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The ActA protein of Listeria monocytogenesnduces
actin nucleation onthe bacterial surface. The continuous
process of actin filament elongation provides the driving
force for bacterial propulsion in infected cells or cyto-
plasmic extracts. Here, by fusing the N-terminus of ActA
(residues 1-234) to theo fragment of B-galactosidase,
we present the first evidence that this domain contains
all the necessary elements for actin tail formation. A
detailed analysis of ActA variants, in which small frag-
ments of the N-terminal region were deleted, allowed the
identification of two critical regions. Both are required to
initiate the actin polymerization process, but each has
in addition a specific role to maintain the dynamics of
the process. The first region (region T, amino acids 117—
121) is critical for filament elongation, as shown by the
absence of actin tail in a 117-121 deletion mutant or
when motility assays are performed in the presence of
anti-region T antibodies. The second region (region C,
amino acids 21-97), is more specifically involved in
maintenance of the continuity of the process, probably
by F-actin binding or prevention of barbed end capping,
as strongly suggested by both a deletion (21-97) leading
to ‘discontinuous’ actin tail formation and in vitro
experiments showing that a synthetic peptide covering
residues 33-74 can interact with F-actin. Our results
provide the first insights in the molecular dissection of
the actin polymerization process induced by the
N-terminal domain of ActA.
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Introduction

Several unrelated intracellular bacterial pathogens, includ-
ing Listeria monocytogened.isteria ivanovij Shigella
flexneri and someRickettsiae share the ability to use
actin polymerization as a driving force for intracellular
movement, cell-to-cell spread and dissemination within
infected tissues (for review, see Lasa and Cossart, 1996)
Recently, vaccinia virus has also been shown to move
through the host cell cytoplasm in association with an
actin tail (Cudmoreet al, 1995). The actin dynamics
involved in the propulsive movement of these pathogens
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has striking similarities with the protrusion of lamellipodia
in locomoting cells, providing a simple and powerful
model to understand the actin assembly at the plasma
membrane of motile cells.

The proteins responsible for actin-based movement of
L.monocytogened. .ivanovii and S.flexneri(ActA, lactA
and IcsA, respectively) have been identified (Lettal.,
1989; Domanrnet al, 1992; Kockset al, 1992; Gouin
et al, 1995; Kreftet al, 1995). The overall homology
between ActA and lactA is not high (39% identity) and
there is no detectable sequence homology between ActA
and IcsA. However, converging data suggest that these
proteins may interact at different levels of a common
pathway leading to actin assembly (for reviews, see
Cossart, 1995; Theriot, 1995; Lasa and Cossart, 1996).

ActA is a surface protein of 639 amino acids which is
anchored to the bacterial membrane (Domanal., 1992;
Kockset al,, 1992). Several lines of evidence demonstrate
that ActA is the bacterial factor responsible for actin-based
motility. First, ActA-deficient mutant strains do not poly-
merize actin (Domanmt al,, 1992; Kockset al, 1992).
Second, wild-type ActA, when expressed in mammalian
cells, is targeted to mitochondria (‘mitochondrial targeting
assay’), which become covered with actin filaments (Pistor
et al,, 1994). Similarly, when ActA is fused to the plasma
membrane anchor sequence of K-ras (CAAX-box), it
induces actin polymerization at the inner face of the plasma
membrane and changes in cell morphology (Friederich
et al, 1995). Third, heterologous expression of ActA in the
non-pathogenic bacteriutristeria innocua(Kocks et al,
1995), or binding of a recombinant ActA protein to the
surface ofStreptococcus pneumonig§®mith et al, 1995)
are sufficient to produce comettails and actin-based motility
in Xenopusextracts (Therioet al., 1994).

Due to the presence of a proline-rich repeats region in the
central part of the protein, ActA has been artificially divided
into three domains: (i) an N-terminal domain (1-234; num-
bering of amino acids as described by Koeksl, 1992);

(ii) the proline-rich repeats region (235—-395); and (iii) the
C-terminal domain (396-585; Lashaal., 1995). Sequence
analysis of ActA revealed that the proline-rich repeats and
the C-terminal domain share significant sequence similari-
ties with zyxin, an actin-binding protein associated with
focal contacts and stress fibres (R.Goldstein, E.Friederich
and D.Louvard, personal communication). In contrast, the
N-terminal domain of ActA is not similar to known proteins,
and only small motifs, either similar to the presumptive actin
binding site of caldesmon (64-LKEKAE-70) or present in
the cofilin-ADP protein family (115-EIKKRRKA-122), can

be detected.

