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Abstract. Listeria monocytogenes is driven through in-
fected host cytoplasm by a comet tail of actin filaments
that serves to project the bacterium out of the cell sur-
face, in pseudopodia, to invade neighboring cells. The
characteristics of pseudopodia differ according to the
infected cell type. In PtK2 cells, they reach a maximum
length of ~15 wm and can gyrate actively for several
minutes before reentering the same or an adjacent cell.
In contrast, the pseudopodia of the macrophage cell
line DMBMS can extend to >100 pwm in length, with
the bacteria at their tips moving at the same speed as
when at the head of comet tails in bulk cytoplasm. We
have now isolated the pseudopodia from PtK2 cells and
macrophages and determined the organization of actin
filaments within them. It is shown that they possess a
major component of long actin filaments that are more
or less splayed out in the region proximal to the bacte-

rium and form a bundle along the remainder of the tail.
This axial component of filaments is traversed by vari-
able numbers of short, randomly arranged filaments
whose number decays along the length of the pseudo-
podium. The tapering of the tail is attributed to a grad-
ing in length of the long, axial filaments.

The exit of a comet tail from bulk cytoplasm into a
pseudopodium is associated with a reduction in total
F-actin, as judged by phalloidin staining, the shedding
of a-actinin, and the accumulation of ezrin. We propose
that this transition reflects the loss of a major comple-
ment of short, random filaments from the comet, and
that these filaments are mainly required to maintain the
bundled form of the tail when its borders are not re-
strained by an enveloping pseudopodium membrane. A
simple model is put forward to explain the origin of the
axial and randomly oriented filaments in the comet tail.

genic bacterium Listeria monocytogenes has cap-

tured the attention of microbiologists and cell bi-
ologsts alike (Tilney and Tilney, 1993; Lasa and Cossart,
1996; Pollard, 1995; Southwick and Purich, 1996; Theriot,
1995). Having evolved a method for coercing metazoan
cells to collaborate in their self-destruction, these devious
parasites as well as others of their kind (Lasa and Cossart,
1996; Theriot, 1995) have inadvertently provided us with a
model system to study actin-based motility (Tilney and
Tilney, 1993). The movement of Listeria inside cells has
been likened to that of a comet streaking across the sky
(Tilney and Tilney, 1993), since the bacterium moves at
the head of a tapering and often curved tail, large enough
to be seen in the phase-contrast microscope. We now

T HE intriguing, intracellular propulsion of the patho-
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know that movement itself involves actin polymerization
at the bacterium-tail interface (Sanger et al., 1992; Theriot
et al., 1992), and that a single bacterial gene product, de-
posited on the surface of the bacterium, is sufficient to re-
cruit all the components from the host cytoplasm that are
required for motility (Domann et al., 1992; Kocks et al.,
1992, 1995; Smith et al., 1995; Brundage et al., 1993).

To understand the process of directional locomotion of
Listeria, we need to characterize the structural organiza-
tion of actin filaments within the comet tail and define the
complexes and control factors responsible for the poly-
merization and depolymerization of actin filaments within
it. Much effort is being expended to achieve the second
goal (see, e.g., Pollard, 1995); the present report will con-
cern itself with a reevaluation of the structural organiza-
tion of the comet tail.

Tilney and colleagues have investigated in depth the or-
ganization of listerial comet tails in macrophages, using em-
bedding and thin-sectioning methods for EM (Tilney and
Portnoy, 1989; Tilney et al., 1992a,b). Actin filaments were
also decorated in detergent-extracted cells with myosin
subfragment 1 to determine filament polarity in the tail.
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Two conclusions of these studies (Tilney et al., 1992a)
were that actin filaments abutting the bacterial surface do
so with their barbed, fast growing ends, and that the fila-
ments constituting the tail are both very short, seldom ex-
ceeding 0.2 pm, and randomly arranged. These findings
were taken to support a nucleation release model of actin
filament dynamics (Theriot et al., 1992), whereby filaments
are proposed to be nucleated at the bacterial surface, grow
to a limited length, and then become released into the tail,
where they are cross-linked into a dense network. Cross-
linking is most likely mediated, at least in part by a-actinin,
which is abundant in the comet tail (Nanavati et al., 1994).
Tilney et al. (19924) also found evidence for a higher con-
centration of filaments in the lateral margins of the tail
and suggested that this hollowlike appearance arises from
the contribution of larger numbers of filaments to the tail
from the sides of the bacterium than from its rear end.
While characterizing the ultrastructure of comet tails, Til-
ney et al. (19924) noted the marked discrepancy between
the tail lengths measured in ultrathin-sections and those
obtained by light microscopy. In thin-sections, comet tails
were never longer than 3 pwm, whereas after phalloidin
staining they could be up to 40 pm in length. Therefore,
only the proximal region of the tail had been visualized in
the embedded material.

