Research Article

4649

Spatial regulation of actin dynamics: a tropomyosin-
free, actin-rich compartment at the leading edge

Vera DesMarais 1*, llia Ichetovkin 1, John Condeelis 1 and Sarah E. Hitchcock-DeGregori 2

1Department of Anatomy and Structural Biology, Albert Einstein College of Medicine,1300 Morris Park Avenue, Bronx, NY 10461, USA
2Department of Neuroscience and Cell Biology, UMDNJ-Robert Wood Johnson Medical School, 675 Hoes Lane, Piscataway, NJ 08854, USA

*Author for correspondence (e-mail: vogniew@aecom.yu.edu)

Accepted 4 September 2002
Journal of Cell Science 115, 4649-4660 © 2002 The Company of Biologists Ltd
doi:10.1242/jcs.00147

Summary

Rapid polymerization of a network of short, branched actin
filaments takes place at the leading edge of migrating cells,
a compartment enriched in activators of actin
polymerization such as the Arp2/3 complex and cofilin.
Actin filaments elsewhere in the cell are long and
unbranched. Results reported here show that the presence
or absence of tropomyosin in these different actin-
containing regions helps establish functionally distinct

examined using indirect immunofluorescence were
relatively absent from the dynamic leading edge
compartment, but did colocalize with actin structures

deeper in the lamellipodium and in stress fibers. An in vitro

light microscopy assay revealed that tropomyosin protects
actin filaments from cofilin severing. The results suggest
that tropomyosin-free actin filaments under the membrane
can participate in rapid, dynamic processes that depend on

interactions between the activities of the Arp2/3 complex
and ADF/cofilin that tropomyosin inhibits elsewhere in the
cell.

actin-containing compartments in the cell.

Tropomyosin, an inhibitor of the Arp2/3 complex and
cofilin function, was localized in relation to actin filaments,
the Arp2/3 complex, and free barbed ends of actin filaments
in MTLn3 cells, which rapidly extend flat lamellipodia
following EGF stimulation. All tropomyosin isoforms

Key words: Actin, Arp2/3 complex, Tropomyosin, Cofilin,
Cytoskeleton

Introduction activated by membrane bound factors, Rho-family GTPases and

In response to a variety of extracellular stimuli, actin filamenP!P2, which in turn activate cellular WASp/Scar proteins that
assembly at the leading edge of motile cells causes protrusidind to the Arp2/3 complex (reviewed in Borisy and Svitkina,
during cell crawling and chemotaxis, nerve growth and celf000; Higgs and Pollard, 2001; Small et al., 2002). In addition,
spreading (Lauffenburger and Horwitz, 1996). The actiractin filaments serve as obligate secondary activators of the
filament network immediately under the plasma membrane iArp2/3 complex activity (Ichetovkin et al., 2002). Cortactin
regions of rapid cellular protrusion consists of short, branchesfabilizes branches (Uruno et al., 2001; Weaver et al., 2001).
filaments while those deeper in the cortex, as well as at foc&lofilin, required for the formation of barbed ends at the leading
adhesions, stress fibers and in microvilli, are much longer argfige (Zebda et al., 2000), severs actin filaments, thereby
rarely branched (Bailly et al., 1999; Small et al., 1995; Smalincreasing the number of free barbed ends, polymerization, and
et al., 2002; Svitkina and Borisy, 1999). The formation of théhe number of ATP-containing filaments leading to enhanced
branched network is postulated to involve nucleation of newArp2/3 complex activation (Ichetovkin et al., 2002). Cofilin also
filaments by activated Arp2/3 complex (Blanchoin et al..ensures a supply of actin monomers for polymerization and the
2000a; Mullins et al., 1998) (reviewed in Borisy and Svitkinaturnover of the Arp2/3 complex by severing and increasing the
2000; Condeelis, 2001; Pollard et al., 2000). Models have be@ff-rate of actin monomers from the pointed end (reviewed by
presented in which activated Arp2/3 complex generateBamburg, 1999; Carlier et al., 1997; Hawkins et al., 1993;
branches and ADF/cofilin (hereafter called cofilin) enhance€ondeelis, 2001). Experiments using the actin drug
filament turnover and nucleation activity of the Arp2/3jasplakinolide showed that protrusion of lamellipodia in
complex (reviewed in Borisy and Svitkina, 2000; Condeelismigrating chick fibroblasts is tightly coupled to actin filament
2001; Ichetovkin et al., 2002; Pollard et al., 2000). Support fodisassembly, suggesting that ongoing actin filament assembly is
the models comes from studies showing that the Arp2/&cilitated by free actin monomers derived from filament
complex and cofilin are localized in the network of branchedlisassembly (Cramer, 1999). Tropomodulin, a protein that
filaments at the leading edge (Bailly et al., 1999; Chan et alftpgether with tropomyosin inhibits association and dissociation
2000; Svitkina and Borisy, 1999). of actin monomers from the pointed end of actin filaments
The formation of the branched network in the leading edg@\eber et al., 1994; Weber et al., 1999), may also favor barbed
domain of the actin cytoskeleton is spatially and temporallgnd incorporation of actin monomers.
regulated using both positive and negative mechanisms. ForSome factors negatively regulate formation of the branched
example, the Arp2/3 complex is localized in the leading edgactin filament network. ATP hydrolysis and phosphate
(Ballly et al., 1999; Svitkina and Borisy, 1999), where it isdissociation following actin polymerization promote



4650 Journal of Cell Science 115 (23)

dissociation of filament branches (Blanchoin et al., 2000b)antibodies against tropomyosin were generously supplied by
Phosphorylation of cofilin inhibits its severing and colleagues, or purchased. Six different antibodies were screened that
depolymerizing activities (Agnew et al., 1995; Blanchoin et al.together recognize tropomyosins expressed by all four tropomyosin
2000c; Moriyama et al., 1996; Ressad et al, 1998)genes representing most, if not all, the isoforms in MTLn3 cells. Of
Tropomyosin, a protein that binds along the sides of acti@ﬁ-\ese, two (LC24 andf9d) were selected for more extensive analysis

