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the Adhesion and Motility of EPEC
and EHEC on Host Cells

Nathan C. Shaner, Joseph W. Sanger, and Jean M. Sanger*

Department of Cell and Developmental Biology, University of Pennsylvania
School of Medicine, Philadelphia, Pennsylvania

Two pathogenic Escherichia coli, Enteropathogenic E. coli (EPEC) and Enterohe-
morrhagic E. coli (EHEC), adhere to the outside of host cells and induce cytoske-
letal rearrangements leading to the formation of membrane-encased pedestals
comprised of actin filaments and other associated proteins beneath the bacteria.
The structure of the pedestals induced by the two pathogens appears similar,
although those induced by EHEC are shorter in length. Fluorescence Recovery
After Photobleaching (FRAP) was used to determine potential differences of actin
polymerization in EPEC and EHEC induced pedestals in cultured PtK2 cells
expressing either Green or Yellow Fluorescent Protein (GFP or YFP) fused to
actin or alpha-actinin. When all the fluorescent actin in a pedestal on EPEC-
infected cells was photobleached, fluorescence recovery first occurred directly
beneath the bacterium in a band that grew wider at a rate of one micron/minute.
Consistently observed in all EPEC-induced pedestals, whether they were station-
ary, lengthening, or translocating, the rate of actin polymerization that occurred at
the pedestal tip was approximately 1 pm/min. Overall, a much slower rate of actin
polymerization was measured in long EHEC-induced pedestals. In contrast to the
dynamics of GFP-actin, recovery of GFP-alpha-actinin fluorescence was not polar-
ized, with the actin cross-linking protein exchanging all the length of the EPEC/
EHEC induced pedestals. Surprisingly, the depolymerization and retrograde flow
of pedestal actin, as well as pedestal translocations, were inhibited reversibly by
either 2,3-butanedione monoxime (BDM) or by a combination of sodium azide
and 2-deoxy D-glucose, leading to an increase in the lengths of the pedestals. A
simple physical model was developed to describe elongation and translocation of
EPEC/EHEC pedestals in terms of actin polymerization and depolymerization
dynamics. Cell Motil. Cytoskeleton 60:104-120, 2005.  © 2004 Wiley-Liss, Inc.
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INTRODUCTION

There are a number of bacteria whose interactions
with host cells subvert the cells’ actin machinery to gen-
erate movement of the bacteria [Frischnecht and Way,
2001]. One group of these bacteria (Listeria, Shigella,
Rickettsia) enters host cells where bacterial surface pro-
teins interact with host proteins to mediate actin poly-
merization resulting in a tail-like column of actin
filaments and concurrent intrahost movement of the bac-
teria [Cossart and Sansonetti, 2004]. A second group of
bacteria including Enteropathogenic Escherichia coli
(EPEC), Enterohemorrhagic E. coli (EHEC; E. coli
0O157:H7), strains of Hafnia alvei, Citrobacter freundii
biotype 4280 and Helicobacter pylori, adhere to target
cells and while remaining extracellular induce rearrange-
ments of the actin cytoskeleton and cause gastrointesti-
nal diseases [reviewed in Goosney et al., 2000a; Kaper
et al., 2004]. Cytoplasmic actin accumulates beneath the
attached bacteria in a column or pedestal that is diagnos-
tic for these infections [Knutton et al., 1987; 1989]. The
pedestals with the attached EPEC often extend several
microns or more above the cell surface, and translocate
along the surface of the host cell in a cytochalasin-D
sensitive manner, suggestive that actin polymerization
was responsible for the movement [Sanger et al., 1996].
Prolonged infection in epithelial cells results in the even-
tual loss of microvilli and alteration in calcium homeo-
stasis [Hecht, 1999].

At the molecular level, the interaction of EPEC
and EHEC with host cells occurs through bacterial adhe-
sion to the outer surface of the host cell membrane
[Knutton et al., 1989; Rosenshine et al., 1996; Goosney
et al., 2000a]. This attachment is effected when the bac-
terial membrane protein, intimin, binds to a bacterially
encoded receptor, Tir (translocated intimin receptor),
that is inserted into the host cell membrane by the bacte-
ria [Kenny et al., 1997]. The attachment of EPEC/EHEC
induces the focused accumulation of actin filaments and
actin-associated proteins beneath the attached bacteria
[Freeman et al., 2000; Goosney et al., 2000b, 2001;
Huang et al., 2002]. EPEC Tir can bind alpha-actinin
and other actin-associated proteins in the pedestal
[Freeman et al., 2000; Goosney, et al, 2001; Huang
et al., 2002]. The Tir-associating protein cortactin is
located in EPEC/EHEC pedestals, and is necessary for
actin assembly in the formation of EPEC pedestals [Can-
tarelli et al., 2002]. In addition to actin binding proteins,
Tir has also been reported to bind the intermediate fila-
ment protein, cytokeratin-18, in a yeast two-hybrid
assay, and this protein also appears to be necessary for
pedestal formation [Batchelor et al., 2004].

Although the pedestals induced by EPEC or EHEC
appear to be similar in structure [Ismali et al., 1995;
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DeVinney et al., 1999; Goosney et al., 2000], they differ
in their assembly properties [DeVinney et al., 1999,
2001a,b; Kenny, 1999; Goosney et al., 2001]. EPEC Tir,
but not EHEC Tir, must be tyrosine phosphorylated in the
host cell for pedestal formation [DeVinney et al., 2001a, b].
In a comparative analysis of 25 eukaryotic proteins asso-
ciated with EPEC and EHEC pedestals, Goosney et al.
[2001] and Gruenheid et al. [2001] found only three mam-
malian components to be absent in EHEC pedestals, the
adapter proteins Grb2 CrklIl, and Nck [Campellone et al.,
2002]. Grb2 and CrkII are composed of two SH3 domains
and one SH2 domain, enabling them to bind a number of
signaling and cytoskeletal proteins [Goosney et al., 2001;
Carlier et al., 2000]. Grb2 has been found to enhance the
binding of N-WASP (Neural Wiskott-Aldrich syndrome
protein) with the ARP2/3 (actin-related protein) complex
to promote actin polymerization [Carlier et al., 2000].
N-WASP, ARP2/3 complex, and cofilin are present in
EPEC/EHEC pedestals [Goosney et al., 2001]. N-WASP
is required for pedestal formation by both EPEC and
EHEC, although the two bacteria recruit N-WASP by
different mechanisms [Lommel et al., 2001, 2004].