Other observations raise additional questions about the
deduced length and orientation of actin filaments in the
tails. First, Zhukarev et al. (1995) concluded from mea-
surements of fluorescence polarization on phalloidin-
labeled comet tails that filaments at the perimeter were
preferentially oriented along the long axis of the tail, al-
though conclusions about filament lengths could not be
made. Second, in the actin comet tails that propel rickettsii,
which we may presume form by a mechanism similar or
identical to those that trail behind Listeria, relatively par-
allel arrays of actin filaments have been demonstrated in
thin-sections (Heinzen et al., 1993).

In light of these observations and especially in view of
the susceptibility of nonbundled actin filament arrays to
dehydration and embedding procedures (Maupin-Szam-
ier and Pollard, 1978; Small, 1981), we have sought meth-
ods to isolate Listeria comet tails and analyze their struc-
ture using negative staining. To this end, we have managed
to isolate the comet tails that protrude from the cell sur-
face as pseudopodia (Tilney and Portnoy, 1989). We have
also taken advantage of the finding that, in certain mac-
rophages, protruding Listeria continue their motility over
extended periods of time and produce pseudopodia of up
to ~100 pwm in length. The conclusion from these studies is
that the comet tail has a core of long axial filaments that is
obscured in the proximal region close to the bacterium by
a high density of randomly oriented, short filaments. The
origin of the two sets of filaments and their relative roles
in bacterial propulsion are discussed.

Materials and Methods

Bacterial Stock

The wild-type weakly hemolytic Listeria monocytogenes strain EGD (se-
rotype 1/2a) has been described previously (Domann et al., 1992) and was
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grown in brain heart infusion broth (BHI; Difco Laboratories, Detroit,
MI) at 37°C with agitation.

Cell Culture

Hela cells (ATCC-CCL2; American Type Culture Collection, Rockville,
MD) were cultured in MEM (Gibco BRL, Vienna, Austria) supple-
mented with 10% FCS (Sebak, Vienna, Austria), 2 mM L-glutamine, 1%
MEM nonessential amino acids, with or without 100 pg/ml penicillin and
100 pg/ml streptomycin (all reagents purchased from Gibco BRL); Ptk2
cells (ATCC, CCL 56) were routinely cultured in the Hela cell medium
given above, supplemented with 1 mM sodium pyruvate (Gibco BRL).
The mouse macrophage cell line DMBMS, kindly provided by Dr. D.
Monner (GBF, Braunschweig, Germany), was grown in DME supple-
mented with 10% horse serum, 5% FCS, 10% L cell conditioned medium
(LCM), 2 mM r-glutamine, 1% nonessential amino acids, 200 pg/ml bi-
otin, and 100 pg/ml vitamin B12 (Sigma, Vienna, Austria) without antibi-
otics. LCM was obtained as the medium produced by mouse 1.929 fibro-
blasts after 4 d of growth at confluency in DME supplemented with 10%
FCS and 2 mM L-glutamine in the absence of antibiotics, and was filtered
before use. All cell lines were grown at 37°C in the presence of 7% CO,.

Infection

The cultured cell lines were plated into 3.5-cm petri dishes (Falcon Lae-
vosan, Linz, Austria) 1 d before the experiment and used at 60-70% conflu-
ency. For light microscopy, cells were plated onto 24 X 24-mm coverslips in
the same dishes. Bacteria were grown to an optical density of 1.4-1.5 at
600 nm, corresponding to around 10°~10'° colony forming units (CFU) per ml.

To infect the cells, bacteria were washed twice in PBS; after the final
wash, the pellet was resuspended in infection medium (standard cell me-
dium lacking antibiotics and serum) to give a final bacterial concentration
of 10°~10” CFU/ml. Cells were washed three times with prewarmed (37°C)
infection medium. To enhance and synchronize the infection process, 1 ml
of the bacterial suspension was added to each 3.5-cm dish, and the dishes
were centrifuged at 700 g for 5 min at room temperature. Cells were then
returned to the incubator for 1 h to permit bacterial entry. Subsequently,
cells were washed three times with standard medium containing serum,
but lacking antibiotics; after the final wash, 15 pg/ml of gentamicin was
added and the cells were returned to the incubator for at least 5 h (the op-
timal time depending on the cell line used).

