Role of p120 Ras-GAP in Directed Cell Movement
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Abstract. We have used cell lines deficient in p120 Ras
GTPase activating protein (Ras-GAP) to investigate the
roles of Ras-GAP and the associated p190 Rho-GAP
(p190) in cell polarity and cell migration. Cell wounding
assays showed that Ras-GAP-deficient cells were inca-
pable of establishing complete cell polarity and migra-
tion into the wound. Stimulation of mutant cells with
growth factor rescued defects in cell spreading, Golgi
apparatus fragmentation, and polarized vesicular trans-
port and partially rescued migration in a Ras-depen-
dent manner. However, for directional movement, the
turnover of stress fibers and focal adhesions to produce
an elongate morphology was dependent on the consti-
tutive association between Ras-GAP and p190, inde-

pendent of Ras regulation. Disruption of the phos-
photyrosine-mediated Ras-GAP/p190 complex by
microinjecting synthetic peptides derived from p190 se-
quences in wild-type cells caused a suppression of actin
filament reorientation and migration. From these ob-
servations we suggest that although Ras-GAP is not di-
rectly required for motility per se, it is important for
cell polarization by regulating actin stress fiber and fo-
cal adhesion reorientation when complexed with 190.
This observation suggests a specific function for Ras-
GAP separate from Ras regulation in cell motility.
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Introduction

Within the Ras superfamily of small GTPases, the Rho
subfamily of proteins has been shown to remodel the actin
cytoskeleton. The Rho subfamily members, Cdc42, Rac
and Rho, function as molecular switches through intercon-
version between an active GTP-bound state and an inac-
tive GDP-bound configuration. Activation is regulated by
guanine nucleotide exchange factors that favor GTP load-
ing while deactivation is mediated by GTPase-activating
proteins (GAPs)! that catalyze the hydrolysis of GTP to
GDP (Boguski and McCormick, 1993). In mammalian
cells, growth factor-induced activation of Rho proteins
causes actin polymerization and reorganization, which
leads to changes in cell shape. Specifically, activation of
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Cdc42 by bradykinin induces formation of filopodia, which
are finger-like extensions of the cytoplasm that contain
dense actin filaments (Kozma et al., 1995). Activation of
Rac by PDGF leads to the formation of membrane ruffles
and lamellipodia (Ridley et al., 1992). It has also been
shown that activated Ras stimulates membrane ruffling in
a Rac-dependent manner (Bar-Sagi and Feramisco, 1986).
Activation of Rho by lysophosphatidic acid, a major com-
ponent of serum, results in actin stress fiber (SF) and focal
adhesion (FA) formation (Ridley and Hall, 1992) and the
formation of stable microtubules (MTs; Cook et al., 1998).
The use of dominant-negative mutants of the Rho proteins
has further demonstrated that activation of Cdc42 is suffi-
cient to activate Rac, which in turn activates Rho in a lin-
ear cascade in Swiss 3T3 cells (Nobes and Hall, 1995).
However, in some cell types such as neurons, Rho antago-
nizes the effects of Cdc42 and Rac (Kozma et al., 1997).
GAPs can potentially negatively regulate actin dynamics.
The p120 Ras-GTPase activating protein (Ras-GAP) and
p190 Rho-GAP (p190) have both been implicated in re-
modeling the actin cytoskeleton.

Ras-GAP is composed of an NH,-terminal region con-
taining two SH2 domains flanking an SH3 domain, a
central region containing CalB and PH domains and a
COOH-terminal catalytic domain that drives the conver-
sion of Ras-GTP to Ras-GDP (Gawler et al., 1995; Paw-
son, 1995). The SH2 domains of Ras-GAP bind to phos-
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photyrosine (pTyr) residues of p190 (Hu and Settleman,
1997). P190, a protein initially identified as being tyrosine
phosphorylated in v-Src-transformed cells (Ellis et al.,
1990), is comprised of an NH,-terminal GTP binding do-
main and a COOH-terminal GAP domain (Settleman et
al., 1992). This Ras-GAP/p190 complex may function to-
gether to regulate actin cytoskeletal dynamics. Over-
expression of the NH, terminus of Ras-GAP in RAT-2
cells induced abnormal actin SFs and decreased cell sub-
stratum adhesion and this correlated with increased in
vitro Rho GAP activity compared with untransfected cells
(McGlade et al., 1993). Other studies have suggested that
while microinjection of the GAP domain of p190 into
Swiss 3T3 cells inhibits SF formation (Ridley et al., 1993),
the NH,-terminal SH3 domain of Ras-GAP controls Rho
activation and SF formation (Leblanc et al., 1998). Such
changes in the organization of actin filaments are known
to affect cell morphology in a manner critical for directed
cell movement. We have previously found that mouse em-
bryos homozygous for a null mutation in the Ras-GAP
gene show a defect in angiogenesis within the yolk sacs
and aberrant sprouting of the intersomitic arteries during
early development (Henkemeyer et al., 1995). We also
demonstrated that Ras-GAP mutant cells exhibit elevated
Ras-GTP levels after growth factor stimulation and are ty-
rosine hypophosphorylated on p190 (van der Geer et al.,
1997). These defects in cellular organization and Ras regu-
lation may result in impaired actin cytoskeletal dynamics.

Here, we have examined the role of the Ras-GAP com-
plex in directed cell migration. Using a cellular wounding
assay, we found that cells cultured from Ras-GAP mutant
embryos exhibited a cell migration defect. To analyze the
cellular basis for this phenotype, we examined cytoskele-
tal-based cell polarity markers that occur in a specific or-
der before migration. We compared these markers be-
tween wild-type and Ras-GAP-deficient cell lines and
determined the point at which these mutant cells became
compromised during the establishment of cell polarity.
Our results indicate that Ras-GAP-deficient fibroblasts
can establish only partial polarity and show little move-
ment upon wounding in culture. They have a fragmented
Golgi apparatus (GA) that correlated with nonpolarized
insertion of membrane mass by vesicular transport, and
are incapable of organizing actin SFs and FAs in an orien-
tation parallel to the direction of migration. We suggest
that this failure is partially due to the absence of the Ras-
GAP/p190 complex.

Materials and Methods

Cell Culture, DNA Transfections, and
Wounding Assays

Mice, heterozygous for the Ras-GAP null mutation (Henkemeyer et al.,
1995) were mated and d9.5(pc) embryos and yolk sacs were collected for
tissue culture and genotyping, respectively. Early passage cells were main-
tained in DME + 10% FBS media and allowed to undergo crisis. From
this, a wild-type, a heterozygous and two mutant cell lines were estab-
lished. For wounding experiments, cells were plated either in tissue cul-
ture plastic dishes or on glass coverslips and allowed to grow to a conflu-
ency of 70-80%. After a 24-h period of serum deprivation, the cultures
reached 100% confluency without crowding. Experimental wounds were
made by dragging a Gilson plastic yellow pipette tip across the cell cul-
ture. Cultures were then rinsed with PBS and replaced with fresh serum-
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free media. Cell motility was then monitored at selected time intervals for
a period of 24 h. In some experiments, wounded cultures were treated
with 5 wM nocodazole (Sigma) for 30 min to promote depolymerization of
dynamic MTs, before fixation. For other experiments, PDGF (30 ng/ml)
stimulation was used increase cellular levels of Ras-GTP (van der Geer et
al., 1997).