The mechanism by which ActA induces actin polymeriz-
ation remains an open question. Attempts to demonstrate
in vitro interactions between ActA and G-actin have failed

(Ketks., 1992) andListeria grown in broth do not
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nucleate actin efficiently (Tilnegt al, 1992). Microinjec- 1995). However, an ActA variant lacking both the central
tion of fluorescently labelled phalloidin in infected cells and the C-terminal domains and expected to trigger actin
(Sangert al, 1995), or treatment of cytoplasmic extracts assembly was not associated with actin in infected cells,
of Xenopuseggs with phalloidin (Marchandt al., 1995), probably because part of the protein was embedded in the
causing polymerization of endogenous G-actin, have sug- cell wall. In order to demonstrate that the N-terminal
gested that bacteria do not recruit preformed actin filaments domain of ActA is sufficient to induce actin-based motility,
to the actin tail. Thermodynamic studieslafnonocytog- we replaced the central and C-terminal domains of ActA
enegnotility in Xenopu®xtracts supportthe view thatactin by an unrelated protein to act as a spacer. We chose the
assembly results from the local maintenance of uncappedw domain of thep-galactosidase froniEscherichia coli
filament barbed ends at the bacterium surface (Marchand(Ullmann et al, 1968) (Figure 1A). This domain is not
et al, 1995). These observations can be explained by con- involved in tetramer formation ig-ghlactosidase
sidering either that ActA recruits one or more host proteins enzyme (Jacobsoet al, 1994) and has nearly the same
responsible for the nucleation and filament uncapping activ- size (308 amino acids) as the ActA fragment that it replaces
ities, or that modification of ActA inside cells gives this (346 amino acids). When expressed ih.emonocytogenes
protein the ability to possess these activities. Several actin- strain carrying a complete deletamiAofAacth)
binding proteins @-actinin, tropomyosin, fimbrin, talin,  (Figure 1B), the chimeric protein ActA(N)-LacZ induces
villin, profilin, VASP and vinculin) have been localized to the formation of comet tails in cytoplasmic extracts
the comet tails or at the rear of the bacteria, where actin (Figure 1C). The percentage of bacteria associated with
polymerization occurs (for review, see Cossart, 1995). actin tails was equivalent to that formed with bacteria
Among these proteins only VASP (vasodilator-stimulated expressing the wild-type ActA (~25%). However, the size
phosphoprotein) is able to bind purified ActA (Chakraborty of the tails made by bacteria expressing the chimeric
et al, 1995). VASP also interacts with profilin (Reinhard ActA(N)-LacZ protein were clearly shorter than those
etal, 1995), a 15.5 kDa protein that plays a key role in actin produced by bacteria expressing wild-type ActA, sug-
polymerization (Pantaloni and Carlier, 1993). gesting that they were moving more slowly [rapidly

In a previous study (Lasat al, 1995), we generated moving bacteria tend to be associated with longer comet
severalL.monocytogenestrains expressing ActA protein  tails (Theriot et al, 1992)]. Using video-microscopy
variants. Analysis of these strains demonstrated that: recordings of bacteria moving in cytoplasmic extracts, we
(i) deletion of the N-terminal domain inhibits actin tail found that bacteria expressing ActA(N)-LacZ protein
formation; (ii) deletion of the proline-rich repeats decreases moved at an average speedpuoh/dih (h = 93,
the speed of movement, but actin tails are still formed; and SD = 0.7), three times more slowly than bacteria
(i) deletion of the C-terminal domain has no effect on expressing wild-type ActA (n®min; n = 76,
actin-based maotility. Since VASP binds to the proline-rich SD = 2.5).
repeats of ActA (Pistoet al,, 1995; also our unpublished To analyse the ability of ActA(N)—-LacZ to cause actin
results), these data suggested that profilin bound to VASPassembly in infected cells, three types of cell lines were
could provide polymerization-competent actin monomers, infected: macrophages (J774), Vero and PtK2 cells. After
and thereby increase the efficiency of the ActA-mediated 5 h of infection, cells were fixed, F-actin was stained
actin polymerization process, but that VASP is not essential with FITC—phalloidin and bacteria were stained with
for the process. In agreement with these results, depletionrhodamine-labelled anti-ActA antibodies. In all three types
of profilin in Xenopusextracts by>98% has no effect on of cell, bacteria expressing ActA(N)-LacZ were sur-
bacterial movement (Marchard al., 1995). rounded by F-actin and, in rare cases, very small actin

In the present work, we demonstrate that the first 234 comet tails were visible at one pole of some bacteria (data
amino acids of ActA (N-terminal domain) contain all of not shown). These bacteria did not form the microcolonies
the elements necessary to induce actin tail formation and characteristicloftbaocytogeneSactAstrain (Kocks
movement inXenopuscytoplasmic extracts. In order to et al, 1992), indicating that bacteria were moving in the
identify more precisely the regions of the N-terminaldomain cytoplasm of the infected cells, albeit very slowly (see
necessary for the actin polymerization process, a set of sixDiscussion).
ActA variants carrying small deletions in the N-terminal As expected from transfection experiments¢Padtor
domain was constructed. Analysis of the ability of these 1995) and from our results showing that, in the absence
ActA variants to induce actin tail formation, inhibition of of the proline-rich domain of ActA, no VASP can be
the process with antibodies aimdvitro experiments using  detected, immunolocalization experiments in cells infected
synthetic peptides and purified G-actin or F-actin allowed with bacteria producing ActA(N)-LacZ did not reveal any
the identification of two regions (spanning residues 21-97 VASP on the bacterial surface (data not shown). These
and 117-121) critical for the actin-based motility. Based on results support the view that VASP is not absolutely
these results, a hypothetical function for these two regions essential for the ActA-mediated actin polymerization
in actin tail formation is proposed. process.

