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SUMMARY

Stimulation of metastatic MTLn3 cells with EGF causes the polymerization and depolymerization are stimulated by
rapid extension of lamellipods, which contain a zone of F- EGF. Pointed end incorporation of rhodamine-labeled actin
actin at the leading edge. In order to establish the mechanism by the EGF stimulated cells is 2.12+0.47 times higher than
for accumulation of F-actin at the leading edge and its that of control cells. Since EGF stimulation causes an
relationship to lamellipod extension in response to EGF, we increase in both barbed and pointed end incorporation of
have studied the kinetics and location of EGF-induced actin rhodamine-labeled actin in the same location, the EGF-
nucleation activity in MTLn3 cells and characterized the stimulated nucleation sites are more likely due either to
actin dynamics at the leading edge by measuring the changes severing of pre-existing filaments or de novo nucleation of
at the pointed and barbed ends of actin filaments upon EGF filaments at the leading edge thereby creating new barbed
stimulation of MTLn3 cells. The major result of this study  and pointed ends. The timing and location of EGF-induced
is that stimulation of MTLn3 cells with EGF causes a actin nucleation activity in MTLn3 cells can account for the
transient increase in actin nucleation activity resulting from  observed accumulation of F-actin at the leading edge and
the appearance of free barbed ends very close to the leading demonstrate that this F-actin rich zone is the primary actin
edge of extending lamellipods. In addition, cytochalasin D polymerization zone after stimulation.

causes a significant decrease in the total F-actin content in

EGF-stimulated cells, indicating that both actin  Key words: Actin nucleation, EGF, Metastasis, Motility

INTRODUCTION stimulation. Optimum lamellipod extension occurs at about 5
nM EGF, near th&q of the binding of EGF to its receptor.
Chemotaxis plays an important role in many basic biologicaMicrochemotaxis chamber measurements also demonstrate that
processes including embryogenesis, neurite growth, wourntle chemotactic and chemokinetic responses of MTLn3 cells
healing, inflammation and cancer metastasis. Studies witlrte greatest at 5 nM EGF (Segall et al.,, 1996). Actin
highly motile cells such aBictyostelium(Hall et al., 1989; polymerization is necessary for these EGF-stimulated responses
Condeelis, 1993)neutrophils (Carson et al., 1986; Zigmond, because cytochalasin D inhibits the EGF-stimulated lamellipod
1996) and platelets (Hartwig et al., 1995) in particular havextension, increases in F-actin in lamellipods, and chemotaxis.
shown that stimulation of cells with chemoattractant generatebhere is no significant change in the total F-actin content after
a transient increase in actin nucleation activity in the actim 3 minute stimulation with EGF compared to control cells,
cytoskeleton. It is unclear how stimulation of cell surfacesuggesting that either new actin polymerization was terminated
receptors is linked to actin polymerization. Actin by 3 minutes, or that actin polymerization is exactly balanced
polymerization could be stimulated by severing or uncappingy actin depolymerization (Segall et al., 1996).
of pre-existing actin filaments, increasing availability of Well characterized chemoattractants for amoeboid phagocytes
polymerization competent monomeric actin, or by de novsuch as cAMP, fMLP and autocrine motility factor act through
assembly of new filaments (Condeelis, 1993; Zigmond, 1996¥5-protein coupled receptors (Devreotes and Zigmond, 1988;
EGF is a chemoattractant for MTLn3 cells, a metastatic celilletti and Raz, 1993; Stracke et al., 1993). However,
line derived from the 13762 NF rat mammary adenocarcinomehemoattractants for cells derived from mesenchymal and
(Neri et al., 1982). MTLn3 cells rapidly extend F-actin filled epithelial tissues, such as EGF, act through receptors that are
lamellipods in response to stimulation with EGF (Segall et alseceptor tyrosine kinases (Hoelting et al., 1994; Pedersen et al.,
1996). Lamellipod extension begins within 1 minute afterl994; Wang et al., 1994; Royce and Baum, 1991; Grotendorst
addition of EGF and becomes maximal by 3 minutes afteet al., 1989; Blay and Brown, 1985). Most studies on EGF-
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stimulated signal transduction have been done on A431 cellgth N-(1-pyrenyl)iodoacetamide as described by Cooper et al. (1983)
(Boonstra et al., 1995; Peppelenbosch et al., 1993; Dadabayestept that the reagent was dissolved in DMSO. Pyrene labeled and
al., 1991). Previous studies on EGF-induced reorganization ghlabeled G-actin were chromatographed on Sephadex G150
the actin cytoskeleton in A431 cells demonstrate the massi\@g‘;re%m;r']?j E‘Qg&?ﬁ?gfgﬂi'ﬁgggfxe’\'&f?iglrss?ss‘;giﬂ; %ng?gf
accumulation of F-actin and EGF-R in ruffles and under th . ’

plasma membrane at the free cell edge in colonies of A431 cel p(zron)]('i\fn;{f'(;ﬁ::‘ eoritzr argg/lﬂ%‘l;l;m(jls mM DTT, 0.2 mM Cafiat an
F-actin content continues to increase with time after EGE"" '

addition in A431 cells (Rijken et al., 1991, 1995). Lipoxygenasé@yrene-labeled actin nucleation assay

and cycloxygenase products (Peppelenbosch et al., 1993) but @elis were harvested with 10 mM EDTA in serum-free MEMH (MEM
phosphoinositide turnover (Dadabay et al., 1991) are involved in 12 mM Hepes, pH 7.4), centrifuged for 5 minutes at 4°C, 1g000
EGF-induced remodeling of the actin cytoskeleton in A431 cellsand resuspended to a concentration of 1.75-2.0 million cells/ml in
These results are consistent with the observation that the EGREMH supplemented with 0.35% bovine serum albumin (buffer).