To quantify the extent of migration, cells were first plated onto tissue
culture plates marked with grids. After making wounds across the grids,
the cultures were photographed immediately (t = 0) and 24 h later. In to-
tal, nine wounds were sampled for each cell type. Total areas devoid of
cells within the wound at these two time points were calculated using mor-
phometric procedures and the difference was calculated. Hence, the ex-
tent of migration was expressed as a function of area reduction.

A human Ras-GAP cDNA (gift from Frank McCormick, UCSF, San
Francisco, CA) was subcloned into either the pMSCV viral expression
vector (Hawley et al., 1994) resulting in pMSCV-GAP or the pCDNA3
vector (Clontech). In addition, a truncated human Ras-GAP cDNA en-
coding only the entire NH,-terminal hydrophobic region and including the
SH2-SH3-SH2 domains (GAP-N) as described by McGlade et al. (1993)
was subcloned into the pMSCV vector. The pMSCV-GAP and pMSCV-
GAP-N constructs, encoding a puromycin resistant gene, were transfected
into the viral producer cell line GP+E (Markowitz et al., 1988). Puromy-
cin-resistant colonies were picked, and expanded. Supernatants from the
clones were used to infect Ras-GAP mutant cells and selected with puro-
mycin. Such positive colonies were picked and screened for Ras-GAP ex-
pression by immunoblotting (see method below). Full-length Ras-GAP
and GAP-N positive clones were then maintained in culture in puromy-
cin-free media and cell wounding experiments were carried out. The
pCDNA3-GAP vector was used for some microinjection experiments (see
method below).

Microinjection

Cells used in microinjection experiments were seeded onto etched cover-
slips to facilitate location of injected cells. Injections were performed es-
sentially as described by Bar-Sagi (1995). In brief, cell culture media was
supplemented with 20 mM Hepes to buffer any pH changes. Microinjec-
tions were performed using a Leica DMIRB inverted microscope
equipped with a heating stage and the Eppendorf 5242 microinjector. For
GA-rescue experiments, the pPCDNA3-GAP construct was microinjected
into the nuclei of Ras-GAP mutant cells. For some experiments, p190 in-
hibitory peptides (peptide synthesis described below) were coinjected
with 3 mg/ml rhodamine-conjugated goat 1gG (Sigma) to identify injected
wild-type cells.

VSV-G Vesicular Transport Assays

A cDNA encoding an EGFP-fusion of the temperature-sensitive vesicular
stomatitis virus (VSV) coat protein G (Presley et al., 1997; kind gift from
Dr. Jennifer Lippincott-Schwartz, NIH, Bethesda, MD) was microinjected
into wild-type and Ras-GAP-deficient cells, immediately after wounding.
After microinjection, the cells were then cultured in an incubator at 40°C
for 4 h to allow sufficient time for VSV-G-protein expression. Then sam-
ples were transferred to a 32°C water bath to allow transport of VSV-
G-protein to the plasma membrane. Samples were then fixed in 4%
paraformaldehyde at select time intervals after the temperature shift, and
then processed for immunofluorescence microscopy (see below).

Immunofluorescence Microscopy

Wounded cell cultures grown on coverslips were processed for microscopy
by first rinsing briefly in PBS, and then fixing for 15 min with 4%
paraformaldehyde in PBS. After three washes in PBS, the samples were
permeabilized with 0.2% Triton X-100 in PBS for 5 min. For nocodazole-
treated cultures, samples were first pre-extracted with 0.5% Triton X-100
in PHEM buffer (80 mM Pipes, 20 mM Hepes, 1 mM EGTA, and 2 mM
MgCl,, pH 6.8) for 90 s to remove soluble proteins. Samples were then si-
multaneously fixed and extracted with 0.5% Triton X-100, 3.7% formalin,
and 0.25% glutaraldehyde in PHEM buffer for 10 min followed by PBS
rinses.

For VVSV-G-protein transport assays, formaldehyde-fixed samples were
initially stained with mouse anti-VSV-G antibodies (clone 114; gift from
Dr. Doug Lyles; Wake Forest University, Winston-Salem, NC; see Lefran-
cios and Lyles, 1982) followed by FITC-conjugated goat anti-mouse anti-
bodies (Sigma). Samples were then permeabilized with 0.1% emulpho-
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gene (Sigma) for 5 min as described by Bergmann et al. (1983) before
further double-labeling with antibodies to detect the GA.

To detect active Ras within wounded cultures, we made use of the min-
imal Ras-binding domain of Raf 1 fused to GST (gift from Dr. Johannes
Bos, Utrecht University, The Netherlands; Rooij and Bos, 1997). Using
cell culture overlay technique described by Merilédinen et al. (1993) fixed
wounded cultures were incubated with GST-Raf 1 (100 wg/ml) for 1 h and
detected using an affinity-purified anti-GST antibody produced in rabbit
in our lab. These samples were also double-labeled for activated MAP ki-
nase as an indirect marker for activated Ras. Dual phosphorylation of
ERK1 and ERK2 were detected using the monoclonal antibody to acti-
vated MAP kinase (Sigma; clone M8159) as described by Nobes and Hall
(1999).

Single- or double-label immunofluorescence staining procedures were
used. FAs were detected with mouse anti-vinculin antibodies (Sigma).
MTs were stained with mouse anti-tubulin antibodies (clone DM1A; Am-
ersham). Rabbit anti-mannosidase Il antibodies (gift from Dr. Kelly
Moremen, University of Georgia, Athens, GA) were used to detect the
GA and either FITC- or rhodamine-conjugated phalloidin (Molecular
Probes) was used to visualize actin filaments. Ras-GAP was stained with
mouse anti-ras-GAP antibodies (Santa Cruz). The appropriate Cy5-,
FITC-, or Texas red—conjugated goat anti-mouse or goat anti-rabbit anti-
bodies (Sigma and Molecular Probes) were used to detect the primary an-
tibodies. Hoechst 33258 (Molecular Probes) was used to stain nuclei. All
samples were mounted in a 50% glycerol and PBS solution supplemented
with p-phenylenediamine to retard photobleaching. Microscopy was car-
ried out using the Leica DMRX microscope and the inverted Leica
DMIRB microscope, both equipped with fluorescence and transmitted
light optics. Samples were photographed on either KODAK EPH 1600
film for fluorescent images or KODAK 64T film for phase contrast im-
ages. Images in Figs. 7 and 9, G-I were obtained using the Olympus 1X-70
inverted microscope equipped with fluorescence optics and Deltavision
Deconvolution Microscopy software (Applied Precision). Remaining fig-
ure images were scanned using a Nikon Cool Laser Scan Jet and con-
structed in Adobe Photoshop.

