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n-Chimaerin is a GTPase-activating protein (GAP) mainly for Racl and less so for Cdc42Hs in vitro. The
GAP activity of n-chimaerin is regulated by phospholipids and phorbol esters. Microinjection of Racl and
Cdc42Hs into mammalian cells induces formation of the actin-based structures lamellipodia and filopodia,
respectively, with the former being prevented by coinjection of the chimaerin GAP domain. Strikingly, micro-
injection of the full-length n-chimaerin into fibroblasts and neuroblastoma cells induces the simultaneous
formation of lamellipodia and filopodia. These structures undergo cycles of dissolution and formation, resem-
bling natural morphological events occurring at the leading edge of fibroblasts and neuronal growth cones. The
effects of n-chimaerin on formation of lamellipodia and filopodia were inhibited by dominant negative Rac1™"™
and Cdc42Hs™"™N, respectively. n-Chimaerin’s effects were also inhibited by coinjection with Rho GDP disso-
ciation inhibitor or by treatment with phorbol ester. A mutant n-chimaerin with no GAP activity and impaired
p21 binding was ineffective in inducing morphological changes, while a mutant lacking GAP activity alone was
effective. Microinjected n-chimaerin colocalized in situ with F-actin. Taken together, these results suggest that
n-chimaerin acts synergistically with Racl and Cdc42Hs to induce actin-based morphological changes and that
this action involves Racl and Cdc42Hs binding but not GAP activity. Thus, GAPs may have morphological

functions in addition to downregulation of GTPases

The Ras superfamily of GTPases plays an important role in
regulating a variety of cellular processes (8, 18). These GTP-
binding proteins have intrinsic GTPase and GDP/GTP ex-
change activities that can be regulated by associated proteins,
such as GTPase-activating proteins (GAPs), GDP dissociation
stimulators, and GDP dissociation inhibitors (GDIs). The ac-
tivity of these proteins determines the cellular ratio of p21-
GTP (on) to p21-GDP (off). In addition to regulating the
p21-nucleotide state, these proteins may play other roles. For
instance, Rho-GDI has been found in soluble complexes with
RhoA, Racl, and Cdc42Hs (28, 43) and has the ability to
solubilize these proteins from membranes (24, 28), suggesting
a role for it in recycling of Rho family proteins. Effector func-
tion has been proposed for the p120 Ras-GAP, as it is able to
modulate muscarinic atrial potassium channel currents (34,
54). GAP domains are often found to be associated with other
activities in complex proteins. Thus, there exist a novel myosin
and a phospholipase C-activating protein, both of which con-
tain Rho-GAP domains (23, 44); the Cdc42 and Racl GAP
protein BCR also contains serine-threonine kinase activity
(35), and the Cdc42 GAP protein RalBP1 also has binding
activity to the p21 protein Ral (10).

Members of the Rho family include Cdc42, RhoA, and
Racl. Cdc42 was originally isolated as a yeast mutant defective
in cell budding and polarity (1, 25). The human homolog,
Cdc42Hs, complements the yeast Cdc42 mutant (38, 50). Sim-
ilarly, yeast Rho proteins are thought to be required for cell
polarity and budding maintenance (14). RhoA (37, 41, 45),
Racl (46), and Cdc42Hs (27, 39) induce distinct changes in
actin-based cell morphology when microinjected into mamma-
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lian cells. More specifically, RhoA induces focal adhesion as-
sembly and stress fiber formation (41, 45), Racl induces la-
mellipodia and membrane ruffling and pinocytosis (46), and
Cdc42Hs induces formation of filopodia (27, 39) and periph-
eral-actin microspikes (27). There is complexity in these sig-
nalling pathways as a consequence of cross-talk between Ras
and the Rho family and between Rho family members. For
example, Ras and Cdc42Hs induce membrane ruffling by acti-
vating the Racl pathway (27, 46) and Racl can induce stress
fiber formation by activating the RhoA pathway (45).

n-Chimaerin (al-chimaerin) is a 38-kDa GAP for Racl and
Cdc42Hs whose activity in vitro is modulated by phorbol esters
and phospholipids through its protein kinase C-like cysteine-
rich domain (5). n-Chimaerin mRNA is expressed specifically
in brain neurons and increases rapidly postnatally from birth to
20 days, a time of extensive cellular differentiation and synap-
togenesis (19, 32). A related gene gives rise to B1-chimaerin,
which has 77% protein sequence identity to n-chimaerin but is
specifically expressed in the testes and localizes in germ cells
during acrosomal assembly (30).