Genetic analysis of the N-terminal domain of ActA:
identification of two regions necessary for actin

The N-terminal domain of ActA is sufficient to comet tail formation

induce actin-based motility in Xenopus extracts In order to identify the regions in the N-terminal domain

It was previously shown that the N-terminal domain of of ActA involved in the actin polymerization process, we
ActA is the only domain that is absolutely required for generated several ActA variants in which small fragments
actin comet tail formation in infected cells (Las4 al, of the N-terminal domain were deleted. The deletions

Results
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Fig. 1. Expression of the chimeric ActA(N)-LacZ protein in
L.monocytogenegA) Schematic representation of the ActA protein
and the chimeric protein ActA(N)-LacZ. The numbers indicate the
position of the amino acids in the wild-type ActA protein, as described
in Kockset al. (1992). 8) Immunoblotting analysis of
L.monocytogeneAactA transformed with: pActA3 (wild-type ActA)
(lanes 1 and 3), pActA(N)-LacZ (lanes 2 and 4). Equivalent aliquots
of total protein extracts were applied to an SDS-9% polyacrylamide
gel. Separated proteins were transferred onto nitrocellulose and
incubated with affinity-purified anti-ActA antibodies (A18K) (lanes 1
and 2) or polyclonal antibodies specific for thedomain of
B-galactosidase (lanes 3 and 4¢) (Movement ofL.monocytogenes
AactA expressing ActA(N)—-LacZ iXXenopusextracts. The same field
was observed every 3 min simultaneously by phase contrast to
visualize the bacterium as a dark spot, and by fluorescence to show
the bright rhodamine-labelled actin tails. The white arrow indicates the
position of the bacterium, and the arrowhead indicates the position of
the bacterium at time point zero.

ActA 1
IactA 161

ATH) SLN E————mﬁumpay ————— Emﬁ:ﬁ
SNy IRIDS] DGEEA! GKAEEEKNNLG! 1IS|

5 RDI! IWARVT. S 'ARQDIKETLI LF
90 EASGADRPAIQ! PGLP| s%@si--@ﬁmyp
261 HPKRSIKEILSDIJONRVP! -=G] [RRKAT|A€S 8JS1%D ADTE
137 DE;‘;VNKKKVAKESVADAE;-&LDS

308 El HGATGPLRTNNPST THEKI

Fig. 2. Alignment of amino acids in the N-terminal regions of ActA
and lactA. Conserved amino acids are highlighted. Amino acids are

numbered as in Kockst al. (1992) for ActA and as in Gouiet al.
(1995) for lactA.
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Two critical regions in the N-terminal domain of ActA

antibodies (A18K), these proteins were well expressed in
L.monocytogeneddactA strain and migrated with the
expected motility (Figure 3C).

The ability of the different ActA variants to associate
with polymerized actin was analysed in infected cells and
in Xenopus laevigytoplasmic extracts (Figure 3B). Two
phenotypes were observed with respect to the actin poly-
merization process: either bacteria associated with actin
without any visible comet tail; or bacteria associated with
comet tails. Bacteria expressing Actf\sg_»3iinduced the
formation of actin tails similarly to bacteria producing
wild-type ActA in infected cells as well as iXenopus
extracts. Furthermore, the speed of movement was in the

were chosen on the basis of sequence comparisons betweesame range (11.Aam/min; n = 93, SD= 0.7), indicating

ActA and lactA, the homologous protein fromivanovii
(Figure 2). Although the N-terminal domains of ActA and
lactA do not show strong similarity (25% identity), there
are two regions with high homology. The first region
(116-123 amino acids) is rich in positively charged amino

that this region (158-231) is not necessary for the process.
In contrast, bacteria expressing Act»g o33 ACtA-Ar14-
»31and ActAdg7_,3were surrounded by F-actin, but actin
comet tails were not visible. To address the role of a
positively charged peptide (117-KKRRK-121) present in

acids, the second region (41-64 amino acids) has 58%this region, in the actin polymerization process, we deleted

identity on a 23 amino acid overlap.