Cell Polarity Assays

Cell spreading is characterized by the formation of lamellipodia and mem-
brane ruffling. Since these protrusive activities at the leading edge are a
highly dynamic event, the degree of cell spreading was analyzed by a semi-
guantitative procedure. When the nucleus acquired a posterior position
within the cell after wounding, that cell was scored as having spread (Eu-
teneuer and Schliwa, 1992). Orientation of stable MTs and GA around the
nucleues in wound edge cells were scored as described by Gundersen and
Bulinski (1988) and Kupfer et al. (1982), respectively. Orientation of actin
SFs was scored as either being parallel, orthogonal or random with respect
to the direction of migration. Greater than 500 cells were enumerated for
each time point in all cell polarity assays. Also, experiments were repeated
for reproducibility, and results for one experiment are shown to illustrate
trends.

Immunoblotting

Cell lysates were prepared in PLC lysis buffer (30 mM Hepes, pH 7.5, 150
mM NacCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl,, 1 mM EGTA,
10 mM NaPPi, and 100 MM NaF). Protease inhibitors (10 wg/ml aprotinin,
10 wg/ml leupeptin, 1 mM vanadate, and 1 mM PMSF) were added to ly-
sis buffer before use. Protein was quantified using the Bio-Rad Protein
Assay Kit. In some experiments, lysates were subject to immunoprecipita-
tion using rabbit anti-Ras-GAP antibodies (McGlade et al., 1993) or
mouse anti-p190 antibodies (gift from S.J. Parsons, University of Virginia,
Charlottesville, VA). Samples were analyzed by 7.5% SDS-PAGE and
proteins were transferred to nitrocellulose membranes. Filters were
blocked with 5% milk powder in TBST and probed with either rabbit
anti—-Ras-GAP or mouse anti-p190 antibodies, followed by addition of ap-
propriate HRP-conjugated secondary antibody (Biorad). Detection of
bands was done using the enhanced chemiluminescence detection system
(Amersham).

Synthesis of Inhibitory p190 Peptides

A phosphatase-resistant peptide containing a tyrosine at position 1105,
based upon the p190 sequence EEENIpYSVPHDST-NH,, was synthe-
sized using a racemic mixture of N*-fluorenylmethoxycarbonyl-o-(4-di-
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t-butylphosphono-methyl)-b,L-phenylalanine (Colour Your Enzyme Inc.)
as a nonhydrolyzable pTyr analogue. As a result, two monophospho-
nopeptide enantiomers were resolved by reverse-phase HPLC and des-
ignated as Peptide 1 and Peptide 2 based upon their elution profile. In
addition, a longer phosphatase-sensitive peptide with the sequence,
DpYAEPMDAVVKPRN-EEENIpYSVPHD-NH, was synthesized using
L-phosphotyrosine. This longer peptide contains pTyr residues at posi-
tions 1087 and 1105 of p190 and will be referred to as the diphosphoty-
rosine peptide from hereafter. Similar peptides have been shown to in-
hibit the interaction between Ras-GAP and p190 in vitro (Hu and
Settleman, 1997). All peptides were synthesized using the ABI 431 pep-
tide synthesizer, Fmoc standard chemistry, and were further characterized
by mass spectrometry and amino acid analysis. Peptides were kept in
40mM Hepes buffer at —20°C.

GST-mixing Experiments

Amino acid (aa) sequences corresponding to the NH,-terminal SH2 do-
main (aa 181-274), COOH-terminal SH2 domain (aa 351-442) and a hy-
drophobic region of Ras-GAP (GAP-H; aa 1-180), were subcloned into
PGEX-2T vectors to yield GST-fusion constructs (gift from Dr. Louise
LaRose, McGill University, Montreéal). To test the specificity of the inhib-
itory p190 phosphopeptides, competition experiments were carried out us-
ing cellular lysates derived from the src-overexpressor cell line, STA
(Koch et al., 1992) and the various GST-Ras-GAP fusion proteins. For the
competition experiments, cellular lysates from the Src-transformed S7A
cell line were used because they have increased levels of tyrosine-phos-
phorylated p190. These lysates were harvested by initially treating with
0.1% SDS to denature endogenous protein—protein complexes, boiled and
then diluted with four parts of PLC lysis buffer before use. All peptides
were used at a concentration of 50 uM and incubated with 10 g of GST-
Ras-GAP fusion proteins and 200 g total S7A cellular lysate. The result-
ing mixture was centrifuged and beads were rinsed with PLC lysis buffer.
Bound proteins were solubilized in Laemmli’s sample buffer and then
subject to SDS-PAGE and immunoblotting with anti-p190 antibodies.

Results

Ras-GAP—deficient Cells Are Migration Incompetent

During early development, mouse embryos with a null
mutation in the Ras-GAP gene exhibit a defect in angio-
genesis within the yolk sac suggesting a defect in cell
movement (Henkemeyer et al., 1995). We tested the cellu-
lar basis for this migration defect using a classical in vitro
wounding assay. In all cell motility assays, cultures were
serum deprived for a minimum of 24 h to establish quies-
cence, ensuring that any presence of cells in the wounded
area would be due to motility rather than cell prolifera-
tion. Fibroblasts derived from wild-type embryos exhib-
ited a sixfold greater increase in their movement into a
wound (Fig. 1, A and C) compared with those derived
from Ras-GAP mutant embryos (Fig. 1, B and C). Cells
heterozygous for the Ras-GAP mutation, showed move-
ment that was intermediate between wild-type and mutant
cells (Fig. 1 C).

To determine if this inhibition of motility was due to
clonal differences or lack of Ras-GAP, we performed res-
cue experiments by infecting mutant cells with a retrovirus
containing full-length human Ras-GAP cDNA (see Mate-
rials and Methods). Ras-GAP-expressing clones were
then analyzed for expression levels by Western blotting
(Fig. 2 A) and movement using the wounding assay (Fig. 2,
B-F). 75 puromycin-resistant clones were screened and all
but two expressed Ras-GAP (data not shown). Some
clones exhibited evidence of recombination events result-
ing in slightly truncated forms of Ras-GAP protein and
were discarded. As shown in Fig. 2, clones expressing the
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lowest levels of full-length Ras-GAP (Fig. 2 C) or vector
alone (Fig. 2 B) did not exhibit any significant movement.
Those clones expressing intermediate levels (Fig. 2, D-E)
showed some migration capabilities while cells exhibiting
higher Ras-GAP expression levels (Fig. 2 F) displayed ex-
treme sensitivity to serum deprivation and frequently
rounded up and detached from the tissue culture dish.
These data are consistent with the view that Ras-GAP is
important for migration, and argue that the level of Ras-
GAP expression may be an important factor for migration
to proceed.