To determine its physiological function, we microinjected
n-chimaerin or GAP domains into Swiss 3T3 fibroblast and
N1E-115 neuroblastoma cells. We found that the GAP domain
of n-chimaerin acts as a specific downregulator for the Racl
pathway and works by stimulating its GTPase activity. How-
ever, microinjection of full-length n-chimaerin induced the for-
mation of the actin-based structures lamellipodia and filopo-
dia. Coinjection of n-chimaerin with dominant negative (T17N)
mutant Racl or Cdc42Hs proteins, or with Rho-GDI, inhibited
its function. Microinjected n-chimaerin colocalized with F-ac-
tin and caused a redistribution of the focal adhesion protein
vinculin. n-Chimaerin will bind preferentially to GTPase-neg-
ative mutants of Racl and Cdc42Hs (6, 42). Together, these
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results suggest that n-chimaerin cooperates with Racl and
Cdc42Hs in inducing changes in cytoskeletal morphology.

MATERIALS AND METHODS

¢DNA subcloning into glutathione S-transferase and maltose-binding protein
vectors, mutagenesis, and protein purification. Racl, Cdc42Hs, Rho-GDI, and
GAP domain cDNAs subcloned into pGEX-2T as described previously (3, 6, 27)
were used to express these proteins in Escherichia coli. In some cases cDNAs
were subcloned into the derivative p265 or p265polyglycine to improve cleavage
by thrombin. pGEX-2T derivatives p265 and p265polyglycine (17) have amino
acid spacers between the thrombin cleavage site and the cDNA cloning site.
n-Chimaerin full-length and N-terminal proteins were not expressed well in the
glutathione S-transferase system, partitioning mainly into the insoluble fraction
(3). However, when n-chimaerin ¢cDNA was subcloned into p997, a maltose-
binding protein fusion system, protein was completely soluble and expressed in
high yield. For full-length n-chimaerin, the FokI fragment (32) was purified and
subcloned into the Xmnl site of p997. To obtain N-terminal protein, phorbol
ester binding domain (amino acids 1 to 172), p997-n-chimaerin was cut with
EcoRI and religated to remove the C-terminal domain. The full-length n-chi-
maerin mutants (A143-145 and A131-133) and C-terminal mutant (A1-105/
A131-133) were generated and characterized as described elsewhere (6). For
Racl and Cdc42Hs mutagenesis (G12V and T17N), a Clontech Transformer
site-directed mutagenesis kit was used on cDNAs subcloned into pBluescript.
After isolation, mutants were sequenced before being subcloned into p265 or
p265polyglycine. For protein purification, E. coli cells carrying appropriate plas-
mids were grown to an optical density at 650 nm of 0.5 and 1 mM isopropyl-B-
D-thiogalactopyranoside (IPTG) was added. Cells were harvested, resuspended
in lysis buffer [10 mM sodium phosphate, 30 mM NaCl, 0.25% Tween, 10 mM
B-mercaptoethanol, 2 mM EDTA, 2 mM ethylene glycol-bis(B-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA)], and frozen at —20°C. When re-
quired, cells were thawed and sonicated (four times for 30 s each time, setting 4,
MSE sonicator) and cell debris was removed by centrifugation at 14,000 X g for
10 to 20 min. Supernatants were then applied to glutathione-Sepharose or amy-
lose columns and washed with 5 column volumes of the appropriate buffer
(thrombin-containing buffer, or factor X,-containing cleavage buffer, 1 mM
phenylmethylsulfonyl fluoride, and a cocktail of protease inhibitors [2]).

