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Introduction

Infectious diseases represent one of the greatest dangers
to human health worldwide. Even in industrial countries,
infections which had long been considered conquered
are again on the rise. This phenomenon can be attributed
to the increasing occurrence of strains of bacterial
pathogens that are resistant to broad spectrums of
antibiotics. Thus, effective control of infectious diseases
in the future cannot rely solely on the search for new
antibiotics, but must also include programs for the
development of new vaccines and therapeutic agents.
This latter approach requires detailed knowledge of the
mechanisms of pathogenesis at the molecular level, taking
into consideration both host-pathogen interactions and
host defense mechanisms.

During the last decade, new fundamental knowledge
has been acquired pertaining to the mechanisms bacterial
pathogens use to avoid destruction by their host and
exploit its metabolic machinery to their own advantage.
This renaissance in research on bacterial pathogenicity
was made possible by the combined use of modern
techniques in molecular and cell biology, immunology,
and microbial genetics. In addition to its importance for
the treatment of disease, research on the mechanisms
of pathogenesis also reveals detailed insights into the
physiology of the host cell, thus contributing significantly
to the clarification of complex eucaryotic cell functions.

Bacterial pathogens and their products have therefore
become indispensable research tools for many fields such
as cell biology and neurobiology. For example,
investigations on the toxins secreted by Bordetella
pertussis (the whooping cough pathogen) and Vibrio
cholerae (the cholera pathogen) led to the elucidation of
the roles of the large heterotrimeric G-proteins in signal
transduction. Both of these toxins are ADP-ribosylating
enzymes. They modify the α-subunit of the G-protein
which then irreversibly binds to and activates the enzyme
adenylate cyclase. In the case of cholera toxin, this leads
to an increase in the intracellular cAMP level in intestinal
epithelial cells. An increased excretion of sodium ions
and water into the intestinal lumen follows, resulting in
serious diarrhea. As another example, clarification of the
way bacterial neurotoxins work, in particular the tetanus
and botulism toxins from clostridia, not only led to a better
understanding of neurotransmission processes, but also
revealed the basic mechanisms of vesicular protein
transport in cells (for references see [20]).

In addition to isolated bacterial products, facultative
intracellular bacteria have also attracted increasing
attention in cell biology in recent years. The persistence
and survival of mycobacteria within their host cells are a
result of their ability to prevent acidification of the
intracellular vacuoles in which they reside. This has the
effect of preventing those cell compartments from
maturing and fusing with lysosomes, a process that
normally leads to the elimination of the pathogen. Other
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intracellular bacterial pathogens such as Shigella and
Listeria have developed even more sophisticated
mechanisms to insure survival within the infected host
cell. These make it possible for them to circumvent the
host’s defense mechanisms, or immune system (for
references see [4, 7]). After being engulfed, or
phagocytosed, by the cell, the bacteria secrete hemolytic
factors that lyse the surrounding vesicular membrane of
the phagosome, allowing them to enter the host cell
cytoplasm. In an intriguing series of events, both types

of bacteria begin to accumulate cytoskeletal elements of
the host cell, specifically components of the microfilament
system, on their surface. These are then transferred to
one pole of the bacteria, forming a comet-like tail structure
that bestows on these normally immobile bacteria the
capability of directional movement within the cytoplasm,
an event that has a number of consequences for the host
organism (see below). 

Two papers, published in 1989, first described these
events and provided the basis for the experiments to
be discussed in this article. In those publications,
Sansonetti and coworkers at the Pasteur Institute in Paris
showed that intracellular shigella recruit actin filaments
[1], and Tilney and Portnoy from Philadelphia
reconstructed the cellular infection cycle of Listeria on
the basis of elegant electron microscopic analyses [35].
The diagram in Fig. 1A is based on these latter
observations. Almost simultaneously, molecular biological
methods, including transposon mutagenesis,
complementation, and homologous recombination, were
developed to the point where it was possible to construct
mutants of these intracellular pathogens with defects
specifically in the genes to be investigated (Fig. 1B). A
close cooperation begun in 1991 with Trinad Chakraborty
and focused our work on listeria , and in particular on
Listeria monocytogenes, because this pathogen has
several advantages over shigella. L. monocytogenes is
a pathogen for both humans and animals, and therefore
has a broad host spectrum in contrast to shigella, which
is strictly a human pathogen. This allows the use of a
variety of tissue culture cells for in vitro analyses of the
behavior of the pathogen at the individual host cell level.
In addition, the mouse is an ideal animal model for in vivo
investigations, in which L. monocytogenes infection has
long been used for the study of T-cell mediated immunity
[13].