Establishment of Cell Polarity as Measured by
Cell Spreading

To analyze the migration defect in detail we examined
early cytoskeletal-related cell polarity events that precede
directed movement in a chronological order. We hypothe-
sized that the migration defect might be due to a defect in
the establishment of cell polarity. The first cell polarity
marker examined was cell spreading, a process mediated
by the cortical actin cytoskeleton. This early protrusive
event is characterized by the formation of lamellipodia
and membrane ruffling. Wild-type cells (Fig. 3 A) formed
lamellipodia and exhibited membrane ruffling. A small
percentage of mutant cells (Fig. 3, B and C) did undergo
some protrusive activity, but the majority of the popula-
tion did not appear to spread as extensively as wild-type
cells. In a 4-h time course experiment, >90% of wild-type
cells had a posterior-positioned nucleus and <20% of Ras-
GAP mutant cells exhibited cell spreading.

Ras-GAP Mutant Cells form Normal Stable MTs

We next analyzed the formation of a stable MT array ori-
ented towards the leading edge of the cell in the direction
of migration. One proposed function for this stable MT ar-
ray is to provide a track for the polarized intracellular
transport of secretory proteins, lipids, and other mem-
brane components to the leading edge of migrating cells
(Gundersen and Bulinski, 1988). At selected time intervals
after wounding, 5 wM nocodazole was added to cell cul-
tures to promote depolymerization of dynamic MTs, leav-
ing the stable population intact. At the time of wounding,
nocodazole-stable MTs are predominantly randomly ori-
ented about the nucleus (data not shown). As early as
1-2 h after wounding, this stable MT population was seen
to radiate from the MT-organizing center toward the
leading edge in both wild-type (Fig. 3 D) and Ras-GAP
mutant cells (Fig. 3 E) and remained polarized up to 24 h
(Fig 3 F). This indicated that the foundation of polarized
vesicular/membrane transport was intact, and that the mi-
gration defect was further downstream of this cell polarity
marker.

Figure 1. Wound-induced cell migration. (A and B, t = 24 h)
Wild-type cells migrate into the wound after 24 h (A), while Ras-
GAP mutant cells show little movement (B). (C) Extent of mi-
gration is expressed as a function of area reduction. Wounds in
nine grids were analyzed for each cell line. Error bars represent
standard error. Western blot of Ras-GAP expression for each
cell line is shown in inset. Bar, 200 pm.
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Viral Ras-GAP Infections

4 30 43 52 V +/+
— m — Rl

Golgi Polarization and Vesicular Transport Is Impaired
in Ras-GAP Mutant Cells

The GA has been suggested to play a role in polarized ve-
sicular transport and membrane recycling in directed cell
movement (Kupfer et al., 1987; Singer and Kupfer, 1986).
Although not likely responsible for force generation for
forward movement, the GA functions in a passive context.
In response to experimental wounds, this organelle has
been shown to polarize to the leading edge face of the nu-
cleus (Kupfer et al., 1982). Wounding assays showed that
wild-type and heterozygous cells do have a polarized GA
but no perinuclear orientation could be assigned to the
Ras-GAP mutant cells (data not shown). Fig. 4 illustrates
the morphology of this organelle by staining with anti-
mannosidase Il antibodies. Approximately 90% of wild-
type (Fig. 4 A) and heterozygous cells (Fig. 4 B) show a
normal perinuclear distribution of the GA (Fig. 4, A and
B). In contrast, 70-80% of the Ras-GAP mutant cell pop-
ulation contain a fragmented GA (Fig. 4, C and D). The
localization of this fragmentation was perinuclear, which is
in sharp contrast to the complete cytoplasmic distribution
normally seen in mitotic cells. Microinjection of full-length
Ras-GAP cDNA into mutant cells rescued the fragmenta-
tion of the GA. 80% of the injected Ras-GAP mutant cells
displayed a normal GA while the remaining 20% still con-
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Figure 2. Rescue of migra-
tion in mutant cells infected
with retroviral Ras-GAP. (A)
Western blot of Ras-GAP-
expressing clones using anti—
Ras-GAP antibodies. Migra-
tion into denuded zones 24 h
after wounding (B-F). B, vec-
tor alone; C, lowest Ras-GAP
expressor clone 52; D and E,
intermediate Ras-GAP ex-
pressors clone 4 and 43, re-
spectively; F, highest Ras-
GAP expressor clone 30. Bar,
100 pm.

tained a fragmented GA (Fig. 4, E and F). A possible con-
sequence of this fragmentation might be a nonvectorial
transport of membrane components such as lipids and
secretory proteins to the leading edge during migration.

To test this hypothesis, we microinjected a cDNA en-
coding an EGFP fusion of glycoprotein G from a tempera-
ture-sensitive strain of the VSV (Presley et al., 1997) into
wild-type and Ras-GAP mutant cells. This G-protein has
been used extensively to characterize the secretory path-
way in mammalian cells (Bergmann et al., 1983, 1981). At
nonpermissive temperatures of 40°C, the G-protein is un-
able to fold correctly and is trapped within the rough en-
doplasmic reticulum. At the permissive temperature of
32°C, the G-protein folds correctly, exits the endoplasmic
reticulum and is transported to the GA. After modifica-
tion, the G-protein bound within Golgi vesicles is trans-
ported to the plasma membrane of the leading edge in a
polarized manner.

Our analysis of intracellular vesicular transport in wild-
type cells indicated that the VSV-G-protein first appears
at the leading edge of the migration front, 30 min after the
temperature shift to 32°C (Fig. 4 G). The GA in these cells
was intact, and polarized. No transport of VSV-G-protein
was detected during earlier time points. In Ras-GAP mu-
tant cells, the first appearance of the VSV-G-protein was
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Polarization of Stable Microtubules

Figure 3. Cell spreading and
establishment of a stable, po-
larized MT array. (A and B,
t=1h,DandE, t =2h).
Both wild-type cells (A) and
Ras-GAP mutant cells (B)
are capable of cell spreading
by lamellar extension and
membrane-ruffling  (arrow-
heads). Gross-morphological
examination revealed that
wild-type cells spread more
than Ras-GAP mutant cells.
Note individual lamellipodia
(brackets) and membrane
ruffles (arrowheads) at the
leading edge of a Ras-GAP
mutant cell (C), as shown by
rhodamine-phalloidin stain-
ing of actin filaments (red)
and vinculin (FITC-labeled)
staining. Wounded cultures
revealed the presence of a
nocodazole-stable  popula-
tion of MTs (FITC-labeled)

60
4

20'

% Polarization

-GJ\P +i+ (clone 12.78)

— GAP +/- (clone 12.37)

B — GAP /- (clone 12.64)
1 GAP /- [clone 12.83)

R

preferentially oriented to-
wards the direction of migra-
tion in both wild-type (D)
and Ras-GAP mutant cells
(E). Nuclei are visualized by
Hoechst staining (blue). As-
terisk (*) indicates wound
edge. Persistence of a polar-

ized stable MT array existed
up to 24 h after wounding (F)
in all cell types. Bars, 50 um.