Glutathione S-transferase fusion proteins were eluted with thrombin, and the
thrombin was removed by using benzadiamine-Sepharose columns. For maltose-
binding protein fusion proteins, elution was carried out with 10 mM maltose.
Samples were then dialyzed, twice in 2 liters in factor X, buffer without maltose
overnight to remove maltose, concentrated to approximately 2 mg/ml, and
cleaved with factor X, buffer for 1 to 2 h at room temperature. Maltose-binding
protein was removed by amylose chromatography. As n-chimaerin is a Zn met-
alloprotein, 50 M zinc was added to the growth medium before induction with
IPTG. Atomic-absorption analysis revealed that n-chimaerin and the phorbol
ester binding domain were replete with zinc. All protein samples were more than
95% pure and frozen at —20°C in aliquots of 20 to 60 wl at 0.5 to 2.0 mg/ml.

c¢DNA subcloning into the COS cell expression vector pMT2. cDNAs coding
for full-length rat and human n-chimaerin were subcloned into eukaryotic ex-
pression vector pMT2 (26) as follows. cDNAs encoding the rat C- and N-
terminal portions of n-chimaerin (32) were ligated at the EcoRI sites, cut with
HindIll, and cloned into Bluescript, generating RLAM 631. A PstI fragment
from RLAM 631, encoding full-length n-chimaerin, was ligated into the PstI site
of pMT?2, generating pMT2-NC. A PstI fragment encoding human n-chimaerin
was subcloned from pBSCM1 (19) into the PstI site of pMT?2, generating pMT2-
NCA!-35, Finally, a deletion of the 0.6-kb EcoRI fragment from pMT2-NC
yielded the construct pMT2-NTNC, which codes for the N-terminal amino acids
1 to 172 of n-chimaerin. Rat and human rn-chimaerin are 97% identical at the
amino acid level and indistinguishable in terms of biochemical activities. For all
vectors used, cDNA constructs with opposite orientations were also prepared as
controls. Standard DNA and cloning methods were employed as described by
Sambrook et al. (48).

Cell culture and transfection. Swiss 3T3 and COS7 fibroblasts and N1E-115
neuroblastoma cells were cultured in Dulbecco’s modified Eagle medium with
10% fetal calf serum (FCS) and antibiotic and antimycotic agents (Gibco) at
37°C with 5% CO,. For transient transfection, COS7 cells were plated at 2 X 10°
cells per 9-cm-diameter dish. The next day, medium was replaced, and 3 h later
calcium phosphate-DNA precipitate was added. This DNA was prepared by
adding 20 pg of plasmid DNA and 31 pl of 2 M CaCl, (made up to 250 pl) to
250 pl of 2X BES (2X BES is 50 mM BES [Calbiochem], 280 mM Na(l, and 1.5
mM Na,HPO, [pH 6.95]). The precipitate was added to the cells for 16 h before
a wash with normal medium. Cells were harvested 48 h after transfection.

Cell fractionation and Western (immunoblot) analysis. COS7 cell pellets were
suspended in hypotonic buffer (20 mM Tris [pH 7.0], 10 mM KCI, 2 mM
phenylmethylsulfonyl fluoride) on ice for 5 min and sonicated at high power
three times for 5 s each time. Insoluble material was pelleted at 13,000 X g for
10 min, and the pellet was rewashed in hypotonic buffer. To investigate detergent
solubility, cell pellets were resuspended in CSK buffer (140 mM NaCl, 10 mM
Tris [pH 7.6], 2 mM phenylmethylsulfonyl fluoride, 1% Triton X-100). After
incubation on ice for 5 min, the cytoskeleton was pelleted at 13,000 X g for 10
min and the pellet was rewashed. In all cases, soluble and insoluble fractions
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were finally resuspended in equivalent volumes of Laemmli buffer (29). Proteins
were electrophoresed on 10% polyacrylamide-sodium dodecyl sulfate (SDS) gels
and stained with Coomassie blue (0.1%) or electroblotted with a Sartoblot 11-S
(Sartorius) onto nitrocellulose by using 25 mM Tris (pH 8.3)-192 mM glycine—
20% methanol as transfer buffer. Prestained molecular weight markers were used
(Sigma). Polyclonal rabbit antibodies to n-chimaerin were prepared as previously
described (4). Western analysis was performed as follows. Nitrocellulose filters
were blocked overnight at 4°C in 5% milk powder (Marvel), washed in phos-
phate-buffered saline plus 0.1% Tween (PBST), and incubated with anti-n-
chimaerin polyclonal antibodies (diluted 200-fold in PBS). After a 1.5-h incuba-
tion at room temperature, five washes with PBST, incubation with peroxidase-
conjugated anti-rabbit immunoglobulin G (Dako; diluted 1,000-fold in PBS), and
five further washes in PBST, the filters were incubated with luminol enhanced
chemiluminescence reagent (Amersham) and then exposed to Amersham Hy-
perfilm.

