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Abstract

Listeria monocytogenes and some other infectious bacteria polymerize their host cell's actin into tails that propel the
bacteria through the cytoplasm. Here we show that reconstitution of this behavior in simpler media resolves two aspects of
the mechanism of force transduction. First, since dilute reconstitution media have no cytoskeleton, we consider what keeps
the tail from being pushed backward rather than the bacterium being propelled forward. The dependence of the partitioning
of motion on the friction coefficient of the tail is derived. Consistent with experiments, we find that the resistance of the tail
to motion is sensitive to its length. That even small tails are stationary in intact cells is attributed to anchoring to the
cytoskeleton. Second, the comparatively low viscosity of some reconstitution media magnifies the effects of diffusion, such
that a large gap will develop between the bacterium and its tail if they are unattached. At the viscosities of diluted platelet
extracts, steady-state gaps of several bacterium lengths are predicted. Since such gaps are not observed, we conclude that
Listeria must be attached to their tails. We consider what purposes such attachments might serve under physiological
conditions. The implications for related pathogens and amoeboid locomotion are also discussed. ß 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Listeria monocytogenes is a Gram-positive infec-
tious bacterium that moves within a host cell by
usurping control of its cytoskeleton [1^6]. By assem-
bling actin behind themselves in `comet' tails, Liste-
ria travel at speeds generally about 0.1^0.2 Wm/s, but
sometimes exceeding 1.0 Wm/s [7]. The tail is com-
posed of short, cross-linked actin ¢laments which
apparently remain stationary while the bacterium
moves [8]. Actin monomers are added to the tail at

the rear of the bacterium (i.e., at the front of the
tail), where ActA, the sole bacterial protein necessary
for motility, is localized [9^12]. When the bacterium
reaches the plasma membrane, it may penetrate a
neighboring cell within a ¢lopod-like extension. If
the neighboring cell phagocytoses the extension, Lis-
teria can escape from the phagosome into the cyto-
plasm and infect the neighboring cell without having
encountered the extracellular environment. From the
bacterium's point of view, motility through subver-
sion of the existing actin cytoskeleton is e¤cient.
Building materials (actin) and tools to manipulate
them (a variety of actin binding proteins) are already
present in the cytoplasm. This strategy is also used
by a number of unrelated microorganisms, including

0167-4889 / 00 / $ ^ see front matter ß 2000 Elsevier Science B.V. All rights reserved.
PII: S 0 1 6 7 - 4 8 8 9 ( 9 9 ) 0 0 1 5 6 - 1

* Corresponding author. Fax: (781) 7362516;
E-mail : herzfeld@brandeis.edu

BBAMCR 14577 19-1-00

Biochimica et Biophysica Acta 1495 (2000) 140^149
www.elsevier.com/locate/bba



Shigella £exneri [6], members of the Rickettsia family
[13], and the vaccinia virus [14].

The mechanism by which the energy of polymer-
ization is transduced into physical force is an open
question. One way to examine the requirements for
force transduction is to exploit the recent reconstitu-
tion of Listeria motility in simpler media [15^19]. We
focus on two (somewhat related) di¡erences between
cytoplasm and simpler reconstitution media: the cy-
toskeletal organization of the medium and its viscos-
ity.

Removing the cytoskeleton from the system is im-
portant in answering a straightforward question: in-
dependent of the mechanism of force generation,
why does the bacterium move forward instead of
the tail backward? In cytoplasm, the answer could
be trivial, because the tail may be attached by cross-
linking proteins to the cell's cytoskeleton, which then
provides a platform from which to propel the bacte-
rium. However, such cytoskeletal attachments prob-
ably do not exist in diluted cell extracts and may not
even exist in all regions of whole cells. To address the
question, we consider a simple model based on New-
ton's equations of motion. We ¢nd that the density
and length of the tail are crucial determinants of the
partitioning of motion between the tail and bacte-
rium in the absence of a cytoskeletal platform. This
explains the dependence of Listeria motility on tail
length in reconstituted systems. On the other hand, it
implicates anchoring to the cytoplasm as the basis
for the observation that even small tails are station-
ary in intact cells.