24 F
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over the entire surface of the cell with no asymmetric dis-
tribution (Fig. 4 H). The GA in these cells was not polar-
ized and was fragmented. The polarized delivery of VSV-G
to the leading edge of wild-type cells could not be exam-
ined during earlier time points because it took a minimum
of 4 h for the VSV-G cDNA construct to express the VSV-
G-protein. During the incubation of cells at the nonper-
missive temperature after microinjection, cell spreading
had already been extensive in wild-type cells, but not in
mutant cells. Thus, we could not examine the polarized de-
livery of VSV-G to the leading edge soon after wounding.
These observations suggest that random insertion of mem-
brane mass may account for the reduction of cell spread-
ing seen in these mutant cells. This observation also identi-
fies a phenotypic difference between wild-type cells and
Ras-GAP mutant cells as it relates to the establishment of
cell polarity preceding migration.

Ras-GAP Mutant Cells Do Not Remodel Actin SFs
and FAs

Since the cytoskeleton plays a major role for the produc-
tion of traction forces necessary for forward movement
and establishment of polarity, we examined the biased re-
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orientation of actin SFs and FAs seen in several cell
wounding systems (Ettenson and Gotlieb, 1992). This dra-
matic reorganization presumably occurs to generate ten-
sion and contraction within the cortex of the cell in a po-
larized orientation for forward movement. In all cell lines
analyzed, SFs and FAs were randomly distributed at the
ventral surface of the cell at the time of wounding (Fig. 5,
A, D, and G). Only 20-25% of the population had these
structures in an orientation parallel to the direction of cell
movement. At later times after wounding, SF and FA po-
larization was only seen in Ras-GAP-expressing cells (Fig.
5, B, C and G), concomitant with the acquisition of an
elongated cell shape (Fig. 5, B and H). Before the onset of
motility, ~8-16 h after wounding, there was a reduction in
the number of SFs and FAs within wound edge Ras-GAP-
expressing cells (Fig. 5 B). Cells further removed from the
wound edge, however, had no such reduction (data not
shown). Migrating cells detected within the denuded zone
had reduced SFs and FAs (Fig. 5 C), were no longer polar-
ized, and extended lamellipodia in many different direc-
tions.

During the time course experiment, there was no prefer-
ential increase in the number of polarized Ras-GAP mu-
tant cells that had reorganized SFs and FAs (Fig. 5, D-F
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and G). However, 20-25% of the population did exhibit
an elongated phenotype (Fig. 5 H). This elongation was
only detected in cells that already contained polarized SFs
and FAs. These results suggested that wound-edge cells
containing polarized SFs and FAs at the time of wounding
have the capacity to undergo elongation but not migration.
At later stages, mutant cells at the wound edge do not dis-
play a reduction of SFs and FAs. Since SFs and FAs are
formed in response to activated Rho (Ridley and Hall,
1992), the failure of these cytoskeletal elements to reorient
after wounding suggests that Ras-GAP mutant cells may
be abnormal in their ability to regulate Rho. Since Ras-
GAP and p190 are known to form a complex, these results
raise the possibility that the interaction between Ras-GAP
and p190 is potentially required for proper Rho-GAP
function and that in the absence of Ras-GAP, p190 may be
impaired in its ability to regulate Rho.
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Figure 4. Golgi morphology and Ts-VSV-
G-protein transport assay. (A and G, GAP
+/+ cells clone 12.78; B, GAP (+/-) cells
clone 12.37; C,H, GAP (—/-) clone 12.64;
D-F, GAP (—/-) clone 12.83). Golgi mor-
phology was visualized using anti-mannosi-
dase 11 antibodies (FITC-labeled in A-F and
Texas red-labeled in G-H). Golgi orienta-
tion about the nucleus (blue Hoechst stain-
ing) was assessed in all cell types. Golgi mor-
phology was assessed (F) after microinjection
of pPCDNAZ3-GAP construct into GAP (—/-)
cells (E and F). Ras-GAP expression was Vvi-
sualized with anti-ras-GAP antibodies fol-
lowed by Texas red-labeled secondary anti-
body (E). Arrows in E and F identify injected
cells. VSV-G-protein visualized with anti-114
antibody (FITC-labeled in G-H). VSV-G-pro-
tein was delivered to leading edge of wild-
type cells within 30 min after heat-shock (ar-
rows in G) but was randomly inserted over
the plasma membrane in Ras-GAP mutant
cells in as early as 15 min (H) after the
temperature shift. Bars: (A-C and E-H)
50 wm; (D) 125 pm.

Ras-GAP and p190 Function to Remodel Actin SFs

To test the function of p190 in SF reorientation, we sought
to disrupt the in vivo pTyr-mediated Ras-GAP/p190 pro-
tein complex in wild-type cells by using inhibitory peptides
derived from p190 sequences. The specificity of these pep-
tides was tested by an in vitro competition assay using de-
tergent-treated lysates of RAT-2 cells transformed by
v-Src (Koch et al., 1992). The NH,-terminal hydrophobic
region of Ras-GAP (GAP-H; Fig. 6, lane 2) did not bind to
p190 as expected. Positive control reactions demonstrated
that both the GST-Ras-GAP-SH2 (NH,- and COOH-ter-
minal) fusion proteins were able to bind to p190 (Fig. 6,
lanes 3 and 4). In competition experiments, the longer
diphosphotyrosine peptide that contained amino acid resi-
dues 1086-1110 inclusive of p190, was able to inhibit the
interaction between p190 and both GST-Ras-GAP SH2
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Figure 5. Actin SF and FA remodeling in
wild-type and Ras-GAP mutant cells after
wounding. Wild-type cells (A-C) and mu-
tant cells (D-F) were wounded, fixed and
stained for actin filaments (visualized with

rhodamine-phalloidin) and vinculin-con-

Polarization of Actin Stress Fibers Cell Elongation taining FAs (stained with anti-vinculin an-

100 == GAP (+/+) clone 12.78 tibodies and FITC-labeled secondary anti-

= GAP (+/-) clons 12.37 100| = SAR [+ 13',,0,9;11225; bodies). (A and D, 0 h; B and E, 16 h; C

" i v b cod 2e o = AP (7] clone 1285 and F, 24 h) Polarized cells were scored as

2 o 3|3 those having SFs parallel to the direction

5 gg 60 of migration (G). Percent cell elongation

5 40 i 95 40 was expressed as the total number of elon-

:é 28 gated cells divided by total number of cells

20 1 | =l® 20 with polarized SFs and FAs. At all time

- r:] _‘] ﬂ ﬂ | 0 points, >500 cells were sampled for each

N AR G 8 16 2 H cell type (H). Bars: (A-D) 50 um; (E-F)
Time (hours) Time lhours: 125 pm.