. o . : ased on their staining characteristics and ability to detect a wide
fg\larg;egnts, |nr|1|b|tsB|nucIﬁat_|on tanld gg%rlch fc:jrma?'?n Fby E[h ange of tropomyosin isoforms.
rp2/3 complex (Blanchoin et al., ) and cofilin-F-actin ™y =>4 is" 2" mouse monoclonal (IgG), provided by Jim Lin

interaction in vitro (Bernstein and Bamburg, 1982; Nishida efyniversity of lowa). It is specific to TM4, a short TM encoded by
al., 1985; Ono and Ono, 2002). Proteins that cross-link actifhe TM4 gene B-TM (Lin et al., 1985a; Lin et al., 1988)]. It was
into stable structures, suchasctinin, fascin and fimbrin, may prepared against human protein, but it also recognizes mouse protein.
also protect actin filaments against branching and severing.  af9d is a rabbit polyclonal, provided by Peter Gunning (University
The molecular models put forward to date to explain thef Sydney). It recognizes the C-terminal regionoefand B-TM
processes that take place at the leading edge of motile celfgforms expressing exon 9d (Schevzov et al.,, 1997). In mouse it
primarily depend on in vitro experiments with the Arp2/3crossreacts with a number of short and long TM isofomT3v2,
complex. Identification of multiple domains of the actin9TM3, BTM1, BTM6 (all long TM isoforms), andxTM5a and

cytoskeleton within cells and how they relate to the Arp2/§Tg'GS§’ ;ndahon:‘oﬂggoﬁomﬁg'\gl IS((I);(I)\;ITS.prOVi ded by Jim Lin
complex localization and f“'f‘CF'O” at the Ie.adlng edge requir niversity of lowa). It cross reacts With‘the exon 1b-encoded N-
spatial and temporal analysis in a well-defined cell model. Thgminus of products of th&M5 gene TM), short, non-muscle

extent to which cofilin and the Arp2/3 complex contribute toropomyosins (Lin et al., 1985a; Lin et al., 1988; Vera et al., 2000).
lamellipodium extension has been studied in MTLNn3 cellgt was prepared against human immunogens, but also recognizes
following EGF stimulation. Barbed ends at the leading edgenouse proteins.

are generated by cofilin during EGF stimulation (Zebda et al., IV15 is a mouse monoclonal (IgM) provided by Fumio Matsumura
2000). Cofilin severing is required for both barbed endRutgers University) with a wide specificity [F. Matsumura, personal
generation and protrusion of the leading edge (Chan et aE?@é“B%”'?st'gn &hgit::mnzjgigélg‘:%éllg(?;)\/]ll) orovided by Jim Lin
2000). Also, the branching activity of the Arp2/3 complex is, ~*=F°. ;

f . . : . . . (University of lowa) that crossreacts with TM2 and TM3, lon@M
reql.“rEd for lamellipodium protrusion during EGF Stlmmatloni(soforms {Lin et al.), 1985a; Lin et al., 1988) that are also re%ognized
(Bailly et al., 2001). by afod and TM311.

Our goal in the present study was to relate cellular’tyzi11 a mouse monoclonal 1gG purchased from Sigma,
compartments in which the Arp2/3 complex and cofilin-crossreacts with the N-terminus of lomg and B-TM isoforms
mediated actin polymerization occurs to the localization o{Nicholson-Flynn et al., 1996).
tropomyosin. Our hypothesis was that since these activities areAnti-p34 (AE360) is a rabbit IgG generated using a peptide
inhibited by tropomyosin, tropomyosin would be excludedimmunogen of a sequence of the p34 protein in the Arp2/3 complex
from the leading edge of actively protruding cells. Although(Bailly et al., 2001). o _ _
cell types (reviewed in Lin et al., 1997), its location in relationS @ consequence of non-linear binding of antibody at low
to the dendritic actin network has not been investigated. He@ncentration of antigen, since both monoclonal (e.g. CG3) and

. . ) olyclonal (e.g. af9d) antibodies gave the same tropomyosin
we relate the biochemical effects of tropomyosin on th istribution as far as absence of labeling of the leading edge is

activities of the Arp2/3 complex and cofilin to the cellular ;oncemed, even though they generally exhibit different binding curves.
localization of tropomyosins with respect to the Arp2/3

complex, barbed ends, and F-actin at the leading edge during

rapid lamellipodium extension. We used an optically flat cellmmunofluorescence

(MTLn3) with well-defined kinetics of EGF-stimulated Cells were plated on glass-bottom dishes (MatTek Corporation) as
protrusion that allows cellular localization of proteins at thepreviously described (Bailly et al., 1998a) and left untreated or

leading edge at high resolution. Our results indicate thattimulated with EGF. They were fixed with 3.7% formaldehyde in
fytoskeletal buffer (5 mM KCI, 137 mM NaCl, 4 mM NaHg®.4

o 0 e e Scibiles b0, 2 mu GCk 5 i Ppes, 2 T EGTA, 5.5
: glucose, pH 6.1 (Small et al., 1978), at 37°C for 5 minutes. Cells were
permeabilized at room temperature for 20 minutes with 0.5% Triton
. X-100 in cytoskeletal buffer. They were rinsed once and then
Materials and Methods incubated in 0.1 M glycine (in cytoskeletal buffer). After five washes
Cell culture with TBS (20 mM Tris, 154 mM NaCl, pH 8), cells were
MTLnN3 cells were cultured in-MEM (Gibco Laboratories) with 5%  blocked/stabilized in TBS with 1% BSA, 1% FCS, andull
FCS, as previously described (Bailly et al., 1998a; Segall et al., 199)halloidin (Calbiochem-Novabiochem) for 20 minutes. For F-actin
Cells were plated at low density in complete medium for 24 hoursstaining, phalloidin was supplemented with QUM rhodamine
Before the experiment, cells were starved for 3 houra-MEM phalloidin (Molecular Probes). This was followed by incubation with
medium containing 0.35% BSA (starvation medium). For stimulationprimary antibody at room temperature for one hour. Cells were rinsed
cells were treated for 50 seconds or 3 minutes with a findlive times for five minutes with TBS containing 1% BSA and
concentration of 5 nM murine epidermal growth factor (EGF; Lifeincubated with secondary antibody, goat anti-rabbit fluorescein-
Technologies) in starvation medium conjugated IgG (ICN Biomedicals), or Cy5 conjugated donkey anti-
mouse IgG (Jackson ImmunoResearch), for one hour at room
) o temperature. After five final washes with TBS (containing 1% BSA),
Primary antibodies cells were mounted in 50% glycerol in TBS, supplemented with 6
Previously characterized mouse monoclonal and rabbit polyclonahg/ml N-propyl gallate and 0.02% sodium azide.
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Visualization of free barbed ends and permeabilized for one to four minutes with: 138 mM KCI, 10 mM