Reducing the viscosity of the medium is also im-
portant in determining the role of di¡usion in the
motility mechanism. Listeria motility has already
been reconstituted, for other purposes, in media of
widely varying viscosities. We conservatively estimate
the di¡usion coe¤cients in those experimental sys-
tems and calculate lower bounds on the expected
size of the steady-state gap between a freely di¡using
bacterium and its tail. In highly diluted platelet ex-
tracts, this gap would be several bacterium lengths
long. Since no such gaps are visible in published
micrographs, we conclude that the bacteria must be
attached to their tails. We also comment on the pos-
sibility of extending this analysis to other systems
with polymerization-based motility, including crawl-
ing cells.

2. Theory

2.1. Partitioning of motor-based motion between tail
and bacterium

To calculate to what degree Listeria's tail would be
expected to move backward as the bacterium moves
forward, a force-based model need only include the
bacterium, its tail, and the force that pushes them
apart. That force will be attributed to a motor,
although for the present purposes it could just as
well result from any other mechanism that produces
a real force. The tail is composed of many short actin
¢laments which are assumed to be cross-linked into a
single body by, for example, K-actinin, which Listeria
requires to form tails and generate motility [20]. A
schematic of the system is shown in Fig. 1. In addi-
tion to the force F exerted by the motor, the tail and
bacterium each also feel a speed-dependent frictional
drag force 3je [21], where j is the friction coe¤cient
and e is the speed of the moving body. The speed of
the tail et is the speed at which a particular (e.g.,
photobleached) element of the tail moves backward
relative to the substrate, although the front edge of
the tail generally does not move backward because of
continued polymerization.

In the subcellular world, the drag force 3je is
many orders of magnitude larger than the inertial
term ma, so the latter term is dropped from New-
ton's equations of motion. The equations of motion
for the bacterium-tail system in Fig. 1 are then

3j be b � Fb �0

3j te t � F t �0
�1�

where the subscripts b and t refer to the bacterium

Fig. 1. Schematic of forces acting on Listeria and its tail. The
bacterium and the tail are pushed apart by a motor or other
mechanism for force generation that is associated with actin
polymerization. Each body (the bacterium and the tail) feels a
force F due to the motor that is opposed by a drag force je
that depends on the friction coe¤cient j and the speed e of the
body.
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and tail, respectively. By Newton's third law, the two
forces are equal in magnitude: Fb = Ft = Fm, where
Fm is the force generated by the motor. The speeds
can be calculated by substituting the motor force
into Eq. 1:

e b �Fm

j b

e t �Fm

j t

�2�

The speed of the tail is thus related to the speed of
the bacterium by

e t

e b
� j b

j t
� r �3�

This ratio is independent of the motor force and the
viscosity of the medium.

It is also instructive to consider how motion due to
actin polymerization is partitioned into movement of
the bacterium vs. the tail. Polymerization must occur
at the rate et+eb. The fraction of this speed that
translates into motion of the tail is

f t � e t

e t � e b
� j b

j t � j b
� r

1� r
�4�

while the fraction that translates into motion of the
bacterium is

f b � e b

e t � e b
� j t

j t � j b
� r

1� r
�5�

When r = 1, the bacterium and elements within the
tail move in opposite directions at equal speeds (Eq.
3). The e¡ect of actin polymerization is thus parti-
tioned half to backward motion of the tail (Eq. 4)
and half to forward motion of the bacterium (Eq. 5).
The bacterium is propelled forward most e¤ciently
(i.e., with least waste in backward tail motion) when
r is small.