Isolation of Pseudopodia

Infected cells were washed three times in cytoskeleton buffer (CB: 10 mM
MES, 150 mM NaCl, 5 mM EGTA, 5 mM MgCl,, 5 mM glucose, pH 6.1).
After the last wash, 1 ml of fresh CB was added to the dish. Using a 1-ml
automatic pipette, the cells were then repeatedly and gently flushed with
the buffer to detach the pseudopodia. These were then centrifuged onto
copper electron microscope grids, sandwiched between a Formvar film and
a glass coverslip (see Small and Herzog, 1994) in a fresh petri dish, at 2,000 g
for 5 min at room temperature. Sedimented pseudopodia were then washed
with CB and processed for EM.

More complete details of the isolation procedure have been presented
elsewhere (Sechi and Small, 1997).

EM and Subfragment 1 Labeling

Sedimented pseudopodia, on the coverslip—grid supports, were extracted
in a mixture of 0.5% Triton X-100, 0.25% glutaraldehyde in CB for 60 s,
and then fixed with 2.5% glutaraldehyde in CB for 10 min. They were
rinsed three times in CB, and the actin filaments were stabilized by incu-
bation in 10 pg/ml phalloidin (a gift from Prof. H. Faulstich, Heidelberg,
Germany) in the same buffer (see Small and Herzog, 1994) for at least
20 min or until use. The grids were removed from the coverslips, negatively
stained with aqueous 3% sodium silico-tungstate, and observed in an EM10A
electron microscope (Zeiss, Oberkochen, Germany) operating at 80 kV.
For labeling with myosin subfragment 1 (S-1)! isolated pseudopodia on
grids were extracted with 0.5% Triton X-100 in CB for 60 s, and then incu-
bated with smooth muscle myosin S-1 (kindly supplied by Dr. A. So-
bieszek, Salzburg, Austria) at a concentration of 0.5 mg/ml in S-1 buffer
(0.1 M KCl, 10 mM Tris-HCI, pH 7.0) for an additional 60 s. The grids
were rinsed three times in S-1 buffer, and then fixed in 2.5% glutaralde-

1. Abbreviation used in this paper: S-1, subfragment 1.
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hyde in CB for 10 min. They were subsequently rinsed in CB and nega-
tively stained as above.

Immunofluorescence Microscopy

Infected cells were fixed in one of two ways. For a-actinin labeling, we
used a mixture of 3% paraformaldehyde, 0.3% Triton X-100, 0.1% glu-
taraldehyde in CB for 15 min. For ezrin labeling, infected cells were fixed
with 0.5% paraformaldehyde in CB for 15 min, and then extracted with
0.2% Triton X-100 in CB for 15 min. Primary antibodies were: a mono-
clonal a-actinin antibody from Sigma (BM-75.2), and a polyclonal ezrin
antibody raised against human ezrin (kindly supplied by Dr. A. Bretscher,
Cornell University, Ithaca, NY) that does not cross-react with moesin or
radixin (Franck et al., 1993). Fluorescent labeling (for general conditions
see Herzog et al., 1994) was achieved using either a two-step procedure
(a-actinin) using Cy3-conjugated goat anti-mouse IgM (62-6815; Zymed
Laboratories, S. San Francisco, CA) or a three-step procedure (ezrin) us-
ing biotinylated goat anti-mouse IgG (E433; DAKO, Glostrup, Den-
mark) followed by Cy2-conjugated streptavidin (Biological Detection Sys-
tems, Inc., Pittsburgh, PA). Double labeling for actin was carried out by
adding fluorescein or rhodamine-conjugated phalloidin (a gift from Prof.
H. Faulstich, Max Planck Institute, Heidelberg, Germany) in the final in-
cubation step. Coverslips were mounted in Gelvatol containing 2.5 mg/ml
n-propyl gallate as antibleach agent, and images were recorded on a Zeiss
Axiovert 135 TV inverted microscope equipped with a cooled and back-
illuminated CCD camera (Princeton Instruments, Inc., Princeton, NJ),
controlled by IP-Labs software.

