelling L. monocytogenes 
through the cytosol in a directional manner. 

Materials and Methods  

Bacterial Strains and Culture Conditions 

Two wild-type isolates of L. monocytogenes were used in this study. 
10403S, used in the majority of these experiments, expresses very limited 
amounts of ActA while in bacterial growth media and has an LDs0 value 
in BALB/c mice of ~2  × 104 (32). The hyper-hemolytic isolate, SLCC- 
5764, expresses constitutively high levels of ActA and was used for all 
studies involving Xenopus laevis cytoplasmic extracts. All in-frame dele- 
tions in the chromosomal actA gene were introduced into 10403S, as de- 
scribed below. A subset of these deletions were introduced into SLCC- 
5764 for examination in cell-free extracts. 

All strains were grown in brain/heart infusion broth (BHI; Difco Labo- 
ratories Inc., Detroit, MI), and maintained on BHI agar. Stock cultures 
were stored at -80°C in 50% (vol/vol) glycerol/BHI broth. 

Construction of L. monocytogenes Mutant Strains 

All actA in-frame deletion constructs were first subcloned into Escheri- 
chia coli DH5ct (Bethesda Research Laboratories Life Technologies, Inc., 
Gaithersburg, MD) on the shuttle plasmid pKSV7 (39). Maintenance of 
pKSV7 in E. coli was achieved with 50 p,g of ampicillin/ml of growth me- 
dia. In L. monocytogenes, 10 txg of chloramphenicol/ml of growth media 
was used to maintain pKSV7. The AactA1 allele was generated by ampli- 
fying the 10403S chromosomal actA gene by PCR. Primers used were 
5 'GGAATTCATTACTGCCAATTGCATTA3 ' ,  which is derived from 
bases 43-61 (relative to the actA open reading frame), and 5 'GGTCTA- 
G A T C A A G C A C A T A C C T A G 3 ' ,  which is derived from sequence down- 
stream of the actA open reading frame. The product was ligated into 
pKSV7 using EcoRI- and XbaI-generated DNA ends, resulting in 
pDP2117. Plasmid pDP2117 was digested with SacI, which had two recog- 
nition sequences endogenous to the actA sequence. (The two SaeI restric- 
tion sites were identical counterparts within each long repeat encoding se- 
quence.) The digested plasmid was self-ligated, resulting in pDP2118. 
Transformation of 10403S with pDP2118 was performed by electropora- 
tion as previously described, and allelic exchange was used to replace the 
chromosomal wild-type actA allele with the plasmid borne AactA1 allele 
as previously described (4), resulting in strain DP-L2157. 

All other in-frame deletions were generated using the technique of 
splicing by overlap extension (SOEing) PCR (16). Briefly, for each dele- 
tion a pair of complementary primers were designed containing an equal 
amount of a sequence identity to sequence both 5' and 3' of the region to 
be deleted. These primers were first used separately in conjunction with 
an additional primer either 5' or 3' of the deletion. The resulting amplified 
products shared identity at one end, originating from the complementary 
primers. A secondary amplification was then performed using an equal 
molar ratio of the two PCR products as template and the same 5' and 3' 
primers. The resulting amplified product possessed the desired deletion 
and was cloned into pKSV7 for allelic exchange in 10403S. Complemen- 
tary primers used were as follows: 5 'AATGCTlYCGGACTI'CCCA- 
CCGCCTCCAACA3'  and its complement for the generation of AactA2, 
5 ' A G C T C A T T C G A A T I T C C A C C A A T C C C A A C A 3 '  and its comple- 
ment for the generation of AactA3, 5 'AATGCTTCGGACTTCCCA-  
CCAATCCCAACA3 '  and its complement for the generation of AactA4, 
5 ' T A C G G A T G A A G A G T T A A A C G G G A G A G G C G G T 3 '  and its com- 
plement for the generation of AactA5, and 5 ' G A G G T A A A T G C T -  
T C G A A C G G G A G A G G C G G T 3 '  and its complement for the generation 
of AactA6. The upstream primers used in the above SOEing reactions 
were 5 ' G G G A A T F C T G A A G C T T G G G A A G C A G 3 ' ,  which is derived 
from sequence upstream of the actA open reading frame, and 5 'GGT- 
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C T A G A T C A A G C A C A T A C C T A G 3 ' ,  which is derived from sequence 
downstream of the actA open reading frame. 10403S chromosomal DNA 
was used as template for all initial reactions, with the exception of those 
used in the construction of AactA3, which used DP-L2157 chromosomal 
DNA. All final SOEing amplified products were ligated into pKSV7 using 
EcoRI- and XbaI-generated DNA ends resulting in pDP2237 (AactA2), 
pDP2291 (AactA3), pDP2292 (AactA4), pDP2321 (AactA5), and pDP2322 
(AactA6). All plasmids were independently transformed into 10403S and al- 
lelic exchange was performed resulting in strains DP-L2270 (AactA2), DP- 
L2300 (AactA3), DP-L2301 (AactA4), DP-L2373 (AactA5), and DP-L2374 
(AactA6). Additionally, SLCC-5764 was transformed with pDP2321 and 
pDP2322, and allelic exchange resulted in strains DP-L2742 and DP-L2823, 
respectively. 