R is an actin binding protein (den Hartigh et al., 1992) and that_The ceII.suspenspn was gqU|I|brated in a 37°C water ba.lth' for 10
an EGF-R F-actin association may facilitate formation of gninutes with occasional mixing of the tube by hand. Within 15

. : L . . inutes of their removal from the substratum, control cells were
5|g”naI|S_g Ifomplextcolmilggég otheIrD kllfrt]astesl a;_]gggl‘c n A43?eated with buffer, and experimental cells with a final concentration
cells (Diakonova et al., » van Dellt et al., )- of 5 nM EGF (Life Technologies). The stock of EGF was prepared in

Although A431 cells are useful for studies of signalfjiered Dulbecco's PBS. At various times after treatment of cells with
transduction, A431 cells are neither highly metastatic NOEGF or buffer, one part cell suspension was lysed directly in a

motile and express abnormally high levels of EGF-R (Price &pectrofluorometer cuvette held at 22°C and containing four parts
al., 1988). MTLn3 cells on the other hand have high metastatigsis buffer (88 mM KCI, 5 mM DTT, 20 mM Pipes, pH 7.0, 1 mM
potential (Welch et al., 1983), are chemotactic to EGF (Sega#iTP, 10 mg/ml BSA, Jug/ml chymostatin, leupeptin, and pepstatin,
et al., 1996) and the cell surface receptor for EGF is expresséd"M EGTA, 0.2 mM MgC, and 0.5% Triton X-100). Within 5
at normal levels (Kaufmannn et al., 1990; Lichtner et al., 19925€conds, a mixture of 10% pyrene labeled and 90% unlabeled G-actin
In addition, the motile and chemotactic responses of MTLn%als added to cell lysates at a final concentration ofiN2

PEST ; _ ; uorescence was measured in a spectrofluorometer (F2000, Hitachi
Ce”‘;’] ha\g Stlmll?nlpes toéhosetseer?lm Vée” Clrl]ar?CtF”i%%gEI orp.) at 22°C with an excitation wavelength of 365 nm (slit width 5
such asDictyosteliumand neutrophils (Segall et al., )- nm) and an emission wavelength of 407 nm (slit width 5 nm). Samples

Thus MTLn3 cells provide a powerful model system for theyere exposed to the excitation beam intermittently and through a
study of EGF-R involvement in cell motility, metastasis antheutral density filter to avoid photobleaching. Cell lysates had no
tumor cell chemotaxis. measurable autofluorescence at these wavelengths.

The relationship between EGF-induced signal transduction The initial rate of pyrene fluorescence increase was measured as the
and cortical actin reorganization in MTLn3 and A 431 cells igncrease in fluorescence intensity over 10 minutes. The increase in
presently unclear. Although A431 cells have been used to shdiworescence intensity was linear for the duration of the measurement.
that the EGF receptor is an actin binding protein and thakhe relative rate was measured as the ratio of the initial rate of
stimulation with EGF stimulates an accumulation of F-actirPClymerization in the stimulated state relative to that in the
under the plasma membrane, no studies have been doneY timulated state. The unstimulated samples used for calculating were

. . ; obtained by lysing cells prior to addition of EGF to the cell suspension.
address the underlying mechanism of EGF-stimulated actin In experiments involving use of cytochalasin D, the drug or DMSO

reorganization. For example, does the EGF-stimulategas added to each cuvette 1 minute prior to the addition of cells.
accumulation of actin filaments at the leading edge of theytochalasin D was added to a final concentration of 100 nM from a
lamellipod (Segall et al., 1996) result from new actin2s pM stock prepared in DMSO. The number of barbed ends was
polymerization? If so, when and where does this polymerizatiodetermined by subtracting the raw rate in the presence giiN.1
occur? In this paper, we examined in detail the temporal angytochalasin D from the total rate. The number of barbed ends was
spatial distribution of actin polymerization in EGF-stimulatedcalculated by converting the change in fluorescence of pyrene-labeled
MTLn3 cells and characterized the actin dynamics byRctin to ccf)n;:]entratllon of F-actin usmnga stgn(kj}argkc;JrVﬁ andcdglldlng
measuring the changes at the pointed and barbed ends of aéfj"at€ of change in concentration of F-actin byctk-) where C=
filaments upon EGF stimulation of MTLn3 cells. We used zi:ﬁ@ k+=11.6LM second and k=1.4/second (Pollard et al., 1983).
pyrene—labeleq actin .n.uclgation assay to determine the kinetiesactin content in adherent and suspended cells

of the nucleation activity in EGF-stimulated MTLn3 cells andro quantification of F-actin in adherent MTLN3 cells using NBD-

an in situ rhodamine-labeled actin polymerization assay tghallicidin, cells (X10°) were plated 18 hours before the beginning

determine the location of these nucleation sites. of the experiment. The cells were serum starved for 3 hours and then
stimulated with 5 nM EGF for the appropriate amount of time. The
cells were then fixed with 3.7% formaldehyde for 5 minutes in Buffer

MATERIALS AND METHODS F (5 mM KCI, 138 mM NaCl, 4 mM NaHC£0.4 mM KHPQy, 1.1

Cell culture mM Na HPQ4, 2 mM MgCh, 2 mM EGTA, 5 mM Pipes, pH 7.2)

MTLn3 cells (kindly provided by Dr G. Nicolson, M. D. Anderson and then permeabilized with 0.5% Triton X-100 in Buffer F for 20
Cancer Center, Houston, Texas) were clonally derived from a lung!nutes. After a 10 minute rinse in 0.1 M gycline and 5 quick rinses
metastasis of the 13762NF rat mammary adenocarcinoma (Neri et atith Buffer F, the cells were incubated inul4 NBD-phallicidin in
1982). MTLn3 cells were grown to 60-80% confluence in minimalBuffer F for 1 hour. Cells were washed 5 minutes in E;uffer Fand
essential medium (Gibco MEM 12560) supplemented with 5% bovin&€ bound NBD-phallicidin was extracted using 100% methanol at

serum as described in detail elsewhere (Segall et al., 1996). 4°C for 90 minutes. After extraction, the methanol was removed and
' plated cells were washea 6 minutes with Buffer F and a BCA assay
Preparation of pyrene-labeled actin was performed at 37°C for 30 minutes to determine total cell protein

Pyrene-labeled actin was prepared by reacting rabbit muscle actip the sample. Fluorescence of the methanol extraction solution for
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each sample was recorded at 465 nm excitation and 535 nm emissi@aponin permeabilization of MTLn3 cells
and normalized against cell protein. Numbers were expressed R6TLn3 cells were plated on collagen | coated MATTEK tissue culture
relative F-actin content where: dishes for 24 hours. Cells were plated at a density of 5,000 célls/cm
F-actim\/F-actirn= and incubated overnight in complete growth medium including 5%
(fluorescenca/mg per ml)/(fluorescengkng per ml).  FCS as described above. On the day of the experiment, the cells were

. : . . rum starved for 3 hours in a serum free buffer (MEMH supplemented

I;ticeﬁ( e?lzgir:]] eDn t";N l\a/ISET\‘/IIT—?f((j)(rmlen?i)r/wEtree Ft);ieoa:tltr;gstt?rﬁuclgltlizr\:v ith 100 n'\?vﬁth O_.35_% E_SSA). Stock rhodamine—label_ed actin was rapidly thawed
: from liquid nitrogen and diluted to 42M with 1 mM Hepes, pH 7.5,

For quantification of F-actin in MTLn3 cells in suspension, the celyl\z)_2 mM MgCb, and 0.2 mM ATP, sonicated and clarified in a airfuge