For double labeling of actin nucleation sites (barbed ends) an@ipes, pH 7, 0.1 mM ATP, 3 mM EGTA, 4 mM MgCl0.025%
tropomyosin ¢f9d), a previously described protocol was used (Bailly Saponin, 0.5% Sigma protease cocktail. To estimate total tropomyosin,
et al., 1999; Chan et al., 1998). Briefly, cells were stimulated withn parallel, cells on plates were washed and lysed in 10 mM TrisHCI,
EGF for 50 seconds or 3 minutes, immediately followed byPH 8.0, 10 mM EGTA, 0.025% saponin, 0.5% of a Sigma protease
permeabilization with cytoskeletal buffer, containing O4® of cocktail, for 10 minutes on ice to obtain the total cytoskeletal protein,
biotin-labeled G-actin (Cytoskeleton), 1% BSA, and 0.025% saponirand removed from the plates by scraping. NaCl was added to the
The distribution of biotin-actin was identified using a Cy5-coupledsamples to a final concentration of 0.2-0.5 M, and the samples were
anti-biotin antibody (Jackson ImmunoResearch). Tropomyosin waBeated for 2 minutes at 100%. Following centrifugation for 10 minutes
visualized by incubating cells with antibod§od for 1 hour, followed ~ in & microfuge at 4°C, the supernatants containing tropomyosin, and

by incubation with a goat anti-rabbit fluorescein-conjugated IgG (ICNether heat-stable proteins, were lyophilized. The samples were
Biomedicals). resuspended in the same volume of sample buffer and analyzed by

SDS PAGE on 12% gels stained with Coomassie Blue.
The tropomyosin in the heat stable fraction was quantified by
Microscopy and fluorescence quantification densitometry of the stained gels using a Molecular Dynamics model
All images were taken on an Olympus IX70 microscope using800A computing densitometer. The tropomyosin region of the gel was
constant settings with &NA 1.4 infinity-corrected optics coupled to identified by immunoblots using specific tropomyosin antibodies and
a computer-driven cooled CCD camera using IP lab spectrurfiopomyosin standards. In the absence of permeabilization and lysis
software (VayTek). Images were captured below the saturation levblffers there was no staining in the tropomyosin region of the gel.
of the camera. For the fluorescence quantification, all digitized imagé#ith the permeabilization procedure, 15+4%=%) of the total
were linearly converted in NIH Image (program developed by thdropomyosin was removed.
National Institute of Health, available on the internet at In the second method based on immunofluorescence, a monolayer
http://rsh.info.nih.gov/nih-image) and analyzed using differentof EGF stimulated cells were fixed with formaldehyde and stained
macros. For double-labeling measurements (Fig. 5) cell perimetewsth LC24 as described in ‘Immunofluorescence’. Another monolayer
were traced by fluorescence threshold in the non-tropomyosin chanr@l EGF-stimulated cells was permeabilized with saponin, fixed with
and also applied to the tropomyosin channel. The measurements wé@gmaldehyde and stained with LC24 as described in ‘Visualization
taken on lamellipodia, avoiding regions of cells that did not contair®f barbed ends’. Digital images of cells were taken ak 20
lamellipodia. The software macro automated the collection of pixemagnification and pixel intensities of the cell were measured using
intensity in a perimeter of the cell starting 1,98 outside the cell the NIH Image software as described in ‘Microscopy and fluorescence
and extending 4.18m into the cell in 0.221m steps. Lamellipodia quantification’. Cells extracted with saponin and then fixed with
are flat and of uniform thickness, so there is negligible contributiofiormaldehyde showed an 18% loss of fluorescence intensity
of the variation of thickness to the fluorescence intensity (Bailly et alpresumably reflecting extraction of free tropomyosin not bound to
1998a; Bailly et al., 1998b; Chan et al., 1998; Rotsch et al., 20013ctin filaments.
This procedure included subtraction of background fluorescence from
the measured cellular fluorescence. The dark current noise of the . o
camera is below the level of background fluorescence. Any signdirotein purification
measured above the dark current noise of the camera is in the linésgtin was purified from rabbit skeletal muscle acetone powder
range of the camera, up to saturation levels. In the conditions use@pudich and Watt, 1971). Recombinant rat TM5a, a short non-muscle
any signal above zero in the graph is in the linear range of the cameF¥ product of thea-TM gene, was cloned and expresseé ircoli
and above dark current noise levels. For a description of the systemnd purified as previously described (Moraczewska et al., 1999).
see http://www.aecom.yu.edu/aif. Recombinant cofilin was expressed kh coli and purified as
For the determination of percent of a protein in a cell region, celpreviously described (Bamburg et al., 1991) with modifications as
perimeters were traced by fluorescence threshold in the nostated in Ichetovkin et al. (Ichetovkin et al., 2000).
tropomyosin channel and also applied in the tropomyosin channel.
Only cells were selected that were nearly perfectly surrounded by ) )
lamellipodia, without substantial regions where stress fibers contactédght microscopy severing assay
the cell membrane. For each region of the cell, fifteen cells wer&his severing assay has been described in detail and validated
analyzed that had been stimulated with EGF for 3 minutespreviously (Chan et al., 2000; Ichetovkin et al., 2002; Ichetovkin et
Fluorescence intensities were measured using a software macro tlat 2000). Briefly, 1QuM recombinant rat TM5a in perfusion buffer
automated the collection of pixel intensity in a perimeter of the cel(20 mM Pipes pH 7.0, 2 mM Mg&l5 mM EGTA, 50 mM KClI, 1
that started at the cell membrane and extended into the cell in twoM ATP, 1 mM dithiothreitol) was reduced by heating to 58°C for 2
steps, each of 0.898m width. The first 0.8§im step is defined as the minutes, cooled to room temperature and kept on ice for the duration
leading edge compartment, and the second |88tep is defined as of the experiments. Chambers with pre-bound actin filaments
the base of the lamellipodium. In addition, the fluorescence intensit{fchetovkin et al., 2002) were perfused for 45 minutes with either 10
of the whole cell was measured to allow percentage calculations M TM5a or perfusion buffer as a control. After 45 minutes,
the leading edge and in the base of lamellipodia. To measure tighambers were placed on a CCD-equipped inverted microscope
percentage of actin and tropomyosin in stress fibers, a software madfdlympus 1X70), and unbound TM5a was washed away with anti-
was used that selects the region of the cell that contains stress fibbleaching wash buffer (20 mM Pipes pH 7.0, 2 mM MgGImM
by fluorescence threshold in the actin channel and applies the saf®TA, 50 mM KCI, 1 mM ATP, 100 mM DTT, 5 mg/ml BSA, 6
area to the tropomyosin channel. mg/ml glucose, 0.2 mg/ml glucose oxidase, 0.036 mg/ml catalase), ‘0
second’ time point rhodamine-fluorescent images were collected
) ) ) (with the 60 objective). Chambers were perfused under the
Tropomyosin extraction experiments microscope with 100 nM recombinant rat cofilin in 10 mM Tris pH
To estimate the percent of the total tropomyosin that was free, n@t5, 100 mM DTT, 5 mg/ml BSA, 6 mg/ml glucose, 0.2 mg/ml
associated with the actin cytoskeleton, we used two independeglucose oxidase, 0.036 mg/ml catalase. After 1 minute of incubation
experimental methods. In the first gel-based method, 100 mm platasth cofilin, images of the same field were taken. Images were
of confluent MTLn3 cells were washed with phosphate buffered salinguantified using NIH Image by counting number of filaments using
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automatic thresholding. An increase in the total number of filamentason-muscle isoform encoded by th&M gene, is expressed
in the same field indicated cofilin-severing activity. To avoid countingwvell in MTLn3 cells. In summary, the major tropomyosin
false breaks in the filament due to non-continuous labelingisoforms expressed in MTLn3 cells are the long isoforms