Microinjection, in situ immunostaining, and lucifer yellow uptake. Swiss 3T3
cells were grown on gridded glass slides. Subconfluent cells were starved in
Dulbecco’s modified Eagle medium plus 0.2% NaHCO; for 24 to 48 h before
injection. Proteins were normally injected in 50 mM Tris-HCI (pH 7.5)-50 mM
NaCl-5 mM MgCl,-0.1 mM dithiothreitol by an Eppendorf microinjector and a
Zeiss Axiovert microscope. Successful injection was determined visually at the
time of injection and also by coinjection of the marker protein mouse immuno-
globulin or n-chimaerin. Cell viability was estimated to be greater than 90%. For
time-lapse studies, the cells were maintained on a heated platform (37°C) in a
10% CO, environment and viewed under phase contrast as described previously
(28). For immunofluorescence staining, the cells were washed with PBS, fixed in
3% paraformaldehyde in PBS for 20 min, and washed in 0.2% Triton X-100 in
PBS for 5 min. Fixed cells were incubated with 1:20-diluted antichimaerin
(4Ac?), antivinculin (Sigma), or anti-mouse immunoglobulin G (Dako) antibod-
ies in PBS plus 3% bovine serum albumin (BSA) for 1.5 h at room temperature
and then washed three times for 5 min each time in PBS. Then they were
incubated with 1:100-diluted fluorescein isothiocyanate-conjugated anti-rabbit
and anti-mouse antibodies (Dako) together with rhodamine-conjugated phalloi-
din (to stain filamentous actin; 0.2 mg/ml; Sigma) in PBS plus 3% BSA for 1 h,
washed in PBS three times for 5 min each time, and mounted in Mowiol-1,4-
diazabicyclo[2.2.2]octane (Aldrich). For determination of pinocytotic activity,
microinjected log-phase Swiss 3T3 cells were incubated with 1 mg of lucifer
yellow (Sigma) per ml for 1.5 h at 37°C before being washed in PBS and fixed
with 3% paraformaldehyde. Cells were photographed under fluorescence with
Ektachrome 400 film (Kodak).

RESULTS

The GAP domain of rn-chimaerin inhibits the Racl signal-
ling pathway. The C-terminal GAP domain of n-chimaerin
(amino acids 106 to 299) stimulates in vitro the GTPase activity
of Racl (13) and with reduced potency that of Cdc42Hs but
not that of RhoA (6, 33). Injection of this domain into fibro-
blasts resulted in the inhibition of both Racl-induced mem-
brane ruffling, identified after staining for filamentous actin
with phalloidin (Fig. 1a and b), and pinocytosis as determined
by lucifer yellow uptake (data not shown). In contrast, the
N-terminal phorbol ester binding domain of n-chimaerin did
not inhibit ruffling or pinocytosis (data not shown). Thus, the
GAP domain acted as a cellular downregulator of the Racl
pathway.

Coinjection experiments were carried out to establish how
the GAP domain acted as a downregulator. The findings (data
not shown) were as follows. Firstly, the GAP domain did not
significantly reduce membrane ruffling induced by Racl com-
plexed to GTP-v-S (a nonhydrolyzable GTP analog). Secondly,
a mutant GAP domain (A1-105/A131-133), which does not
possess Rac1-GAP activity but does bind Racl (6), also did not
reduce Racl-mediated membrane ruffling. Thirdly, membrane
ruffling induced by the GTPase-negative mutant Rac1°'?Y was
not downregulated by the GAP domain. These results suggest
that the GAP domain downregulates the Racl pathway by
stimulating the Racl intrinsic GTPase activity.