In this study, we report that the dynamics of actin
filament formation differ dramatically between EPEC
and EHEC induced pedestals. Actin assembly, as ana-
lyzed by fluorescence recovery after photobleaching
(FRAP) in host cells expressing Green or Yellow Fluo-
rescent Protein (GFP/YFP), was initiated proximal to the
bacteria and proceeded distally in a retrograde direction
before disassembly was completed at the base of the
pedestal. The rate of actin polymerization in EPEC-
induced pedestals was fivefold faster than that in EHEC-
induced pedestals, about 1 pm/min for EPEC versus
about 0.2 um/min for EHEC. Furthermore, the retro-
grade movement of newly incorporated actin and actin
depolymerization in EPEC/EHEC pedestals were inhib-
ited reversibly by sodium azide/2-deoxy D-glucose or
BDM treatment. A simple model, requiring only actin
polymerization, depolymerization, and the tethering of
actin filaments at the interface between the pedestal and
the cell body was developed to explain the elongation
and translocation of EPEC/EHEC pedestals on the surfa-
ces of infected cells.

MATERIALS AND METHODS
Tissue Culture and Bacterial Strains

Enteropathogenic E. coli (EPEC), strains E23348/69
(wild type strain) and JPN-15 (strain lacking the pilus
gene bfpA) [Jerse et al., 1990] or Enterohemorrhagic
E. coli (EHEC), O157:H7, strain 85-170 (strain that has
spontaneously lost the genes encoding Shiga toxin, a
gift from Dr. James Kaper, University of Maryland,
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Baltimore, MD) were used to infect PtK2 cells, a renal
epithelium line that has proved advantageous for the
imaging of host cell responses to infectious bacteria
[Dabiri et al., 1990; Sanger et al., 1992, 1996; Malish
et al., 2003]. The PtK2 cells are grown in a medium (PtK2
medium) consisting of 100 ml of Eagle’s minimum essen-
tial medium (MEM), 1 ml of 100 mM glutamine, and
10% fetal bovine serum. For infections, overnight cultures
of EPEC and EHEC were grown in 2 ml LB medium in a
37°C incubator as described by Sanger et al. [1996]. One
milliliter of overnight EPEC or EHEC culture was pel-
leted at 4,000 RPM for 2 min in a tabletop microfuge. The
supernatant was discarded, and the pellet was suspended
in 1 ml of PtK2 medium [Sanger et al., 1996], and then re-
pelleted at 8,000 RPM for 2 min. The supernatant was
again discarded, and the pellet suspended in 1 ml of PtK2
medium. To infect the PtK2, cells bathe in 2 ml of PtK2
medium, 5 pl of the bacterial suspension was added to the
center of a 35-mm glass-bottom dish of near confluent
PtK2 cells, and incubated at 37°C and 5% CO,. Cells were
checked at regular intervals for bacterial adhesion and
were rinsed with fresh PtK2 medium. Immediately before
imaging, the medium was replaced with pre-warmed
PtK2 growth medium containing 25 mM HEPES buffer,
pH 7.0.

Transfection of Cells

PtK2 cells were grown on 35-mm glass-bottom
dishes (MatTek, Ashland, MA) as described by Ayoob
et al. [2000b]. The plasmid pEYFP-actin was created by
inserting the cDNA for human cytoplasmic-beta-actin
(Clontech, Palo Alto, CA) into the pEYFP-C1 vector
(Clontech). The plasmid pEYFP-alpha-actinin was cre-
ated by inserting previously cloned alpha-actinin cDNA
[Dabiri et al., 1997] into the pEYFP-N1 vector (Clon-
tech). PtK2 cells were transfected with pEGFP-actin
(purchased from Clontech), pEYFP-actin, pEGFP-alpha-
actinin [Dabiri et al., 1999], or pEYFP-alpha-actinin
following the protocol previously described [Ayoob
et al., 2000a, 2001]. Briefly, 10 pl of lipofectin was com-
bined with 200 pl Opti-MEM (Life Technologies, Inc.,
Rockville, MD) and incubated at room temperature for
45 min. To this solution, 1 pg of plasmid DNA in 200 pl
of Opti-MEM was added, vortexed briefly, and incu-
bated at room temperature for 15 min. After incubation,
an additional 0.6 ml of Opti-MEM was added, and the
well-mixed solution was overlaid onto a 35-mm glass-
bottom dish of 60-80% confluent PtK2 cells from which
the growth medium had been removed. The dish was
incubated for 3 h in a 37°C 5% CO, incubator. After
incubation, the dish was rinsed twice with growth
medium and then returned to the incubator. Transfected
cells, 2 to 4 days post-transfection, were infected by
EPEC or EHEC using methods described above.

Actin Preparation, Permeabilization, and Western
Blots Using Anti-Cofilin Antibodies

Rhodamine-labeled actin monomers were prepared
from chicken or rabbit acetone powders as previously
described [Turnacioglu et al., 1998]. Enteropathogenic
E. coli (EPEC) was used to infect PtK2 cells [Sanger
et al., 1996]. Infected cells were permeabilized according
to procedures described by Symons and Mitchison [1991]
and Cudmore et al. [1996]. Saponized infected cells were
exposed to 0.3 pM of rhodamine-labeled monomeric actin
for two different time periods, 1 and 10 min. Some sapon-
ized-infected cells were also exposed to rhodamine-
labeled monomeric actin in the presence of 5 UM of cyto-
chalasin D for 1 and 10 min. Permeabilized infected cells
were then fixed for staining with fluorescence probes as
previously described [Sanger et al., 1996]. Rhodamine
phalloidin was obtained from Fluka (Ronkokoma, NY).
Alexa 488-Phalloidin and fluorescein-labeled phalloidin
were purchased from Molecular Probes (Eugene, OR).
Cytochalasin-D was purchased from Sigma Corp.
(St. Louis, MO), dissolved in dimethyl sulfoxide, and
used at a concentration of 5 pM. Specific antibodies
directed against adf/cofilin and phosphorylated cofilin
were a generous gift of Dr. James R. Bamburg (Colorado
State University, Fort Collins, CO) [Meberg et al., 1998].
Fluorescent images were obtained using a Nikon Diaphot
200 inverted fluorescence microscope. Photographic
images were assembled using MetaMorph software (Uni-
versal Imaging Corp., West Chester, PA) and Adobe Pho-
toshop (San Jose, CA).

Confocal Imaging and Photobleaching

Cells were observed with a Zeiss LSM 510 confocal
microscope, using a 63x water-immersion objective, an
excitation wavelength of 488 nm for GFP probes and
514 nm for YFP probes. A long-pass 505-nm emission fil-
ter was used for both GFP and YFP probes. The pinhole
was set at 1,000 um in order to image the entire thickness
of the pedestals. Pedestals were chosen that were as close
as possible to being in a single focal plane. Regions of
interest were bleached using the Zeiss software, with the
laser at 100% intensity. Post-bleach images were obtained
periodically at time points between 5 and 20 seconds apart.