The infection cycle of Listeria

Listeria are ubiquitously occurring, Gram-positive, non-
sporulating rod-shaped bacteria. The genus Listeria
comprises six species of which two are pathogenic.
Listeria ivanovii, unlike L. monocytogenes, is pathogenic
only for animals. Listeriosis, the illness caused by L.
monocytogenes, is characterized in its acute phases by
meningoencephalitis, meningitis, and septicemia, and it
can cause damage to the unborn. The infection is usually
disseminated through contaminated food, in particular
dairy products made from unpasteurized milk such as
some cheeses, but also from meat products such as
pâtés. The pathogen enters the host organism via the
intestinal epithelium. Despite frequent exposure within
the general population, serious complications rarely
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Fig. 1 (A) The infection of Listeria monocytogenes at the cellular level.
The numbers in the drawing label each step in the process with respect
to the bacterial factors involved according to current understanding (see
Fig. 2). 1: adhesion (inlA, inlB); 2: invasion (inlA, inlB); 3: release from
the phagosome (hly, plcA); 4: recruitment of actin filaments (actA); 5: tail
formation and motility (actA); 6: development of pseudopodia (?); 7:
assimilation of the pseudopodia (?); 8: lysis of the double membrane
and release (plcB, hly). (B) Schematic illustration of the organization of
Listeria monocytogenes virulence genes and their coordinated regulation
by the positive regulation factor PrfA. The virulence gene cluster includes
the genes that express the regulatory factor PrfA, a phosphatidylinositol-
specific phospholipase (plcA), the cytotoxin listeriolysin (hly), a
metaloprotease (mpl), the actin filament accumulating factor (actA) and
a phosphatidylcholine-specific phospholipase C or lecithinase (plcB).
The internalin genes (inlA, inlB) are organised in a separate operon
outside of the virulence gene cluster. Recently, an internalin-related
protein (Irp) was identified that is independent of this operon. Only the
expression of the genes in the virulence gene cluster is strictly PrfA-
regulated



develop. However, people with weakened immune
systems are particularly at risk, and the pathogen can be
transferred to the fetus during pregnancy. Pathogenic
listeriae are a problem for food storage and conservation
because of their special ability to multiply even under high
salt concentrations and at low temperatures [12, 29].

The infection cycle of L. monocytogenes, shown in
Fig. 1A, is remarkable for several reasons. In addition to
being ingested by professional phagocytes such as
macrophages, listeria can also infect non-phagocytic cells
such as epithelial and connective tissue cells. The bacteria
have developed mechanisms to induce their own
phagocytosis, thus gaining entrance into the host cell.
This is brought about by the listerial internalin proteins
(InlA and InlB), to which adhesion as well as invasion
activities has been attributed [10, 17]. The amino-terminal
regions of both internalin A and internalin B contain
leucine-rich repeats with lengths of 22 amino acids. They
can therefore be assigned to a protein superfamily all
of which contain leucine-rich repeats and whose members
occur in eucaryotic cells and procaryotic pathogens.
According to current understanding, proteins with these
motifs are involved in signal transduction processes [14].
Recently the eucaryotic receptor of Internalin A was
identified. InlA interacts directly with the cell-cell adhesion
protein E-cadherin [19].