The AactA3-K, AactA3-G, and AactA3-GG alleles were also generated 
using the SOEing PCR method. In each case, a pair of complementary 
primers were designed with identity to a sequence encoding a proline-rich 
repeat but with point mutations resulting in the desired amino acid substi- 
tutions. Thus, for the generation of AactA3-G, 5 'GTAAATGCTPCG-  
G A C T T C G G G G G A G G A G G T A C G G A T G A A G A G T T A A G A 3 '  and 
its complement were used. For the generation of AactA3.K, 5'CCCGC- 
CACCACCTACGAAAAAGAAGTTAAGACTTGCTTTGCCA3'  and 
its complement were used. For the generation of AactA3-GG, 5'CCG- 
A G C T C A T I ' C G A A T I T G G C G G C G G C G G A A C A G A A G A A G A G T  T- 
GAAC3'  and its complement were used. The 5' primer used in these reac- 
tions was 5 'GGAAGCITGTGGATGCYI 'CTGAAAGTGAC3' ,  which is 
derived from bases 544-564 (relative to the actA open reading frame). 
The 3' primer used in these reactions was 5 'GGGTCGACTTACG-  
C A T I T C T T G A G T G T I T T C 3 ' ,  which is derived from bases 1301-1320 
(relative to the actA open reading frame). DP-L2300 chromosomal DNA 
was used as the primary template for the construction of AactA3-G and 
AactA3-K alleles, and DP-L2656 (see below) chromosome was used for 
the generation of AactA3-GG. The final products were ligated into pKSV7 
using HindIII- and Sail-generated DNA ends resulting in pDP2641, 
pDP2642, and pDP2963, respectively. Each plasmid was independently 
transformed into 10403S and allelic exchange was performed resulting 
in strains DP-L2656 (AactA3-G), DP-L2657 (AactA3-K), and DP-L2990 
(AactA3-GG). All engineered deletions and mutations were confirmed by 
sequencing. 

Tissue Culture and Immunofluorescence Microscopy 
Four cell lines were used in this study. The J774 mouse macrophage-like 
cell line was used for metabolic labeling of ActA during intracellular in- 
fection (see below). The phagocytic properties of this cell line allowed for 
maximal infection, which was beneficial for these experiments. J774 cells 
were grown and maintained as previously described (32). Potoroo kidney 
epithelial (PtK2) cells were used for video microscopy, and Hela cells 
were used for immunofluorescence microscopy. Both cell lines have flat 
cell morphologies, which are beneficial in these applications. Addition- 
ally, antiprofilin and anti-VASP antisera were human specific, necessitat- 
ing the use of the Hela cells. PtK2 and Hela cells were grown and main- 
tained as previously described (45, 46). L2 cells were used in plaque assays 
and were grown and maintained as previously described (41). 

Double immunofluorescence of profilin and filamentous actin was as 
previously described (46). Affinity-purified rabbit ant i-human profilin an- 
tiserum was a gift of Dr. Pascal Goldschmidt-Clermont (10). Double im- 
munofluorescence of VASP and filamentous actin was performed by the 
same methods, but with the following exceptions: Primary antibody was 
affinity purified rabbit anti-VASP antisera made against the synthetic 
peptide CEAFVQELRKRGSP (derived from the COOH-terminal pro- 
tein sequence of the human VASP protein), and was kindly provided by 
Dr. Tim Mitchison (University of California, San Francisco, CA) and Dr. 
Matt Welch (University of California, San Francisco). Lissamine 
rhodamine-conjugated donkey anti-rabbit immunoglobulin was used as 
secondary antibody (Jackson ImmunoResearch Labs, Inc., West Grove, 
PA), in conjunction with fluorescein-phalloidin (Molecular Probes, Eu- 
gene, OR) to visualize filamentous actin. Coverslips were mounted in 
Vectashield (Vector Laboratories Inc., Burlingame, CA). 

Metabolic Labeling of ActA during Infection 
and SDS-PAGE 
Labeling of ActA during intracellular infection was derived from the 
method of Headley and Payne (14), and was essentially as previously de- 
scribed (3). Briefly, J774 ceils were infected with 107 bacteria grown over- 

night in BHI at 30°C. This resulted in a multiplicity of infection of two 
bacteria per J774 cell. The cells were washed with PBS and given fresh 
culture media (DME + 7.5% fetal bovine serum) lacking methionine 30 
min after infection. 1 h after infection, 50 Ixg gentamicin/ml culture media 
was added, and 30 p.g anisomycin plus 225 p~g cycloheximide/ml culture 
media were added at 3.25 h after infection. Labeling of ActA with 450 p~Ci 
[35S]methionine (Trans35S-label; ICN Biomedicals, Inc., Costa Mesa, CA)/ 
ml culture media was begun at 3.5 h after infection and continued for 1 h, 
at which time cells were lysed in 2x  final sample buffer (2% SDS, 0.06 M 
Tris, pH 6.8, 10% glycerol, 0.05% bromophenol blue) and boiled for 5 
min. Approximately one-third of each sample was subjected to SDS- 
PAGE (8% acrylamide) and the resulting gel was processed for fluorogra- 
phy (EN3HANCE; DuPont New England Nuclear, Wilmington, DE). 

Video Microscopy and Image Analysis 
All video recordings were performed on an inverted microscope (Diaphot 
300; Nikon Inc., Melville, NY) equipped with phase-contrast and epifluo- 
rescence optics. Infected cells on 25-mm-round glass coverslips were 
maintained at 37°C using an aluminum chamber connected to a circulating 
water bath. Images were acquired using a camera (Newvicon; Hamamatsu 
Corp., Bridgewater, N J) and image processing software (Metamorph; 
Universal Imaging Corporation, West Chester, PA). Images were stored 
on optical disc (Panasonic, Secaucus, NJ). For movement rate measure- 
ments, time-lapse sequences were recorded by capturing one video frame 
every 10 s. Bacterial speed was determined by averaging the distance 
moved every 10 s over a 1-min interval. Movement frequency was deter- 
mined by counting the total numbers of moving and stationary bacteria in 
infected cells during a 3-min time window. Between 10 and 20 host cells 
were counted for each bacterial strain; standard deviations represent cell- 
to-cell variation. 