Use of Inhibitors

PtK2 cells infected with EPEC were exposed to
ML-7 (Sigma, St. Louis, MO) at concentrations varying
from 10 to 30 um for 1 to 2 h to determine if inhibition
of non-muscle myosin II affected either movement of
the pedestal on the surfaces of the cells or the retrograde
movement of the fluorescent actin bundles inside the
pedestals. A combination of inhibitors (20 mM sodium
azide and 10 mM 2-deoxy D-glucose) that are known to



lower the ATP concentrations of cells [Sanger et al.,
1983; Glascott et al., 1987] were applied to infected
cells. BDM (10 to 50 mM), a low-affinity inhibitor of
skeletal muscle myosin I, was used to determine if the
rearward movement of actin filaments inside pedestals
was inhibited. Both groups of inhibitors were applied to
cells that had previously been imaged under control con-
ditions. The inhibitors were replaced after 30 to 60 min
with control medium.

Data Analysis

Data were analyzed using MetaMorph software on
a PC workstation. Short Pedestals: Stacks of images in
each time series were aligned and the average fluores-
cence intensity of the bleached pedestal, an unbleached
pedestal, and a background region were recorded for
each time point. The background intensity was sub-
tracted from the bleached and unbleached intensity val-
ues, and the ratio was calculated between the resulting
corrected intensities. Finally, the data were normalized
to the peak ratio of bleached/unbleached intensity. Long
Pedestals: Stacks of images in each time series were
aligned and the distance scale calibrated. The average
speed of actin polymerization was then calculated by
dividing the distance moved by a bleached band by the
total time of observation.

RESULTS
Confocal Analysis of Fixed Infected Cells

EPEC- and EHEC-infected cells are characterized
by specialized surface membrane projections that encase
bundles of actin filaments (Fig. 1). The projections,
termed pedestals [Knutton et al., 1987; 1989], form
beneath adherent EPEC/EHEC and can reach lengths of
up to 10 pum. In short pedestals, the actin beneath the
EPEC appears as ski-like bars that, by confocal micro-
scopy, measure 0.25 to 2 um in the Z-axis [Sanger et al.,
1996]. EHEC short pedestals are usually no more than
0.25 pm in length. Longer pedestals, i.e., 0.5 pm or more,
are much easier to find in EPEC- than in EHEC-infected
host cells. In live cells, pedestal length can remain con-
stant or can be dynamic, with episodes of growth and
shortening. Measurements of the fluorescence intensity of
phalloidin-stained actin in the pedestals indicated that the
actin concentration is highest at the apical tip and uniform
behind the tip for a distance that varies between pedestals,
and is followed by a gradual decrease in the fluorescence
toward the distal end of the pedestal (Fig. 1).

Actin Incorporation Into Saponized Infected Cells

To determine the sites of actin polymerization in
EPEC-infected cells, the cells were permeabilized with

Dynamics of Actin and Alpha-Actinin in Pedestals 107

= -
- =)
)

/ N
SN
\

0 2 4 6 8
Distance (microns)

Relative Intensity
- e
[=:]
—

= =
O
q"""'--.

Fig. 1. EPEC-infected PtK2 cells fixed and stained with Alexa 488-
Phalloidin to show the distribution of F-actin along the pedestal. Line
scan along length of pedestal starting at EPEC attachment site. There
is a small plateau of intensity near the externally attached EPEC (sin-
gle asterisk) followed by a gradual loss of actin fluorescent intensity
along the length of the pedestal (double asterisks indicate attachment
of pedestal to cell body). The graph indicates that about half of the
actin filaments have depolymerized 4 pm from the tip of this
5-and-a-half-micron-long pedestal. Scale bar = 5 pm.

saponin and exposed to rhodamine-labeled monomer
actin, at concentrations required for addition of mono-
mers to the fast-growing or barbed ends of actin fila-
ments (see Materials and Methods), and then fixed and
stained with FITC-phalloidin. After 1-minute exposure
to the monomer actin, fluorescence was detected in a
band beneath the attached EPEC at the tip of the full
length of the actin in the pedestals (Fig. 2A,B). When
double pedestals formed, one on each side of an individ-
ual EPEC [Freeman et al., 2000], the rhodamine actin
incorporation occurred just beneath both sides of the
attached EPEC (Fig. 2C,D). When the saponized cells
were incubated with the actin monomers for 10 min,
rhodamine-labeled actin was detected along the full
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Fig. 2. Short-term (A-D) and long-term (E, F) incorporation of fluo-
rescent actin beneath EPEC attached to pedestals. A,B: PtK2 cells
infected with EPEC were permeabilized and exposed for 1 min to
0.3 uM rhodamine labeled monomeric actin. A: Rhodamine actin is
concentrated just beneath the EPEC. B: The phalloidin counter-stain
reveals the full extent of the pedestal actin beneath the attached
EPEC. C,D: Similar short-term incorporation in a double pedestal.
C: Note that actin is incorporated under each membrane-binding site
along the two sides of an EPEC bacterium. D: Phalloidin staining
reveals the total F-actin in the pedestals on either side of the EPEC.
E.F: PtK2 cells infected with EPEC were permeabilized and exposed
for 10 min to 0.3 pM rhodamine labeled monomeric actin. E: Rhod-
amine actin is incorporated all along the lengths of the single and dou-
ble pedestals. Note the brighter area of rhodamine actin just beneath
the attached bacteria. F: Phalloidin staining of the pedestals in E.
Scale bar = um.

length of single and double pedestals (Fig. 2E.F). There
was no actin incorporation in the presence of 5 UM cyto-
chalasin-D (data not shown).

Photobleaching of GFP-Actin in Short Pedestals

Fluorescence Recovery After Photobleaching or
FRAP is a quantitative optical method that permits the
detection of the exchange of fluorescently labeled mole-
cules. To determine how dynamic the actin in bacteria-
induced pedestals was, host cells were transfected with
GFP- or YFP-actin and then infected with bacteria. In
cells with short pedestals, less than 0.5 pm fluorescent
actin was concentrated directly beneath the attached
bacteria. The short EHEC pedestals were between
0.1 and 0.2 um, while the short EPEC pedestals reached
lengths up to 0.5 umicrons. When the actin was photo-
bleached, fluorescence intensity recovered with an aver-
age half time of 84 £ sec (n = 10) for EPEC (Fig. 3)
and 74 £ 7 sec (n = 9) for EHEC. After approximately
5 min., the recovered intensity was close to or equal to
the original intensity. The length of these pedestals was
measured using z-sectioning of confocal microscopy,
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Fig. 3. Four time points (A=D) of a PtK2 cell transfected with GFP-
actin and infected with EPEC. GFP-actin in a short pedestal beneath a
single EPEC (arrows) was photobleached and recovery of fluores-
cence was recorded at the time points indicated on the graph. The let-
ters on the graph correspond to the time when the images (A-D) were
recorded. The half time of recovery was approximately 79 sec in this
experiment. Scale bar = 10 pm.

and the half-time for fluorescence recovery was assumed
to be the time for half of the length of the bleached actin
to be replaced by fluorescent monomer. These measure-
ments indicated that the rate of addition of actin was
approximately 0.015 pm/sec (n = 3) for EPEC. The
lengths of the pedestals were too close to the limit of the
light microscope to determine the rate of actin addition
in these short pedestals.