\ggr_?A lslg/lelrzul\;ln H st:;\(/jedinf:%rbaZt.s d hicr)] uri,) r;;llf/ledEl\gl'IIER /,\i Enl\jllHO];O%Oggn or 20 minutes. Control cells were treated with buffer, and experimental
! cells with a final concentration of 5 nM EGF in buffer for various times

m:ﬂﬂtg: g’ngertegﬁgs elrr]wdS:;Fi)ﬁnl\i‘lE&Hcgltlsa\/\(lj%rﬁsisun]ﬁca@tcgim? at 37°C. Further steps were done at room temperature. The stimulation
P : medium was aspirated and cells were permeabilized with

Cells were stimulated with 5 nM EGF at 37°C and at appropriate timSermeabiIization buffer (PB)(20 mM Hepes, pH 7.5, 138 mM KCl, 4

points 1 ml was removed and added to 0.5 ml>oB8&ffer F with mM MgClz, 3 mM EGTA, 0.2 mg/ml of saponin, 1 mM ATP, 1% BSA)

11% formaldehyde and fixed for 15 minutes on a rotator at roorEontaining 0.4%M or 2 uM rhodamine-labeled actin that was added
temperature. The fixed cells were centrifuged in a microcentrifuge f st before application to cells. At various times after incubation with

1 minute and resuspended in 0.5 ml Buffer F with 0.1% saponin a B containing rhodamine-labeled actin, cells were fixed for 5 minutes

1 uM NBD-phallicidin. Cells were stained on a rotator for 1 hour at\ith 3 7% formaldehyde in PBS (145 mM NaCl, 4 mM NBBy, 6

room temperature. Cells were pelleted as before and rinsed in 1 M Na» HPOL7H 206 N Thi h | ith
Buffer F, repelleted, and resuspended in 100% methanol and extract@_q M Zelycin%'in PzBOSafr:)(i (‘-i)bomi%ut:?.- Aft(lesr agzhtinzntl‘r\ipczcklg?ﬁwlt

on a rotator for 90 minutes at room temperature. The cells were ag S, the cells were stained with 1 M fluorescein phalloidin for 20

pelleted and the methanol was removed to a new tube. The NBLkn tes in a humidified chamber. Unbound stain was then washed off
phallicidin fluorescence in the methanol extract was read using @ih PBS 5 and a coverslip was mounted on the MATTEK dish with
fluorimeter at 465 nm excitation and 535 nm emission. Numbers We 1 m N-propyl gallate, 0.02% Nadn 50% glycerol in PBS, pH 7.0.
normalized to the reading for control cells. Capping protein fronDictyostelium(Eddy et al., 1996), kindly
provided by Jing Hua Han, was kept at a stock concentratiopdf 2

Preparation of rhodamine- and biotin-labeled-actin
P . . . . jn. mono Q buffer (20 mM Tris-HCI, pH 7.5, 35 mM NacCl, 0.5 mM
Rhodamine-labeled actin was prepared by reacting rabbit muscle ac T and 1 mM EGTA). Cytochalasin D was obtained from Sigma

with 5- (and) 6-carboxytetramethylrhodamine, succinimidylester, ;
(NHSR, Molecular Probes c-1171). Two cycles of actin assemblye-md stored as ajM stock in DMSO.

disassembly were performed to characterize the rhodamine-labelggkperiments involving the use of gelsolin-actin complex
actin. 39 mg of Spudich and Watt actin (Spudich et al.,, 1971) WergT) 3 celis were lysed in PB containing 8 phallicidin for 1

dialyzed against two changes of 250 ml of 5 mM Tris-HCl, pH 8, 0.2ninte, then washed in PB without saponin, and then incubated in
mM CaCpk and 0.2 mM ATP for 24 hours. G-actin was then clarifiedgng ul of 100 nM gelsolin-actin complex for 10 minutes to cap all

and diluted to 3 mg/ml with 50 mM K Pipes, pH 6.8, 50 mM KCl, gyisting free barbed ends. Control cells were incubated in parallel in
0.2 mM CaC}, and 0.2 mM ATP (buffer B). G-actin was polymerized 109 n\ G-actin. After incubation, cells were rinsed in PB without
by dialyzing it against 1,000 ml of buffer B for 3 hours. F-Actin wassapnonin, then incubated with 5Dof 2 pM rhodamine-labeled actin
then dounced on ice to break up aggregates, ATP was added t0 gp various times. Gelsolin-actin complex (GA2) was prepared by
mM and NHSR was added to a concentration of 0.625 mg/ml. Thg\cybating 5uM of purified gelsolin (gift of Dr J. Hartwig) and 10
reaction mixture was incubated at room temperature in the dark for iM G-actin in 10 mM Tris-HCI, pH 8, 0.aM CaCh, 0.5 mM ATP,

hour and F-actin was pelleted by spinning for 2 hours in a Ti 70 rotagg UM CaEDTA, 1 mM DTT, 1 mM sodium azide, overnight at room
(Beckman) at 48,000 rpm at 4°C. The pellet was resuspended agghperature according to a protocol described by Redmond and

dounced on ice with 2 ml of 20 mM Tris-HCI, pH 8.1, 5 mM DTT, 5 zigmond, (1993). The complex was stored at 4°C and diluted 50-fold
mM K glutamate, 0.2 mM Cagknd 1 mM ATP and 1 ml of buffer jnto PB without saponin.

A, 2 mM Tris-HCI, 0.2 mM ATP, 0.5 mM DTT, 0.2 mM CaCind The relative number of pointed ends was measured as an increase
0.02% sodium azide. Actin filaments were dialyzed against buffer An the incorporation of M rhodamine-actin into GA2 capped cells.

for 48 hours to depolymerize the filaments. G-actin was clarified in gye have shown previously that the number of pointed ends estimated
TL100 rotor at 95, 000 rpm for 15 minutes at 4°C andpy this capping method gives identical results to pointed ends

chromatographed over a G-150 column that was previouslyneasured using the Dnase binding assay (Eddy et al., 1997).
equilibrated with buffer A. The G-actin from the protein pool was