Video Microscopy

For video microscopy, coverslips carrying infected cells were attached
with grease to petri dishes bearing a 15-mm-diam hole in their base (Mc-
Kenna and Wang, 1989), and the cells were maintained in L15 medium on
a homemade heating stage mounted on the inverted microscope. The cells
were observed in phase contrast or differential interference contrast using
a X40 (NA 0.66) Achroplan LD objective. Sequences were recorded in
real time on videotape using a C2400-77 camera with an Argus 10 control-
ler (Hamamatsu Photonics, Herrsching, Germany) and converted into
time-lapse series as described by Anderson et al. (1996).

Results

Characteristics of Comet Tails in Pseudopodia

In initial attempts to determine actin filament organiza-
tion in comet tails, we prepared whole mount cytoskeleton
of Listeria-infected cells using methods described previ-
ously for monolayer cultures (Small and Herzog, 1994). By
this means, intracellular comet tails could be identified, but
the superimposition of the host cell cytoskeleton made it
difficult to unambiguously define the structure of the tails.
We therefore sought methods to isolate the tails from in-
fected cells. This was practically feasible in later stages of
infection when many bacteria emerge from the cell surface
in the pseudopodia formed as a prelude to the invasion of
other cells. Since our structural data focus on the pseudo-
podia, it was necessary to consider any differences in their
motility, form, or composition as compared with the comet
tails in the bulk cytoplasm. Some motile characteristics of
pseudopodia formed by Listeria have also been docu-
mented by Sanger et al. (1992).

Fig. 1 a shows a video series of an infected PtK2 cell in
which the fate of two comet tails can be followed. The first
(Fig. 1 a, 1) already existed as a pseudopodium for 3 min
before the beginning of the sequence and actively waved
around in the medium for an additional 4 min before reen-
tering the parent cell and immediately continuing its move-
ment. The second (Fig. 1 a, 2), started in the main body of
the cell, formed a pseudopodium, and then reinvaded the
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cell within the sequence, spending only 2 min as a pseudopo-
dium. For this latter type of protrusion, the velocity of
movement of the bacterium in the protruding phase was
the same as in the bulk cytoplasm. Measurements showed
the average lifetime of pseudopodia to be ~3 min = 1 min
(15 measurements), and the rate of movement inside
growing pseudopodia averaged 0.074 pm/s (SD = 0.01
pm/s) as compared with a rate of 0.15 pm/s (SD = 0.04
pm/s) for bacteria freely moving in the cytoplasm.

For the macrophage cell line, the Listeria-induced
pseudopodia exhibited a markedly different behavior (Fig.
1 b). In contrast with those formed in PtK2 cells, the mac-
rophage pseudopodia could extend far away from the par-
ent cell for up to 100 wm or more (measured maximum,
127 pm). The velocity of bacteria at their tips (0.094 =
0.046 pm/s) was equal to that of bacteria driven by comets
in the main body of the cell (0.100 = 0.045 pm/s). For Hela
cells, the pseudopodia were of limited length (~30 wm) but
were often longer than those found on PtK2 cells (~15 pwm).

After phalloidin labeling, it was evident that there was a
lower amount of F-actin in the pseudopodia, as compared
with the tails in the cell body. The tails in the pseudopodia
appeared generally slimmer and, for the longer ones, the
phalloidin label tapered down to a thin stalk that con-
nected to the cell periphery (Fig. 2, a—d). This difference in
morphology between comet tails in the deeper cytoplasmic
and pseudopod compartments correlated with the changes
in phase density observed in the phase-contrast microscope.
In the bulk cytoplasm, the tails appeared diffuse, whereas
in the pseudopods, where they were delimited by the cell
membrane, they appeared more phase dense and compact.

The most significant difference between tails in the
pseudopodia and those elsewhere was with respect to the lo-
calization of a-actinin. Comet tails in the main body of the
cells were strongly labeled for a-actinin whereas those in
the pseudopodia were unstained (Fig. 2, e and f). The shed-
ding of a-actinin from the tails as they entered pseudopo-
dia was clearly evident for those tails that still had their
trailing parts within the main cell boundary (Fig. 2, g and
h). Another feature specific for the pseudopodia was the
presence of ezrin on the membrane that enveloped them
(Fig. 2,1 and j). Both the absence of a-actinin and the pres-
ence of ezrin in the pseudopodia served to distinguish
them clearly from the comet tails in the main cell body.