Photobleaching of GFP-Actin in Long
Pedestals-Site of Actin Polymerization

Photobleaching all the fluorescent actin in a pedes-
tal allowed the initial site of actin monomer addition to
be determined in live cells. Consistent with the results
presented above for permeabilized EPEC-infected cells,
GFP-actin monomers added first under the attached bac-
teria (Fig. 4). The band of newly assembled fluorescent
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Fig. 4. PtK2 cells were transfected with YFP-actin and then infected
with the JPN strain of EPEC. The entire long pedestal was photo-
bleached, and actin fluorescence recovered starting at the tip of the
pedestal (arrows) and moving at a constant rate towards the cell at
0.012 pm/second. A: Pre-bleach; B: bleach; C: 40 sec; D: 2 min.
Scale bar = 10 pm.

actin increased in length at a constant rate. The speed of
new actin length addition inferred from these observations
is 0.016 4+ 0.001 pm/sec (n = 40) for EPEC (Fig. 4)
and 0.003 £ 0.001 pm/sec (n = 6) for EHEC (Fig. 5).

Stationary Pedestals Versus Translocating
Pedestals

Sanger et al. [1996] demonstrated that EPEC ped-
estals had the potential of translocating along the surfa-
ces of the infected host cells. When GFP-actin was
bleached in pedestals of constant length that remained
fixed in position on the cell membrane, the bleached
band moved rearward down the pedestal as the pedestal
remained stationary (Fig. 6A—E). In contrast, when a
band was bleached in GFP-actin in pedestals of constant
length that translocated along the cell surface, the loca-
tion of the bleached band remained fixed with respect to
the host cell and the band of newly assembled fluores-
cent actin grew beneath the attached bacterium as it
moved forward (Fig. 6F-J). In stationary but elongating
pedestals, the photobleached band also remained in a
fixed position relative to the surface of the host cell
(Fig. 7A-F). The rate of growth of the band of newly
assembled fluorescent actin was approximately 1 pm/min
(0.016 um/sec) in both moving (Fig. 6F-J) and station-
ary pedestals (Figs. 6A—E, 7), and was unrelated to
pedestal length.

Fig. 5. GFP-actin transfected PtK2 cell infected with EHEC at the
end of long immobile pedestals. A narrow band of GFP-actin was
photobleached at the end of the pedestal beneath the EHEC. The
bleached band (arrows) retained its shape and moved away from the
bacterium at a slow rate of 0.48 pm/min. A: Pre-bleach; B: bleach;
C:395s;D:79s; E: 118 s; F: 158 s. Scale bar = 5 um.

Bleached Monomeric Actin Assembles in a Narrow
Dark Band Before GFP-Actin Assembles

When a wide band was bleached from near the tip
to the base in a long pedestal (Fig. 8), a narrow dark
band often was observed within the newly assembled
band of fluorescent actin shortly after the photobleach
event (Fig. 8A-D). A kymograph illustrating the move-
ment of the dark band with respect to time and position
in the pedestal demonstrates that the band remains at the
same position relative to the bleached band over time
(Fig. 8, kymograph). This is presumably due to bleached
GFP-actin monomers in the photobleached zone diffus-
ing up to the tip of the pedestal and polymerizing before
the pool of monomer GFP-actin from unbleached areas
of the cell arrived at the tip. In stationary pedestals, the
dark band moved back at same rate as the bleached
band, the same rate as new actin length addition. In mov-
ing pedestals, the dark band remained fixed with respect
to position on host cell (as in Fig. 8).
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Fig. 6. Comparison of GFP-actin fluorescence recovery after photo-
bleaching of a stationary long pedestal versus a translocating long
pedestal. Narrow bands (arrows) were photobleached across each
pedestal. The bleached band on the stationary pedestal moved away
from the bacterium towards the cell body (left). The bleached band on
the translocating pedestal remained stationary relative to the cell
body, but moved distally with respect to the attached EPEC (right).
A: Pre-bleach; B: bleach; C: 79 s; D: 145 s; E: 211 s; F: pre-bleach;
G: bleach; H: 53 s; It 106 s; J: 159 s. Scale bar = 5 um.

Photobleaching of Fluorescent Alpha-Actinin in
Pedestals

In contrast to the polarized recovery of GFP-actin
fluorescence following photobleaching, the fluorescence
of GFP- or YFP-alpha-actinin that was bleached in long
pedestals recovered first in the area closest to the pedes-

Fig. 7. GFP-actin transfected PtK2 cell infected with EPEC. Some
pedestals were observed to elongate, with their bases remaining fixed
with respect to the host cell, but the tip moving, i.e., length being
added. The actin polymerization rate was same for these cases as in
stationary and fixed-length moving cases. The bleached band (arrows)
either remained stationary with respect to the host cell, as in this fig-
ure, or moved back towards host cell at a rate slower than the new
actin length addition rate, resulting in net length addition to the pedes-
tal. A: Pre-bleach; B: bleach; C: 66 s; D: 132 s; E: 198 s; F: 263 s.
Scale bar = 5 pm.

tal base and moved vertically upward toward the tip.
Bands bleached in GFP-alpha-actinin expressing pedes-
tals did not move down the pedestal, but rather remained
stationary with their edges becoming blurred as they
slowly regained fluorescence, presumably by diffusion
of fluorescent alpha-actinin from the cell body into the
pedestal (Fig. 9 A-D). In the long pedestals that were
bleached, fluorescence intensity of GFP-alpha-actinin
recovered to 54 £ 8% of the pre-bleach intensity level
in a half-time of 61 + 5 sec (n = 9). Whereas in short
pedestals, the recovery of fluorescence was typically
complete in 5 min with a half-time of recovery of
53 + 13 sec (n = 10).

Effect of BDM and Sodium Azide/2-Deoxy
D-Glucose on Actin Dynamics in Pedestals

Different concentrations of BDM were used to test
whether myosin might be involved in pedestal motility,
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Fig. 8. GFP-actin transfected PtK2 cell infected with EPEC (A-D).
A wide band was photobleached across a translocating pedestal (B).
The bleached band remained stationary with respect to the host cell as
actin polymerized beneath the attached EPEC (B to D). The kymo-
graph shows all of the time points that were collected. A, B, C, and D
(bottom panel) refer to the four time points in the images A-D. The
horizontal axis represents time and the vertical axis represents position
with respect to the substrate. Brightness corresponds to pedestal
fluorescence. Note that the pedestal tip extends forward with time.
Time point A shows the pre-bleach fluorescence profile and B indicates
fluorescence that remains immediately after bleaching. The dark line
runs horizontally across the kymograph indicating its fixed position rel-
ative to the substrate and to the original position of the pedestal tip (A).
A: pre-bleach; B: bleach; C: 130 s; D: 5 min. Scale bar = 10 um.
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Fig. 9. YFP-alpha-actinin transfected PtK2 cell infected with EPEC
(A). A band of YFP-alpha-actinin (arrow in B) was photobleached
beneath one EPEC. Fluorescence recovery was observed at indicated
time points (C,D). The half time of recovery for this example was
approximately 46 sec. Alpha-actinin fluorescence recovers first at the
base of the bleached spot and moves up the pedestal towards the exter-
nally attached bacterium. This pattern differs from recovery of actin flu-
orescence where the initial recovery is always at the membrane beneath
the externally attached EPEC (compare with Fig. 4). The GFP-alpha-
actinin intensity in long pedestals never recovers to the pre-bleach
intensity. Furthermore, there is no sign of a photobleached band
moving down the pedestal as is observed in photobleached pedestals
containing fluorescently labeled actin (compare with Fig. 6). A: Pre-
bleach; B: bleach; C: 39 s; D: 105 s. Scale bar = 5 pm.