2.2. Partitioning of di¡usion-based motion between
tail and bacterium

The dependence of eb/et on the ratio of friction
coe¤cients r is the same even if the separation of the
bacterium and tail is due to di¡usion instead of a
force. In one dimension, a particle with di¡usion

coe¤cient D di¡uses an average distance

x �
��������
4Dt
Z

r
�6�

away from a barrier in a time t [22]. It is su¤cient to
consider one-dimensional di¡usion for Listeria be-
cause the bacterium can be assumed to be prevented
from moving laterally by the `cup' that the actin
¢laments form around its rear end [23,24]. The prog-
ress of the particle can then be characterized by

e diff � v x
v t

W
2D
Zx

�7�

where the e¡ective di¡usive `speed' ediff represents
the limit of distance di¡used divided by time rather
than an instantaneous speed de¢ned along a kine-
matic trajectory. ediff decreases with increasing dis-
tance away from the barrier because when the par-
ticle is near the barrier, it is more likely to di¡use
away from it, while di¡usion farther away from the
barrier is more uniformly bidirectional.

In the bacterium-tail system, each di¡uses away
from the barrier represented by the other. From
Eq. 7 the di¡usive speed of each at a bacterium-tail
separation of y is

e b � 2Db

Zy
�8a�

e t � 2Dt

Zy
�8b�

The ratio of the speeds is then

e t

e b
� Dt

Db
�9�

Since the di¡usion coe¤cient is inversely related to
the friction coe¤cient by [21]

D � kBT=j �10�
where kB is Boltzmann's constant, and T is the ab-
solute temperature, the ratio of speeds is again given
by Eq. 3.

2.3. Gap between di¡using bacterium and tail

If the bacterium and tail are independently di¡us-
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ing, decreasing the solvent viscosity will allow them
to wander farther apart. However, since the tail is
simultaneously elongating, the distance between the
tail and bacterium depends on the rates of both poly-
merization and di¡usion. The mean speed at which
the separation of the bacterium and tail grows will be
given by the sum of Eqs. 8a and b. As y increases,
this speed falls, and the bacterium and tail eventually
separate no faster than actin is added to the tail. If p
is the rate of actin polymerization, the equation

p � 2Dt

Zy �
� 2Db

Zy �
� 2�Dt �Db�

Zy �
�11�

de¢nes the steady-state bacterium-tail separation, y*.

3. Results

All of our results depend on either the friction
coe¤cient or the di¡usion coe¤cient of Listeria.
Friction coe¤cients can only be easily calculated
for simple geometric shapes. A hemisphere-capped
cylinder of total length Lb and diameter db that is
moving parallel to its length has a friction coe¤cient
of [25]

j b � 2ZRLb

ln�Lb=db�
�12�

where R is the medium's viscosity. The di¡usion co-
e¤cient can then be calculated using Eq. 10. For
Listeria, at T = 300 K, with length LbW1 Wm, and
with diameter dbW0.3 Wm [2,5,24,26], jb/R= 5.2 Wm,
and the di¡usion coe¤cient is 7.9U1039 cm2/s in
water (R= 0.01 poise). A slightly larger result is ob-
tained when the bacterium is treated as an ellipsoid
[27] instead of a sphero-cylinder.

Knowing the bacterium's friction coe¤cient allows
us to use Eq. 2 to estimate the force Fm that motors
(or other mechanisms) would need to generate to
produce the observed speeds. Listeria has been ob-
served to move in cytoplasm at speeds exceeding 1.0
Wm/s [7]. Estimates for the viscosity of the cytoplasm
vary over several orders of magnitude [28]; the value
of 30 poise used by Mogilner and Oster [29] lies in
the middle of the range. At R= 30 poise, the bacte-
rium would have a friction coe¤cient of about
jb = 1.57U1032 dyneWs/cm (Eq. 12) and a drag force
at eb = 1 Wm/s of Fdrag = jbeb = 15.7 piconewtons. If

that force were distributed over 15 actin ¢laments (a
conservative number), a motor on each need only
generate about 1 piconewton to sustain the motion,
a value within the range of forces generated by my-
osin and RNA polymerases [30,31]. A larger number
of motors (or other mechanisms) would require less
force from each to maintain the same speed.