The GAP domain acted specifically on the Racl pathway, as
it did not affect the formation of structures induced by the
RhoA or Cdc42Hs pathway, namely, stress fibers induced by
0.5% FCS or by lysophosphatidic acid (LPA) (Fig. 1c and d)
and filopodia induced by bradykinin (27). These results show
that the GAP domain of n-chimaerin is a useful reagent as a



FIG. 1. The n-chimaerin GAP domain specifically downregulates the Racl pathway. (a and b) Serum-starved Swiss 3T3 cells microinjected with Racl protein (a)
or Racl and GAP domain (A1-105) proteins (b); (c and d) cells treated with 20 ng of LPA per ml (c) and injected with GAP domain and then treated with LPA (d);
(e and f) cells treated with 100 nM PMA (e) and injected with GAP domain and then treated with PMA (f); (g and h) cells treated with 1 pg of 1-oleyl-2-acetyl-rac-
glycerol per ml (g) and injected with the GAP domain and then treated with 1-oleyl-2-acetyl-rac-glycerol (h). Cells were incubated for 10 min at 37°C after injections

and/or treatments before fixation and staining with rhodamine-conjugated phalloidin. Proteins were each injected at 0.5 mg/ml. All cells in panels b, d, f, and h were
microinjected with GAP domain protein. Bar, 10 um.
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FIG. 2. n-Chimaerin induces the formation of the actin-based structures lamellipodia and filopodia. (A) Serum-starved Swiss 3T3 cells were microinjected with
buffer only (a) or 0.5 mg of full-length n-chimaerin per ml (b). Cells were incubated for 10 min at 37°C and then fixed and stained with rhodamine-conjugated phalloidin
to identify F-actin. The straight arrow indicates an example of peripheral-actin microspikes, while the curved arrow indicates a region undergoing membrane ruffling.
Bar, 10 um. (B) Formation and cycling of filopodia and of membrane ruffles and lamellipodia by n-chimaerin. Serum-starved Swiss 3T3 cells were microinjected with
1 mg of full-length n-chimaerin per ml at 0 min (a) and monitored by phase-contrast microscopy at 37°C at 2-min intervals for a total of 30 min (b to p). Note straight
arrows in panels e, j, 1, and o indicating the cycling (formation and decline) of a lamellipodium; curved arrows in panels e, i, and m indicate the formation of a filopodium
followed by lamellipodium formation and membrane ruffling. Bar, 10 pm. (C) n-Chimaerin induces pinocytosis. Log-phase Swiss 3T3 cells were microinjected with
proteins at 0.5 mg/ml before incubation with lucifer yellow for 1.5 h at 37°C. They were then washed, fixed, and observed by fluorescence microscopy. Cells were
microinjected with Racl (a), full-length n-chimaerin (b), or BSA (c). (D) n-Chimaerin induces the formation of filopodia and lamellipodia in growth cones. The growth
cones of serum-starved neuroblastoma N1E-115 cells were observed under phase-contrast microscopy for basal activity for 5 min (a and b) before being microinjected
at 0 min with n-chimaerin and photographed at 3-min intervals (c to f). The arrow in panel ¢ indicates a new filopodium, and the curved arrow in panel d indicates

early lamellipodial formation. Times (in minutes) before and after microinjection are indicated at the bottoms of the panels.

specific downregulator of the Racl pathway. A variety of
growth factors cause membrane ruffling, which can be inhibited
by a dominant negative mutant Racl protein, Rac1™"™ (46).
These findings have established a role for Racl in membrane
ruffling, but as the mode of action of dominant negative
Rac1T7N is still not clear, it is not known whether this involves
the increased formation of activated Racl-GTP. Cells were
injected with the GAP domain before treatment with a variety
of agents, including phorbol ester (phorbol myristate acetate
[PMA]; 100 nM [Fig. 1e and £]), 1-oleyl-2-acetyl-rac-glycerol (1
wg/ml [Fig. 1g and h]), platelet-derived growth factor (6 ng/
ml), epidermal growth factor (10 ng/ml), bombesin (10 nM),
and insulin (1 pg/ml). In all cases the factor-induced mem-
brane ruffling was prevented by injection of the GAP domain.
This suggests that these factors induce membrane ruffling by
causing an increase in Racl-GTP levels.