Isolation and Structure of Pseudopodia

The isolation of Listeria-induced pseudopodia in sufficient
yield was greatly facilitated by the high level of infection
of cells (~100%) achieved by centrifuging the bacteria
onto the cell monolayers. As isolated, the pseudopodia
still retained a membrane envelope and were sedimented
in this state onto the plastic support films used for EM. Vis-
ualization of the comet tail cytoskeletons involved the
same fixation—extraction procedures found suitable for re-
vealing actin filament meshworks in cultured cell lamelli-
podia (Small, 1981). This included a postfixation treat-
ment with phalloidin to stabilize the actin filaments.

In line with the differences noted in the light micro-
scope, pseudopodia isolated from PtK2 cells showed sub-
tle differences in structure to those from the macrophage
cell line. First of all, they differed in length, the isolated
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Figure 1. Video sequences showing Listeria-induced pseudopodium behavior in PtK2 cells (a) and macrophages (b). Time is indicated
in min. (a) One bacterium is already in a pseudopodium (7) at time 0', and the second (2) is in bulk cytoplasm at the head of a comet tail.
The pseudopodium (7) gyrates actively for several minutes, and then reenters the main body of the cell at around 5', forming a typical
comet tail (6" and 7'). The second bacterium begins to form a pseudopodium at 2’, which then exists from 3’ to 5', after which the bacte-
rium reenters the cell (at 6'), immediately forming a comet (7'). (b) Two pseudopodia (I and 2) are shown that have already extended
away from the macrophage cell body (bottom righthand corner) and continue to move during the sequence, being tethered to the cell by
a thin strand. Conditions: (a) phase contrast; (b) Normarski interference contrast. Bars: (¢ and b) 4.5 pm.

PtK2 pseudopodia averaging 7 = 2.4 pm and those from
macrophages 16.5 = 4.7 pum. But most notably, PtK2 pseu-
dopodia characteristically exhibited more randomly orga-
nized short filaments throughout their length, especially in
the region proximal to the bacterium (Fig. 3). Measure-
ments showed the random filaments to fall in the length
range of 0.3-1.0 wm, with a mean of 0.57 £ 0.17 pm. In ad-
dition to these randomly oriented filaments, a set of long
filaments aligned along the axis of the tail was also evi-
dent. These filaments were somewhat dispersed in the
proximity of the bacterium and became progressively bun-
dled towards the midpart and end of the tail. Fig. 4 shows a
thin PtK2 pseudopod that spread out laterally on the sup-
port film, revealing rather clearly the two sets of actin fila-
ments, random and longitudinal. In this example the conti-
nuity of the longitudinally arranged filaments is especially
evident and can be emphasized by tilting the micrograph
to view the filaments at a grazing angle. Single filaments
could be traced for up to 2 pm along their length, before
being lost in the more densely packed regions.

Fig. 5 shows a typical macrophage pseudopodium. The
most striking feature is the clear presence of a bundle of
axially oriented filaments that splays out into single fila-
ments towards the rear of the bacterium. Short, randomly
oriented filaments are also present, but they are far less
abundant than in the PtK2 pseudopodium. The tapered
end of the tail shows exclusively parallel actin filaments, and
there is no indication of multiple discontinuities within the
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filament bundles, as would be expected for assemblies of
short, interconnected filaments. Fractures in the tail bun-
dles, with the appearance of free filament ends, however,
were observed in regions of sharp curvature (not shown).
We presume that these fractures arose during the sedi-
mentation of the tails onto the support film, or during the
pipetting step. An additional example of a macrophage pseu-
dopodium (Fig. 6) clearly shows a parallel array of long ac-
tin filaments as the dominating feature of the comet tail.

Filament Polarity

To gain information about filament polarity, we also la-
beled isolated and Triton-extracted pseudopodia with my-
osin S-1, before fixation and negative staining. Since the
labeling density was so high, it was difficult to ascertain ar-
rowhead directions in the bulk of the tail. However, at the
end of the tail, almost all filaments were oriented with
their pointed ends towards the tip (Fig. 7). Interestingly, S-1
decoration commonly dislodged the bacterium from the
head of the tail and revealed filaments, with few excep-
tions, showing barbed ends, in agreement with the data of
Tilney et al. (1992a). Thus, we could confirm that the fast
growing ends of the actin filaments abut the bacterium.