Plaquing and Virulence Assays 
Infection and plaque formation in a confluent monolayer of L2 cells was 
as previously described (41). Briefly, L2 cells were infected with 6 × 106 
bacteria in six-well tissue culture trays (Costar Corp., Cambridge, MA). 
Infected cells were incubated for 1 h and then washed with PBS. The in- 
fected cells were then immediately overlaid with 3 ml DME containing 
5% fetal bovine serum, 0.7% agarose, and 10 ~g gentamicin/ml overlay. 
Cells were incubated for another 3-4 d and then stained with neutral red 
to visualize viable cells. The diameters of individual plaques were mea- 
sured as previously described (37). The LDs0 for BALB/c mice injected in- 
travenously was performed as previously described (32). 

Extract Preparation and Detection of Bacterial Motility 
Cytostatic factor-arrested (meiotic) cytoplasmic extracts of X. laevis eggs 
were prepared as previously described (46). Bacterial strains were grown 
overnight at 37°C in BHI, rinsed and resuspended in Xenopus extract 
buffer (25), and incubated with cytoplasmic extract on ice for 1 h before 
examination on the microscope. 

Results 

Generation of L. monocytogenes actA In-Frame 
Deletion Mutants 

A series of  in-frame deletions were designed to examine 
the function of the repeat motifs of the ActA protein. Our 
goal was to remove specific regions of ActA without af- 
fecting the overall structure and folding of the protein. Be- 
cause tandem proline residues have been postulated to 
form flexible helical structures that may act as spacers be- 
tween distinct domains of a protein (52), the deletions 
were designed to maintain the context of the proline-rich 
repeats within the flanking sequences of the protein. All 
deletions were introduced into the chromosomal actA 
gene of L. monocytogenes by allelic exchange to assure the 
correct expression and regulation of the actA constructs 
(Fig. 1 b). 
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Figure 1. Schematic representation of chromosomal actA gene products. (a) Entire ActA protein. (b) Wild-type and in-frame deletion 
isoforms. (c) Mutated isoforms derived from the AactA3 allele. Only the region of the proteins from amino acids 263-390 are shown in b 
and c. SS, signal sequence; TM, transmembrane domain; stipled box, region required for actin polymerization (29); PRR, proline-rich re- 
peat (shown as sequences in rectangles in b and c); LR#1, first long repeat; LR#2, second long repeat; LR#3, third long repeat (which 
lacks sequence similarity to LR#1 and LR#2, but is referred to as a "long repeat" because of similarities to LR#1 and LR#2 in hydrophi- 
licity, surface probability, and juxtaposition relative to the proline-rich repeats). Amino acid changes resulting from directed mutation 
within the proline-rich repeats are emphasized in bold. Long repeats are not shown to scale in b and c. 

The resulting strains invaded and grew in J774 cells nor- 
mally (data not shown) and expressed the mutant forms of 
the ActA protein in the host cytoplasm at levels equiva- 
lent to wild type when assayed by [35S]methionine incor- 
poration (Fig. 2 A). Each of the major protein bands la- 
beled in Fig. 2 A were further confirmed to be ActA with 
ActA specific antiserum (data not shown). Migration of 
ActA in SDS-PAGE is anomalous for two reasons. First, 
the wild-type ActA protein resolves into three distinct 
protein bands, which we have previously demonstrated to 
be a result of protein phosphorylation (3). The AactA1 
protein migrates as two bands, while the AactA2 protein 
migrates as one. These observations are consistent with 
residues in the first two long repeats being specific sites for 
phosphorylation. (The AactA3 protein runs as two closely 
migrating bands that are not resolved in Fig. 2; data not 
shown.) The role of this phosphorylation will be the sub- 

ject of a separate report. Second, the mature wild-type 
ActA protein is predicted to encode a 67-kD protein yet 
migrates in SDS-PAGE with an apparent molecular mass of 
97 kD (bottom band). This is probably at least partially ac- 
counted for by the high content of proline in ActA (35). 
Each truncated ActA isoform migrates proportionately 
less aberrantly than wild-type ActA protein approxi- 
mately relative to percent proline content. 

The Repeat Motifs Enhance Actin-based Motility 

Unlike strains of L. monocytogenes lacking all ActA func- 
tion (3, 9, 17), all the strains presented in this study were 
found to induce the polymerization of host actin at the 
bacterial surface in the form of actin clouds and actin tails. 
PtK2 cells were infected with each strain for 4 h and exam- 
ined by video microscopy. Approximately 80% of wild- 

The Journal of Cell Biology, Volume 135, 1996 650 



Figure 2. Expression of 
ActA during intracellular in- 
fection. Proteins were la- 
beled with [35S]methionine 
during infection of J774 cells, 
harvested, and run through 
8% SDS-PAGE, followed 
by fluorography. (A) Wild- 
type and in-frame deletion 
isoforms. Lane 1, wild type; 
lane 2, AactA1; lane 3, 
AactA2; lane 4, AactA3; lane 
5, AactA4; lane 6, AactA5; 
lane 7, AactA6. (B) Isoforms 
expressed from the AactA3 
strain and strains with the de- 
rivative alleles. Lane 1, 
AactA3; lane 2, AactA3-K; 
lane 3, AactA3-G; lane 4, 
AactA3-GG. Numbers at left 
represent molecular weight 
markers in kD. 

type L. monocytogenes were moving in any given 3-min in- 
terval, consistent with previous observations (45). The 
AactA1-AactA3 strains moved at frequencies similar to 
wild type. In contrast, strains having only one proline-rich 
repeat (AactA4 and AactA5) or lacking the entire repeat 
region (AactA6) moved much less frequently than wild 
type (Fig. 3 a). Lack of actin-based motility was not due to 
a lack of actin polymerization, as the majority of AactA4- 
AactA6 bacteria were associated with "actin caps" when 
examined as fixed samples. The actin caps were asymmet- 
rically located at one bacterial pole, yet unlike actin tails 
they did not appear to extend from the bacterial surface 
(Figs. 4 G and 5 D). 