on the initial assumption that BDM was an inhibitor of
non-muscle myosin II [Cramer and Mitchison, 1995,
1997; Lin et al.,, 1996]. We exposed EPEC-infected
PtK?2 cells, transfected with GFP-actin, to BDM at con-
centrations ranging from 10 to 50 mM. At all concentra-
tions, BDM induced pedestals to grow unusually long,
producing lengths up to 50 um (Fig. 10A,B). Removal
of the inhibitor resulted in reduced pedestal lengths
within minutes. Cycles of pedestal elongation or shorten-
ing were freely reversible. When GFP-actin in pedestals
was photobleached in the presence of BDM, the
bleached bands remained fixed in place, and newly
assembled fluorescent actin was added at the tip (Fig.
10C-F) in the absence of depolymerization along the
pedestal or at its base (Fig. 10B). As a result, the pedes-
tals grew very long. Removal of BDM led to the transfor-
mation of the long pedestals to shorter ones, with
retrograde flow of the labeled actin towards the center of
the cell. Subsequent to these experiments, Ostap [2002]
demonstrated that although BDM did inhibit skeletal
muscle myosin II, the drug did not inhibit the ATPase
activity of several different non-muscle myosins from
the classes I, II, V, and VI. We also tested the effect of
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ML-7, an inhibitor of the light chain kinase of non-
muscle myosin II, that causes filament disassembly of
non-muscle myosin II [Burridge, and Chrzanowska-
Wodnicka, 1996; Du et al., 2003], and observed no
effects on the rearward movement of actin or on the
translocation of pedestals in infected cells previously
transfected with GFP-actin (data not shown).
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When the ATP concentration in cultures of EPEC/
EHEC-infected cells was reduced with the combination
of sodium azide (20 mM) and 2-deoxy D-glucose
(10 mM), the effect on pedestal movement and the de-
polymerization of actin in the pedestals was similar to
the effect of BDM, leading to similarly long pedestals
(Fig. 11). As in BDM-treated cells, pedestals in
EPEC-infected cells were longer than those in EHEC-
infected cells, reaching lengths of up to 20 um (Fig. 11).
Similarly, removal of sodium azide and 2-deoxy D-glu-
cose led to shortening of the pedestals, and the resump-
tion of the rearward flow of the tagged actin filaments
inside the shorter pedestals. Cycles of lengthening and
shortening could be repeated several times with addition
and removal of the inhibitors.

Photobleaching of fluorescent actin in pedestals in
the presence of the ATP inhibitors displayed a biphasic
response that depended on the time of exposure to the
inhibitors. Overall, in the first 10 to 20 min in the pres-
ence of the inhibitors, actin added to the area underneath
the externally attached bacteria, but actin filaments did
not move or depolymerize. After 30 min of exposure to
the ATP inhibitory drugs, there was no addition of fluo-
rescent actin to the area beneath the bacteria and there
was no loss of actin in the pedestals. However, once the
drugs were washed out, the pedestals responded to pho-
tobleaching as described for normal pedestals.

Effect of BDM and Sodium Azide/2-Deoxy
D-Glucose on Active and Inactive Forms of Cofilin

Cofilin, known to sever actin filaments, is present
in the pedestals of EPEC- and EHEC-infected cells
[Goosney et al., 2001] and might, therefore, promote the
actin depolymerization seen in pedestals. In its phos-
phorylated form, cofilin is inactive in promoting actin
depolymerization [Meberg et al., 1998]. To examine
cofilin phosphorylation with respect to conditions inhib-
iting pedestal actin depolymerization (BDM and sodium
azide/2-deoxy D-glucose), uninfected cultures of PtK2
cells were treated with 50 mM BDM, or 20 mM sodium
azide and 10 mM 2-deoxy D-glucose. As controls, cul-

Fig. 10. PtK2 cells were infected with JPN strain EPEC and treated
with 50 mM BDM for 30 min. Pedestals became unusually long, with
many exceeding 25 to 30 pum in length. A: BDM-induced 30-pum-long
pedestal (stained with Alexa488-Phalloidin). B: Fluorescence intensity
scan along BDM-induced pedestal (see A), indicating F-actin concen-
tration. There is a brighter region at the tip of the pedestal followed by
a very broad plateau. C-F: A band of photobleached YFP-actin failed
to move back along the pedestal while the tip continued to grow at
0.017 pm/sec, the same rate as for non-BDM-treated pedestals. The
pedestal in C—F grows from to 10 to 16 pm during this exposure to
BDM. C: Pre-bleach; D: 0 min; E: 2 min; F: 4 min. Scale bar = 10 pm.



Fig. 11. PtK2 cells infected with EPEC were exposed to sodium
azide/2-deoxyglucose for 30 min before fixation and staining with flu-
orescent phalloidin. The pedestals grow to long lengths in these
treated cells, reaching lengths of up to 50 pm. Scale bar = 10 pm.

tures were untreated or treated with 10 nM PMA (phor-
bal 12-myristate 13-acetate), an activator of protein kin-
ase C. Western analysis of cell lysates was performed
using specific antibodies directed against phosphorylated
cofilin (inactive cofilin) and dephosphorylated cofilin
(active cofilin) (Fig. 12). In cells treated with 20 mM
sodium azide and 10 mM 2-deoxy D-glucose, phos-
phorylated cofilin (inactive form) was depleted (as might
have been expected). BDM had no detectable effect on
the phosphorylation state of cofilin. Thus, although both
BDM and 20 mM sodium azide and 10 mM 2-deoxy D-
glucose treatments inhibit actin depolymerization in ped-
estals, neither treatment caused a decrease in the active,
dephosphorylated cofilin. These experiments suggest
that the inhibitors may be blocking the depolymerization
action of active cofilin (unphosphorylated) by a pathway
that does include the inactivation or phosphorylation of
cofilin.