3.1. Partitioning of motion between tail and bacterium

The friction coe¤cient of Listeria's tail is di¤cult
to estimate because of its complexity. A start may be
made by observing that the resistance to movement
of the tail is governed by the resistance to £uid
movement around the tail and the resistance to £uid
movement through the tail. The £ow of £uid through
the tail is expected to be minimal due to the tail's
density. However, any £uid £ow through the tail will
decrease the resistance relative to that due to £ow
around the tail alone. Therefore the friction coe¤-
cient of the tail considered as a solid object (with no
internal £uid £ow) provides an upper limit for the
actual friction coe¤cient of the tail, and estimates of
tail motion based on a solid tail represent a lower
limit for actual tail motion.

The friction coe¤cient of a tail modeled as a hemi-
sphere-capped cylinder is then

j t=R 9 2ZLt=ln�Lt=d t� �13�
where the deviation from equality depends on the

Fig. 2. Maximum friction coe¤cient jt/R (Wm) for the tail as a
function of tail length L (Wm), as given by Eq. 13, for the case
dt = db.
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extent of £uid £ow through the tail. Fig. 2 shows the
dependence of the maximum value of jt/R on tail
length for a tail with a diameter equal to that of
the bacterium (dt = db = 0.3 Wm). Occasionally
dt s db, but the dependence of jt/R on dt is weak
(see Eq. 13). For typical tails, L = 7 Wm [1,4,26],
and Eq. 13 gives jt/R9 14 Wm. But tails as long as
40 Wm have been reported [3,7,18], and for these tails
Eq. 13 gives jt/R9 51.4 Wm. On the other hand, for a
tail only as long as the bacterium (Lt = Lb = 1 Wm),
Eq. 13 gives jt/R9 5.2 Wm. For still shorter tails, Eq.
13 becomes unreliable. However, the friction coe¤-
cient for a solid sphere jt = 3ZdtR provides an esti-
mate of jt/R9 2.8 Wm for a tail of LtWdt. Overall,
the friction coe¤cient is determined strongly by
length.

Fig. 3 shows a plot of the partitioning ratio r (solid
line, Eq. 3) and the bacterium's fraction of the mo-
tion fb (broken line, Eq. 5) as a function of jt/R (Wm).
(We are still assuming that the tail is unanchored; if
the tail is anchored to an extended cytoskeleton, the
e¡ective jt/RCr, so that rC0, and fbC1.) For a
tail of length and diameter equal to that of the bac-
terium, jt/R9 jb/R= 5.2 Wm, and rv 1 and fb 9 0.5.
If actin is added to such a tail at 0.2 Wm/s, then, the
bacterium would move forward at no more than 0.1
Wm/s; the tail would move backward at at least that
speed, and this backward motion of the tail relative
to the substrate would be easily detectable. For
shorter, nascent tails, the tail motion would be
greater, and the bacterium motion would be less.
On the other hand, longer tails would move more
slowly. A tail with dt = db and Lt = 20 Wm has jt/
R9 30 Wm. In that case, up to 85% of the polymer-
ization rate would be apportioned to the bacterium.
If actin is polymerized at 0.2 Wm/s, this tail would
move backward at at least 0.03 Wm/s unless it were
anchored.

Short Listeria tails have been obtained by Carlier
et al. [18] by adding actin depolymerizing factor to
diluted platelet extracts. At high concentrations of
actin depolymerizing factor, they observed that the
tails did not become long enough to allow the bac-
terium to move forward. The absence of forward
bacterial motion implies that for these very short
tails, essentially all of the e¡ect of actin polymeriza-
tion is partitioning into backward motion of the el-
ements of the tail, as predicted in the forgoing anal-

ysis. More recently, appreciable drift in tails lacking
K-actinin has been observed, presumably because the
tails were no longer cross-linked to the surrounding
medium [32].