thresholding levels were set to score only gaps between filamenis1/TM6. TM2. TM3 and the short isoforms TM4 and one
larger than 0.3-0.4 mm. That led to the underscoring of small ga more T’M5an;.

even though they were clearly visible by eye (nearly all breaks forme
after an initial 30 seconds), but resulted in much more consistent and

reproducible quantitative data. The distribution of tropomyosin and F-actin during
lamellipodium extension

Results Previous studies using these antibodies have shown the
In the present study we examined the cellular localization giresence of multiple microfilament compartments within cells
tropomyosin, a negative regulator of the Arp2/3 complexXLinetal., 1985a; Lin et al., 1985b; Lin et al., 1988; Nicholson-
(Blanchoin et al., 2001), in resting and stimulated cells irFlynn et al., 1996; Percival et al., 2000). However, from these
relation to F-actin, the Arp2/3 complex, and actin filamentstudies it is unclear whether tropomyosin is present in the
barbed ends. We used a line of metastatic rat mammalgading edge of protruding lamellipodia [defined as the first 0.9
adenocarcinoma (MTLn3) cells (Segall et al., 1996) becausejitm next to the membrane (Chan et al., 2000)]. This is the case
has proven to be an excellent model system for defining thather because the cell types studied had no distinct, protruding
functional domains of the actin cytoskeleton and foreading edge, or the history of the cell protrusion was not
establishing the early steps in actin reorganization aftefollowed, or the staining was not related to the cell edge by
stimulated protrusion. MTLn3 cells extend broad, flatphase contrast images or double labeling with markers for the
lamellipodia in a well-defined series of steps after EGHeading edge. We examined cells stained wifed, LC24,
stimulation (Bailly et al., 1998a; Chan et al., 1998; Segall e€G3, C@6, TM311, and IV15 antibodies, which recognize
al., 1996). These lamellipodia are planar protrusion structurdsopomyosins encoded by all four tropomyosin genes, as
with a uniform thickness of 400-600 nm (Rotsch et al., 2001)discussed above. The results using all the antibodies were the
making them ideal for the measurement of the location ansame in that none stained the leading edge of protruding
amount of actin-associated proteins with high resolutionlamellipodia, although they stained other actin-containing
During EGF stimulation, the leading edge of MTLn3 cells doestructures to differing extents. Since the tropomyosin isoforms
not contain ruffles (Rotsch et al., 2001), which are raised, nomecognized by TM311 and 86 were also recognized by
planar regions of lamellipodia. afad, we did not proceed with a detailed cellular analysis using
EGF-stimulated lamellipodium extension in MTLn3 cells these antibodies. Illustrative results using the antibadied,
depends on actin polymerization and results in a transiehtC24, CG3 and IV15 are shown in Figs 2-4. The antibodies
increase in the number of free barbed and pointed ends b€24 andafdd were selected for more extensive analysis
filaments accompanied by the formation of a branched filamebecause they stained actin structures well, including the base
network in a narrow zone at the extreme leading edge (Baillgf lamellipodia close to the leading edge. All other antibodies
et al., 1999; Chan et al., 2000). This zone is enriched in thmainly stained structures toward the middle of the cell, such
Arp2/3 complex and cofilin, proteins required for as stress fibers. In additiomf9d and LC24 recognized bands
lamellipodium extension (Bailly et al., 2001; Bailly et al., in immunoblots of MTLn3 cell extracts that are encoded by
1999; Chan et al., 2000; Zebda et al., 2000). different tropomyosin genes (Fig. 1). The results of this
In order to determine the general localization of tropomyosimnalysis are shown in Fig. 5.
in MTLn3 cells we used a broad spectrum of antibodies that MTLn3 cells double-labeled for F-actin (rhodamine-
recognize tropomyosin isoforms encoded by all fourmphalloidin, Fig. 2A,E,l) and tropomyosin (LC24, Fig. 2B,F,J)
tropomyosin genes a( B, ¥, 9), and all
tropomyosin types expressed in the cell =~