A schematic representation of the different ActA vari-
ants is shown in Figure 3A. As shown by immunoblotting
of total protein extracts using anti-ActA affinity-purified

these five amino acids. Bacteria expressing this protein

variant (ActAdq6_1,) Wwere surrounded by F-actin, but

were not able to produce actin comet tails, suggesting that
this positively charged peptide is critical for actin tail
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Fig. 3. Expression of ActA variants ih.monocytogeneand analysis of the ability to induce actin assembf) $chematic representation of ActA
variants. The numbers indicate the position of the amino acids in the wild-type protein. The dotted lines\vagtiraspond to the regions of ActA
which have been deleted. All the constructs were expressed under the control of the actA promoter. They all contained the region coding for the
signal peptide and the membrane anchor of ActA. *This construct has been published previously by &lagE995). B) Actin assembly

phenotypes for each of the ActA variants are summarized. Three types of cells [macrophages (J774), Vero and Ri@®j@arsxtracts were

used to analyse the phenotypes. Thesymbol means that aberrant actin comet tails are rarely fountiopusextracts. C) Immunoblot analysis

of ActA variants expressed ih.monocytogeneAactA transformed with: (i) pActA3 (wild-type ActA), (i) pActM;s5g o33 (i) PACA-Aq6 234

(iv) pACtA-A114 533 (V) PACtA-Ag7_n33 (Vi) PACtA-Ayq_g7 (Vii) pACtA-Aq16-10» Equivalent aliquots of total protein extracts were applied to an
SDS-9% polyacrylamide gel. Separated proteins were transferred onto nitrocellulose and incubated with affinity-purified anti-ActA antibodies (A18K).

formation. To confirm this result, we made use of antibod- expressing Agihn, are still associated with F-actin,
ies raised against a synthetic peptide covering residuesstrongly suggesting that region 21-97 is also involved in
102-123 (Rys_123- Incubation of L.monocytogenes the actin polymerization process. To address this issue, an
expressing wild-type ActA with increasing concentrations ActA-A,;_g7 Variant was produced. Bacteria expressing
(0.1, 1 and 5ug/ml) of affinity-purified anti-Rgs_123 this protein were able to induce actin tails and movementin
antibodies for 1 h strongly decreased the number of Xenopusxtracts. However, the actin tails were strikingly

bacteria able to induce comet tails Xenopusextracts discontinuous (Figure 5A). This phenomenon is analysed
(Figure 4). In contrast, incubation under the same condi- further in the next section.
tions with antibodies raised against a synthetic peptide Taken together, our results indicate that two regions

containing part of the first proline-rich repeat 235-252 within the N-terminal domain play a critical role in the
(Y21T) had no significant effect on the ability of the actin-based motility. The region containing the peptide
bacteria to induce comet tails. KKRRK (region T) is essential for actin tail formation,

In a previous paper, we demonstrated that bacteria and a second region located between residues 21 and 97
expressing ActAA,,_,31were not associated with F-actin  (region C) is crucial for the continuity of the actin tail
(Lasaet al, 1995). As shown in the present work, bacteria formation.
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1007 this issue we first synthesized a peptide covering

sequence 33-74 of ActA ¢(R,) and measured its
actin-binding properties. Like thymosifi4 (Van Troys

et al, 1996), B;_;, was able to inhibit salt-induced
polymerization of Ca—G-actin in a concentration-depend-
ent manner. Nearly complete inhibition was observed
for more than 30 min when the peptide was added in
a 20-fold molar excess over G-actin (Figure 6A). These
data suggest thatzP ;4 is able to bind G-actin. Peptide
Ps3_74was also recovered in F-actin pellets obtained by
airfuge centrifugation, indicating that it also binds to
filamentous actin (Figure 6B). A shorter peptide covering
residues 52—-74 of ActA @_7) displayed similar actin-
binding properties, although higher concentrations of
peptide were required to reach activities similar to that
Fig. 4. Inhibition of actin tail formation inXenopusextracts by of Ps374 (Figure 6B). A further truncated peptide,
antibodies specific to region T (117-121) of ActA. Bacteria expressing Pgs_74 Was inactive (data not shown), delineating the

wild-type ActA were incubated with three different concentrations of minimal actin-binding region to residues 33 and 63
affinity-purified antibodies against peptidggR_;,3which encompasses of ActA

region T of ActA. As controls, bacteria were incubated either without

®
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antibody or with affinity-purified antibodies that recognize the first In order to assess the specificity of the peptide
repeat of the proline-rich region (Y21T). Data are expressed as the ~ activities, we synthesized a number of variants of
percentage of bacteria associated with comets compared with the Ps,_;4 that carried single amino acid substitutions
bacteria associated with actin. All values are measD from three scattered throughout the peptide. The activities of each

independent experiments. of these variants were measured by inhibition of

fluorescence (data not shown) and by sedimentation
Analysis of the discontinuous actin tails produced analysis (Figure 6C). Several of the variant peptides
by bacteria expressing ActA-Az;_g; display weaker F-actin inhibitory activities, in particular
The movement of..monocytogenesxpressing wild-type those carrying substitutions L60G, L64G, K65E, K67E
ActA can be easily visualized under phase-contrast micro- and K70E. These results are in line with the idea that
scopy as phase-dense tails behind moving bacteria. Undefegion 53-65 could fold as aa-helix, while region
these conditions, bacteria expressing Aé\-g7produced  66-72 could adopt a highly charged coil structure.
discontinuous phase-dense spots (Figure 5A). When phaséndeed, these exchanges affect the helix stability (L60G
contrast (to visualize bacteria) and fluorescence (to showand L64G) or reverse charge distributions in the loops
rhodamine-labelled actin tails) were used simultaneously, (K65E, K67E and K70E) (Figure 6D). This situation
we found that the phase-dense spots observed by phaseould be similar to what was previously observed for
contrast corresponded to the intensively stained spotsthymosin B4, in which the actin-binding segment also

observed by fluorescence microscopy (Figure 5A). consists of ana-helix followed by a highly charged
Detailed analysis, in real time, of actin tail formation and |oop region (Van Troyset al, 1996).