Full-length n-chimaerin induces the formation of lamellipo-
dia and filopodia. Having established that the GAP domain is

a downregulator of the Racl pathway, we wanted to determine
the effect of full-length n-chimaerin on cell morphology. Strik-
ingly, microinjection of full-length n-chimaerin induced mem-
brane ruffling and formation of peripheral-actin microspikes
within 5 to 10 min (Fig. 2A). The formation of these actin-
containing structures continued for up to a few hours and then
declined. In contrast, control cells (including those injected
with BSA, thrombin-containing buffer, or factor X, -containing
buffer) have mainly smooth peripheral-actin staining (Fig. 2A).
n-Chimaerin also induced a significant reduction in the num-
ber of stress fibers after 30 min (data not shown). To investi-
gate the dynamics of the effects of n-chimaerin on cell mor-
phology, time-lapse phase-contrast microscopy was used.
Microinjection of n-chimaerin resulted in the formation of
membrane ruffles (seen as darkened cell edges under phase-
contrast microscopy), lamellipodia, and filopodia (Fig. 2B).
Furthermore, we observed a cycling of changes in morphology
whereby filopodia and lamellipodia formed, disappeared, and
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reformed. n-Chimaerin was also found to induce pinocytosis to
levels similar to those seen with Racl injection (Fig. 2C). As
the formation of lamellipodia and filopodia is essential for
growth cone development, we examined whether n-chimaerin
could play a role in this process. Following microinjection of
n-chimaerin into the bodies of serum-starved neuroblastoma
NI1E-115 cells, we observed a dramatic increase of new filopo-
dial and lamellipodial activity at the growth cone (Fig. 2D).
The microinjection of Cdc42Hs and Racl into these neuro-
blastoma cells also induced the formation of filopodia and
lamellipodia, respectively (data not shown), as previously ob-
served with Swiss 3T3 fibroblasts (27). In contrast to the use of
full-length n-chimaerin, microinjection with truncated forms,
including the C-terminal GAP domain (A1-105), the C-termi-
nal GAP domain with a loss of GAP activity (A1-105/A131-
133), or N-terminal chimaerin (A173-299), did not stimulate
formation of filopodia or lamellipodia. Thus, only full-length
n-chimaerin caused changes in cell morphology consistent with
simultaneous activation of Racl and Cdc42Hs signalling path-
ways in both fibroblasts and neuroblastoma cells.

Rho-GDI inhibits the morphological changes induced by r-
chimaerin. As Rho-GDI prevents Cdc42Hs, Racl, and RhoA
from interacting with GAPs (12, 20, 21), it was used to deter-
mine whether n-chimaerin requires any of these p21 proteins
to induce changes in morphology. n-Chimaerin was coinjected
with Rho-GDI, and the cells were subsequently stained with
phalloidin. Rho-GDI not only blocked the effects of n-chimae-
rin but also reduced phalloidin staining in general (Fig. 3A;
compare panels a and d).

n-Chimaerin-mediated induction of lamellipodia and filo-
podia requires active Racl and Cdc42Hs. To determine wheth-
er the inductive effect of n-chimaerin on lamellipodium forma-
tion and pinocytosis and on filopodium formation involved
Racl and Cdc42Hs, we coinjected n-chimaerin with dominant
negative Rac1™”™ or Cdc42Hs™"N protein. These mutant
proteins specifically block growth factor-induced morphologi-
cal changes acting through endogenous Racl and Cdc42Hs,
respectively (27, 46). They are thought to function by titrating
out specific activating factors, possibly GDP/GTP exchange
factors (15, 16, 36, 49). Rac1™ "™ blocked membrane ruffling
(Fig. 3A; compare panels a and b), lamellipodium formation
(Fig. 3B; compare panels a and b), and pinocytosis (Fig. 3C)
induced by n-chimaerin but not filopodium or microspike for-
mation, while Cdc42Hs™" "™ blocked actin microspike (Fig. 3A;
compare panels a and c) and filopodium (Fig. 3B; compare
panels ¢ and d) formation but not lamellipodium formation or
membrane ruffling. Quantification of these results is depicted
in Fig. 4, which also shows a general dose dependence for the
induction of filopodia and lamellipodia by n-chimaerin injec-
tion. These results indicate that the morphological effects elic-
ited by n-chimaerin required the participation of Racl and
Cdc42.