Materials and Methods). The tropomyc  antibody af9d T™M311 CGp6 CcG3 LC24
isoforms expressed in MTLn3 cells w

evaluated using immunoblots of total cell extr. ~ TMgene op o o Y 8
from unstimulated cells (Fig. 1). Antiboayfod

crossreacted with at least three major band: _ J—

additional minor bands, both long and sl ™2 TM2= s TM2 = -

tropomyosins, some of which were identil
using the TM311 and (8 antibodies. The:
represent tropomyosins TM1/TM6 (not separ.
in this blot), TM2, TM3 and possibly sm.
amounts of short isoforms. Two short isofo
encoded by the&-TM gene, TM5a and TM5
were not detected using another antibody spe
for these isoforms. The CG3 antibc
crossreacted with one major band that consit
up to 11 isoforms of thg-TM gene (TM5nn
tropomyosins). The antibody LC24 crossrea
with a single band indicating that TM4, the @

¥
TM5a. = TM5a-hTMSa-.-

&

Fig. 1.Immunoblots of extracts of unstimulated MTLn3 cells with antibodies
against tropomyosin. The positions of TM2 and TM5a standards in relation to the
bands of the blots are indicated. Tdf@d antibody recognizes long and short
tropomyosin isoforms encoded by &M and3TM genes. These include, from top
to bottom, TM1 and TM6 (not distinguishable on this blot), TM2, TM3, and minor

amounts of short isoforms. The TM311 antibody shows the presence of at least three

high molecular weight isoforms: TM1/6, TM2 and TM3. ThefB&ntibody
identifies the two faster migrating major forms seen irot®e and TM311 blots as
TM2 and TM3. The blots using LC24 and CG3 recognize the major short
tropomyosins expressed in MTLn3 cells as TM4 and one or more products of the
yTM gene.
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base of
" lamellipodium
i FAL T / > = } leading
AL, T St Wl edge (0.9 um)

Fig. 2. Tropomyosin is absent from regions of the leading edge that contain a dense F-actin network. Cells were either unstibyNgted (A-
or stimulated with EGF for 50 seconds (E-H) or 3 minutes (I-L,0). Phalloidin-stained F-actin is shown in panels A, E, aogdagdsin
(antibody LC24) in panels B, F, and J. Double-labeling overlays are shown (C,G,K; green, F-actin; red, tropomyosin), pisaseltastrast
images (D,H,L). Panel M shows double-labeling of unstimulated cells and panel O shows double labeling of cells stimula@&dfarith E
minutes. In panels M and O, the white square indicates an area that is shown at higher magnification in the panels belewdFarfied i

left to right: double labeling, F-actin, tropomyosin). The size of the squanensty 6pum. The scale bar in panel L indicatespif and

applies to panels A-L. The scale bar in panel M also indicatpsnl@nd applies to panels M and O. Arrows indicate regions at the leading
edge that show F-actin staining but no tropomyosin. Arrowheads indicate labeling of actin stress fibers by both rhodariciimeaplallc24
(tropomyosin). The diffuse, non-stress fiber actin network in the base of the lamellipodium is indicated by an asteriskrsmfatorf-actin
and tropomyosin.

showed bright F-actin staining at the leading edge before (Fignd tropomyosin, and the highest actin-to-tropomyosin ratio,
2A-D,M,N) and after (Fig. 2E-L,O,P) EGF stimulation, was in the stress fibers. If we assume actin filaments in stress
reflecting the newly polymerized F-actin network adjacent tdibers are saturated with tropomyosin, then by comparison of
the plasma membrane that is generated during lamellipodiuthe fluorescence intensities, only ~25% of the filamentous actin
extension. However, tropomyosin was absent from thigt the leading edge [defined as the first |n® next to the
dynamic leading edge compartment, although there wasembrane (Chan et al., 2000)] have tropomyosin bound. If the
substantial overlap of F-actin and tropomyosin staining in thactin filaments in stress fibers are not saturated with
rest of the cell (overlays, Fig. 2C,G,K,M-P), especially in strestropomyosin, then 25% is an overestimate. In the base of
fibers and the diffuse non-stress fiber actin network in the basamellipodia (0.9-1.8um from the membrane), there is
of the lamellipodium (indicated by an asterisk). Highersufficient tropomyosin to saturate ~70% of the filamentous
magnification images of the boxed regions of the cells in Figactin.
2M,0 show that in both unstimulated cells (Fig. 2N) and EGF- These calculations are based on the following
stimulated cells (Fig. 2P) tropomyosin (red) was absent frormeasurements. In MTLn3 cells the total actin is about 153 mM
the dynamic leading edge compartment whereas F-actifizdmonds et al., 1998), only about half of it being filamentous
(green) was present up to the cell membrane, and thickens after
stimulation. However, both tropomyosin and F-actin were
present just beyond the dynamic leading edge compartment
the base of lamellipodia.