After phagocytosis, bacteria are normally destroyed
in special cellular organelles, the phagolysosomes. L.
monocytogenes avoids this fate by secreting a cytotoxin,
listeriolysin. This disrupts the phagosome membrane
and allows the pathogen to enter the host cell cytoplasm
where it finds suitable conditions for survival. Shortly
after its “release” into the cytoplasm, L. monocytogenes
begins to accumulate actin filaments on its surface. These
filaments subsequently organize into a tail-like structure

at one pole of the bacteria (Fig. 2). The listeriae then
begin to move through the host cell cytoplasm at speeds
of up to 1 µm per second. In addition to actin, a number
of actin-binding proteins such as α-actinin and fimbrin
have been identified in the actin tails. These
microfilament-associated proteins form crosslinks with
the actin filaments in the tail and the surrounding
cytoskeleton [5, 21, 32]. When the listeriae reach the
plasma membrane, they form finger-like pseudopodia
on the cell surface. If these pseudopods come into
contact with neighboring cells, they can be phagocytosed
together with the bacteria they contain. Although the
bacteria are then surrounded by a double membrane,
they can enter the cytoplasm of the new host cell by way
of a secreted phospholipase enzyme, thus continuing
the infection cycle. In this way, listeria can spread through
the tissues of the host organism without coming into
contact with the extracellular environment. This elegant
spreading mechanism explains why antibodies produced
as a result of the humoral immune response are
ineffective in eliminating listeria, and why, during the
course of an infection, pathogenic listeria can overcome
the normally very effective barriers between blood and
brain or blood and placenta.

A decisive step for the analysis of the L. monocytogenes
pathogenicity mechanisms was the establishment of
isogenic mutants in each virulence gene. Various
laboratories were involved in this work. Using transposon
mutagenesis, the production of a nonhemolytic L.
monocytogenes mutant led to the identification of the
listeriolysin gene [25]. Surprisingly, experiments in which
the neighboring genes were sequenced and then
inactivated by insertion mutagenesis showed that a large
proportion of the L. monocytogenes virulence genes
identified to date lay in a chromosomal gene cluster (see
Fig. 1B).

In addition to listeriolysin, this cluster included: the
genes of two phospholipases (PlcA and PlcB), enzymes
involved in the lysis of the intracellular phagosomal
membrane; a so far poorly characterized metaloprotease;
and the ActA protein, which will be discussed in more
detail below. Interestingly, the expression of the five above-
mentioned virulence-associated genes is controlled by a
positive regulation factor (PrfA). Since these factors are
only produced at temperatures above 30ÞC, the listeria
bacterium appears to the exquisitely adapted to its
mammalian host organisms [25]. The contribution of each
virulence gene to the total pathogenic potential of L.
monocytogenes was shown by infection experiments in
animal models. Isogenic mutants in each of those genes
were either reduced in virulence or were avirulent [7].
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Fig. 2 Fluorescence micrograph showing epithelial cells infected with
Listeria monocytogenes wild type revealing the distribution of actin.
Note the typical actin “comet tails”



The ActA protein
Each step in the infection cycle shown in Fig. 1A is in
itself extremely interesting and raises a number of
questions, the discussion of which would go beyond the
scope of this review. Therefore, the following discussion
is limited to the ActA protein, which we have studied
intensively in recent years, and whose function and
mechanism of action are fairly well understood in
comparison to the other listerial virulence factors. The
function of ActA was in part revealed by the unusual
phenotype of an isogenic ActA mutant of L.
monocytogenes in infected tissue culture cells: although
still invasive and capable of multiplying, the ActA mutant
no longer spread in the host cell cytoplasm but instead
formed microcolonies. Actin recruitment no longer took
place in this mutant, which indicated that the listerial
ActA protein played a significant role in this process [2,
6, 15]. The ActA polypeptide was found to contain an
amino-terminal signal sequence and a carboxy-terminal
membrane anchor. A database search turned up a
limited homology of the central proline-rich domain to
vinculin, a microfilament associated protein (Fig. 3).
Shortly after this discovery, it was shown that the motility
of listeria in the host cell cytoplasm was attributable to
the recruitment of actin and the formation of actin
filaments on the bacterial surface [28, 33].