movement showed that bacteria were first surrounded by The possible actin-binding properties of region T

a strongly fluorescent or phase-dense spot at their pole,were studied using the synthetic peptidggP;,3 of
while moving slowly (1.4pm/min; n = 37; SD = ActA. When added to preformed actin filaments in
0.7). After this apparently rate-limiting step, the tail was increasing concentrations, we measured saturation of
elongated and the speed of the bacteria clearly increaseco-precipitation at a 20-fold molar excess (data not
(11.4pm/min; n = 37; SD = 2.1). While bacteria were  shown). Interestingly, the pellets showed a whitish
moving forward, the fluorescence intensity of the tail, as appearance that was clearly different from the translucent
well as the speed of movement, decreased. Bacterianature of normally formed F-actin pellets;oR 13further
immediately began to be surrounded at their pole by an ijnduced actin precipitaton when added to low-salt
intensively stained spot, while remaining nearly immobile, G-actin solutions. Since a similar effect was also
and a new cycle of movement started (Figure 5B). Each gpserved with poly-lysine, we assume that the observed
_complete (j,ycle was achieved in ~55 s. We were mterest_edproperties of By 123 could be due to the highly

in comparing the average rate of movement of bacteria positively charged nature of the peptide. We therefore
expressing ActAd,; g7 with that of strains expressing refrain from concluding that &, 103 is a true actin-
wild-type ActA. The average speed of movement for pinding peptide, although at this stage there is little

bacteria expressing ActAy;_g;was 7.2um/min (0 = 51; evidence to support the view that it is not.
SD = 1.8), almost half that of wild-type ActA (11.8m/

min; n = 76; SD= 2.5).

Di ion
Actin-binding properties of synthetic peptides scussio
corresponding to the regions of ActA important in We provide here for the first time evidence that the
actin recruitment and propulsion N-terminal domain of ActA contains all the elements

One of the immediate questions emerging from our necessary to induce actin tail formation and movement.
genetic analysis concerned the direct actin-binding In addition, we have identified two peptide stretches
properties of the identified ActA regions. To address involved in different steps of actin tail formation.

1535



l.Lasa et al.

A

t+45

t1 +55

14 Distance
(um)

The N-terminal domain of ActA can by itself

induce actin tail formation

We had previously shown that the first 234 amino acids
of ActA were critical for actin-based moatility (Friederich
et al, 1995; Lasaet al, 1995). By using an ActA(N)—
LacZ chimeric protein we demonstrate that the N-
terminal domain is sufficient for actin-based motility in
Xenopuscytoplasmic extracts, but actin tails with this
construct were hardly observed in infected cells. It is
now well established that filament disassembly in the
actin tail is identical in all tests (Therictt al, 1992),
which explains why faster-moving bacteria have longer
tails. However, it has been noticed that, Xenopus

ACtA-Ao1 -97

Fig. 5. Discontinuous actin comet tails induced by Act;_o7

(A) Movement ofL.monocytogenesxpressing ActA wild-type (a and

e) or ActAD,,_g7(b, c, d, f, g and h) inXenopusextracts. The same
field was observed every 3 min by phase contrast (a—d) and phase
contrast and fluorescence simultaneously (e-h). The white arrow
indicates the position of the bacterium; the black arrowhead refers to
the initial position of the bacterium. Note that tails appear substantially
shorter in phase contrast than in G-actin—-rhodamine-labelling, thus
confirming the higher sensitivity of the fluorescence technique.

(B) Schematic representation of the comet formation induced by
ActA-Ay1_g7at various intervals indicated ly + x (expressed in
seconds). The graph represents the speed of movement of the
bacterium at each position. For details, see Results.

of the depolymerization decreases, an event partially
circumvented by the use of an ATP-regenerating system
(creatine phosphate) (Magrthelnd 995). In contrast,
inside cells, the average length of the tails does not
increase with longer infection times, indicating that
the efficiency of depolymerization does not change.
Consequently, actin comet tails inside cells are not
detectable if the rate of polymerization efficiency is
only slightly higher than the depolymerization process.
This is probably the case for the ActA(N)-LacZ
construct. Indeed, bacteria expressing the chimeric
ActA(N)-LacZ moved almost three times more slowly
than bacteria expressing wild-type ActA, indicating that

extracts, the average length of actin tails increases with the efficiency of the polymerization process is relatively

time during incubation, which suggests that the efficiency
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Fig. 6. Effects of synthetic peptides covering region C of ActA on actin polymerizatidh Sfynthetic peptides covering region 33-744B,) and