Theriot et al. [8] report that ¢laments in 1^15 Wm
long tails of Listeria moving at eb = 0.02^0.2 Wm/s
remain stationary relative to the cytoplasm. Calcula-
tion of r and et for the length/speed pairs in their
Fig. 3c reveals that if the tails were unanchored, their
speeds would be greater than 0.02 Wm/s, the lowest
reported bacterium speed. Therefore we assume that
tail movement would have been detected were it
present, and the tails were probably anchored in
the cytoplasm in that case.

Zhukarev et al. [24] have observed the presence of
actin ¢laments extending perpendicularly from the
tail into the cytoplasm. These ¢laments may provide
the anchors which prevent the tail from di¡using in
the cytoplasm. Alternatively, they may merely in-
crease the e¡ective diameter of the tail, therefore
decreasing the tail's di¡usion coe¤cient (according
to Eq. 13) and making tail motion smaller and less
observable.

Fig. 3. Partitioning of motion as a function of tail friction coef-
¢cient jt/R (Wm). The solid line is the ratio of tail speed to bac-
terium speed (Eq. 3); the broken line is the fraction of the actin
polymerization rate that is apportioned to movement of the
bacterium (Eq. 5). When the tail's friction coe¤cient is small
(left side of graph), the tail moves more than the bacterium, if
neither is anchored. When the tail (and its friction coe¤cient)
grows, it resists motion more than the bacterium, and polymer-
ization moves the bacterium forward farther than it moves the
tail backward (right side of graph).
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3.2. Steady-state gap for di¡using bacteria

Since the di¡usion coe¤cient varies inversely with
viscosity, the mean bacterium-tail gap y* given by
Eq. 11 increases as either the viscosity or the poly-
merization rate decreases. The gap y* also depends
on Dt, which itself depends on tail length. Indepen-
dent of the length of the tail, y*v2Db/Zp =y*min,
where y*min is dependent on the di¡usion coe¤cient
of the bacterium alone. (The equality applies to very
long tails or tails anchored to an extended cyto-
skeleton. For unanchored tails of short to moderate
length, Dt vDb, and y* will be larger.)

Fig. 4 shows the variation of y*min with polymer-
ization speed p (Wm/s) and viscosity R (poise). The
relevant scale for comparison is the increment N by
which actin polymerization occurs. For actin ¢la-
ments, monomer addition to the double strand
causes ¢lament elongation in increments of half a
monomer length, so N= 2.7 nm [33]. The contours
in Fig. 4 are lines of constant steady-state tail-bacte-
rium separation. In the upper right corner of the
graph, y*min 6 N (gap smaller than the polymeriza-
tion increment), and in the lower left corner of the
graph, y*min s N (gap much larger than the polymer-
ization increment).

Where do experimental observations fall on this
diagram? For the commonly observed tail polymer-
ization speeds of pW0.1^0.2 Wm/s [3,8] in the cyto-
plasm (R= 30 poise), the expected steady-state gap
y*min is less than 0.7 N.

The predicted gap is larger for Listeria motility in
Xenopus extracts [15,16]. Xenopus extract is a struc-
tureless £uid that can be drawn from a centrifuge
tube through a 16 gauge needle (J.A. Theriot, per-
sonal communication, 1997). This would be di¤cult
if the extract had a viscosity of more than 10 poise.
(By comparison, olive oil has a viscosity of about
1 poise, glycerol has a viscosity of about 10 poise,
and honey has a viscosity of about 100 poise [34].) It
is also observed that Listeria in extracts show visible
Brownian motion before becoming motile, while
those in cytoplasm do not (J.A. Theriot, personal
communication, 1997). By characterizing visible
Brownian motion as motion over a distance of at
least 5% of Listeria's length in less than 1 s, we
estimate that Listeria's di¡usion coe¤cient must be
at least 1.2U10311 cm2/s and, using Eqs. 10 and 12,
that the viscosity of Xenopus extracts must therefore
be less than 7 poise. At RW7 poise and polymeriza-
tion rates of p = 0.1^0.2 Wm/s [15,16], the expected
minimum steady-state bacterium-tail gap is about
1.3^2.7 N ( = 3.5^7.3 nm).