polymerized with 10 mM Pipes, pH 7, 2 mM Mg@nd 50 mM KCI  Analysis
at room temperature for 1 hour. F-Actin was pelleted in a Ti 70 rotoTo observe cells that were labeled with rhodamine-labeled actin and
at 48,000 rpm at 4°C for 2 hours, resuspended in 5 ml of buffer A angtained with fluorescein phalloidin, fluorescence imaging and data
dialyzed for 2 days on ice against buffer A. Another cycle of actircollection was done using a SIT camera (Hamamax80) objective
assembly and disassembly was carried out as described to characte(ig& 1.4) on a Nikon Diaphot with fluorescence optics. Identical
the rhodamine-labeled actin and demonstrate that the dye:protein ragiettings were used to collect images from cells at each of the
remained constant. The dye to protein ratio was determined hyxperimental conditions being tested in the linear range of the
absorption spectrophotometry using extinction coefficients ofdetector's response and at a sensitivity such that none of the pixels in
£280-48,988/M cm for actin anédsec=50,000/M cm for tetramethyl the image were saturated.
rhodamine (Molecular Probes). The final G-actin was dialyzed against To quantitate the fluorescence as a function of distance from the
1 M sucrose in buffer A for 6 hours and stored frozen in liquidedge of the lamellipod, data were collected for equal numbers of cells
nitrogen. The frozen rhodamine-labeled actin stock was stored atfeom each experimental condition tested. Images from the SIT camera
concentration of 23@M with a dye to protein ratio of approximately were collected and stored on a Macintosh computer using NIH Image.
1to 1. Analysis of the images from the SIT camera was done by a macro
Biotin-labeled actin was prepared as described for rhodamine-actprogram described previously that measures the fluorescence as a
usingN-hydroxysuccinimidobiotin (Pierce). function of distance from the leading edge of the lamellipod (Segall et
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al., 1996). Cells with well preserved lamellipods were selected, ruffling 1.8
areas were excluded, a line was drawn parallel to the leading edge 17
the chosen lamellipod. The average pixel intensity beginning at th
leading edge and extendingubn into the cells was measured using
the macro. Since EGF stimulates an extension of a lamellipod on ea
cell that has rhodamine-labeled actin incorporation around the enti
lamellipod, a line approximately 10m in length was drawn randomly

on each EGF-stimulated lamellipod. Control cells had various
rhodamine-labeled actin intensities at the leading edge. Therefore, tv

different measurements were done, one including only the brighte 1.1 /—} o
areas at the leading edge of the lamellipod and another measurem = ~1
{ o ' ]

—&— 5nM EGF
—-O-Buffer A

Relative Rate

was done randomly within the leading edge of the lamellipod. 1o o °

Confocal images were acquired with a NA %80 objective on 09 —r—r——r—7 7
Bio-Rad MRC-600 confocal microscope as single optical sections 0. 0 1 2 3 4 5
um from the substratum. Images of cells were first taken in th Time after stimulation (min)
rhodamine channel using a rhodamine filter, then the same cells at t 0.75
same focal plane were imaged with a fluorescein filter. The twi 0.70 —e—EGF+DMSO DB
images were taken with two different filter blocks to avoid cross 065 \ —0—EGF + Cyto-D
channel fluorescence. The overlaying of the two images was done wi ’
the NIH image program. o 060 .

For quantification of the pixel intensity of rhodamine-labeled actin & 055 \.
after various rhodamine-labeled actin incubation times or various EG E o050 T~
stimulation times, the images were acquired from an Olympu g *

microscope that is equipped with a Cooled CCD camera. Rhodamin 043

labeled actin incorporation at the cell edge was measured as t
average pixel intensity of the area between the two lines shown in Fi
5A and the average pixel intensity of the area inside the line show
in Fig. 5B is the measurement for the cell center. ooo T T Tt Tttt

0.40
0.08

0.04

=== ==

Electron microscopy

MTLn3 cells were grown on Parlodion-carbon-coated gold squar
support grids on coverslips (Electron Microscopy Science, For i e NRD. s
Washington, PA) for 18-24 hours. The cells were starved for 3 hours 1.30 = E\ - inl\:f:,ei};?:fmdm C
MEMH supplemented with 0.35% BSA, and then stimulated with 5 nV E - .

EGF for 1 minute. The coverslips were then treated with 0.25% Trito
X-100 in buffer C (138 mM KCI, 10 nM Pipes, pH 6.9, 0.1 mM ATP,
3 mM EGTA, pH 6.9, 4 mM Mg@G), 1% BSA and in the presence or
absence of 0.4fM G-actin for 1 minute. After a rapid wash in buffer
C, the preparations were fixed with 1% glutaraldehyde in cytoskelet:
buffer, pH 6-6.1 (5 mM KCI, 137 mM NaCl, 4 mM NaHG®.4 mM
KHoPQy, 1.1 mM NaHPQy, 2 mM MgCb, 5 mM Pipes, 2 mM EGTA, 1.05 =
5.5 mM glucose) in the presence ofiB phallicidin for 15 minutes.
The grids were then rinsed in cytoskeletal buffer and sequentiall
transferred through 4 drops of 48/ml of bacitracin in water, followed

Time after stimulation (min)

¥
»
|

~

&
S

Relative F-actin
v
| I |

by 4 drops of 1% phosphotungstic acid. The grids were then blotted d 0 ! 2 3 4 5
and observed using a JEOL 100CX transmission electron microscoy. Time after stimulation (min)
Fig. 1. EGF stimulates a cytochalasin-sensitive actin nucleation
RESULTS activity that occurs just preceding the increase in F-actin. (A) Actin
. . S . L nucleation activity in cell lysates varies with time after EGF-
Actin nycleat!on activity in lysates varies with time stimulation. @) Data from EGF-stimulated cells; each point is the
after stimulation average of four independent experimerits). Data from control

Our previous studies have demonstrated that addition of EGdells subjected to addition of buffer that does not contain EGF.

to MTLn3 cells stimulates extension of lamellipods thatRelative rate is the initial rate of actin polymerization in lysates from
contain increased amounts of F-actin at the leading eddeGF-stimulated cells divided by the initial rate from the

(Segall et al., 1996). To determine if there is a transient burgnstimulated cells in the same experiment. Error bars show s.e.m.,
of actin polymerization after EGF stimulation that can accoun=4- (B) Cytochalasin D inhibits the elongation of actin filaments in
for this redistribution of F-actin, pyrene-labeled actin was use%igtgfgg?;“mgcr’it;a;ﬁf;'2%?\3' ?)’;?eﬁg';':t‘itm;"sgisvﬁeiusé;rgs'gttg
to measure the timing of actin nucleation after EGF stimulatio . .

of MTLn3 cells. Cells?were lysed with Triton X-100 at various " WNich 100 M cytochalasin B) or DMSO @) was added to

. : ; . -~ lysis buffer before the introduction of EGF-stimulated cells. Initial
times after stimulation with EGF. The amount of nucleatlor}%te of actin polymerization was measured by following the

activity present in the lysate at each time point was measurgl,escence of pyrene-labeled actin over 10 minutes. Error bars are

as an increase in fluorescence over the first 10 minutes, agd i n=3. (C) The F-actin content of suspended MTLn3 cells

expressed either as relative rate or initial rate (as describedftreases transiently following EGF-stimulation. F-actin content was