To determine the approximate ratio of actin to tropomyosit

Table 1. Fraction of F-actin and tropomyosin present in
the leading edge, the base of the lamellipodium and
stress fibers

at the leading edge, we quantified the fluorescence intensity f F-actin Tropomyosin
F-actin and tropomyosin as a percentage of the tote Leading edge 9.0% 2.6%
fluorescence for each fluorophor in different regions o Base of lamellipodium 7.6% 6.0%

Stress fibers 58.7% 65.7%

stimulated cells (Table 1). The greatest fraction of both acti
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(Edmonds et al., 1996). Tropomyosin is 1.5-2% of the totamore specifically visualized by polymerizing biotin-labeled
protein, or ~25 mM [in chicken embryo fibroblasts and humamctin monomer into the barbed ends of growing actin filaments
blood platelets (Lin et al., 1985a) (S.E.H.-D., unpublished)](Bailly et al., 1999; Chan et al., 1998). As previously reported
more than sufficient to saturate the filamentous actin with théBailly et al., 1999), unstimulated cells only had weak barbed-
usual 1 tropomyosin to 6 or 7 actin subunits in F-actin. Wheend staining at the leading edge (Fig. 3A), but cells EGF-
unstimulated MTLn3 cells growing in monolayers werestimulated for 50 seconds or 3 minutes showed an increase in
permeabilized upon brief, mild, detergent treatment as in thiéne incorporation of actin monomer into filaments at the
experiments to assay barbed end labeling (see Materials aleéding edge (Fig. 3F,K,P). The tropomyosin antibad§d
Methods), 15+4% r=5) of the tropomyosin was extracted, stained actin stress fibers as well as more diffuse F-actin
based on quantitative analysis of tropomyosin using SDSietworks at the base of lamellipodia. Howewd®d did not
PAGE of supernatants and pellets. Similarly, analysis ofabel the dynamic leading edge compartment (Fig. 3B,G,L),
immunofluorescence of cells stained for tropomyosin using thehich is enriched with barbed ends before and after EGF
LC24 antibody showed an 18% loss of fluorescence intensigtimulation (see overlay in Fig. 3C,H,M). The CG3 antibody
after saponin treatment of a monolayer of EGF stimulated cellsredominantly labeled perinuclear stress fibers but not the
(see Materials and Methods), presumably reflecting extractiogiffuse F-actin network at the base of lamellipodia [(Fig. 3Q)
of free tropomyosin not bound to actin. Assuming the(Percival et al., 2000)] and did not colocalize with newly
extractable tropomyosin is unbound, there should be sufficiefibrmed actin filaments at the leading edge (Fig. 3R). The
free tropomyosin (2.5-7.5 mM) to bind to F-actin witK@of  difference in the staining patterns of tlé9d and CG3
0.1 mM. antibodies with regard to the diffuse F-actin network at the base
of lamellipodia is similar to that found in NIH 3T3 cells
o ] ) o (Percival et al., 2000), suggesting these antibodies recognize
Tropomyosin is not associated with polymerizing different populations of microfilaments in MTLn3 cells as
filaments at the leading edge well. Fig. 3D,I,N,S show higher magnification images of the
The dynamic actin filament network at the leading edge wasoxed areas in Fig. 3C,H,M,R. The tropomyosin staining (red)

Fig. 3. Tropomyosin is not associated with the free barbed ends of growing actin filaments at the leading edge in resting and &&d--stimul
MTLnN3 cells. Cells were either unstimulated (A-E), or stimulated with EGF for 50 seconds (F-J) or 3 minutes (K-T). Cetisiblerialeled

for barbed ends (A,FK,P) and tropomyosifod,B,G,L; CG3,Q). Double-labeling overlays are shown (C,H,M,R; red, tropomyosin; green,
barbed ends), as well as phase-contrast images (E,J,O,T). The white square in the overlay images (C,H,M,R) indicatesiaslzrea tiat
higher magnification directly below (D,I,N,S); from left to right: double labeling, barbed ends, tropomyosin. The sizelarthes sgjm by
7.5um. Bar, 10um. Arrows indicate regions at the leading edge with barbed ends, demonstrating the absence of tropomyosin. Arrowheads
indicate regions of overlap between tropomyosin and barbed ends within stress fibers.
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does not extend to the edge of the cell that is enriched in barbedge region is the same region of lamellipodia that contains

ends of growing actin filaments (green). branched actin filaments after EGF stimulation (Bailly et al.,
Another probe for the dynamic actin filaments at the leadind999).

edge is the presence of the Arp2/3 complex. An antibody to

the Arp2/3 complex, anti-p34, labeled the leading edge of the

cells, especially after EGF stimulation (Fig. 4A,E, ) (Bailly et Tropomyosin protects actin filaments from severing by

al., 1999). The tropomyosin antibody LC24 labeled stres§ofilin

fibers and actin networks within the cells, but did not label th&revious biochemical results indicate that tropomyosin can

leading edge at any time (Fig. 4B,F,J), as seen in the overlayshibit the binding of cofilin to F-actin and cofilin-induced

(Fig. 4C,G,K). Similar results were obtained with antibodydepolymerization (Bernstein and Bamburg, 1982; Nagaoka et

IV15 (Fig. 4N,O), which stained stress fibers as well as thal., 1995; Nishida et al., 1985; Ono and Ono, 2002). Since

base of lamellipodia, but not the leading edge compartment.depolymerization and severing by cofilin are separable
The localization of tropomyosin with respect to F-actin, freeactivities (Pope et al., 2000) and cofilin can sever actin

barbed ends and the Arp2/3 complex at the leading edge fiaments at concentrations 100-fold lower than that required

lamellipodia is quantified in Fig. 5. The tropomyosin antibodiegor depolymerization (Ichetovkin et al., 2002), we tested the

used in this analysis were LC24 aatdd, which recognize ability of tropomyosin to inhibit severing by cofilin using a

many different tropomyosin isoforms, as discussed earlier. Agght microscopy assay that directly measures the severing

described in the Materials and Methods, all measurements weaetivity of cofilin (Fig. 6). Actin filaments were immobilized

in the linear range and above the noise level of the CCD cameim nitrocellulose and addition of cofilin severed the actin

In unstimulated cells, tropomyosin was minimally associatedilaments (Fig. 6, top panels). Pre-incubation of the actin

with actin-containing structures close to the membrane, with thilaments with TM5a, a short non-muscle isoform, inhibited

bulk of the labeling occurring much deeper in the cell as weltofilin’s severing activity (Fig. 6, bottom panels).