Listeria motility has also been reconstituted in di-
luted platelet extracts [18,19]. The extracts, already
6-fold diluted from platelet cytoplasm, were further
diluted 48-fold with a bu¡er of 5 mM ATP-Mg,
6 mM DTT, and 3.25 WM rhodamine-labeled G-ac-
tin. The viscosity can be estimated given the volume
fraction of solute P :

R
R s
� 13

P
Pm

� �
32 �14�

where Rs is the viscosity of the solvent, and Pm is the
volume fraction at which the suspension undergoes a
transition to an ordered or glassy state [35]. For hard
spheres, Pm = 0.63, but for a charged protein like ac-
tin, a smaller value is appropriate. We take Pm = 0.1,
a conservative number for our purposes (since a larg-
er Pm would only give a still smaller estimate for R
and a larger di¡usive gap). Because the bu¡er has a
volume fraction of protein of only 2U1034, its vis-
cosity is essentially that of the solvent, water, and
adding bu¡er to the platelet extract is therefore as-

Fig. 4. Minimum steady-state bacterium-tail gap y*min in the
absence of attachment. Lines of constant y*min (based on Eqs.
10^12) are plotted as a function of polymerization rate p (Wm/s)
and viscosity R (poise). In the upper right region, di¡usion is
slow enough (due to high viscosity), and polymerization is fast
enough, that freely di¡using Listeria stay close to their tails. As
p or R is reduced, the minimum gap widens. The viscosity of
water is 0.01 poise, and cytoplasmic viscosities are about 30
poise.
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sumed to be the same as simply reducing the volume
fraction of the solute in the platelet extract. If the
viscosity of the undiluted platelet extract were 30
poise, also a conservative number for our purposes,
then a 48-fold dilution would imply, using Eq. 14,
that the diluted platelet extract has a viscosity only
1.04 times the solvent viscosity, or 0.0104 poise. This
extract's viscosity would be nearly 1000 times less
viscous than we estimate Xenopus extracts to be.
We can also calculate an upper limit to the viscosity
(yielding a lower limit for the di¡usive gap) without
trying to estimate the viscosity of the undiluted
platelet extract. If we assume that the original extract
was 100% solute, which is clearly an overestimate, a
48-fold dilution results in a solution with a 2%
volume fraction of solute and Eq. 14 predicts a
viscosity of 1.6 times the viscosity of the solvent, or
0.016 poise. We take this value as an upper limit to
the viscosity of the 48-fold diluted platelet extract.

Listeria were observed to move in diluted platelet
extracts at an average speed of 4 Wm/min, or about
0.07 Wm/s [18]. At a viscosity of no more than 0.016
poise and a polymerization rate of 0.07 Wm/s, the
steady state tail-bacterium gap is predicted to be at
least 4.7 Wm, or no less than 4 times the length of the
bacterium. No such gaps are evident in micrographs
of motility in these extracts. We conclude that if the
bacterium can so easily di¡use away from the tail but
does not, then it must be attached to the tail.

So far we have assumed that DtIDb (i.e., consid-
ered y*min), as appropriate for long tails. However,
as shown in the previous section, the shorter the tail,
the larger the value of Dt, and the larger the gap size
predicted by Eq. 11. Therefore, in the absence of a
cytoskeleton to anchor new actin ¢laments, short
nascent tails will become separated from the bacteria
even at higher viscosities than long tails. Thus the
development of mature actin tails in cytoskeleton-
free media also requires attachment of the growing
¢laments to the bacteria.