Bacteria in the process of actin-based motility were also 
measured for rate of movement. Of the subset of bacteria 
that were moving, the wild-type strain moved at an aver- 
age speed of 14.2 I~m/min and a top speed of 30 l~m/min, 
which is in agreement with rates previously reported in 
PtK2 cells (45). Strikingly, the strain lacking the entire re- 
peat region of ActA (AactA6), moved at rates approxi- 
mately threefold slower than wild type. The remaining de- 
letion strains (AactA1-AactA5), all harboring deletions 
smaller than AactA6, moved at rates intermediate between 
wild type and the AactA6 strain. Taken together, the 
strains showed a trend in which movement rates were in- 
versely proportional to the size of the deletion in each 
actA allele (Fig. 3 b). A strain expressing an isoform of 
ActA derived from AactA5 in which the single proline-rich 
repeat was disrupted by the insertion of six additional pro- 
lines also moved at rates nearly identical to AactA6 (data 
not shown). 

The Repeat Motifs Mediate Association with V A S P  
and Profilin 

The VASP protein binds directly to ActA, and association 
of VASP with L. monocytogenes is dependent upon a re- 
gion of ActA that includes the repeat motifs (5, 29). We 
examined VASP association with the deletion strains by 
indirect immunofluorescence after infection of Hela cells. 
Wild-type bacteria were associated with an asymmetric 
distribution of VASP as previously described (Fig. 4) (5). 
The deletion strains associated with amounts of VASP 
correlating to the size of the chromosomal actA deletion. 
The presence of the first or third long repeat did not ap- 
pear to affect VASP association, as the AactA2 and 
AactA3 strains were similar or identical to each other. 
VASP association was detectable with bacteria expressing 
only one proline-rich repeat (AactA4 and AactA5) but was 
not detectable in the strain lacking the entire repeat region 
(AactA6). In general, association of VASP with motile 
bacteria appeared to be greatest at the bacterial pole adja- 
cent to the actin tail and decreased along the sides of each 
bacterium until undetectable at the opposing pole. This 
asymmetric gradient of VASP was evidenced by the lack 
of VASP detection along the sides of bacteria harboring 
the larger in-frame deletions, with the AactA4 and AactA5 
strains binding only a punctate patch of VASP at one pole. 

VASP also binds directly to profilin (34), which in turn 
was reported to be required for L. monocytogenes actin- 
based motility (46). We therefore examined association of 
profilin with the deletion strains by indirect immunofluo- 
rescence. As previously described, profilin associates with 
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Figure 3. Frequency and 
rates of L. monocytogenes 
motility during PtK2 intra- 
cellular infection. (a) Bar 
graph illustrating percent of 
L. monocytogenes moving 4 h 
after infection. Error  bars 
represent  standard devia- 
tions between infected cells, 
with n values equal to the 
number  of cells counted. Be- 
tween 30 and 100 bacteria 
were examined per  infected 
PtK2 cell. (b) "Box and 
Whiskers" plot of L. mono- 
cytogenes movement  rates. 
Black rectangles are the 
means, white rectangles are 
95% certainty limits for the 
means, and the whiskers are 
the intraquarti le ranges 
(from the 25th to the 75th 
percentile), n values equal 
number  of bacteria mea- 
sured. All of the mutant  rates 
passed a normality test. 

the wild-type L. monocytogenes in an asymmetric distribu- 
tion (46). Profilin association with the deletion strains was 
similar to VASP association in three ways. First, the local- 
ization of profilin with bacteria correlated to the size of 
the actA deletion in each strain. However, colocalization 
of profilin was limited to the smallest three in-frame dele- 
tions (AactA1-AactA3). Profilin association was not de- 
tected with strains having only one proline-rich repeat 
(AactA4 and AactA5) or lacking the entire repeat region 
(AactA6) (Fig. 5 and data not shown). Second, the AactA2 
and AactA3 strains appeared to associate with profilin 
equally, indicating the first and third long repeats were in- 
terchangeable in this regard (data not shown). Third, pro- 
filin associated with bacteria in an asymmetric gradient 
similar to VASP. With wild-type bacteria, profilin was ob- 

served all around the bacteria except at the pole opposite 
the actin tail. This was clearly observed in dividing bacte- 
ria, in which this pole was at the septum (Fig. 5 A). In the 
AactA2 and AactA3 strains, profilin localization was lim- 
ited to a punctate spot at the bacterial pole associated with 
the actin tail. 

Mutagenesis of  the Proline-rich Repeats 

As previously stated, the repeat region of ActA is com- 
posed of an interdigitated series of repeats: the four pro- 
line-rich repeats and the three long repeats. To determine 
which repeats were responsible for VASP and profilin as- 
sociation as well as enhanced actin-based motility, we al- 
tered the proline-rich repeats of the chromosomal AactA3 
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Figure 4. Immunolocalization 
of VASP with L. monocyto- 
genes in Hela cells. F-actin 
(left) and VASP detection 
(right) were of the same field 
for each sample. VASP was 
visualized with affinity puri- 
fied anti-VASP antiserum 
specific to a peptide derived 
from the human VASP se- 
quence. F-actin was visual- 
ized with phalloidin. 