as in stress fibers (Fig. 5A,D,G). Upon EGF stimulation, F-actin

(phalloidin-actin), barbed end labeling and the Arp2/3 complex

increased and peaked within Qufa of the leading edge, but Discussion

tropomyosin did not (Fig. 5B,C,E,F,H,I,J,K). Labeling for This study, as well as previous work (Bailly et al., 1999; Chan

barbed ends and the Arp2/3 complex was maximal at 56t al., 2000; Chan et al., 1998), demonstrates that there are

seconds of EGF stimulation, as previously reportedeveral actin compartments within MTLn3 cells in which the

[(Fig. 5D,E,F,G,H,I) (Bailly et al., 1999)]. The maximal actin filaments have different properties. These compartments

labeling for F-actin, however, did not occur until 3 minutes ofdiffer with respect to the types of actin-associated proteins

EGF stimulation (Fig. 5A,B,C,J). Tropomyosin remainedpresent. In the current study, we demonstrate that tropomyosin

minimal, possibly decreasing in amount at the edge (Fignay have a role in establishing one of these actin

5B,C,K). The localization of tropomyosin at the leading edgeeompartments at the leading edge. Tropomyosin is relatively

did not change upon EGF stimulation (Fig. 5K). This leadingabsent from the dynamic leading edge compartment, which

Fig. 4. Tropomyosin is absent
from regions of the leading
edge containing the Arp2/3
complex. Cells were either
unstimulated (A-D), or
stimulated with EGF for 50
seconds (E-H) or 3 minutes
(I-P), and double-labeled for
the Arp2/3 complex (anti-
p34; AE,I,M) and
tropomyosin (LC24, B,F,J;
IV15, N). Double-labeling
overlays are shown in C, G, K
and O (red, tropomyosin;
green, the Arp2/3 complex).
Phase contrast images are
presentin D, H, L and P. Bar,
10 um. Arrows indicate
regions at the leading edge
where the Arp2/3 complex is
localized demonstrating the
absence of tropomyosin.
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Fig. 5. Quantification of the relative locations of tropomyosin, F-actin, and the Arp2/3 complex at the leading edge. Cells analgoedbleer
labeled for tropomyosin (LC24) and F-actin (rhodamine-phalloidin, A,B,C,J,K), tropomyd8uh) @nd barbed ends (biotin-labeled G-actin,
D,E,F), and tropomyosin (LC24) and the Arp2/3 complex (anti-p34, G,H,l) as in Figs 2-4. For panels A-l, cells were eithdatexdstimu
(A,D,G), or stimulated with EGF for 50 seconds (B,E,H) or 3 minutes (C,F,1). The fluorescence intensity (arbitrary unitgas thiethe cell
perimeter in regions of the lamellipodium for 0|22 wide steps (see Materials and Methods). Quantification is shown witihinof the cell
membrane. After EGF stimulation, the F-actin, barbed ends and the Arp2/3 complex distribution peak withiofitie membrane, while
tropomyosin increases deeper in the lamellipodium. In panel J, quantification of F-actin is showpuupbeyénd the cell membrane without
EGF stimulation, 50 seconds and 3 minutes after EGF stimulation. Regions corresponding to the leading edge and théanaskippidhen
are indicated. In panel K, quantification of tropomyosin (LC24) is shown upnodeyond the cell membrane without EGF stimulation, 50
seconds and 3 minutes after EGF stimulation. Error bars indicate standard ernor1%itA,B,C,J,K) anah=25 (D,E,F,G,H,]).

consists of the labile, branched actin network adjacent to thmotile even before stimulation with EGF (Shestakova et al.,
plasma membrane that is generated during rapid lamellipodiu&999). This is unlike the case reported by Hegmann et al.,
extension and is enriched in the Arp2/3 complex, barbed endshere a correlation was found between motility and epitope
and cofilin. However, tropomyosin is present in the stress fibavailability for a monoclonal tropomyosin antibody (Hegmann
compartment and in actin networks in the base of lamellipodiat al., 1988).
(reviewed by Cooper, 2002). The spatial segregation of tropomyosin isoforms in cells is
We base our conclusion on negative immunofluorescence @aell established (Gunning et al., 1998; Lin et al., 1988; Lin et
the leading edge of protruding lamellipodia. One possiblal., 1997; Percival et al., 2000). Tropomyosin has long been
explanation for the absence of tropomyosin at the leading edgg@aown to be preferentially localized in regions of stable actin
is that the tropomyosin epitopes are blocked in this regiorfilaments in cells (Lazarides, 1976), but until now its
which is unlikely, since none of the six antibodies we testedjistribution was not related to either actin function or other
that together detect all tropomyosin isoforms in MTLn3 cellsactin binding proteins in the actin-rich lamellipodium. Previous
stained the leading edge, while they all stained actin structuretudies (Lin et al., 1988; Warren et al., 1985) showed the
elsewhere in the cell. It is improbable that the different epitopegsresence of tropomyosin in peripheral ruffles in normal
recognized by the six antibodies would all be buried at thehicken embryonic fibroblasts and transformed rat kidney
leading edge, but not in other cytoskeletal domains. Theells. However, ruffles are structurally distinct from protruding
tropomyosin antibodies stained MTLn3 cells with similarlamellipodia observed in EGF stimulated MTLn3 cells.
intensity before and after EGF stimulation, suggesting tha®rotruding lamellipodia are planar with well-defined leading
epitope availability does not correlate with protrusion oredges while ruffles are regions of membrane that fold back on
motility in this case. In addition, MTLn3 cells are continuouslythemselves, are not planar and not necessarily regions of
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Fig. 6. Tropomyosin inhibits F-actin severing by cofilin. Rhodamine-
biotin-labeled actin filaments were polymerized and attached to the
surface of the perfusion chamber with anti-biotin antibody. Chambers &=
were perfused with buffer or recombinant rat TM5a. All chambers were
washed with cofilin storage buffer, and the first set of images was taken
(time 0). Cofilin in the same buffer was perfused and 1 minute later
another set of images was taken of the same field. Filaments saturated
with TM5a did not show any severing while control filaments were

severed by cofilin (arrowheads). While control fields show an increase in @ ATP-actin
the number of filaments, pre-treatment of filaments with TM5a leads to © ADP-actin
the complete inhibition of this effect (right panel; a.u., arbitrary units).
@ Arp2/3
complex
outward extension but often retraction structures involved ii = cofilin

endocytosis (Bailly et al., 1998b). Since MTLn3 cells cease t
form ruffles during EGF stimulation and lamellipodia
extension (Rotsch et al., 2001), the present study only focus

on whether tropomyosin is present in rapidly eXtenqu:ig. 7.Model of the actin compartments defined by tropomyosin in