Discussion
Tilney and Tilney (1993) note that the primary function of
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Figure 2. Characteristics of pseudopodia from PtK2 cells (¢ and b), macrophages (c and d), and Hela cells (e and f). (a—d) Difference in
appearance between Listeria comet tails (arrowheads in a and c) and pseudopodia (a—d) after phalloidin staining. (e and f) Presence of
a-actinin in comet tails and absence from pseudopodia. Pseudopodia are clearly identified by phalloidin label (e) but are negative for
a-actinin (f). (g and &) A comet tail in the process of forming a pseudopodium and showing the lack of a-actinin in the protruding re-
gion. Arrowheads indicate position of rear end of bacterium. (i and j) Ezrin is present in pseudopodia but not in comet tails in the main
cell body (the faint label of the tails in the cell body in fis due to some bleedthrough from the rhodamine channel (i). (Inset) Labeling of
a pseudopodium that had detached from a cell but was still bound to the coverslip. Bars: (a—d, i, and j) 7.5 pm; (e and f) 12 pm; (g and ) 5

wm; (inser) 1.8 pm.

the Listeria comet tail is to form a pseudopodium, as a pre-
requisite for the dissemination of infection. In this study
we have isolated the pseudopodia and demonstrated the
organization of actin filaments within them. We show that
there are two populations of actin filaments: a more or less
parallel array of long, axial filaments that appear graded in
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length, and a set of randomly oriented short filaments that
progressively decrease in abundance from the head to-
wards the tip of the tail. Before discussing the implications
of this organization of actin, it is worth considering why
the longitudinal component of filaments has been missed
in earlier studies.
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Figure 3. Isolated PtK2 pseudopodium (a) indicating regions (bracketed) shown at higher magnification in b and ¢. The component of
axial filaments in b is best revealed by viewing the micrograph at a glancing angle. Bars: (a) 1 pm; (b and ¢) 0.2 pm.
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Figure 4. Tsolated PtK2 pseudopodium (a) that was well spread in the medial part of the tail. Electron micrographs in b and ¢ show en-
largements of the corresponding regions indicated in a. In b the continuity of the axial filaments is particularly evident, when the micro-
graph is viewed at a grazing angle. The filaments marked with arrowheads, as well as others, can be followed through most of the micro-
graph. Bars: (@) 1 pm; (b and ¢) 0.2 pm.
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Figure 5. Isolated macrophage pseudopodium (a) indicating regions (bracketed) shown at higher magnification in b and c¢. Note
splaying of long, axial filaments into the region proximal to the rear of the bacterium (top right in b). Bars: (a) 1 pm; (b and ¢) 0.1 pm.
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Figure 6. Isolated macrophage pseudopodium (a), at higher magnification in b, that shows a prominent axial array of long actin fila-
ments. Bars: (a) 0.5 pm; (b) 0.2 pm.
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Figure 7. Isolated pseudopodium (a, overview) labeled with smooth muscle myosin S-1 and showing, in b and c, the actin filament polar-
ity at the two ends: (b) head end and (c) trailing end. The positions of the regions enlarged in b and c are indicated in a (white arrow-
heads). The loss of bacterium from the head end is a typical consequence of S-1 labeling. Bars: (a) 1 pm; (b and ¢) 0.2 pm.
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Relatively open networks or arrays of actin filaments, as
occur, for example, in lamellipodia, are notoriously diffi-
cult to visualize in plastic embedded material. Since the
problem escapes most contemporary authors, it is neces-
sary to reemphasize that this arises from the adverse effects
that both osmium tetroxide and dehydration in organic
solvents have on the integrity of F-actin (Maupin-Szamier
and Pollard, 1978; Small, 1981, 1985, 1988). Complexing
actin with myosin head subfragments confers some stabil-
ity during the cited processing steps and provides a conve-
nient polarity marker, as was first shown for nonmuscle
cells by Ishikawa et al. (1969). This explains why published
images of embedded Listeria comets have invariably re-
vealed a fuzzy, nondescript structure except when the fila-
ments were decorated with myosin heads (Tilney and
Portnoy, 1989; Tilney et al., 1992b). Only then could dis-
crete filaments be identified. Nevertheless, the task of
tracing filaments was still compromised by the limitations
set by section thickness, as well as by any subtle reorgani-
zations induced by the decoration of the detergent-
extracted tails with myosin heads. As already noted (see
Introduction), Tilney et al. (1992a,b) were aware of having
captured only the first few microns of the comet tails in
sections, probably because of the invariably curved form
of the comets. It is in this proximal region that the axial fil-
aments are more dispersed than in the distal parts of the
tail, since here they splay out into the rear of the bacte-
rium. We conclude that this regional splaying of the axial
filaments explains why they have been overlooked in thin-
sections of myosin-stabilized preparations (Tilney et al.,
1992b).