(A) 10403S (wild type); 
(B) DP-L2157 (hactA1); 
(C) DP-L2270 (AactA2); 
(D) DP-L2300 (AactA3); 
(E) DP-L2301 (AactA4); 
(F) DP-L2373 (AactA5); 
(G) DP-L2374 (AactA6); 
(H) DP-L2656 (AactA3-G); 
(/) DP-L2657 (AactA3-K); 
(J) DP-L2990 (AactA3-GG). 
Bar, 5 Ixm. 
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Figure 5. Immunolocalization 
of profilin with L. monocyto- 
genes in Hela cells. F-actin 
(left) and profilin (right) de- 
tection were of the same field 
for each sample. Profilin was 
visualized with affinity puri- 
fied anti-human profilin. 
F-actin was visualized with 
phalloidin. (A) 10403S (wild 
type); (B) DP-L2157 
( AactA1); ( C) DP-L2300 
(AactA3); (D) DP-L2374 
( AactA6). Arrows, dim profi- 
lin patches associated with 
DP-L2300 (AactA3). Bar, 3 tam. 

allele by site-specific mutagenesis. We examined the con- 
tribution of the proline-rich repeats in the context of  the 
AactA3 allele more closely for two reasons. First, AactA3 
only possesses two proline-rich repeats, thus minimizing 

the amount  of targeted mutagenesis required to address 
their function. Second, defects in percent moving were 
only noted in strains expressing isoforms of A c t A  with less 
than two proline-rich repeats (Fig. 3 a). We first generated 
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two strains expressing alleles of AactA3 with mutations in 
the first proline-rich repeat alone: AactA3-G and AactA3-K 
(Fig. 1 c). In the AactA3-G allele, the four adjacent pro- 
lines of the first repeat were replaced with four glycines, 
while the AactA3-K allele had three adjacent acidic resi- 
dues (DEE) replaced with three lysines. These mutant iso- 
forms of ActA were stable and expressed normally during 
infection of J774 cells (Fig. 2 B). Both mutant strains were 
found to move at frequencies and rates equivalent to the 
AactA3 parent (Fig. 3, a and b), and appeared associated 
with an amount of VASP equal to or greater than the 
AactA4 and AactA5 strains (Fig. 4). The role of the pro- 
line-rich repeats was further addressed by generating a de- 
rivative of the AactA3-G allele in which both proline-rich 
repeats possessed the substitution of four glycines for the 
four prolines (Fig. 1 c). Like the AactA6 strain, the 
AactA3-GG strain did not associate with VASP (Fig. 4). 
Furthermore, the AactA3-GG strain had the surprising 
mixed phenotype of moving at rates equivalent to the 
AactA6 strain, but at frequencies approaching the wild- 
type and AactA1-AactA3 strains (Fig. 3, a and b). 

Virulence of the Mutant Strains 

The virulence of each mutant strain was determined by 
mouse LDs0 and plaque formation in confluent monolay- 
ers of L2 cells (Table I). Increases in LDs0 were only ob- 
served with strains lacking all three long repeats (AactA4- 
AactA6). The LDs0 was not notably affected by mutations 
within the proline-rich repeats (AactA3-K, AactA3-G, and 
AactA3-GG); however, in the absence of all three long re- 
peats, the presence of one proline-rich repeat was benefi- 
cial (compare AactA6 with AactA4 and AactA5). In the 
plaque formation assay, decreases in plaque size were 
noted with strains lacking either all three long repeats or 
having less than two proline-rich repeats (Fig. 6). Thus, the 
plaque formation assay was more sensitive to losses in pro- 
line-rich repeats than was the LDs0 assay. This was most 
apparent with the AactA3-GG strain, which was indistin- 
guishable from wild type by LDs0 assay, but similar to the 
AactA5 strain by plaque formation assay. 

Bacterial Motility in Cell-free Extracts 

The role of profilin in the actin-based motility of L. mono- 
cytogenes has been directly addressed in cell-free cytoplas- 
mic extracts derived from X. laevis oocytes (23, 46). Be- 
cause the 10403S isolate of L. monocytogenes expresses 
the ActA protein only during the course of intracellular 
infection and not in extracts, we introduced two of the de- 
letion alleles, AactA5 and AactA6, into the chromosome of 
a hyper-hemolytic strain (SLCC-5764) that expresses ActA 
constitutively. As with the PtK2 infections, only motile 
bacteria were measured to compute average movement 
rates. Similar to what was observed in PtK2 cells, bacteria 
expressing the AactA5 and AactA6 alleles moved at slower 
rates than the wild-type strain. However, the AactA5 and 
AactA6 strains did not move at rates significantly different 
from each other (Table II). 

Properties of a Mutant with Decreased Expression Of 
Wild-Type ActA 

We have previously described a mutant of L. monocytoge- 
nes harboring a transposon insertion in the promoter re- 
gion of the prfA gene (strain DP-L973) (41). This strain 
expresses decreased levels of the PrfA-regulated gene 
products, including ActA (Smith, G.A., and D.A. Portnoy, 
unpublished observations). Video microscopy of PtK2 
cells infected with this strain revealed that, similar to the 
strain harboring the AactA6 allele, only 10.2% (SD = .048, 
n = 16) of the bacteria were moving. In contrast to the in- 
frame deletion strains, decreased expression of ActA did 
not result in slower movement rates for those bacteria un- 
dergoing actin-based motility, as the subset of bacteria 
that were motile moved at an average speed of 13.63 ~m/ 
min (SD = 6.68, n = 25), similar to the wild-type strain. 