4. Discussion

4.1. Listeria motility

Listeria motility has recently been reconstituted
outside of the cell. We have performed two simple

analyses that allow us to interpret the results of those
experiments so as to shed some light on the under-
lying mechanisms of Listeria motility. First, we dem-
onstrated that when Listeria tails are not anchored in
the cytoplasm, they will exhibit some backward mo-
tion relative to the substrate as the Listeria move
forward. We calculate that tails with lengths in the
upper end of the previously observed range may
move backward slowly enough to appear stationary.
However, friction between the cytoplasm and tail is
not great enough to immobilize short tails, and re-
ports that even short tails are stationary in vivo pre-
sumably re£ect anchoring to the cytoskeleton. Sec-
ond, we calculate that Listeria bacteria must be
attached to their actin tails. Some reconstitution me-
dia are of su¤ciently low viscosity that if the tail and
bacterium were not attached, di¡usive motion would
rapidly separate them. Models for Listeria motility
which depend on free motion of the bacterium rela-
tive to the tail can therefore be ruled out.

Any model for Listeria motility needs to explain
how Listeria nucleates actin ¢lament formation, pro-
motes continued actin polymerization, and transdu-
ces the energy of polymerization into a physical force
that propels the bacterium. These issues have been
examined separately. Recently the minimal set of
proteins necessary to reconstitute Listeria motility
has been identi¢ed, and roles for those proteins in
nucleation and promotion of actin polymerization
have been proposed [32]. However, no model has
been proposed that assembles all of the pieces (nu-
cleation, polymerization, and force transduction)
necessary for Listeria motility into a uni¢ed whole.
Even so, the calculations performed above, coupled
with existing experimental observations, de¢nitively
remove one class of models from consideration:
those in which Listeria is not attached to its tail. It
is not necessary that the mechanisms for ¢lament
nucleation, continued polymerization, and force
transduction all depend on tail-bacterium attach-
ment, but each mechanism must be able to accom-
modate attachment. For force transduction, the orig-
inal and elastic Brownian Ratchet models [29,36],
which assume that the bacterium is freely di¡using,
would have to be modi¢ed to include tethering.

Although tethers are required for the motility ob-
served in diluted extracts, the physiological signi¢-
cance of the tethers is unclear. In the cytoplasm,
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high viscosity prevents bacteria from di¡using far
from their actin tails, and the cytoskeleton might
prevent nascent tails from di¡using away from their
bacteria. Therefore tethers may not be necessary to
keep bacteria and their tails together under physio-
logical conditions. A plausible physiological role for
the tethers is in ¢lament nucleation, which requires
binding to nascent actin ¢laments. This binding may
persist during growth. Persistent binding during ¢la-
ment growth suggests a second function, such as the
maintenance of uncapped, polymerization-capable
¢lament ends.

In the foregoing analysis, we have focused on Lis-
teria because it has received a great deal of experi-
mental scrutiny. However, the great similarities be-
tween Listeria motility and the locomotion of other
pathogens such as Shigella, Rickettsia, and vaccinia
virus suggest that the preceding analyses may be ap-
plied to those systems. Studies of these pathogens in
low viscosity media would provide analogous evi-
dence as to whether they are attached to their tails
or freely di¡using.

4.2. Amoeboid locomotion

One might speculate on how similar Listeria mo-
tility is to a cell's own use of actin for the extension
of ¢lopodia and lamellipodia. The same tools and
materials are being used; are the blueprints the
same? Lamellipodial extension and Listeria-like mo-
tility have both been observed in neuronal growth
cones of Aplysia [37]. In addition to extension of
radial actin ¢laments in the lamellipodium, polycat-
ionic microbeads brought into contact with the sur-
face of the lamellipodium can induce actin assembly
into a Listeria-like tail behind the microbead. The
actin polymerization in these `inductopodia' may be
caused by concentration of a cell adhesion molecule
in the membrane [38], indicating the possibility of a
connection between the underlying mechanisms of
motility for the extension of lamellipodia and induc-
topodia. However, since the membrane of the lamel-
lipodium cannot stretch far from the actin network it
encloses, the viscosity arguments presented above
cannot be applied directly to the intact cell.