DISCUSSION

The adhesion of EHEC/EPEC bacteria to host cells
produces specialized attachment plaques beneath the
bacteria on the dorsal surface of the infected cells
[Goosney et al., 2000b; Huang et al., 2002]. Actin fila-
ments that assemble at these sites form bundles that eva-
ginate to form membrane-covered projections termed
pedestals [Knutton et al., 1987, 1989; Kaper et al.,
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2004]. EPEC/EHEC pedestals range from 0.25 to 10 pm
long, and can undergo both elongation and shortening.
The longer pedestals can undulate and translocate on the
cell surfaces of infected cells [Sanger et al., 1996]. The
ability of EPEC to form pedestals has been correlated
with the extent of the diarrhea that was induced in
human volunteers [Donnenberg et al., 1993]. The pedes-
tals may provide an advantageous environment for
EHEC/EPEC growth and residence inside animals, by
allowing the bacteria to remain attached to intestinal
cells during (1) peristalsis and (2) the host flushing
response to rid itself of infectious bacteria [Hecht,
1999]. An alternative view is that pedestals are an
advantage for the host when infected cells with pedes-
tal-attached bacteria undergo apoptosis causing the
removal of the infected cells with their attached bacteria
from the body [Malish et al., 2003]. In a recent report
by Deng et al. [2003] on intestinal infections by Citro-
bacter rodentium of live mice, results were presented
that questioned whether actin pedestal formation is
required for efficient colonization and disease. These
authors speculated that the C. rodentium Tir inserted
into the mouse intestinal cells could achieve localization
by direct binding of either alpha-actinin [Freeman et al.,
2000] or integrin [Frankel et al., 1996].

The site of initial addition of actin monomers to the
ends of the actin filaments just beneath the membrane
attachment sites in saponized infected cells (Fig. 2)
mirrored the initial site of fluorescence recovery in
bleached pedestals in infected cells that had been trans-
fected with GFP-actin (Fig. 4). Longer incubations with
monomer actin and longer times of recovery of fluores-
cence of GFP-actin after bleaching eventually resulted in
fluorescent actin incorporation along the entire length of
the pedestals. This is consistent with a model proposed
for the coupling of intracellular actin polymerization at
the barbed ends of actin filaments to the formation of
pedestals [Sanger et al., 1996]. The mode suggests that
the barbed ends available for polymerization are present
exclusively at the proximal ends of the pedestals. This
could occur if the actin filaments were continuous in
length from tip to base in the pedestals, or if capping pro-
teins bound the barbed ends of shorter actin filaments in
the pedestals. The findings presented here suggest there
is a decreasing concentration of actin filaments from tip
to base (Fig. 1), perhaps resulting from depolymerization
of some actin filaments occurring along the length of the
pedestal.

When the EPEC-encoded protein, Tir, is inserted
in a host cell membrane, its middle or extracellular
domain binds the bacterial membrane protein, intimin.
The third Tir domain (intracellular carboxyl terminal
domain) of EPEC, but not of EHEC, contains a tyrosine
that is phosphorylated by host cell proteins [DeVinney
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Fig. 12. Specific antibodies directed against activated cofilin (adf/
cofilin) and the inactivated or phosphorylated cofilin (p-cofilin) were
used to determine if BDM or sodium/azide decreased the levels of
active cofilin. Western blots showing phosphorylated (p-cofilin) and
unphosphorylated cofilin (adf/cofilin) in extracted PtK2 cells. Lane 1:
Control cells; lane 2: cells treated with 10 nM PMA (phorbal 12-myr-
istate 13-acetate, an activator of protein kinase C); lane 3: cells

et al., 1999; Kenny, 1999; Goosney et al., 2000b]. This
tyrosine phosphorylation of the third domain of Tir per-
mits the recruitment of Nck, Grb2, and CrkiIl to the
EPEC pedestals [Goosney et al., 2001; Gruenheid et al.,
2001; Campellone et al., 2002]. This Nck binding
recruits N-WASP and the Arp2/3 complex to the tip of
the pedestal, initiating actin polymerization [Gruenheid
et al., 2001]. Campellone et al. [2004] have reported that
the removal of the first cytoplasmic domain of EPEC Tir
is not necessary for actin polymerization and pedestal
formation. A similar removal of the first cytoplasmic
domain for EHEC was not attempted. Although the Tir
receptor of EHEC does not bind the adapter protein Nck
[Gruenheid et al., 2001], EHEC is still capable of assem-
bling actin pedestals. In Nck-null cells, EHEC, but not
EPEC, is able to induce the formation of pedestals
[Gruenheid et al., 2001]. Whereas there was no differ-
ence in actin dynamics between the two closely related
strains of EPEC (E2348/69 and JPN-15), there was a
striking difference in actin dynamics in long pedestals
between EPEC and EHEC. Long pedestals of EHEC-
infected cells (Fig. 5) showed a fivefold slower rate of
actin polymerization than occurred in EPEC long pedes-
tals. It was difficult to compare the rates of actin poly-
merization in short pedestals because EHEC short
pedestals are typically less than 0.25 um, compared with
0.5 to 2 pm for EPEC (Fig. 3). Our FRAP results are
consistent with the idea that Nck binding to Tir acceler-
ates actin polymerization more efficiently than the
mechanism employed by EHEC Tir.

Pedestals could be grouped into four types within
the 5-10 min they were subjected to FRAP analysis:
(1) constant length and stationary; (2) increasing in
length and stationary; (3) constant length and translocat-
ing; (4) increasing in length and translocating. A surpris-
ing finding of the FRAP analysis was that in all

~ p-cofilin
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treated with 50 mM BDM; lane 4: cells treated with 20 mM sodium
azide and 10 mM 2-deoxy D-glucose. There was no depletion of the
active form of cofilin (lanes 3 and 4 in adf/cofilin Western blot),
although both BDM and sodium azide/2-deoxy D-gluclose inhibited
actin depolymerization in the pedestals. Treatment of PtK2 cells with
sodium azide/2-deoxy D-glucose depleted the inactive form of cofilin
(lane 4 in p-cofilin blot).

pedestals, regardless of length or position (Fig. 6A),
actin polymerization occurred at the pedestal tip at an
average rate of 1 um per second. We were unable to
determine the initial rate of actin polymerization in
brand new pedestals. There is the possibility that this
rate might be different from that measured in existing
pedestals. Only in stationary pedestals of constant
length, did retrograde flow of actin occur (Fig. 6A-E).
Furthermore, the bleached band always retained its
shape with no compression as it moved rearward. In a
pedestal where most of the actin was bleached (Fig. 8),
the thin band of non-fluorescent actin that first
assembled at the pedestal tip remained stationary with
respect to the host cell as fluorescent actin was then
added to the tip at a rate of approximately 1 um/min. In
uninfected PtK2 cells, bands bleached in GFP-actin in
lamellipodia also moved rearward at nearly the same
rate (data not shown).