52-74 (R,_74 in the ActA sequence inhibit actin polymerization. Salt (150 mM KCIl and 1 mM Mp@hs added at time zero and the increase of
fluorescence of pyrenyl-G-actin was measured for 30 min. The molar excess of each added peptide to actin is iBJiGuteting of peptide

P33_74t0 preformed actin filaments. 24M actin was polymerized (lane 1) and to this was added peptide;An 5X (lane 2), 1X (lane 3), 2

(lane 4) and 48 (lane 5) molar excess. The content of the pellets was analysed on mini slab gels. The upper band shows actin while the lower band
represents the co-precipitated peptide. Lane 6 shows the same amount of F-actin to which was added a 40 M excess gf_pgptide P

(C) Sedimentation assay. F-actin pellets formed in the presence of peptide variants, recovered by airfuge centrifugation, were analysed on mini slab
gels and stained with Coomassie blue. The control represents the amount of F-actin formed in the absence of peptide. WT refers tg_peptide P
added in 40 molar excess to the polymerizing mixture. Other samples show the precipitation data obtained with variants ofpeptideviich

at each indicated site a single amino acid was repladgdHglical wheel covering a three-tuathelix extending from residues Arg53 (1) to Lys65

(13). When residues K57E, L60G, L64G, K65E and K67E located at the left side of the helix, were exchanged, this resulted in inhibition of activity.
Exchanges in positions located at the right side of the helix (N56A, A58D, D59A and A62D) have no or little effect on the peptide’s activity.

binding. Inside infected cells, VASP does not co-localize comet tails; and (ii) bacteria associated with comet tails.
with bacteria expressing either ActA(N)-LacZ or ActA- These different phenotypes are associated with different
AP (our unpublished results), strongly suggesting that regions of the N-terminal domain of ActA. Region T

binding of VASP, profilin and perhaps another unidenti- overlaps the residues previously identified by the ‘mito-
fied protein, to the proline-rich repeats of ActA, is chondrial targeting assay’ (Péttaal, 1995) and is
necessary to increase the efficiency of the actin responsible for an efficient actin polymerization process
polymerization process, but not that of actin comet tail leading to the actin tail formation. In its absence, bacteria
formation. In terms of virulence, VASP probably plays are associated with F-actin but are unable to produce
a critical role by allowing actin-based cell—cell spreading. actin tails.

The fact that bacteria expressing Actl,_»3,were still
Region T (117-121) is necessary for actin tail associated with F-actin, while bacteria expressing ActA-
formation and region C (21-97) is necessary for Dy, o3 were not (Laseet al, 1995), strongly suggested
continuous actin filament elongation that a second region covering residues 21-97 was able to
By transfection of mammalian cells with different ActA induce actin polymerization, or at least was able to recruit
variants, Pistoet al. (1995) established that region 128— F-actin. In agreement with this idea, bacteria expressing
152 (numbering of amino acids as described in Domann an ActA variant, in which the region between amino acids
et al, 1992) or 99-123 (numbering as described in Kocks 21 and 97 was deleted (ActAy;_g7, induced actin comet
et al, 1992), is essential for actin filament nucleation. tails, albeit discontinuously, as if formation of actin tail
However, their transfection assay could not distinguish in this mutant was due to periodic cycles of starting and
between actin assembly and actin tail formation and stalling. Therefore, region C also plays a role in the actin
movement. Our deletion analysis of the N-terminal domain assembly process.
of ActA in bacteria establishes the existence of two Although previous attempts to demonstrate interactions
phenotypes with respect to the actin polymerization pro- between ActA and G-actin—ATP or F-actin have failed,
cess: (i) bacteria surrounded with actin but unable to form in vitro experiments with a synthetic peptide containing
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residues 33-74 demonstrated that this region is able to sufficient to propel the bacteria, the speed of movement
bind F-actin. One possible explanation is that, in ActA, decreases. During this lag time ActA continues the slow
region 33—74 may be shielded. The case of ActA would process of nucleation of new filaments until accumulation
be similar to that of vinculin, a 1066 amino acid protein of a critical number of newly nucleated filaments (phase-
containing a N-terminal globular head and a C-terminal dense spots) is reached. Elongation of the newly synthe-
rod-like domain connected by a short proline-rich motif. sized filaments can then propel the bacteria at high speed,
As recently established, full-length vinculin interacts with but unprotected filaments begin to be capped again and a
its ligands (F-actining-actinin, talin, phospholipids) less  new cycle begins.
efficiently than each of its isolated domains (for review, If this model is correct, increasing the concentration of
see Jockusch and“Riger, 1996), indicating that in the capping proteins should reproduce the discontinuous tail
intact molecule, the ligand-binding sites are not always in phenotype in bacteria expressing ActA wild-type. We are
an active form. In the case of vinculin, the factors involved currently testing this hypothesis. In fact, in rare cases (our
in the conformational switches seem to be a cooperative unpublished observations), bacteria expressing wild-type
combination of phosphorylation, binding of Ptdins(4,5)P2 ActA also make discontinuous actin comet tail&enopus
and binding of the various protein ligands. In the case of extracts, suggesting that the concentration of actin-capping
ActA, phosphorylation (Brundaget al, 1993) and/or proteins may vary in some areas of the extracts, or that
ligand binding (VASP) (Chakrabortgt al, 1995) could spontaneous mutations may arise in the C region.
induce a similar functional switch and unshield either  In the future, the identification of host cell factors that
actin binding sites or binding of intermediate proteins interact with or modify the specific regions of ActA
which stimulate actin binding. identified here should help to reconstitute a minimal