The role of membrane-based control of actin as-
sembly has also been studied in Xenopus extracts.
Here endogenous membrane vesicles and phospho-

inositide containing lipid vesicles are both propelled
by actin comet tails similar to those of Listeria [39].
The viscosity of these systems has not been reported,
but observation of the motility in a range of viscos-
ities could determine whether the proteins recruited
to the vesicles are bound.

The role of membrane components in amoeboid
locomotion has been examined in more detail in an-
other system. Unlike mammalian sperm, the amoe-
boid sperm of the nematode Ascaris suum are not
swimmers, but crawlers. Much like crawling epithe-
lial gold¢sh keratocytes [40], the sperm extend broad,
£at lamellipodia in front of themselves [41,42]. At the
leading edge of the lamellipodium, protein is poly-
merized into a network, and the protein network
remains stationary while the cell pulls forward over
it. Although the polymerizing protein in Ascaris
sperm is the 14 kDa major sperm protein (MSP),
which has no obvious homology to actin [41], the
movements of Ascaris worm sperm appear quite sim-
ilar to those of ¢sh keratocytes. Nature has appar-
ently solved the motility problem with the same blue-
print, but di¡erent materials.

The MSP-based motility of Ascaris sperm has also
been reconstituted in vitro [43]. ATP was added to
an extract prepared from the supernatant of centri-
fuged, freeze-thawed sperm. The MSP in the extract
polymerized and bundled into multi¢lament tails,
which were observed by phase-contrast video micros-
copy. At the end of each growing tail was a vesicle
composed of membrane from the sperm. The vesicles
were pushed ahead of the tails as they grew, at
speeds of 0.03^0.5 Wm/s.

The Ascaris vesicles and their trailing MSP ¢bers
are strikingly similar to Listeria and their actin tails.
Although the vesicles appear somewhat larger than
Listeria (1^2 Wm spheres vs. 1 WmU0.3 Wm cylin-
ders), the vesicle di¡usion coe¤cients would be with-
in a factor of 4^6 of Listeria's di¡usion coe¤cient at
the same viscosity and temperature. The Ascaris ex-
tracts also appear to have low viscosity, as indicated
by the absence of appreciable actin, the absence of
detectable MSP ¢lament assembly other than that
associated with the vesicle tails, and the rapid Brow-
nian motion of vesicles without associated ¢bers
(T.M. Roberts, personal communication, 1997).
The last observation in itself supports the hypothesis
that the tail-associated vesicles are in fact attached to
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the tails. However, if the motility could be reconsti-
tuted in a system with viscosity demonstrably less
than 1 poise, the vesicles would visibly separate
from the MSP tails if the vesicles were freely di¡us-
ing, and continued tail-vesicle association would in-
dicate attachment.

Attachment of the vesicles to their tails has impli-
cations for motility of the intact sperm cells. The
same study [43] reported attempts to isolate the fac-
tors in the Ascaris membrane needed for motility. In
immuno£uorescence assays, an antibody directed
against phosphotyrosine labeled membrane at the
leading edge of the crawling sperm's pseudopod.
The same antibody labeled the motile membrane
vesicles associated with MSP, but not vesicles with-
out MSP tails. In addition, MSP polymerization did
not occur in an extract where the membrane vesicles
have been removed by further centrifugation. This
evidence suggests that the same mechanism underlies
both the original crawling motility and the vesicle
motion. Thus, if MSP ¢bers are attached to the
membrane vesicles in the cell-free system, it is prob-
able that MSP ¢laments are also attached to the
forward membrane of intact Ascaris sperm under-
going amoeboid locomotion. Similar studies of
vesicles in actin-based systems would reveal whether
this reasoning can be generalized.
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