Inasmuch as the pseudopodia are motile and can revert
rapidly into their parent comet tails on reentry into bulk
cytoplasm (e.g., Fig. 1 a), we can presume that the basic
mechanism of movement of Listeria in the main body of
the cell and in the pseudopodia is identical. Changes do, how-
ever, occur as the comet tails enter the protrusion phase;
a-actinin is lost and there is a decrease in total F-actin, as
judged by the intensity of phalloidin staining. We propose
that the decrease in actin cross-linking that presumably re-
sults from the loss of a-actinin leads to the shedding of a
sizeable proportion of the short filaments from the comet
tail as it forms a pseudopodium. Dold et al. (1994) have
indeed shown that the comet tails are disrupted in cells
microinjected with a gelation-incompetent fragment of
a-actinin, suggesting that this protein here plays a major
role in filament cross-linking. A reduction of cross-linking
would at the same time facilitate a collimation of the longi-
tudinal filaments into a more compact bundle, as seen in
the isolated pseudopodia. In this context, the short fila-
ments are seen as structural elements required for long
distance, lateral cross-linking within the comet tail (Fig. 8 a)
and between the tail and the surrounding cytoskeleton. In
the realm of bulk cytoplasm, such a function is vital to re-
strain the borders of the tail and to give it polarity and sup-
port, but it becomes of lesser importance in the membrane-
coated pseudopodia. Dabiri et al. (1990) have previously
claimed that a-actinin is present in pseudopodia, but in-
spection of their images reveals that the intensity of fluo-
rescent label in pseudopodia was the same as in the non-
specific background in the cell.

It has been shown that the actin comet tail induced by
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Figure 8. (a) General organization of actin filaments in pseudo-
podia. Long filaments provide the axis of the tail, and short fila-
ments cross-link them (circles) into a loose bundle in the region
proximal to the bacterium. The comet tails are presumed to have
the same structure as the pseudopodia, except that they feature
more randomly arranged short filaments. In the more distal parts
of the tail, where there are fewer short filaments, the cross-link-
ing between axial filaments predominates (not indicated). ()
Schematic illustration of how the short and long filaments may be
generated. The rear end of the bacterium is depicted at different
stages of forward movement (arrow) at times t,—t,. The grey, ex-
ternal layer houses components of the polymerization machinery
that nucleates actin filaments and feeds their barbed (+) ends
with actin monomers. When a filament (+) end lies outside this
polymerization zone, it is capped by host cell capping factors
(squares). For clarity, only a few actin filaments (straight lines)
are shown. Arrowhead configurations indicate the pointed (—)
and barbed (+) ends of the filaments. The lengths of a filament
will be determined by the position on the rear of the bacterium at
which it becomes nucleated and the orientation to the membrane
adopted at that time (we assume this to be variable), since this
will define how long the filament can reside in the polymerization
zone as the bacterium moves forward. The ends of filaments 1
and 4 fall out of the influence of the polymerization zone at t,, af-
ter they become tangential to its outer surface. They will be short
and obliquely oriented to the tail axis. For filament 2, polymer-
ization ceases at t;. By the same token, more axially oriented fila-
ments (3 and 5) will maintain their plus ends in the polymeriza-
tion zone for a more extended period and thus become
correspondingly longer. L. cell wall, Listeria cell wall.

Listeria is itself immobilized in the cytoplasm (Sanger et al.,
1992; Theriot et al., 1992), and that forward propulsion of
the bacterium results from the polymerization of actin at the
membrane surface of its trailing end (Sanger et al., 1992;
Theriot et al., 1992; Tilney et al., 1992b). Specific and ex-
clusive insertion of actin monomers at the head of the tail
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has also been shown for the related comets that form be-
hind vaccinia virus in infected host cytoplasm (Cudmore et
al., 1996). Since only very short (0.2 wm) filaments could
be identified in Listeria comets in thin-sections (see refer-
ences cited above) and the tails were many microns long, it
was proposed that a “nucleation-release mechanism” (Ther-
iot and Mitchison, 1991) could best explain the actin fila-
ment dynamics in the tail (Theriot et al., 1992). Measure-
ments of actin filament half-life in the tails were also taken
to support this mechanism (Theriot et al., 1992). In the nu-
cleation-release model, actin filaments are associated with
the bacterium surface for only as long as it takes them to
reach a length of ~0.2 pm and to become cross-linked into
the preexisting tail. They are then released by the bacte-
rium so that new actin filaments can be nucleated in their
place. Our new data on pseudopod structure are inconsis-
tent with this model and indicate that another mechanism
is at play.