in vitro system allowing actin-based motility.
Towards a model of actin assembly by the
N-terminal domain of ActA
How can one explain the continuous actin polymerization
process induced by ActA? Also, how can the discontinuous Construction of the ActA(N)-LacZ chimeric protein
actin tail formation induced by Act,;_o;be explained? Tphﬁ ® dqmgint th B-ga}laCttc;]SidfaTIe was amplified GféOénT A%l\éCGB?l
We have to take into account three sets of data. First, that'(AAggT(‘:aé'Aa‘C (:K();?:CA-)s;JSIrEgosf O(gg’(‘;%g@(‘%% (E,SG pesliessy
nuc'leatlon (assemb'Y O,f,three monome,rs of actin .tO fprm GAA-3’) (1011) (the 5-end primer contains Kpnl restriction site and
a trimer) is the rate-limiting step for actin polymerization the 3-end aXxmad site). The number in parentheses for each primer
(Pollard and Cooper, 1986); the next step, elongation corresponds to the position of the last amino acid encoded by the PCR
(addition of actin monomers to the trimers, resulting in ffa'gffpeerngiinetshtieorT?AtllthLerﬂte;r:ﬁ 1 the POR broduct was. cloned i
filament formation) occurs rapidly once nucleation ha$ pActA-APg (Lasaet aI.,p 1995) aigested witph the same restriction
taken place. Second, that electron micrographs of actinenzymes.
comets produced bly.monocytogeneshow that filaments
in the tails are short (0.22m) and oriented with their Construction of deletions in the N-terminal domain of ActA
barbed ends (fast-growing) towards the bacteria (Tilney We generated a series of N-terminal fragmentsacfA by PCR. We

. . used the same’&nd primer (209 bp upstream from the first nucleotide
et al, 1992). It has been proposed that, while continuous of the initiating codon) containing aicaRl restriction site (5GGAAT-

nucleation takes place, filament elongation may be termin- TcAGTTGGGGTTAACT-3). For the 3-end, the following primers
ated by barbed end-capping proteins, followed by cross- containing akpnl restriction site were used:

linking of the filaments (Tilney and Tilney, 1993). A tail (5-GGGTACCGCACTTTCAGAAGCATC-3) (158);

is thus the result of nucleation, elongation, capping, release(5-GGGTACC GATGATGCTATGGC-3) (126);

and cross-linking. Third, that thermodynamic studies have (5-GGGTACCGCTGCGCTATCCGA:3) (114);

established that actin assembly results from the local (5-GEGTACCGCTGGTCEGTCEECT (97).

; s All these PCR fragments were digested witboRI-Kpnl and cloned
maintenance of uncapped filament barbed ends at theinto pACctA-AN (Lasaet al, 1995) digested with the same enzymes. The

bacterium surface (Marcharet al,, 1995). . . number in parentheses corresponds to the position of the last amino acid
Based on these data, we propose that region T iSencoded by the PCR fragment in the mature ActA, as described by

more specifically involved in elongation/tail formation Kockset al. (1992). o

and region C in maintaining the barbed ends uncapped, For the construct ActAdy;_g7 a fragment containing part of the

thereby aIIowing continuous filament elongation. If we N-terminal domain was produced using the following primers:

- i . iqn 5'-end (B-GGGGTACCAGCTATACAAGTG-3') (97);
consider that propulsion of the bacteria is due to elongation 7" =" (5-GGOCCGGOAAGCATTTACCTCTTC.3) (234)
of a critical minimum number of actin filaments, in

. . — . This fragment digested witKpnl-Xmd was cloned into pActAAN
bacteria expression wild-type ActA, the filaments lost for digested with the same restriction enzymes.

the elongation process by cappirjg are constantly repla_ced Deletion of five amino acids to produce construct Adifys_;2,Was
by newly nucleated filaments. Since the rates of capping done using an oligonucleotide-directed mutagenesis system (Sculptor™
and nucleation do not vary, at least over short intervals, VM system, Amersham). A fragment containing the N-terminal domain