The elongated geometry of the pedestals and their
isolation from the cell body permitted us to photobleach
both the pool of monomeric actin as well as F-actin. This
allowed us to detect the polymerization of bleached
monomers as a dark line between two fluorescent bands,
the fluorescent band present behind the tip at the time
of bleaching and the fluorescent band that formed after
bleaching. This dark line is a demonstration that photo-
bleached monomers are not prevented from polymerizing
at the tip of the pedestal. For the example in Figure 8, the
width of the dark band was measured to be approximately
0.35 pm. Since the rate of length addition due to actin
polymerization was measured to be 0.013 pm/sec for this
pedestal, this width corresponds to a time of approxi-
mately 27 sec. Taking this as the time for fluorescent
actin monomers to diffuse up the length of the pedestal, a
distance of 6.4 pm, we calculated the diffusion coefficient
for GFP-actin in this pedestal to be 2.5 x 10~2 cm?/sec.



Previous studies [McGrath et al., 1998] have measured
actin diffusion coefficients in bovine aortic endothelial
cells tobe 3.1 x 1078 cmz/sec. The tenfold difference in
measured values can be attributed to the larger size of
GFP-tagged actin, and to the different environment
inside the EPEC pedestal compared to the cytoplasm.
The retrograde movement of actin filaments in the
pedestals is reminiscent of the rearward flow of fluores-
cently labeled actin from the edges of stationary cells
(0.8 pum/min) detected with FRAP analysis [Wang,
1985]. However, the composition and structure of pedes-
tals appear to be very different from that of lamellipodia.
The cellular micro-composition of pedestals can be
thought of as a cross between lamellipodia, microvilli,
and focal adhesions. Like microvilli, pedestals have villin
and ERM proteins distributed along their lengths with tro-
pomyosin and non-muscle myosin II at the base of the
pedestals [Goosney et al., 2001; Sanger et al., 1996]. Pho-
tobleaching of GFP-actin in the focal adhesions of these
PtK2 cells did not reveal any flow of actin molecules
there (data not shown). Like focal adhesions, pedestals
have alpha-actinin, talin, and vinculin localized along
their length [Freeman et al., 2000; Goosney et al., 2001].
Similar photobleaching of focal adhesions containing
GFP-alpha-actinin revealed a replacement of the photo-
bleached alpha-actinin with new GFP-alpha-actinin but
no flow of alpha-actinin along the length of the attach-
ments [Dabiri et al., 1999; Edlund et al., 2001]. The pres-
ence of Arp2/3 in the EPEC/EHEC pedestals suggests
that the actin filaments should be branched as they are in
lamellipodia. This is consistent with transmission electron
micrographs that do not reveal any signs of long parallel
actin filaments in pedestals [Knutton et al., 1987; Kaper
et al., 2004]. Steady state fluorescence polarization
methods that predicted aligned filaments around
the periphery of Listeria actin tails [Zhukarev et al.,
1995] failed to detect aligned actin filaments in EPEC
pedestals (Zhukarev et al., unpublished observations).
Bleached bands of GFP-alpha-actinin in pedestals
(Fig. 9) recovered fluorescence in a completely differ-
ent manner from photobleached bands of GFP-actin.
The bleached band did not move down the pedestal,
and when the whole pedestal was photobleached, fluo-
rescent alpha-actinin could be seen to diffuse in from
the unbleached part of the cell producing fluorescence
recovery from the base toward the tip. Recovery of the
intensity of GFP-alpha-actinin fluorescence occurred
only to about half of the pre-bleach intensity level in
long pedestals, but in short pedestals, recovery was
typically complete in 5 min. This difference may be a
function of the distance required for diffusion of protein
into short pedestals as compared to that distance for
long pedestals. We interpret these results to indicate
that alpha-actinin exchanges constantly all along the
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pedestal at a rate much faster than actin polymerization
so that the pattern of alpha-actinin does not follow the
actin movement.

The translocation of EPEC pedestals is known to
require actin polymerization [Sanger et al., 1996], and as
predicted [Sanger and Sanger, 1992], the rate of move-
ment was coupled to the rate of actin polymerization at
the pedestal tip (Figs. 6F-J, 7). What was unexpected
was that the rate of actin polymerization in both moving
and stationary pedestals would be the same. As
discussed in the model below, the interplay of actin
polymerization and depolymerization could alone pro-
vide the physical parameters leading to pedestal move-
ment, recognizing in the cellular environment that there
are many proteins that modulate actin-based motility
and may influence pedestal motility.

BDM (2,3-butanedione monoxime) has been used
as an inhibitor of actin/myosin interactions in cross-
striated and smooth muscles due to its inhibitory effect
on cross-bridge attachment, phosphorylation of smooth
muscle myosin light chains, and the movement of actin
filaments along myosin II [Adams et al., 1998; Siegman
et al., 1994]. It also affects intracellular calcium mobili-
zation in living muscle cells [Siegman et al., 1994];
however, in skinned muscle fibers, where there is no cal-
cium uptake and release, BDM also inhibits force pro-
duction [McKillop et al., 1994]. We used BDM because
of the initial idea that BDM also affected the activity of
non-muscle myosin II [Cramer and Mitchison, 1995,
1997; Lin et al., 1996]. The reversible inhibition by
BDM of actin depolymerization and the retrograde flow
of actin filaments in pedestals (Fig. 10) initially sug-
gested that a myosin motor might be involved in this
process. However, ML-7, an inhibitor of non-muscle
myosin II, had no effect on the flow of actin in pedestals.
It is now known that BDM affects the ATPase activity
of muscle myosin IIs but not non-muscle myosin II or
the unconventional myosins [Ostap, 2002]. Nevertheless
BDM affected the depolymerization and rearward move-
ment of the actin filaments in pedestals. BDM (1 to
50 mM) has been reported to reversibly inhibit retrograde
flow and stimulate extension of neuronal growth cones
[Lin et al., 1996]. Interpreted at the time in terms of a
role for non-muscle myosin, it may be that BDM may be
exerting these effects in neuronal cells by interfering
with actin depolymerization as it does in EPEC pedes-
tals. We have tested (1) BDM and (2) sodium azide/2-
deoxy-glucose, on Listeria-infected PtK?2 cells, and dis-
covered a similar reversible inhibition of actin depoly-
merization in actin tails leading to elongation of the tails
up to 50 pum [Shaner et al., 2002]. These experiments
further support the idea that these inhibitors are exerting
their effects on EPEC/EHEC pedestals by interfering
with the depolymerization of F-actin.
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Since cofilin is thought to play an important role in
the depolymerization of actin filaments in cells [Meberg
et al., 1998], the inhibitors BDM or sodium azide/2-
deoxy D-glucose that stabilized the actin filaments in the
pedestals might have been expected to cause a depletion
of the active or dephosphorylated form of cofilin. This
did not occur. When cells are treated with sodium azide
and 2-deoxy D-glucose, there is an inferred buildup of
inorganic phosphate since intracellular levels of ATP
drop from 2 to 4 mM to 100 pM in 30 min [Glascott
et al., 1987]. Stapleton et al. [1998] have reported that
BDM accelerates the loss of ATP in cells treated with
sodium azide and 2-deoxy-glucose. It is not known if
BDM treatment alone would also lead to decreases in
intracellular ATP. Millimolar levels of inorganic phos-
phate (Pi) are known to inhibit cofilin-mediated actin
depolymerization in a test tube [Blanchoin et al., 2000].
Thus, an increase in intracellular Pi would protect
F-actin from the action of active cofilin. Future experi-
ments will be needed to test this suggestion. Our experi-
ments do demonstrate that actin continues to polymerize
at the pedestal tip, but this length addition to the pedestal
is no longer balanced by depolymerization at the base,
and so a dramatic increase in pedestal length occurs.