Discussion 

The L. monocytogenes ActA protein is necessary and suf- 
ficient to produce actin-based motility when present in an 
asymmetric distribution around a bacterial surface (3, 9, 
17, 19, 38). While the mechanism by which ActA functions 

Table L LDso of L. monocytogenes Strains with Summary of Mutant Phenotypes 

actA Percent Average rate Plaque 
Strain allele moving* of movement* VASP* Profilin* size Mouse LDs0 

Izm/mm 

10403S Wild  type 79% 14.2 + + + + + + + + 100% ~ 2  × 104 
DP-L2157  AactA1 71% 12.3 + + +  + +  97% < 1  × 105 

D P - L 2 2 7 0  AactA2 62% 11.7 + +  + 97% < 1  X 105 

D P - L 2 3 0 0  AactA3 62% 9.5 + +  + 101% < 1  X 105 

DP-L2301  AactA4 23% 7.0 + - 70% ~ 1  × 105 

DP-L2373  AactA5 16% 6.2 + - 76% H1 X 105 

D P - L 2 3 7 4  AactA6 8% 4.1 - *  - 61% ~ 8  X 105 

D P - L 2 6 5 6  AactA3-G 51% 10.3 + / +  + ND 89% < 1 X 105 

DP-L2657  AactA3-K 46% 9.4 + / + +  ND 92% < 1  X 105 

D P - L 2 9 9 0  AactA3-GG 46% 4.4 - *  ND 77% < 1  X 105 

DP-L973  Wild  type 10% 13.5 ND ND ND N D  

Decreased  

Express ion 

*In PtK2 cells (see Fig. 3 for details) 
*VASP and profilin associations with bacteria are approximations based on immunofluorescence images and are not true quantitation. 
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Figure 6. Ability of L. monocytogenes to form plaques in monolayers of L2 cells. Bar graph represents plaque size formed by each strain 
relative to wild type. For each strain, the results of at least three separate experiments were averaged. In each experiment, 10-20 individ- 
ual plaques were measured per strain and averaged. Error bars represent standard deviations. 

is largely unknown, large deletions in the actA gene have 
been used to map regions of the ActA protein responsible 
for initiating and enhancing actin polymerization and mo- 
tility (21, 29). In this study, we have performed a detailed 
examination of the ActA repeat motifs. From this molecu- 
lar analysis, we provide evidence of at least three func- 
tional domains involved in the generation of actin-based 
motility. These domains are responsible for: (a) initiation 
of actin accumulation, (b) harnessing actin polymerization 
into a motile force, and (c) accelerating actin filament 
elongation and bacterial motility rate. 

The Proline-rich Repeats: Acceleration of Actin 
Filament Elongation and Bacterial Motility 

Several observations indicate that the proline-rich repeats 
mediate the association of VASP with bacteria: (1) VASP 
binds ActA directly, and this interaction is dependent 
upon the central region of the ActA protein that includes 
the repeat motifs (5, 29). (2) There was a correlation be- 

Table II. Movement Rates in Cell-free X. Laevis Extracts 

actA Average rate 
Strain allele of movement* 

lam/min 

SLCC-5764 Wild type 4.32 +- 1.14 (n = 27) 

DP-L2742 AactA5 2.89 +-- i . i 0  (n = 20) 

DP-L2823 AactA6 2.97 +- 0.76 (n = 34) 

*In PtK2 cells. Error is standard deviation, with n equal to number of individual bac- 
teria measured. 

tween the number of proline-rich repeats in the expressed 
ActA isoform and the amount of VASP association to the 
bacterial strain. (3) The long repeats were not required for 
VASP association as the AactA4 and AactA5 strains, which 
only have one proline-rich repeat each and no long re- 
peats, colocalized with VASP. (4) One long repeat, in the 
absence of any intact proline-rich repeats (hactA3-GG), 
failed to recruit VASP to the bacterial surface. From these 
observations, we conclude that the ActA proline-rich re- 
peats are the direct binding site for VASP and that the 
proline residues are an essential constituent of the motif. 

Similar to VASP binding to ActA, the rate of bacterial 
motility roughly correlated with the number of intact pro- 
line-rich repeats, with each repeat adding ~2-3  izm/min to 
the basal rate of motility (Table I). Deletion of the entire 
repeat region (AactA6) resulted in the slowest movement 
rates, which were ~30% that of wild type in PtK2 cells. 
Strikingly similar rates were observed when the two pro- 
line-rich repeats of the hactA3 allele were both mutated 
by changing all proline residues to glycines (aactA3-GG) 
and when the single proline-rich repeat of the AactA5 al- 
lele was disrupted by the insertion of six additional pro- 
lines (data not shown). There was not a perfect correlation 
between movement rate and number of proline-rich re- 
peats, as the AactA2 strain moved at rates significantly 
faster than AactA3, even though both strains had two pro- 
line-rich repeats. In addition, the AactA3-K and AactA3-G 
strains moved at rates comparable to AactA3 even though 
one proline-rich repeat had been mutated. These inconsis- 
tencies suggest that the position of the proline-rich repeats 
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Figure 7. Schematic repre- 
sentation of four indepen- 
dent steps responsible for the 
generation of bacterial motil- 
ity. For clarity, steps are 
shown acting sequentially. 
Three bacterially associated 
actin structures are also de- 
picted: circle 1, actin cloud; 
circle 2, actin cap; and circle 
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relative to the long repeats and the remainder of the ActA 
protein affect their function. 

The mechanism by which the ActA proline-rich repeats 
accelerate actin-based motility is not clear. ActA does not 
appear to interact directly with actin (17), implying that 
the effect of the proline-rich repeats upon actin polymer- 
ization is indirect. VASP is likely to be involved in mediat- 
ing the functions of the proline-rich repeats, as VASP 
binding to ActA was dependent upon the proline-rich re- 
peats, and the number of proline-rich repeats present in 
each ActA isoform dictated the amount of VASP associ- 
ated with bacteria as well as bacterial movement rate. A 
second host protein implicated in this mechanism is profi- 
lin. Profilin has been previously demonstrated to localize 
to the bacteria and actin tail interface, but this association 
does not appear to be due to a direct interaction with 
ActA (46). Similar to VASP, we also observed host profi- 
lin to associate with bacteria in a manner that appeared to 
be dependent upon the number of proline-rich repeats 
present in the expressed ActA isoform of each strain. This 
may not be surprising as profilin is a ligand for VASP, and 
thus VASP may act to tether profilin and ActA together in 
a protein complex (34). 