The scheme we suggest is depicted in Fig. 8 b. As in
other schemes, actin filaments are nucleated at the bacte-
rial surface with their fast growing barbed ends abutting
this interface (Tilney et al., 1992b). Nucleation and poly-
merization is presumably effected by complexes contain-
ing ActA and other components (e.g., Pollard, 1995) resid-
ing in a layer coating the outside of the bacterial membrane.
We presume that the growing filament end can move over
the membrane surface, recruiting monomers from this
zone of actin polymerization. Two further assumptions are
made: (a) that the actin filaments remain closely linear;
and (b) that they cease to polymerize soon after their ori-
entation becomes tangential to the polymerization zone
(Fig. 8 b), after which point they fall out of its influence.
On the basis of these assumptions, it is readily possible to
explain the presence of long axial filaments and short ran-
dom filaments in the comet tails according to the location
on the rear surface of the bacterium and the orientation at
which they were nucleated. (If the angle of orientation to
the membrane is fixed, e.g., at 90°, only the site of nucle-
ation will determine the filament length, but the conse-
quence is essentially the same.) Filaments 1 and 4 in Fig. 8
b become tangential to the polymerization zone and fall
away from it at time t,. They are then capped and contrib-
ute short, oblique filaments to the tail. The existence of
capping factors that block polymerization of all comet tail
filaments not associated with the rear end of the bacterium
is indicated by previous findings (Tilney et al., 1992b;
Sanger et al., 1992). Other filaments that are nucleated
with an axial orientation (Fig. 8 b, 3 and 5), maintain their
plus ends in the polymerization zone for an extended time
and grow correspondingly longer.

Mogilner and Oster (1996) have put forward an interest-
ing model to explain actin-based Listeria motility and
lamellipodium protrusion. They propose that the actin fil-
aments undergo thermal bending motions large enough
for the plus ends to move away from the membrane for
monomer insertion and thus for polymerization to occur.
In this scheme, the lengthening filaments push against the
rear of the bacterium by “vibrating” against it. We only
note that the force exerted by a filament, for this model, is
predicted to be greater for obliquely oriented filaments
than for axial filaments (Oster, G., personal communica-
tion). Whether or not actin monomer insertion for an ac-
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tively pushing filament requires thermal fluctuations of
the filament or another mechanism, e.g., one that uses a
motor molecule incorporated into the membrane-associ-
ated polymerization complex, remains to be established.
The presence of long axial filaments and short, more
transverse filaments readily explains the cometlike form of
the tail. The long filaments provide an axial component
that is bound into a compact tail by cross-linking with the
short filaments. In more distal parts of the tail, where the
number of short filaments is diminished, owing to their
short half-life (Theriot et al., 1992), cross-linking between
the long filaments themselves presumably predominates.
As we have shown, the number of short filaments seen in
the isolated Listeria pseudopodia depended on the in-
fected cell type, many more being seen in PtK2 pseudopo-
dia than in those from macrophages. While this could be
explained by the longer lifetime of the macrophage pro-
trusions, there may be real variability in tail structure. It is
notable in this respect that the comet tails formed behind
Shigella appear thinner than those from Listeria (Zeile et
al., 1996). We suggest that this may be explained by a tail
composed mainly of axial filaments and relatively few
short filaments. At the other extreme are tails formed be-
hind vaccinia virus, which appear to contain a large com-
plement of short filaments (Cudmore et al., 1996). While
the reasons for these differences are not presently clear,
they may arise from differences in pathogenic factors and
from variations between cells in factors that control actin
filament dynamics, as well as from differences in the ge-
ometry of the transported particle. Using the techniques
developed here, the structure—function relationships un-
derlying these differences may now be more amenable to
investigation. We may also expect that the availability of
isolated pseudopodia will help hasten the quest to identify
the accessory components required for actin-based motility.
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