Materials and Methods). o measured using the NBD-phallicidin binding assay. Error bars show
The relative rate of actin polymerization in lysates froms.e.m.n=3.
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stimulated cells varies with time after stimulation, as shown in Studies fronDictyostelium(Hall et al., 1989) and neutrophils
Fig. 1A. The relative rate peaks at one minute and decreas@gddmond and Zigmond, 1993) have shown that the increase in
steadily reaching the pre-stimulated level at 4 minutes after EGRucleation activity after stimulation is often accompanied by an
stimulation. The number of free barbed ends (calculated ascrease in total F-actin content. To quantitate the F-actin content
described in Materials and Methods using the rate constants MTLn3 cells in suspension, we used the NBD-phallicidin
supplied there) increases by approximately 13,000 by 1 minutgnding assay as described in Materials and Methods. As shown
after EGF stimulation from 24,000 to 37,000 per cell. Thign Fig. 1C, the maximum increase in relative F-actin content
represents a rate ok80° monomers/second per cell at rest andoccurred at 1.5 minutes after EGF stimulation, i.e. a time just
1.2x10° monomers/second per cell at 1 minute after stimulatiorafter the peak of nucleation activity (at 1 minute). These results
Addition of buffer rather than EGF does not stimulate aare consistent with a model in which the increase in the number
significant increase in nucleation activity. The fluctuationof nucleation sites causes an increase in total polymer mass.
(standard derivation) of the relative rate in control cells is 0.04
compared to the increase in rate in cells 1 minute after EGRhodamine-labeled G-actin is incorporated
stimulation. This result indicates that the variation in thePreferentially at the leading edge of lamellipods
background nucleation activity in control cells is small relativénduced by EGF stimulation
to the increase in nucleation activity in EGF stimulated cells. While the pyrene-labeled actin and NBD-phallicidin assays
Actin polymerization occurring in cell lysates from both provide useful information on the time course of actin
resting and stimulated cells is effectively inhibited by 100 nMnucleation, they do not address the spatial organization of the
cytochalasin D. As shown in Fig. 1B there is a 90% decreadeGF-stimulated nucleation sites in cells. To determine the
in the initial rate of pyrene actin polymerization in location of nucleation sites, exogenous rhodamine-labeled
unstimulated cell lysates in the presence of cytochalasin D. lactin was added to saponin-permeabilized MTLn3 cells in an
addition this inhibition is observed during EGF stimulation,experiment designed after the procedures of Symons and
suggesting that the nucleation activity results in filaments thaflitchison (1991) and Redmond and Zigmond (1993).
grow at the preferred, i.e. barbed ends. Exogenous rhodamine-labeled actin incorporates into the

Fig. 2.Rhodamine-labeled actin polymerizes
preferentially at the leading edge of
lamellipods in EGF-stimulated cells. MTLn3
cells were stimulated for 1 minute with either
buffer (A,C,E) or 5 nM EGF (B,D,F);
permeabilized with 0.2 mg/ml saponin
together with 0.45M rhodamine-labeled

actin in permeabilization buffer and incubated
for 5 minutes. Permeabilized cells were fixed
and stained with fluorescein-phalloidin.

(A,B) Phase-contrast; (C,D) fluorescein-
phalloidin channel showing total F-actin;
(E,F) rhodamine-labeled actin channel
showing incorporated exogenous rhodamine-
labeled actin. All images were obtained at
identical settings in each channel. Bar,

10 um.
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Fig. 3. EGF stimulates lamellipod extension an
accumulation of F-actin and rhodamine-labele(
actin at the leading edge of the lamellipod. Thi
figure is an overlay image of the fluorescein-
phalloidin(green) and rhodamine-labeled
actin(red) channels from two confocal images.
(A) Control cells have incorporated rhodamine
labeled actin only at sites of protrusive activity.
(B) EGF-stimulated cells extend broad and
almost encompassing lamellipods with intense
and continuous rhodamine-labeled actin at thej
leading edge of the lamellipod. The rhodaming
labeled actin cortex as seen in red is more
proximal to the plasma membrane than the
broad green F-actin zone (arrowheads). Both
EGF-stimulated and control cells have
rhodamine-labeled actin incorporating at the
ends of stress fibers (arrows). Baruif.

exposed nucleation sites inside the cell, marking their locatioteading edge of the cells (as described in Materials and
In Figs 2 and 3, MTLn3 cells were treated with either buffeiMethods), hyaline regions of the cell periphery showed more
or 5 nM EGF for 1 minute, permeabilized in the presence athodamine-labeled actin staining near the plasma membrane in
rhodamine-labeled actin monomers (which could therEGF stimulated cells as compared to the brightest area within
polymerize from the saponin-exposed nucleation sites) arttte lamellipod of control cells (Fig. 4A). The difference in
then fixed and counter stained with fluorescein-phalloidin tehodamine-labeled actin incorporation between the control cells
visualize all actin filaments. Almost all cells stimulated withand stimulated cells is more apparent when the measurement is
EGF extend around their entire periphery a flat, hyaline, ruffledone randomly on the lamellipod of stimulated or control cells
free lamellipod that is seen only occasionally in control cell§Fig. 4A). As shown in Fig. 4B, the maximal ratio of
(Fig. 2A,B). EGF inhibits ruffling and stimulates lamellipod rhodamine-labeled actin to F-actin at the leading edge changes
extension simultaneously resulting in flattening of the cell edgapon EGF stimulation. The change in ratio induced by EGF
as show by scanning electron microscopy elsewhere (J. Btimulation is more apparent adjacent to the plasma membrane
Wyckoff, J. S. Condeelis and J. E. Segall, unpublished). FITGf the cells. The result shown in Fig. 4B compliments that
phalloidin staining demonstrates that F-actin accumulates ahown in Fig. 3 where the comparison of the distribution of F-
the leading edge of these lamellipods in EGF-stimulated cellsctin (green) and rhodamine-labeled actin (red) in 2 channel
without significant changes in the rest of the cytoskeleton (Figoverlays demonstrates that the rhodamine-labeled actin is
2C,D). In control cells, rhodamine-labeled actin incorporatesiarrower and closer to the plasma membrane than the F-actin
primarily at the leading edge of spontaneously moving cellgone at the leading edge of the lamellipod. The distribution of
and at the ends of stress fibers (Figs 2E, 3A). However, in EGBtain indicates that the nucleation sites are more proximal to the
stimulated cells (Figs 2F, 3B) rhodamine-labeled actin showglasma membrane side of the F-actin rich cortex.