Although the mechanisms by which BDM and
sodium azide/2-deoxy D-glucose affect actin depolyme-
rization and retrograde flow in the pedestals is unknown,
these results do indicate that actin depolymerization is
required for the rearward flow of actin and the transloca-
tion of the pedestals along the cell surface. How actin
polymerization and depolymerization may generate
translocations of pedestals is discussed in the model
section below (Fig. 13).

MODEL FOR THE TRANSLOCATION OF
PEDESTALS

The EPEC pedestal can be modeled as a column
(or probably a hollow tube) of cross-linked, branched

Fig. 13. In an EPEC pedestal, actin polymerization occurs directly
beneath the attached bacterium, while depolymerization important in
motility occurs at the interface between the pedestal and the host cell
cytoplasm (A). In the proposed model for EPEC pedestal motility, the
pedestal is composed of a network of actin filaments cross-linked by
alpha-actinin and other proteins. When actin filament ends enter the
cytoplasm at the base of the pedestal, actin monomers are released
from the filament and it shortens by some number of monomers
(B). Over time, this leads to the uniform slipping of the entire pedestal
toward the host cell body. When the pedestal is at an angle smaller
than 90° with the host cell membrane (C), the interface between the
pedestal and the host cell cytoplasm remains parallel to the host cell
membrane, and so the pedestal base processes sideways as actin
monomers are removed.
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actin filaments whose mostly capped plus ends are ori-
ented towards the tip of the pedestal. Arp2/3 nucleated
actin polymerization is highly localized and directional,
and occurs at the tip of the pedestal directly beneath the
attached bacterium. Arps are all along the pedestals
[Goosney et al., 2001]. Yet pulse incorporation and
FRAP indicates actin monomers adding just beneath the
EPEC attachment site. The host cell membrane is stabi-
lized along the actin column by myosin I and presum-
ably other proteins that link cortical actin to the
membrane, e.g., alpha-actinin and villin [Sanger et al.,
1996; Freeman et al., 2000; Shaner et al., 2002]. Actin
filaments exposed to the cytoplasm in the center of the
pedestal are gradually depolymerized, primarily by cofi-
lin, which is known to be localized all along the pedestal
[Kalman et al., 1999]. However, the majority of the actin
filaments in the pedestal appear to be somewhat pro-
tected from depolymerization (Fig. 1), possibly by their
association with the membrane and their tight bundling,
until the point at which the pedestal joins the host cell
and the minus ends of the actin filaments are exposed on
all sides to the host cell cytoplasm (Fig. 13B). At this
point, cofilin-mediated depolymerization destroys most
of the remaining filaments within a short time.

For photobleaching analysis, we chose pedestals
that were in a single focal plane along most or all of their
length. EPEC pedestals that were stationary with respect
to the host cell extended from the edge of the cell, at
an angle close to 90° with the host cell membrane
(Fig. 13A). In contrast, translocating pedestals were
always observed to be on the surface of the host cell. For
our observations, those pedestals confined to a single
focal plane on the surface of the host cell had to be at a
small angle with the host cell membrane. For a pedestal
at an angle to the host cell membrane, F-actin was
observed to move only in a direction perpendicular to
the host cell membrane, and never laterally along the
host cell.

Translocation of pedestals is observed only for
pedestals that are at a very steep angle with the host cell
membrane. That is, the interface between the host cell
and the pedestal is nearly parallel with the long axis of
the pedestal. In this case, the myosin I-mediated stabili-
zation of the pedestal occurs primarily on the dorsal side
of the pedestal, with the ventral side being mostly
exposed to the host cell cytoplasm, and so easily depoly-
merized by the action of cofilin. With this geometry,
also, membrane elasticity should tend to push the F-actin
in the pedestal down towards the host cell mostly in a
direction normal to the surrounding host cell membrane.
While actin polymerization continues to occur parallel
to the long axis of the pedestal, depolymerization now
occurs mostly perpendicular to the host cell membrane.
Because length addition to the pedestal tip and length
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subtraction from its base occur independently and with
different directionality, the vector difference between
the polymerization and depolymerization gives rise to
the translocation of the pedestal along the host cell
surface. This can be simply described mathematically
in terms of the vectors of actin polymerization and
depolymerization.

Actin monomers that are incorporated into the ped-
estal tip are drawn from the soluble pool of actin in the
host cell cytoplasm, which diffuses quickly throughout
the cell, as revealed by whole-pedestal and half-cell
photobleaching experiments. As actin monomers are
added to the tip of the pedestal, the host cell membrane
is pushed out through a Brownian ratchet mechanism.
The rate of length addition to the pedestal due to the
actin polymerization-driven Brownian ratchet at the tip
can be described as:

p = aP[cos 0i + sin 6],

where P is the rate of polymerization of actin in mono-
mers added per second, 6 is the angle the pedestal makes
with the host cell membrane (Fig. 13C), and o is the
length per actin monomer. Unit vectors in the x- and
y-directions are [ and J, respectively.

If D is the depolymerization rate at the pointed
ends of actin filaments at the pedestal base, then the rate
of length subtraction from the pedestal due to actin
depolymerization by cofilin can be described as:

d = —|aD| .

Since the vast majority of pedestals are observed to
be of constant length, it is likely that an equilibrium
between polymerization and depolymerization is reached
relatively quickly. This suggests that in most cases,
|D| = |Psin6|. When this is the case, and 6 < 90°, the
net effect of combined polymerization at the tip and
depolymerization at the base is the movement of the
pedestal base and the pedestal tip an equal distance in
the x-direction, parallel to the host cell membrane. For
arbitrary P and D, pedestal elongation should occur if
|D| < |Psin6|, and pedestal shortening (observed very
infrequently) should occur if [D| > |Psin 6.

In general, if we know the initial position, 7, of
an attached EPEC at the tip of a pedestal, its position
over time based on length addition and removal rates
due to actin polymerization and depolymerization is
given by:

F(t) = [p+d|t+ 7o
()= a[P cos 0i 4 (Psin® — D)t + 7.
Pedestals at an angle <90° to the host cell mem-

brane will, therefore, translocate along the surface of the
host cell (Fig. 13C).
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