The contribution of profilin to the actin-based motility 
of L. monocytogenes is a controversial issue. Two reports 
have directly addressed the role of profilin in the actin- 
based motility of L. monocytogenes by depleting profilin 
from extracts of X. laevis oocytes, which serve as a cell-free 
model of L. monocytogenes actin-based motility (23, 46). In 
the first report, the depletion of profilin resulted in com- 
plete inhibition of bacterial motility, although the bacteria 
still induced actin polymerization in formations notably 
similar to the actin cap structures reported here (46). 
However, the second report found profilin depleted ex- 
tracts could support movement  rates 75-100% that of 
mock-depleted controls (23). Comparison of these results 
is complicated by differences in the bacterial strains and 

extracts used in the two studies. The first report examined 
the motility of a natural isolate of L. monocytogenes in ex- 
tracts derived from meiotically arrested eggs (46). The sec- 
ond report used a strain of L. monocytogenes engineered 
to express high levels of the ActA protein from a multi- 
copy plasmid and used extracts from activated (inter- 
phase) eggs (23). Thus, different factors may have been 
limiting in the two studies. The AactA6 strain, which fails 
to associate with VASP and profilin, may provide further 
insight into these contrasting results. In cell-free extracts, 
the AactA6 strain moved at rates ~-,70% that of wild type. 
However, in PtK2 cells the AactA6 was much more defec- 
tive, moving at rates ~,-30% that of wild type with the ma- 
jority of bacteria associated with actin caps and not mov- 
ing (Table I). Thus, host factors essential for motility may 
have been limiting in PtK2 cells but not in our cell-free ex- 
tracts. Differences in the concentrations of factors such as 
actin, profilin, and thymosin-IM are known to exist be- 
tween different cell types and may account for the differ- 
ences noted above (22, 26, 27). Differences in host factor 
concentrations are also very likely responsible for the 
faster movement rates of the 10403S wild-type strain in 
J774 cells (87.6 ixm/min) compared to that in PtK2 cells 
(24 ixm/min) (8, 45). Similar to different cell types, the mo- 
tility of L. monocytogenes in different batches of cell-free 
extracts can also vary by at least twofold (23). Because of 
these batch-to-batch variations and differences in experi- 
mental procedure, more direct comparisons will be neces- 
sary to accurately address the role of profilin in the cell- 
free extract system. 

This study supports a model in which profilin functions 
to enhance the actin-based motility of L. monocytogenes 
(44). Profilin likely functions in this regard by increasing 
the rate of actin elongation at filament barbed ends (27, 33). 
This is supported by the colocalization of filament barbed 
ends and profilin at the bacterial/actin-tail interface (46, 
49, 50), where profilin may deliver monomeric actin to the 
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filament barbed ends (27, 33). The barbed ends of the fila- 
ments are adjacent to the bacterial pole (49, 50), and thus 
increased rates of filament elongation result in increased 
rates of bacterial motility (45). 

The Long Repeats: Harnessing Actin Polymerization 
into a Productive Motile Force 

As discussed above, the proline-rich repeats accelerated 
the rate of actin-based motility. However, strains harbor- 
ing the larger deletion alleles that lacked all three long re- 
peats (AactA4-AactA6) also displayed significant defects 
in the percent of moving bacteria. Unlike movement rate 
and association with VASP and profilin, changes in per- 
cent moving did not correlate with the number of intact 
proline-rich repeats. Instead, this defect was indicative of a 
threshold. Based on the in-frame deletions, the threshold 
was crossed either when the expressed ActA isoform had 
fewer than two proline-rich repeats or had no long repeats. 
The AactA3-GG strain, which had one long repeat but no 
intact proline-rich repeats, exhibited a high percentage of 
motile bacteria, indicating that the long repeats were the 
primary functional element enhancing the initiation of actin- 
based motility subsequent to the induction of actin poly- 
merization. Thus, the long repeats and proline-rich repeats 
have separable functions, which are both dependent on 
but separate from the inititiation of actin polymerization. 
However, it should be noted that the percent moving of 
the AactA3-GG strain was less than the wild-type strain, 
suggesting that the proline-rich repeats may also play 
some role in enhancing the percentage of moving bacteria. 

We hypothesize that the long repeats may function as a 
homophilic multimerization motif. This hypothesis is based 
on several indications that the initiation of movement, that 
is the transduction of actin filament polymerization into 
bacterial locomotion, is a cooperative event. First, the 
DP-L973 strain reveals that reduced expression of ActA 
results in a decreased number of bacteria moving, but 
when movement does occur it is at wild-type rates. This is 
the converse of the AactA3-GG phenotype, where bacteria 
initiate movement at a frequency near wild type, but at 
rates drastically reduced from wild type. Second, examina- 
tion of bacteria immediately after infection shows that 
bacteria do not initiate movement until after an average of 
three divisions, but once a bacterium begins movement it 
moves immediately at full speed (Theriot, J.A., unpublished 
observations). The simplest model that explains these ob- 
servations is the requirement of an ActA concentration 
threshold to initiate movement. One common biological 
mechanism for generating a concentration threshold for 
activity is the requirement for subunit multimerization, 
which here appears to be dependent upon the presence of 
the long repeats. 