Iamglllpod|_a and their Ieadm_g edges. . the cell. Three compartments are shown. Green, the dynamic leading
Fig. 7 is a model to illustrate three types of actiNggge compartment of the lamellipodium contains short actin

compartments defined by tropomyosin in protruding MTLnSfilaments that are severed by cofilin. Here the Arp2/3 complex

cells. The main body of the cell is rich in actin-containinginduces branch formation on newly polymerized actin filaments to

structures, stress fibers and other long actin filamenigive highly branched actin filaments (see top box). Tropomyosin is

containing tropomyosin that protects them from cofilin andabsent. Red: the second compartment is the base of the

other actin severing proteins, and prevents branch formatidamellipodium. It contains longer, unbranched actin filaments as well

nucleated by the Arp2/3 complex. The lamellipodium of theds tropomyosin bound to actin, free cofilin and free Arp2/3 complex.

o= st o b oS, e 1e38n . acG Yo Sabls ok aers e e 1o ot
(Chan eft ﬁl"lzooﬁ.)' In' the Ease’ thel chronologlcilly Old. 0X). White: the third compartment is the main body of the cell that
region of the lamellipodium, there are long, unbranched actifytains stress fibers stabilized by tropomyosin, as in the red

filaments that contain tropomyosin, protected from cofilin an@ompartment, and other actin binding proteins. The main body of the
the Arp2/3 complex. Although cofilin and the Arp2/3 complexcell also contains free cofilin and Arp 2/3 complex.

are distributed throughout the cell, a dynamic branched
network of actin filaments forms only at the leading edge
immediately under the plasma membrane (#h) where the leading edge of lamellipodia upon stimulation, we would
tropomyosin is absent. Since the cofilin concentration isnticipate that tropomyosin would be too, if it could bind to
highest at the leading edge of carcinoma cells (Chan et athe actin filaments there and if there are not dramatically
2000), cofilin mediated severing and depolymerization wouldlifferent rates of diffusion. As mentioned in the Results
occur at the leading edge and not at the base of lamellipodisgction, there appears to be sufficient free tropomyosin (15-
as has been proposed (Small et al., 2002). 18%) in the cell to bind to F-actin. The low actin-to-
The mechanism by which newly formed filaments of thetropomyosin ratio at the leading edge after stimulated
leading edge are tropomyosin-poor remains to be establishgatotrusion (Table 1) during the peak period of cofilin and
Since the Arp2/3 complex and G-actin are rapidly recruited té\rp2/3 complex activity over several minutes (Bailly et al.,

m tropomyosin
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1999; Chan et al., 2000) suggests that something may preveattin filaments at the leading edge, while tropomyosin protects
recruitment of tropomyosin to the leading edge filamentsolder, ADP-actin containing filaments away from the leading
Competitive inhibitors or a more direct regulation of bindingedge from the binding and activation of the Arp2/3 complex.
of tropomyosin to newly formed actin filaments may exclude The leading edge of cells may also be the site of other
tropomyosin from the actin network functions inhibited by tropomyosin. Tang and Ostap reported

The demonstration that tropomyosin inhibits actin filamenthat myosin 1b, a myosin whose motile function is inhibited
severing by cofilin is consistent with an antagonistic interactioiby tropomyosin, is localized in the tropomyosin-poor, actin-
between cofilin and tropomyosin that might confine therich cortex of NRK cells that would be expected to contain the
severing activity of cofilin to the leading edge actin filamentsArp2/3 complex (Tang and Ostap, 2001).
that are tropomyosin-free. Elevated concentrations of cofilin at The results presented here, as well as previously published
the leading edge after EGF stimulation may inhibit binding ofvork, may explain how cofilin severing and the Arp2/3
tropomyosin to F-actin. During stimulated protrusion of complex-nucleated branching result in new filament ends and
MTLn3 cells, cofilin is strongly recruited to the leading edgefilament branching only at the leading edge even though both
with 8% of the cell's 6-25.M cofilin accumulating there at proteins are present throughout the cytoplasm. Only filaments
times of peak barbed end generation (Chan et al., 2000). Cofilifbt saturated with tropomyosin are severed upon activation of
severs actin filaments at the leading edge, aiding in theofilin or serve as substrates for branch formation. Therefore,
nucleation of polymerization (Chan et al., 2000; Zebda et algven if cofilin and the Arp2/3 complex were globally activated,
2000). The high cofilin concentration relative to tropomyosinthey would only act on filaments free of tropomyosin, such as
at the leading edge should be sufficient to competitively inhibithose at the leading edge.
binding of tropomyosin to F-actin, possibly through changing
the helical twist of the filament. Therefore, the timing of cofilin We are grateful to Peter Gunning, Jim Lin and Fumio Matsumura
recruitment and activation at the leading edge by 50 seconfls generously providing antibodies to tropomyosin. We thank Maryse
after stimulation (Chan et al., 2000) may prevent tropomyosiBailly for introducing us to the techniques used for the cellular
recruitment there. In the rest of the cell, much of the cofilin i§tudies, Yuhua Song and Sarah Graboski for assistance in
kely to be nactatd by Lim Knase and less favoratle pHUSIICSr o Lopomyosn 1 ce xvacs, e Menas Caner
(reviewed by Bamburg, 1999). The higher levels of ;
tropomyosin would be able to protect actin filaments front1L35726/63257 10 S.E.H.-D. and grants from the NIH to J.C.
severing by competing with any remaining active cofilin.

It is more difficult to evaluate the possible effect of thepeferences
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leading edge in MTLn3 cells during the first 3 minutes ofBa}illc)j/, I\/I.d, IConclileeIids, J. S-‘a&d Segall_l; J. 5;%9%)3 ﬁ;moattractant-
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