dramatic incorporation along the entire lamellipod edge To determine whether the pattern of rhodamine-labeled actin
whereas incorporation in stress fibers is like that seen in contrivicorporation observed in EGF-stimulated MTLn3 cells is
cells. Similar results were also observed in a controtlependent on diffusion, the rhodamine fluorescence intensity
experiment where we permeabilized cells with 0.25% Tritorat the leading edge of the lamellipod was compared to that in
X-100 instead of 0.2% saponin. In the Triton experiment, théhe cell center as a function of the rhodamine-labeled actin
exogenous labeled actin also preferentially incorporated at thiecubation time. Since the thickness of the cell differs between
leading edge of the lamellipod after EGF stimulation, similathe center and the lamellipod leading edge, the time required
to that observed in the saponin permeabilized cells (data nfidr actin to diffuse throughout may be different for these two
shown). In another experiment, we addedRinstead of 0.45 compartments. If rhodamine-labeled actin incorporation is
UM rhodamine-labeled actin to saponin permeabilized cells, in

which case, an identical pattern of rhodamine-labeled actin

incorporation was observed (data not shown). Table 1. Quantitation of morphological changes in

To quantitate the morphological changes of MTLn3 cells in response to EGF
response to EGF, we scored the number of cells with Lamellipods with Lamellipods with rhodamine-
lamellipods that contained F-actin localized to the lamellipodreatment F-actin leading edge* labeled actin leading edget
leading edge and lamellipods that contained a continuousisfer 9/64 8/64
rhodamine-labeled actin zone. As shown in Table 1, 43 out &fnM EGF 43/61 58/61

61 EGF-stimulated cells contained F-actin rich lamellipods, o
compared to 9 out of 64 control cells, and 58 out of 61 EGF- Six fields of cells as shown in Fig. 2 were counted. The total number of
. . . - cells counted in all fields is the denominator.
stimulated cells had continuous intense rhodamine fluorescenceCells were scored for lamellipods that contained F-actin localized to the
in the entire edge of the lamellipod compared to only 8 out aéading edge as shown in Fig. 2D.
64 control cells. When the rhodamine-labeled actin tCells were scored for lamellipods that contained a continuous rhodamine-

fluorescence was quantitated as a function of distance from tffgeled actin zone as in Fig. 2F.
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Fig. 4.Rhodamine-labeled actin fluorescence near the plasma
membrane is brighter in EGF stimulated cells than control cells.
Distribution of rhodamine-labeled actin fluorescence measured as a
function of distance from the leading edge of the lamellipod.
Measurements of 10 cells taken from SIT camera images.

(M) Measurement of random lamellipod edges in cells stimulated
with EGF for 1 minute.®) Measurement of the brightest lamellipod
area of control cells after treatment with buffer for 1 minute.

(A) Measurement of random lamellipod edges in control cells. Inset
demonstrates the typical areas measured in EGF stimulated or
control cells Error bars are s.e.m=10 cells. (B) Ratio of
rhodamine-labeled actin to F-actin increases upon stimulation of . . o oo .
EGF in MTLn3 cells. @) MTLn3 cells after 1 minute EGF Fig. 5.Rhodqm|ne—lqbelgd a(_:tlr] mcorporatlon_ln permeabilized
stimulation; @) MTLn3 cells after 1 minute buffer treatment. The MTLn3 cells is not diffusion limited. Changes in fluorescence

brightest area measurements were used for control cells. Error barsNtensity as a function of the incubation time:)(fodamine-labeled
are s.e.mn=10 cells. actin intensity at the leading edge of the lamellipod) (Bodamine-

labeled actin intensity at the cell center. Data for each time point is
the average and s.e.m. of 15 different cells. Images A and B are

diffusion limited, polymerization of rhodamine-labeled actin atggfgqafrﬁf where on cells the measurements were taken.

the leading edge of the lamellipod would be different from
incorporation at the cell center. As shown in Fig: 8Ad B,
rhodamine-labeled actin polymerization is linear within the 3he same pattern of rhodamine-labeled actin incorporation is
minutes of incubation used in these experiments for both thebserved whether cells are incubated for 1 minute or 3 minutes
leading edge and cell center. Therefore, the pattern afith rhodamine-labeled actin.

rhodamine-labeled actin incorporation observed in EGF-

stimulated MTLn3 cells is dependent on the availability ofEGF stimulates actin nucleation activity in cells

nucleation sites and not dependent on differences in caMated on a surface

thickness. This is also supported by Fig. 6, which shows thdio compare the rhodamine-labeled actin incorporation sites
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observed in MTLn3 cells with the nucleation activity observed
in cell lysates, we repeated the rhodamine-labeled actin
experiment over the time course done for the pyrene-labeled
actin experiment. MTLn3 cells were stimulated for various
times, permeabilized in the presence of Quib rhodamine-
labeled actin for 2 minutes, fixed and fluorescent cells were
visualized using an Olympus microscope equipped with a
Cooled CCD camera. Fig. 7A shows the pattern of
incorporation of rhodamine-labeled actin with cells stimulated
for different times. Rhodamine-labeled actin fluorescence was
quantitated by measuring the average pixel intensity at the
Fig. 6. The pattern of rhodamine-labeled actin incorporation in leading edge as in Fig. 5A. Fig. 7B shows that the relative rate
saponin permeabilized MTLn3 cells does not change over time.  of rhodamine-labeled actin incorporation peaks at 1 minute
(A) Cells were stimulated with 5 nM EGF for 1 minute, incubated in after stimulation and decreases to prestimulation levels by 4
permeabilization buffer containing 0.4 rhodamine-labeled actin  minutes. Therefore, cells in suspension and cells adherent to a
for 1 minute or (B) for 3 minutes, fixed and viewed. Barufr0 surface show the same overall pattern of actin nucleation
kinetics after EGF stimulation.

To quantitate the relative F-actin content of MTLn3 cells

Relative rate of
Rh-actin incorporation

0 min EGF |3 min EGF

AT T T T T T 1
0 1 2 3 4 5
Time after EGF stimulation (min)

Relative F-actin

\:{/I I\_.._/ =N

4 5
Time aﬁer EGF stlmulation (min)

2 min EGF}5 min EGF

Fig. 7.Rhodamine-labeled actin incorporation from the barbed ends is maximal at 1 minute after EGF stimulation. (A) Images oé+hodamin
labeled actin incorporation for MTLNn3 cells stimulated for 0 to 5 minutes with 5 nM EGF. Bam6(B) Relative rate of rhodamine-labeled
actin incorporation is the average pixel intensity at the cell edge of stimulated cells divided by that of unstimulaftst 2etfsrautes of

incubation with 0.4%M rhodamine-labeled actin. The cell edge is defined as in Fig. 5A. Error bars arens:2intells. (C) F-actin content

of adherent MTLn3 cells increases transiently following EGF-stimulation. Relative F-actin content of MTLn3 after stimulatie@rvll),

buffer (J), EGF + 0.4% DMSOA). EGF-stimulation induces a decrease in F-actin content in the presence of 100 nM cytoch®dsa D (
drop in F-actin content is not seen in unstimulated cells held in 100 nM cytochalag)n Exror bars are s.e.nm+3 experiments.
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adherent to a surface, the NBD-phallicidin assay was done witlhodamine-labeled actin fluorescence observed in MTLn3 cells
cells plated on collagen (Fig. 7C). The relative F-actin contenesults from polymerization in association with preexisting
of adherent MTLn3 cells increases transiently, peaking at 2#laments in cells and not cross linking to the cytoskeleton of
minutes. This result is similar to that observed with cells irhodamine-labeled actin filaments formed in the incubation
suspension in that the appearance of barbed ends (Fig. 7®)ffer.