While we favor a multimerization model for ActA, this 
does not explain the mechanism by which the long repeats 
enhance the initiation of actin-based motility. Work by 
Zhukarev et al. using fluorescence polarization has dem- 
onstrated that the actin filaments present in actin clouds 
and actin tails are highly ordered in parallel arrays. Actin 
filament alignment has been postulated to be an essential 
step in the initiation of actin-based motility, as a mutant of 
L. monocytogenes found associated with actin clouds con- 

sisting of unaligned actin filaments does not move (53). By 
fluorescence polarization, the AactA6 strain polymerized 
actin filaments with approximately threefold less ordered 
alignment than wild type (Zhukarev, V., F. Ashton, J.M. 
Sanger, G.A. Smith, H. Shuman, and J.W. Sanger, unpub- 
lished results). We are currently examining whether this 
defect more precisely correlates with the percent moving 
defect and the absence of the long repeats. It is provoca- 
tive to speculate that ActA in a multimerized complex 
may induce actin organization in parallel arrays, facilitat- 
ing the initiation of movement. 

The Repeat Motifs Are Dispensable for  
Initiation of  Actin Polymerization and Bacterial 
Actin-based Motility 

The region of ActA required to initiate actin polymeriza- 
tion was previously localized to the NH2 terminus of the 
protein, distinct from the ActA repeat motifs (21, 29). 
Consistent with this, all of the ActA isoforms presented in 
this study initiated host actin polymerization, including the 
isoform encoded by the AactA6 allele that lacked all the 
repeat motifs. 

While the repeat motifs enhanced actin-based motility, 
they were not absolutely required for motility. This ap- 
pears to be in contrast to an earlier study in which microin- 
jected peptide derived from the ActA proline-rich repeat 
sequence completely inhibited L. monocytogenes actin-based 
motility (40). Based on our data, it is not immediately 
clear how competitive inhibition of the ActA proline-rich 
repeats stops motility altogether. The microinjected pep- 
tide was noted to produce drastic global effects upon the 
host cell which may have nonspecifically inhibited motil- 
ity; alternatively, the peptide may have the interesting 
property of a dominant negative effect upon a host cell 
ligand essential for motility. 

ActA as a Virulence Factor 

ActA contributes to the virulence of L. monocytogenes by 
providing a mechanism by which bacteria can spread cell 
to cell without encountering the host humoral immune re- 
sponse (31, 48). This strategy is not unique to L. monocy- 
togenes, as two unrelated bacterial pathogens, Shigella and 
Rickettsia, as well as a viral pathogen, Vaccinia, all move 
through the eukaryotic cytosol by apparently similar 
mechanisms (2, 7, 15, 43). However, only in L. monocy- 
togenes and Shigella have the proteins directly mediating 
these processes been identified (6). The Shigella protein, 
IcsA, has no sequence similarity to the ActA protein. 

The underlying mechanism by which ActA functions is 
to induce the polymerization of host actin. Similar to the 
outgrowth of pseudopodiae and lamellipodiae from eu- 
karyotic ceils, actin polymerization itself appears to pro- 
vide the force necessary to generate bacterial motility (45). 
In the absence of the ActA repeats, actin polymerization is 
required and sufficient to direct bacterial actin-based mo- 
tility and cell-to-cell spread in an L2 plaque formation as- 
say, albeit at reduced efficiency. In the mouse model, a 
strain of L. monocytogenes lacking all ActA function has 
an LDs0 of 2 x 107, indicating the virulence is reduced ap- 
proximately 1,000-fold (3). In contrast, the virulence of the 
AactA6 strain was 80-fold less than wild type. Thus, the 
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ability of ActA to promote the virulence of L. monocy- 
togenes in the mouse was dramatically enhanced by the re- 
peat motifs. Both the proline-rich repeats (compare the 
LD50 values of AactA5 and AactA6) and the long repeats 
(compare the LD50 values of the AactA3-GG and AactA6) 
contributed to the enhanced virulence (Table I). 

A Step-by-Step Model for the Induction of Actin-based 
Motility by the ActA Protein 

The results of this and other studies indicate that there are 
at least four separate steps mediating ActA-directed actin- 
based motility (Fig. 7). The first step is the initiation of ac- 
tin filament accumulation around the bacteria, which is di- 
rected by a domain in ActA NH2-terminal of the repeats 
(21, 29). The mechanism by which the ActA protein ac- 
complishes this is unknown but may be either due to a fila- 
ment trapping, uncapping, filament severing, filament cap- 
ture, or "de-novo" nucleation event (23). Second, an 
asymmetry in ActA function relative to the bacterium 
must be established. The ActA protein has been reported 
to be present on the bacterial surface in an asymmetric dis- 
tribution (18), and we have previously demonstrated that 
the activity of ActA at only one pole of a bacterium is a 
prerequisite for directional motility (38). The mechanism 
of asymmetric localization of ActA on L. monocytogenes 
is currently unknown but may be established by cell wall 
dynamics during bacterial growth and division, as noted in 
other Gram-positive bacteria (38, 51). Third, the polymer- 
ization of actin at one pole of the bacterium must be har- 
nessed as a motile force. The long repeats enhance this 
process by an unknown mechanism that may involve actin 
filament alignment and the multimerization of the ActA 
protein. Fourth, movement rate is enhanced by optimizing 
the rate of actin polymerization. This is mediated by the 
proline-rich repeats that bind VASP, which in turn con- 
centrates profilin, and presumably actin, at the site of 
elongation. The synergism of these functions results in 
bacteria with enhanced abilities to move by actin-based 
motility, spread cell to cell in a monolayer of L2 cells (and 
thus form a larger plaque), and kill a mammalian host. 
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