Actin is a highly conserved protein that is found in
all eucaryotic cells. It is the main structural component
of the cytoskeletal microfilament system. The salient
feature of this system, its dynamic reaction in response
to extra- or intracellular stimuli, can be attributed to the
ability of the actin molecule to reversibly polymerize into
a double helical actin filament. Actin therefore serves a
pivotal function in various cellular processes such as cell

division, chemotaxis, movement, phagocytosis, and
secretion. Despite numerous in vitro analyses, little is
known about the regulation of the proteins involved in the
cellular processes that influence actin dynamics. 

Actin filaments have a polar structure that can be
visualized by decorating it with myosin subfragments. If
one observes the organization of actin filaments in motile
cell appendages such as the lamellipodia of connective
tissue cells, all of the actin filaments can be seen to have
the same polarity. The extension of the actin filaments,
which occurs through the addition of actin monomers,
takes place directly at the plasma membrane. This leads
to the local protrusion of the lamellipodia in response to
extracellular stimuli. Similarly, the actin filaments in the
microvilli of brush border epithelia all have identical
polarity, and extension of the microvilli, as during
regeneration, takes place at their tips by the deposition
of actin monomers directly underneath the plasma
membrane. The mechanisms and/or proteins responsible
for these processes are unknown.
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Fig. 3 Schematic drawing of the ActA protein showing the proline-rich
sequences of the central repeat domain and their homology to the
related sequence in vinculin, a cytoskeletal protein present in focal
contacts

Fig. 4 Double fluorescence micrographs of an actA transfected
epithelial cell. (A) Distribution of the ActA protein in the transfected
cell, and (B) distribution of actin in the same field of view. (C)
Distribution of ActA in the transfected cell, and (D) overall distribution
of α-actinin in the same field of view. Actin and α-actinin are located
on the ActA-decorated mitochondria in transfected cells



Actin filaments in the tails induced by listeria have an
analogous polarity, and the deposition of actin monomers
takes place directly on the surface of the bacteria. This
strongly suggests that listeriae utilize the host cell’s
machinery for actin filament formation to their own
advantage. The elucidation of the mechanisms by which
actin filaments are formed at the bacterial surface would
therefore contribute significantly to our understanding of
how eucaryotic cells normally control the assembly and
dismantling of actin filaments. In this regard it was of
interest to investigate the ActA protein in more detail. The
first question we asked was whether or not this bacterial
factor alone was sufficient for the recruitment of actin
filaments on the bacterial surface. To address this
problem, an experimental system was required that
allowed the analysis of ActA activity in the absence of
other bacterial factors. Therefore, ActA was expressed
in eucaryotic cells [23]. To our surprise, the ActA protein
was distributed in point-like clusters in the transfected
cells and co-localized with the mitochondria. Analysis of
the actin distribution in the transfected tissue culture cells
showed that actin filaments were attached to the 
ActA-decorated mitochondrial surface (Fig. 4). For the
aforementioned transfection experiments, the complete
ActA gene including the signal sequence and membrane
anchor was used. When an ActA construct without a
membrane anchor was employed, the ActA remained
dispersed within the cytoplasm of the transfected cells,
indicating that the ActA membrane anchor was
responsible for the mitochondrial localization. In addition
to actin filaments, microfilament-associated proteins such
as α-actinin (Fig. 4) and fimbrin were localized to the
ActA-decorated mitochondria in transfected cells. We
therefore concluded that ActA, regardless of whether it
is anchored to the bacterial or the mitochondrial surface,
can induce the recruitment of actin filaments and
additional microfilament-associated proteins. This proved
that ActA alone is sufficient to initiate a reorganization of
the microfilament system, and suggested that this bacterial
factor can be considered a prototype of an actin nucleator
[23]. Furthermore, the mitochondrial targeting system
also opened the possibility of investigating the functional
domain structure of the ActA protein by using different
ActA constructs in transfection experiments (see below).
Using other experimental approaches, these results were
previously confirmed [9, 16, 31].