precedes the accumulation of F-actin (Fig. 7C). In the presenceTo determine whether the EGF-stimulated incorporation of
of 100 nM cytochalasin D, EGF stimulation induces a decreagbodamine-labeled actin into the saponin cytoskeleton is
in total F-actin content in whole cells. These results suggesiependent on pointed or barbed end subunit addition, we
that both polymerization and depolymerization are stimulatedheasured the effect of capping protein, which specifically caps
by EGF and that the depolymerization can be detected whehe barbed ends of actin filaments. Cells were stimulated with
polymerization is blocked by capping the barbed ends d& nM EGF for 1 minute, permeabilized in the presence or

filaments. absence of 20 nM capping protein and subsequently incubated
. L - ) for 5 minutes with 0.45uM rhodamine-labeled actin in

Actin nucleation in permeabilized MTLn3 cells is permeabilization buffer, fixed and stained with fluorescein-

barbed end dependent phalloidin as before. Capping protein inhibits the incorporation

We used electron microscopy to visualize exogenous actiof rhodamine-labeled actin at the leading edge of the
incorporation at the single filament level to determine iflamellipods and at the ends of the stress fibers (data not shown).
rhodamine-labeled actin incorporation is specific to preexistingo study this further and to demonstrated that there is no cross-
filament ends. As shown in Fig. 8, polymerization ofchannel fluorescence in our imaging system, the above
exogenous actin is only observed in association with presxperiment was repeated with 100 nM cytochalasin D without
existing filaments in the cytoskeleton after EGF stimulatiorthe addition of fluorescein-phalloidin. As shown in Fig. 9C, in
(Fig. 8B) while short actin filaments are not observed in théhe absence of cytochalasin D, a similar pattern of rhodamine-
background in any case. These results indicate that thabeled actin incorporation was observed in cells stained with

o)

Fig. 8. Exogenous actin incorporates only into preexisting filaments in EGF stimulated MTLn3 cells. Electron micrographs of Triton X-100
permeabilized MTLn3 cells after stimulation with EGF. (A) Incubation with buffer C in the absence of exogenous actin, §Bdmwith

0.45uM G-actin for 1 minute; (inset) with biotin-actin for 30 seconds followed by staining with anti-biotin colloidal gold. Qajdianarks

the sites of incorporation of exogenous biotin-actin into the cytoskeleton as the ends of pre-existing (unlabeled) a¢sinBitan@efum.
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or without fluorescein-phalloidin, i.e. rhodamine signal wascapping activity with F-actin seeds, we measured the capping
observed around the leading edge and at the end of stress fibactivity of GAz in lysed cells. MTLn3 cells were permeabilized
(Fig. 9C arrows). In the presence of cytochalasin D (Fig. 9Din saponin and phallicidin for 1 minute then incubated with 100
rhodamine-labeled actin incorporation into the EGF-stimulatedM GA> or 100 nM G-actin for 10 minutes. Free &And
saponin permeabilized cells is inhibited to the backgrounghallicidin was washed off before the addition of 048
levels. rhodamine-labeled actin which was incubated for various
To determine whether the addition of rhodamine-labeledimes. The rhodamine-labeled actin fluorescence was at
actin reflects polymerization or binding of rhodamine-labeledackground level for lysed MTLn3 cells that were pretreated
actin oligomers to the permeabilized cell, we investigateavith 100 nM GA2 and incubated with 0.48M rhodamine-
whether the nucleation activity was inhibited by pretreatmentabeled actin for 2 minutes (data not shown)
of lysed cells with 100 nM gelsolin-actin (GAcomplex, To observe the incorporation of rhodamine-actin onto
followed by washing out of the unbound &éomplex. At 100 pointed ends of lysed MTLn3 cells and to compare the spatial
nM, the GA concentration of this experiment is 100 timesdistribution of pointed ends between EGF stimulated and
above itsKq (1 nM) for free barbed ends, thus polymerizationcontrol cells, we pretreated the lysed cells with 100 nvp GA
of rhodamine-labeled actin at the barbed ends should ke 100 nM G-actin, washed out the unbound GA2 complex and
completely blocked. To confirm this, we measured the cappinthen incubated with @AM rhodamine-labeled actin. As shown
activity of GAz with 0.5uM F-actin seeds and |2V pyrene- in Fig. 10, pretreatment of lysed cells with 100 nM GA
labeled actin. Polymerization of M pyrene-labeled actin is decreases rhodamine-labeled actin incorporation of EGF
100% blocked in 100 nM GApretreated F-actin seeds (data
not shown). After the characterization of the Gdomplex

Fig. 9. Cytochalasin D inhibits the incorporation of rhodamine-
labeled actin in permeabilized EGF-stimulated MTLn3 cells. Cells
were stimulated, permeabilized in the absence (A,C) or presence
(B,D) of 100 nM cytochalasin D and then incubated for 5 minutes
with rhodamine-labeled actin in permeabilization buffer. To eliminate
any cross channel fluorescence, these cells were not stained with Fig. 10.Rhodamine-labeled actin incorporation is inhibited by
fluorescein-phalloidin. Under these conditions the rhodamine-labeledretreatment of saponin permeabilized and phallicidin stabilized
actin image is similar to those seen in preparations also stained wittMTLn3 cells with 100 nM gelsolin-actin (GAcomplex. Cells were
fluorescein-phalloidin. Arrows indicate the rhodamine signal at the treated with 5 nM EGF (B,D,F) or buffer (A,C,E) for 1 minute,