_anti ; ; ; ; of ActA from pActA-APC (Laseet al, 1995) was digested witBcoRI—
the F-actin concentration in the tails appears relatlvely Kpnl and cloned into appropriately digested M13mp19. Mutagenesis

homogeneous (while in fact exponentially diminishing) \as performed using the oligonucleotidé-GCGATGATGCTATG-
and the speed of movement constant. In the absence OlGCAATTTCCGCTGCGCTA-3, which deleted the sequence coding for
region C (21-97) the newly nucleated filaments may be the five amino acids. Following mutagenesis, the sequence of the
protected less efﬁciently from the capping proteins and entire fragment was determined. Recombinants harbouring the desired

- mutations were digested witicoRI-Kpnl and cloned into pActAAN.
the nucleation process cannot overcome the loss of free The resulting plasmids were electroporated ihtanonocytogenes

barbed ends due to capping. When the number of uncapped 028 aactA (Gouin et al, 1995) as described by Las al. (1995)
filaments implicated in the elongation process iS not obtaining the following strains: ActAsg 31 (BUG1368), ActA-

Materials and methods
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A1267231 (BUG1370), ACIAA114,231 (BUG1372), ACtAA97,231
(BUG1374), ActAd1_o7 (BUG1374) and ActPAq16_122 (BUG1378).

The constructs were verified by sequence determination using the T7
sequencing kit (Pharmacia Biotech). Stable expression of the proteins
was analysed by immunoblotting as described (Letsal, 1995).

Cell culture, infection and double fluorescence labelling of

bacteria and associated F-actin

The mouse macrophage-like cell line J774 (ECACC 85011428), the

Vero cell line (ATCC CRL1587) and theotorookidney epithelial PtK2

cells (ATCC CCL56) were cultured as described by Draetsil. (1993),

Kocks et al. (1993) and Gouiret al. (1995), respectively.
Immunofluorescence &f monocytogenemfected cells was performed

as described by Lasat al. (1995). Preparations were observed in a

laser scanning confocal microscope (Wild Leitz) or an epifluorescence

microscope (Optiphot-2, Nikon).

Antibodies

Polyclonal antibodies againBtgalactosidase recognizing thedomain
(Celadaet al,, 1974) were generously provided by A.Ulimannn. Poly-
clonal antibodies recognizing VASP (Reinhast al, 1992) were
generously provided by U.Walter. The ActA-specific affinity-purified
polyclonal antibodies were produced either against a synthetic peptide
comprising the first 18 N-terminal residues of mature ActA (A18K)
(Friederichet al, 1995), against a synthetic peptide comprising part of
the first proline-rich repeat (Y21T) (Kockst al, 1993) or against a
peptide Ryo_123(CERRHPGLPSDSAAEIKKRRKAI) covering residues
102-123 from ActA (this work). Affinity purification of the antibodies
was done as described by Friedergthal. (1995).

Analysis of motility of L.monocytogenes derivatives

For analysis of the motility of..monocytogenederivatives expressing
ActA variants in cytoplasmic extracts okenopus laeviseggs and
inhibition of actin tail formation with antibodies, interphasic extracts of
Xenopuseggs were prepared as described (Marchahdal, 1995).
Bacterial strains were prepared and motility assays were preformed as
described (Lasat al,, 1995) with the following modifications: extracts
mixed with bacteria were incubatedrfd h at room temperature,

compressed between a slide and a coverslip and incubated for a further

2 h. The preparations were observed with a Zeiss Axiovert 135
microscope equipped with CCD 5405 camera (Hamamatsu) which
allowed simultaneous visualization of bacteria by phase contrast, and
actin tails by fluorescence. Images were recorded in real time or in
time-lapse on a video tape recorder. An ARGUS-20 image processor

Two critical regions in the N-terminal domain of ActA

(1-pyrenyl) iodoacetamide as described (Kouyama and Michashi, 1981).
Actin polymerization in the presence of peptides was measured by the

increase in fluorescence of pyrenyl-actin (Brenner and Korn, 1983).

Peptides, dissolved in G-buffer at the indicated concentrations, were
mixed at room temperature with i1 of G-actin of which 10% was
pyrenyl-labelled. Polymerization was initiated 10 min later by the
addition of salt (final concentration 150 mM KCI and 1 mM MgLI
The increase in fluorescence was monitored at room temperature as a
function of time with a SFM25 fluorimeter (Kontron Instruments, Zurich)
using excitation and emission wavelengths of 305 nm and 388 nm
respectively. Fluorescence could be measured continuously for at least
20 min without noticeable bleaching of the sample.

Actin polymerization was also studied by a sedimentation assay.
Peptides were incubated with G-actin (@) at room temperature in
G-buffer, salt was added. The F-actin formed after 30 min of incubation
was sedimented for 15 min at 30 p.s.i. in a Beckman airfuge (Beckman
Instruments). The supernatant was discarded and the pellet washed twice
with F-buffer and resuspended in 0 of gel sample buffer and an
aliquot analysed by gel electrophoresis on mini-slab gels.

Binding of the peptides to preformed actin filaments was carried out
with F-actin formed in the presence of 150 mM KCI and 1 mM MgClI
and the addition of the indicated amounts of peptide 15 min after actin
polymerization. The pellets collected after centrifugation were analysed
by SDS-PAGE.
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