Profilin, VASP, Mena

During the course of this work we also attempted to
identify potential ActA-binding host cell-derived factors
that might be involved in actin filament nucleation on the
bacterial surface. Analysis of the protein composition of

the microfilament elements recruited by listeria showed
that different actin-binding proteins such as α-actinin and
fimbrin were localized at the ends of the actin tail; this
observation led to the conclusion that these proteins do
not interact directly with the bacterial surface, i.e., with
ActA [5, 32]. An exception to this rule was profilin, which
was shown to have a polar distribution on the surface
of motile intracellular listeriae [34]. From this observation
it was suggested that profilin may be required for the
polymerization of cellular actin on the bacterial surface.
In vitro, profilin binds monomeric actin and catalyzes
nucleotide exchange (ADP for ATP) on the actin molecule.
Because the polymerization of ADP-actin proceeds more
slowly than for ATP-actin, profilin can promote actin
polymerization in the presence of excess ADP-actin by
means of this nucleotide exchange. However, in a cell-
free system it was not possible to establish a direct
association between profilin and listeria. It was thus
concluded that an additional host cell factor must be
involved in the interaction between ActA and profilin.
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Fig. 5 (A, B) Detection of VASP on the surface of intracellular listeria.
Double fluorescence micrographs of a portion of an epithelial cell infected
with Listeria monocytogenes at higher magnification showing: (A) the
actin labelling of a typical “comet tail” and (B) the distribution of VASP
in the same field of view. (C, D) Double fluorescence micrographs of
an epithelial cell showing: (C) the distribution of actin and (D) that of
VASP in the same field of view. Note the accumulation of VASP in focal
contacts



We carried out a comprehensive series of tests with
different antibodies that react with microfilament-
associated proteins to search for this missing protein.
The most promising candidate could be identified as a
protein known as VASP, the vasodilator-stimulating
phosphoprotein [3]. VASP was originally identified as an
in vitro substrate for cAMP and cGMP-dependent protein
kinases in thrombocytes. Moreover, it is virtually ubiquitous
in mammalian cells as a microfilament-associated “focal
contact protein”, as well as being localized in the active
margins of lamellipodia as shown in Fig. 5. We showed
that VASP was localized at one pole of intracellular motile
listeriae and, furthermore, that purified VASP binds to
ActA in vitro [3]. In the meantime, the natural VASP
binding partner in the cell was identified as profilin [27].
It could therefore be concluded that, by binding to ActA
and profilin, VASP establishes a direct connection
between intracellular listeriae and the cytoskeletal

components of the host cell. More recently another
microfilament-associated protein, Mena, was identified
to interact directly with both, ActA and profilin. Both
proteins, VASP and Mena, belong to the newly discovered
Ena/VASP family, whose members share a similar
organization [11].

The VASP-binding domain on the ActA molecule was
located using the mitochondrial targeting system. Unlike
complete ActA, derivatives of ActA lacking the central
proline-rich repeats do not recruit VASP in transfected
cells although they can still recruit actin filaments to a
small degree. Further analysis of the N-terminal region
of ActA resulted in the identification of a second domain
that, independent of the VASP-binding domain, is essential
for the recruitment of actin filaments [24].
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Fig. 6 Identification of the VASP binding position on the ActA protein
with the help of the peptide spot synthesis method. The numbers from
1 to 96 mark the spots on a filter membrane containing the immobilized,
overlapping synthetic peptides that together compose the entire ActA
sequence. The bound, radioactively-labeled VASP was revealed with
the help of an X-ray film. VASP binds specifically to the peptides that
contain polyproline, as shown by the list of positive peptides