end of stress fibers in EGF stimulated cells. No fluorescence was permeabilized with lysis buffer containingu# of phallicidin for 1
observed in the fluorescein channel (not shown) demonstrating thatminute and incubated with 100 nM G-actin (A,B), or 100 nM 0bGA
the fluorescein-phalloidin image is not affected by the rhodamine- (C-F)for 10 minutes. After 2 washesp®l rhodamine-labeled actin
labeled actin fluorescence. (A,B) Phase-contrast, and (C,D) was incubated with cells for 2 minutes (C,D) or 10 minutes (E,F).
rhodamine channel. Bar, 1. Bar, 10um.
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stimulated cells by 8.94+1.34-fold (Fig. 10B,D) and controlthe idea that the rhodamine signal observed in the
cells by 6.26+1.33-fold (Fig. 10A,C) compared to parallelpermeabilized MTLn3 cells is due to new filaments that are
samples incubated for 10 minutes in 100 nM G-actin. Pointedssembled in the incubation solution which then become cross
end incorporation of rhodamine-labeled actin by the EGHinked to the permeabilized cell cytoskeleton. The similar
stimulated cells (Fig. 10D) is 2.12+0.4@=@Q0) times higher overall pattern of actin nucleation kinetics after EGF
than that of control cells (Fig. 10C). Because of the slower ogstimulation for cells in suspension and cells adherent to a
rate of the pointed ends, incorporation is more apparent aftsuirface indicates that the fluorescence of rhodamine-labeled
10 minutes of rhodamine-labeled actin incubation (Fig. 10Eactin observed in the permeabilized cells reflects the actin
F), a time at which the incubation of rhodamine-labeled actifolymerization of free barbed ends seen in suspended cells as

incorporation was linear (data not shown). measured using pyrene-labeled actin. _ _
The timing and location of the stimulated actin nucleation

activity in MTLn3 cells can account for the observed

DISCUSSION accumulation of F-actin at the leading edge of extending
lamellipods as documented in a previous study of MTLn3 cells

EGF stimulates actin nucleation activity in MTLn3 (Segall et al., 1996). The finding that the nucleation activity is

cells transient, occurs before the onset of lamellipod extension and

és localized to the leading edge supports the hypothesis that
MTLn3 cells with EGF causes an increase in actin nucleatiof*{€nsion is caused by localized actin polymerization at the
activity resulting from the appearance of barbed filament end§2ding edge (Condeelis, 1993; Segall et al., 1996).

at t.h.e leading gdge .Of growing lamellipods. Actin r?lJCle"’lti.orEGF stimulates an increase in number of filaments
activity that is stimulated by EGF results in actinj, permeabilized MTLn3 cells

polymerization that is sensitive to cytochalasin D. Sensitiviti%ln”ke A431 cells (Rijken et al., 1991) EGF stimulation of

The major result of this study is that stimulation of metastati

to cytochalasin D is observed in cell lysates from both restin ; . :
TLn3 cells does not cause a continual increase in cellular F-

and stimulated cells, indicating that the actin filaments in_ .. ; i . . .
MTLn3 cells are assembled mostly from free barbed endg\ctln. Rather, EGF stimulates a transient increase in F-actin
y content. The maximum increase in F-actin content occurs after

However, the background nucleation activity in control cells i%he peak of nucleation activity suggesting that the increase in

small relative to the increase in the nucleation activity in EGFg o "\ ober of barbed ends causes an increase in F-actin
stimulated cells. The number of barbed ends increases

L . l3¥>ntent. In the presence of 100 nM cytochalasin D, EGF
1.3><104'from .24(104 to 3'75(104 per ceII' W't.hm 1 minute of stimulation induces a decrease in total F-actin content in whole
EGF stimulation, a median value conSId_erlng the broad ran lls. These results predict that EGF stimulates both actin
of vaIL:es .that haveh.l.'ljeenb meag)gred mﬂother systems. [9(5Iymerization and depolymerization. The presence of EGF-
example, in neutrophils about new filaments appear g |ated depolymerization activity is consistent with the
within 90 seconds of stimulation with FMLP (Cano et al.

. " raccumulation of F-actin at the leading edge if actin
1991), approximately »4L0* barbed ends appear within 5 oo erization there exceeds depolymerization compared to

seconds inDictyosteliumin response to stimulation with oéher regions of the cell where both reactions may be balanced.
CAMP (J. Han and J. Condeelis, unpublished) and 500 barbedgince the rate of depolymerization is dependent on the

ends appear within 20 seconds following thrombin stimulation,ymper of filaments, the increase in actin depolymerization
of platelets (Hartwig, 1992). after EGF simulation suggests that EGF may also stimulate an
Properties of the EGF stimulated actin nucleation increase in the number of filaments in MTLn3 cells. To test if
sites in permeabilized MTLn3 cells there is an increase in the number of actin filaments in MTLn3
) ) ] _ cells after EGF stimulation, we measured the relative amount
Incorporation of rhodamine-labeled actin to permeabilizeght pointed end incorporation of rhodamine-labeled actin by
cells appears to be highly specific for polymerization ontgyolymerization of 2 pM rhodamine-labeled actin in
preexisting filament ends in cells, as demonstrated by thesrmeabilized stimulated and control cells that were pretreated
following results: (1) rhodamine-labeled actin incorporation inyith 100 nM G/ to cap all free barbed ends. Pointed end
EGF stimulated cells is dependent on the preexisting fre@corporation of rhodamine-labeled actin by the EGF
barbed ends, as shown by the inhibition of rhodamine-labelegiimulated cells is 2.12+0.47 times higher than that of control
actin signal by cytochalasin D, capping protein, and gelsolince|ls. Therefore, addition of EGF to MTLn3 cells stimulates an
actin complex; (2) rhodamine-labeled actin incorporation isncrease in the number of pointed ends, i.e. number of
limited to the tip of the lamellipod and ends of stress fibersjlaments.
(3) the rhodamine-labeled actin signal increases linearly with Currently, three mechanisms have been postulated to explain
time of incubation without a detectable lag period; (4)the rapid appearance of barbed ends in response to agonist
elongated actin filaments are seen in negatively stainegtimulation (Condeelis, 1993; Zigmond, 1996; Schafer et al.,
permeabilized cells incubated with exogenous actin only in996). (A) Uncapping of pre-existing filaments leading to an
association with pre-existing actin filaments and never in thincrease in the filament length distribution; (B) de novo
background,; (5) the ratio of rnodamine-labeled actin to F-actinucleation of actin polymerization from a template molecule
at the leading edge increases upon EGF stimulation. These form new barbed ends without affecting pre-existing
results demonstrate that the sites nucleating polymerization dfitaments; and (C) severing of pre-existing filaments to form
primarily free barbed ends of existing actin filaments inmore uncapped filament ends, causing a decrease in the
permeabilized MTLn3 cells. Furthermore they argue againdtlament length distribution. Mechanism C explains the EGF
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stimulated depolymerization of F-actin in the presence of an established scientist of the New York affiliate of the American
cytochalasin D since EGF-induced severing would shorten theeart Association. The authors acknowledge M. Cammer and the
filament length distribution and result in the disappearance @fECOM Analytical Imaging Facility for help in image analysis,
filaments due to rapid pointed end depolymerization if barbedinghua Han for supplying capping protein and John Hartwig for
ends could not elongate. In addition, the identical pattern cPPIYing gelsolin.

rhodamine-labeled actin incorporation generated by addition of

0.45uM rhodamine-labeled actin ori M rhodamine-labeled
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