(NH,- and COOH-terminal) fusion proteins (Fig. 6, lanes
5 and 6). The shorter, phosphatase-resistant peptide-span-
ning amino acid residues 1100-1112 of p190, containing a
single nonhydrolyzable pTyr analogue at position 1105,
was eluted from the HPLC column in two peaks as enan-
tiomers. The faster elution peak, designated as Peptide 1
inhibited the interaction with the NH,-terminal Ras-GAP
SH2 domain (lane 7). However, the slower migrating frac-
tion, designated as Peptide 2 inhibited the Ras-GAP/p190
interaction in the mixing experiments to a lesser extent
(lane 8) than Peptide 1. From these results, we infer that
Peptide 1 and Peptide 2 are in the L- and D-configura-
tions, respectively. Both Peptide 1 and Peptide 2 decreased
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the interaction of the GST-Ras-GAP COOH-terminal
SH2 domain with p190 (lanes 9 and 10). Presumably in this
case the SH2 domain is recognizing the phenyl-phosphate
side chain of each phosphatase-resistant phosphonopep-
tide and not the peptide backbone and the inhibition is
due to the use of excess peptide.

To test whether the association between Ras-GAP and
p190 influences SF and FA orientation, p190 inhibitory
peptides were then microinjected into wounded wild-type
cells. Coinjection with rhodamine-conjugated 1gG anti-
bodies facilitated identification of injected cells. The
diphosphotyrosine peptide (Fig. 7, A-C) and Peptide 1
(Fig. 7, D-F) significantly reduced the extent of SF reori-
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Figure 6. Disruption of p120 Ras-GAP/p190 interaction in STA
cellular lysates by inhibitory p190 synthetic peptides. Lanes 1-4,
no peptide; lanes 5 and 6, diphosphotyrosine peptide; lanes 7 and
9, Peptide 1 phosphonopeptide; lanes 8 and 10, Peptide 2
phosphonopeptide. 50 wM peptide, 200 pg of total S7A cellular
lysate, and 10 p.g of GST-Ras-GAP fusion proteins were used for
all mixing experiments. Samples were subject to blotting with
anti-p190 antibodies.

entation and migration (see also Table 1). Injected rho-
damine-lgG-labeled cells were primarily restricted to the
wound edge. In contrast, microinjection of Peptide 2 (Fig.
7, G-1) and rhodamine-IgG antibody alone (Fig. 7, J-L)
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did not affect significantly SF reorientation and migration
(see also Table I). FA reorientation was similarly affected
by these p190 inhibitory peptides (data not shown). These
results suggest that the pTyr-mediated interaction be-
tween Ras-GAP and p190 is required for SF and FA reori-
entation during directed movement, possibly through an
effect on Rho-GAP function. However, we cannot exclude
the possibility that a binding partner for the Ras-GAP
SH2 domains other than p190 is responsible for communi-
cating the Ras-GAP signal to the cytoskeleton.

Ras and Rho Function in Cell Polarity and Movement

We next examined the role of the Ras GTPase in directed
movement. We have previously shown that growth factor
stimulation by PDGF leads to a greater increase in cellular
Ras-GTP levels in Ras-GAP mutant cells than in wild-
type cells (van der Geer et al., 1997). As illustrated,
PDGF-stimulated wild-type cells migrated rapidly into the
wound, which frequently resulted in wound closure (Fig. 8
A"). Wild-type cells maintained an elongate morphology,
whose longitudinal axis was pointed towards the wound
(Fig. 8 A"). In contrast to this ordered migration of wild-
type cells, the longitudinal axis of Ras-GAP mutant cells
was randomly orientated with respect to the wound edge
(Fig. 8 B’). Therefore, although the migration defect of
Ras-GAP mutant cells is partially rescued by growth fac-
tor stimulation, correlating with increased Ras-GTP lev-
els, the orientation of migration remained impaired.

Figure 7. Inhibition of SF
polarization and migration
by microinjection of p190 in-
hibitory peptides into wild-
type cells. (A-C, diphos-
photyrosine peptide; D-F,
Peptide 1 phosphonopeptide;
G-1, Peptide 2 phospho-
nopeptide; J-L, rhodamine—
goat-1gG alone). Actin fila-
ments were visualized with
FITC-phalloidin and pep-
tides were coinjected with
rhodamine-1gG. Injected cells
within hatched boxes in pan-
els at a lower magnification
(A, D, G, and J) illustrating
rhodamine-labeling and actin
SFs, are shown separately at
higher magnification in adja-
cent panels. Note that cells
injected with the diphospho-
tyrosine peptide (A-C) and
Peptide 1 (D-F) are largely
confined to the wound edge
and have no polarized SFs.
Cells injected with Peptide 2
(G-I) exhibit some inhibition
of polarity while those in-
jected with 1gG alone (J-L)
result in no inhibition of po-
larized SF formation and mo-
tility. Bars: (A, D, G, and J)
50 um; (B-C, E-F, H-1, and
K-L) 50 wm.
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Table . Inhibition of Actin S- Reorientation in Wild-type Cells by p190 Inhibitory Peptides

Peptide (100 uM) Total no. injected cells at wound edge Total no. cellswith polarized SFs* Total no. cellsinwound N

Peptide 1 phosphonopeptide 79 20 10 89
Peptide 2 phosphonopeptide 63 58 51 114
Diphosphotyrosine peptide 131 19 8 139
Rhodamine-1gG 103 56 30 133

*Polarized SFsin cellsincluded those polarized at the wound edge plus those within wounds.

Higher magnification also revealed a loss of cell-cell con-
tact in the mutant population (data not shown). These
results suggest that the orientation defect was not due to
aberrant Ras regulation and may be due to a Ras-indepen-
dent function of Ras-GAP.

To test whether orientation of migration reflected a
Ras-independent role of Ras-GAP, we constructed Ras-
GAP mutant cells stably expressing the NH,-terminal re-
gion of Ras-GAP but lacking the catalytic domain (GAP-N;
see Materials and Methods and McGlade et al., 1993). We

then tested these cells for directed cell movement. Ex-
pression levels of GAP-N were analyzed by immunoblot-
ting and subsequent immunoprecipitation experiments us-
ing anti-Ras-GAP antibodies showed that GAP-N
associated with p190 (data not shown). As expected, un-
stimulated GAP-N cells did not exhibit movement (Fig. 8
C). However, in contrast to Ras-GAP mutant cells, GAP-
N-expressing cells exhibited migration that was similar to
wild-type cells after growth factor stimulation. The move-
ment of GAP-N cells was ordered and the polarity was

24 hr
no PDGF|

24 hr [ 50522
PDGF [gaiass
{30ng/ml)