Fig. 7 A model for ActA-mediated actin filament formation. ActA recruits
VASP that in turn binds profilin. ActA also recruits another, as yet
unknown, ligand or complex which possibly represents the actual actin
nucleator. Profilin promotes nucleotide exchange within actin (ADP
for ATP) and thus raises the concentration of polymerizable actin in
the immediate vicinity of the ActA-bound nucleator. The resulting actin
filaments are diagonally cross-linked with actin-binding proteins such
as α-actinin, fimbrin and filamin, and thus the polymerization process
in itself can be considered the propelling force for bacterial motility in
the cytoplasm. In the absence of the amino-terminal domain (ActA-
³N) ActA still recruits VASP but actin filaments cannot be formed. This
mutant forms micro-colonies in infected cells and is incapable of
spreading intra- or intercellularly. An actA mutant from which the
proline-rich repeat domain has been deleted (ActA-³P) is only capable
of forming short actin tails in infected cells and has a markedly reduced
intracellular motility. Thus, VASP substantially enhances the effectivity
of the ActA-induced actin filament formation



The method of parallel spot synthesis of peptides on
membrane supports [8] proved to be useful for the detailed
characterization of VASP/ActA binding. Since we had
used this technique for the epitope analysis of monoclonal
antibodies, we already had a complete set of overlapping
peptides (peptide length: 15 amino acid groups; 96
peptides in total), together comprising the whole of the
ActA molecule, immobilized as spots on a membrane.
The incubation of this membrane with [32P]-phosphorylated
VASP (i.e., radioactively labeled) enabled us to identify
the peptides to which VASP binds (Fig. 6), which in each
case were the polyproline-containing peptides within the
proline-rich repeat domain. These findings confirmed the
experiments discussed above in which different ActA
constructs were tested in the mitochondrial targeting
system. Additional experiments using the peptide spot
synthesis method allowed an even more detailed analysis
of the VASP-binding domain in the ActA molecule,
revealing that the proline-rich motif of ActA represents a
novel polyproline ligand also present in cytoskeletal
proteins such as vinculin and zyxin [22]. In addition the
N-terminal domain of VASP and Mena, termed Ena/VASP
homology domain 1 (EVH1), mediates the binding to this
proline-rich ligand [11, 22].

On the basis of the aforementioned results, two L.
monocytogenes mutants with specific chromosomal
deletions within the actA gene were produced in
collaboration with Trinad Chakraborty and coworkers at
the University of Giessen. The potential actin recruiting
domain at the amino-terminal end of the ActA molecule
(amino acids 129-151) was deleted in one case, and the
VASP-binding peptides (amino acids 265-389) in the other.
Compared to L. monocytogenes wild type, the two
mutants revealed unusual phenotypes in infected tissue
culture cells. The N-terminal deletion resulted in an
abrogation of motility comparable to an ActA deletion
mutant. Deletion of the central proline-rich domain led to
an impaired, or slower intracellular motility. These latter
listeria mutants had very short actin tails. Both mutants
were attenuated (i.e., had reduced virulence) in mouse
infection models. Each of the two domains identified in
the ActA molecule therefore plays an important role in
the development of the full pathogenic potential of L.
monocytogenes. 

The model shown in Fig. 7 is based on the results
described here. Although actin recruitment also takes
place in the absence of VASP, the binding of VASP to
ActA considerably enhances the efficiency of actin filament
formation and thus the motility of the intracellular listeriae.
In comparison to the mutants, the wild type can spread
more rapidly within the infected tissue or host, and
therefore has an increased chance of eluding the immune
system. Our current research activities are being
concentrated on the amino-terminal ActA domain that is

vital for actin filament recruitment. Because it so far has
not been possible to show a direct interaction between
ActA and actin, it appears likely that the ActA protein
recruits one or more additional host cell factors that are
responsible for the efficient nucleation of actin filaments.
Cytoplasmic extracts derived from Xenopus oocytes or
platelets that support listeria-induced actin recruitment
and moreover motility have turned out to be powerful
systems to dissect the listeria-induced actin-based motility
[18, 30, 34, 36]. An eight polypeptide complex containing
two actin-related proteins, Arp2 and Arp3, was recently
identified in platelet extracts to be involved in actin filament
formation on the surface of listeria [36]. In conclusion,
even though we are far away from understanding the
mechanisms of actin filament formation in detail, the
analysis of the listeria-induced actin-based motility has
already enabled us to gain quite detailed insights into this
cellular process.
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