Figure 8. PDGF-induced
Ras activation stimulates
motility of Ras-GAP mutant

cells. Wild-type cells (A and
A’), Ras-GAP mutant cells
(B and B’) and Ras-GAP
mutant cells stably express-

no
PDGF
30 min

PDGF
30 min
(30ngfmL)

anti-GST-raf

anti-Phospho-ERK
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anti-GST-raf

ing GAP-N (C and C’), mi-
grate into the denuded zone
(A'-C’) more efficiently af-
ter PDGF stimulation than
unstimulated cells (A-C).
Ras activation after wound-
ing and PDGF stimulation at
the indicated times was visu-
alized in wild-type cells (d-f
and d'-f’) and in Ras-GAP
mutant cells (g-i and g'-i")
by labeling with GST-Raf-
RBD fusion protein followed
by anti-GST antibodies (d-f
and g-i). Cultures were also
double-labeled for activated
MAP kinase using antibodies
to phosphorylated ERK1
and 2. Bars: (A-C’) 100 pm;

anti-Phospho-ERK (d-i") 100 pm.
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Figure 9. Effect of PDGF-
induced Ras activation and
Rho inhibition on rescuing
cell polarity in Ras-GAP mu-
tant cells. Wild-type cells (A
and D) and Ras-GAP mutant
cells (B-C and E-F) were
stimulated with PDGF. Golgi
morphology was assessed us-
ing anti-mannosidase anti-
bodies (Texas red-labeled in
A-C and Alexa 350-labeled
in G). Nuclei were visualized
by blue Hoechst staining (A-
C). Actin filaments were
visualized using FITC-phal-
loidin (D, E, and H). VSV-
G-protein transport (FITC-
labeled in C) in GAP mutant
cells after PDGF stimulation
was assessed (C and F).
Phase-contrast image of two
GAP mutant cells (F) is
merged with image in C to

PDGF-Stimulated
Ras Activation

show localization of VSV-
G-protein to leading edge
(arrows in C and F). GAP
mutant cells (G-I) were mi-

C3 Transferase-
Mediated Rho Inhibition

croinjected with C3 transferase (0.3 mg/ml) to inhibit cellular Rho-GTP. Coinjection with rhodamine-1gG served to identify injected
cells (1). Injected cells exhibit fewer SFs (H) and those at the wound edge (small arrow) show a polarized, elongate shape in the direc-
tion of migration. Only a partial rescue of Golgi morphology (G) was noted in the injected cell population. Arrowheads located at the
left-hand corner of each panel indicate direction of migration. Bars: (A, B, D, E, and G-1) 50 um; (C and F) 20 pm.

fully restored with elongate-shaped cells oriented uni-
formly to the direction of migration (Fig. 8 C’). Thus,
these results suggest that Ras-GTP is required for cell mo-
tility, but the association between Ras-GAP and p190 is
necessary to restore ordered cell polarization preceding
movement.

To determine if these results were due to a change in the
activation of Ras in wounded cells, we immunostained for
active Ras using a GST-Raf-RBD fusion protein. The min-
imal Ras-binding domain (RBD) of Raf has been shown
to be specific for activated Ras (Rooij and Bos, 1997).
Wounded cell cultures were fixed and stained for active
Ras and activated MAP kinase (as a downstream marker
for Ras activation). As shown in Fig. 8, d and d’, wild-type
cells showed more activation of Ras at the wound edge
than did mutant cells (Fig. 8, g and g') 5 min after wound-
ing. Ras activation tapered to basal levels 30 min after
wounding (Fig. 8 e, €', h, and h’). However, after growth
factor stimulation, mutant cells exhibited more binding of
the GST-Raf protein (Fig. 8 i) than did wild-type cells
(Fig. 8 f), consistent with our previous finding of elevated
Ras-GTP levels after PDGF stimulation (van der Geer et
al., 1997). Activation of MAP kinase followed similar pat-
terns of expression (Fig. 8, d'—f", g'-i").

After PDGF stimulation, all mutant cells at the wound
edge showed normal membrane ruffling and lamellipodial
extensions (Fig. 9 F) to the same degree as wild-type cells.
Phalloidin staining of stimulated mutant cells revealed
elongate shaped cells with SFs oriented along the longitu-
dinal axis but with the leading edges of cells pointed in a
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random manner (Fig. 9 E) in contrast to wild-type cells
(Fig. 9 D). Stimulated GAP-N cells also produced elon-
gate cell morphologies with polarized SFs but the leading
edges of cells were oriented uniformly to the direction of
migration, similar to wild-type cells (data not shown).
PDGF-induced Ras activation also resulted in the rescue
of Golgi morphology in eighty percent of actively migrat-
ing Ras-GAP mutant cells (Fig. 9 B) and rescued polarized
vesicular transport of the VSV-G-protein to the leading
edge of the cell (Fig. 9, C and F). Interestingly, stimulated
mutant cells that were further removed from the wound
edge, still possessed a fragmented GA (data not shown).
We next examined the possibility that the failure of SFs
and FAs to reorient in Ras-GAP mutant cells was due to
the absence of the Ras-GAP/p190 complex, and a conse-
quent effect on Rho regulation. This was accomplished by
using the Rho inhibitor, C3 transferase, which ADP-ribo-
sylates Rho, thus preventing guanine-nucleotide exchange
activity (Aktories and Hall, 1989). Microinjection of C3
transferase (visualized by rhodamine staining in Fig. 9 1),
effectively reduced the number of SFs in Ras-GAP mutant
cells. These cells also acquired an elongate shape and had
SFs oriented towards the direction of movement (Fig. 9
H). However, the cells did not migrate further from the
wound edge 24 h after C3 transferase treatment. Interest-
ingly, treatment of Ras-GAP mutant cells with C3 trans-
ferase resulted in only a partial rescue of the Golgi
morphology (Fig. 9 G). Only 40% of the C3 injected pop-
ulation had a normal GA and microinjection of a putative
dominant-negative Rho (T19N Rho) cDNA resulted in
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only 50% rescue (data not shown), suggesting that Rho
plays only a minor role in Golgi integrity. Although im-
paired Rho regulation appeared to affect polarized SF and
FA turnover in Ras-GAP mutant cells, it did not inhibit
movement.

Discussion

Cell motility is a complex process involving (a) the coordi-
nated extension of lamellipodia and subsequent formation
of new focal contacts to the underlying substratum at the
leading edge, (b) the generation of traction and tension
within the cell cortex, and (c) the release of focal contacts
at the rear of the cell. The actin and MT cytoskeletons play
an integral role in modulating cell shape changes in a man-
ner critical for directed cell movement (for reviews, see
Lee et al., 1993; Stossel, 1993; Huttenlocher et al., 1995;
Heidemann and Buxbaum, 1998; Waterman-Storer and
Salmon, 1999). This control of actin cytoskeletal dynamics
is regulated in part by GAPs. We have used a cell-wound-
ing assay to analyze a migration defect in Ras-GAP-defi-
cient cells. One advantage of a cell-wounding assay is that
cell migration is unidirectional towards the wound face,
providing a unique opportunity to examine cytoskeletal-
based changes that lead to the generation of cellular asym-
metry for polarity preceding movement.

In this study, we show that Ras-GAP serves two impor-
tant functions in cell motility. First, Ras-GAP regulates
Ras in a manner that is essential for movement. Second,
Ras-GAP complexed to p190 affects SF and FA remodel-
ing to direct the orientation of migration. Our data indi-
cate that the role of Ras-GAP in the regulation of Ras is
complex. A simplistic model would predict elevated levels
of Ras-GTP in Ras-GAP mutant cells. However, we have
found that Ras-GTP levels are, if anything, decreased in
unstimulated wounded cells and it is only after stimulation
of Ras-GAP mutant cells with growth factor are elevated
Ras-GTP levels observed. This correlates with earlier data
showing that Ras-GTP levels are only aberrantly elevated
in mutant cells upon growth factor stimulation. Further-
more, the stimulation of mutant cells by growth factor res-
cued cell spreading and migration defects, suggesting these
events are likely dependent upon Ras activation levels.
This is consistent with previously described roles of Ras in
generating membrane ruffling and lamellipodia formation
(Bar-Sagi and Feramisco, 1986; Ridley et al., 1992). Sup-
pression of Ras activity by the use of a Ras-neutralizing
antibody, a dominant-negative Ras (N17Ras), has been
shown to cause a suppression of cell spreading (Fox et al.,
1994; Ridley et al., 1995; Nobes and Hall, 1999), similar to
the defect observed in Ras-GAP mutant cells. Thus, low
basal levels of activated Ras in Ras-GAP mutant cells may
partially account for the migration defect observed.

Ras-GAP mutant cells are defective in polarized vesicu-
lar transport and display a fragmented Golgi phenotype.
These data suggest a second causative role for the migra-
tion defects observed in these cells. However, our analysis
of this defect indicates that this phenotype may also be de-
pendent upon Ras activation levels. We observed that
Ras-GAP mutant cells have normal ability to form stable
MTs and to orient towards the wound face. However, non-
polarized vesicular transport was affected in Ras-GAP
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mutant cells as demonstrated by a fragmented GA and ab-
normal vesicular transport of VSV-G-protein. Recently,
local MT dynamics at the leading edge have been shown to
affect Ras/Rac activation (Waterman-Storer et al., 1999).
In MT regrowth experiments, the restricted assembly of
MTs at the leading edge has been shown to activate Racl
resulting in lamellar protrusions. However, we found no
detectable differences in the ability of Ras-GAP mutant
cells to form stable MT complexes. The assembly of stable
MTs has also been suggested to play a critical role for
polarized vesicular transport (Gundersen and Bulinski,
1988). The process of polarized vesicular transport of
secretory proteins and membrane mass to the leading edge
is required for initiation and continuation of lamellar ex-
tensions (Singer and Kupfer, 1986). Our observations sug-
gest that Ras-GAP may play a role in this process as evi-
denced by the growth factor dependence of the vesicular
transport and fragmented Golgi phenotypes. A second ex-
planation stems from recent observations by Liu and Li
(1998), demonstrating an in vitro interaction between the
catalytic domain of Ras-GAP and Rab5, a protein in-
volved in vesicular transport. Thus, we cannot exclude the
possibility that the lack of association between Ras-GAP
and Rab5 may also contribute to this process.

We have shown that Ras-GAP also functions in a Ras-
independent manner through a pTyr-dependent p190 in-
teraction. This interaction apparently promotes SF and
FA turnover, Rho-GAP regulation, and reorientation of
SFs and FAs for directed movement. The involvement of
the Ras-GAP/p190 complex in SF and FA remodeling has
been suggested previously. Overexpression of GAP-N led
to increased complex formation with p190 and resulted in
a loss of SFs and FAs (McGlade et al., 1993). Conversely,
we have demonstrated that disruption of the Ras-GAP/
p190 interaction by phospho-specific peptides leads to a
failure of SF and FA remodeling. Thus, this loss of turn-
over observed in Ras-GAP mutant cells is dependent
upon Ras-GAP/p190 complex formation.

The association with Ras-GAP may also affect the Rho-
GAP function of p190. We have previously shown that in-
creased complex formation between GAP-N and p190 in
RAT-2 cells enhances Rho-GAP activity (McGlade et al.,
1993). Ridley et al. (1993) has shown that microinjection
of the Rho-GAP catalytic domain of pl90 into lyso-
phospatidic acid-stimulated Swiss 3T3 cells, caused the
dissolution of SFs and FAs. This suggests that the Rho-
GAP function of native p190 is tethered in some way. Thus,
although p190 is present in Ras-GAP mutant cells, interac-
tion with Ras-GAP may be necessary for proper p190 reg-
ulation of Rho. Consistent with this hypothesis, the failure
of SF and FA turnover and reorientation might be due to
high levels of active Rho in Ras-GAP mutant cells. We
tested this hypothesis by blocking Rho function with the
Rho inhibitor, C3 transferase. In C3 transferase-treated
mutant cells, SFs were reoriented towards the direction of
migration and cells acquired an elongate morphology, sug-
gesting the defects in SF reorientation and turnover can be
rescued by inhibiting Rho. Ras-GAP mutant cells did not
migrate further from the wound edge after C3 transferase
treatment, due to lower levels of activated Ras as demon-
strated. Taken together, these results indicate the forma-
tion of the Ras-GAP/p190 complex is required for the cor-
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rect temporal Rho function of actin SFs and FAs and that
this interaction is pTyr mediated. Roof et al. (1998) report
major pTyr-dependent and minor pTyr-independent inter-
actions between Ras-GAP and p190. It is attractive to vi-
sualize a mechanism whereby an active pTyr-dependent
Ras-GAP/p190 complex regulates SF and FA turnover,
and an inactive pTyr-independent interaction is function-
ally silent. Thus, when cells require such cytoskeletal re-
modeling for movement, the inactive complex converts to
an active protein complex. The biological implications for
these interactions in regulating the cytoskeleton require
further investigation.

Our data show that when Ras-GAP is complexed to
p190 it propagates uniform cell polarity at the wound edge
and directs the orientation of migration. Ras-GAP mutant
cells, induced to migrate after growth factor-induced Ras
activation, had an appropriate elongate morphology for
migration. However, these cells were oriented in a random
manner with respect to the wound edge and the pattern of
migration was similar to endothelial cells that were in-
jected with the oncogenic form of Ha-ras (Fox et al., 1994).
In contrast, expression of GAP-N in Ras-GAP-deficient
cells not only rescued migration in a Ras-dependent man-
ner, the orientation of migration was also ordered and uni-
form at the wound edge, similar to wild-type cells. These
observations are consistent with Nobes and Hall (1999)
who report Ras is not only essential for movement but
may be responsible for SF and FA turnover.

In summary, our study shows that Ras-GAP has two im-
portant functions: (a) Ras-GAP negatively regulates Ras,
which is a requirement for cell movement, and (b) Ras-
GAP forms a complex with p190 in a pTyr-dependent
manner that is required for the turnover and reorientation
of SFs and FAs. Our data suggest that it is the absence of
these functions that accounts for the early embryonic cell
migration defects detected in the mouse embryo deficient
for Ras-GAP (Henkemeyer et al., 1995). Further targeted
mutational studies will be required to address the require-
ments of specific Ras-GAP domains for directed cell
movement in vivo.
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