We have previously shown that the deletion mutant A143—
145 has impaired Racl-binding and Racl-GAP activity (6).
When microinjected into cells, this mutant did not promote the
morphological effects elicited with wild-type protein (Fig. 4).
Thus, to exert its effects chimaerin needs to interact with the
p21 proteins, although this experiment does not establish
which of the two impairments in the mutant is responsible for
the loss of stimulatory function. However, microinjection of
another n-chimaerin mutant, A131-133, which has no GAP
activity and yet still binds strongly to the p21 proteins (6),
resulted in the induction of both filopodia and membrane
ruffling (data not shown). Taken together, these results indi-
cate that p21 binding, but not GAP activity, is required for
full-length n-chimaerin to induce morphological changes.
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Phorbol ester inhibits n-chimaerin from inducing changes
in cell morphology. Since n-chimaerin GAP activity is stimu-
lated in vitro by phorbol esters (5), we used PMA to attempt to
downregulate Racl or Cdc42Hs signalling in cells to determine
how this affected n-chimaerin’s inductive properties. PMA
treatment of cells on its own induces membrane ruffling (46),
while microinjection of n-chimaerin on its own both induces
membrane ruffling and lamellipodium formation and induces
promotion of filopodia. When PMA was added to cells previ-
ously microinjected with n-chimaerin, the result was a loss of
existing and inhibition of formation both of membrane ruffles
and lamellipodia and of filopodia (Fig. 5). In contrast, micro-
injection of the mutant n-chimaerin (A143-145) without GAP
activity did not affect the ability of PMA to induce membrane
ruffling and lamellipodium formation (data not shown). LPA, a
stress fiber-inducing agent, inhibits n-chimaerin GAP activity
in vitro (5). Treatment of cells with either LPA or 0.5% FCS
did not affect the ability of microinjected n-chimaerin to pro-
mote its morphological effects (Fig. 5c and d). These results
suggest that the effects of microinjected n-chimaerin in pro-
moting filopodium and lamellipodium formation are not
achieved through its GAP activity. Rather, under conditions in
which its GAP activity is stimulated, n-chimaerin acts as a
downregulator, as previously shown by using the active C-
terminal GAP domain.

n-Chimaerin colocalizes in situ with F-actin. To determine
its cellular localization, Swiss 3T3 cells were microinjected with
n-chimaerin and then subjected to in situ double staining with
anti-n-chimaerin antibodies and rhodamine-conjugated phal-
loidin. n-Chimaerin colocalized in situ with the F-actin struc-
tures and in particular membrane ruffles and peripheral-actin
microspikes which had been induced (Fig. 6A, panels a to d).
However, the injected C-terminal GAP domain (A1-105)
showed a general diffuse cellular staining (Fig. 6A, panels e
and f), suggesting that the N-terminal domain of n-chimaerin
determines its colocalization with F-actin.

To investigate the requirement of the N terminus of n-
chimaerin for its localization, we transfected COS7 cells with
vectors encoding three different n-chimaerin proteins: full-
length protein (pMT2-NC), protein with only the N-terminal
172 amino acids (pMT2-NCA173-330), and protein with the
first 35 amino acid residues deleted (pMT2-NCA1-35). Cellu-
lar material was fractionated with or without the addition of
Triton X-100 detergent and analyzed with anti-n-chimaerin
antibodies by Western analysis. The majority of full-length
n-chimaerin was insoluble even after extraction with detergent
(Fig. 6B, lanes 5 to 8), as was the N-terminal (A173-330) n-
chimaerin (Fig. 6B, lanes 9 to 12). However, pMT2-NCA1-35
was mainly detergent soluble (Fig. 6B, lanes 13 to 16). This
construct also resulted in the synthesis of a C-terminal 20-kDa
portion (established by domain-specific antibodies) of n-chi-
maerin (p20™©), as a result of either internal initiation or pro-
teolysis. This protein was located in the soluble fraction even
without the addition of detergent (Fig. 6B, lanes 13 and 14).
The results suggest that the N-terminal 172 amino acids of
n-chimaerin are sufficient, and the first 35 amino acids are
required, to allow a cytoskeletal localization of the protein.

n-Chimaerin induces a redistribution of vinculin. As we had
observed a loss of stress fibers following microinjection of both
Racl and Cdc42Hs (27) and also following the microinjection
of n-chimaerin, we next looked for effects on focal adhesion
plaques which mark the ends of stress fibers (45). Cells were
microinjected with n-chimaerin or control proteins and double
stained with phalloidin and antivinculin antibodies; vinculin is
a component of focal adhesion plaques. Within 10 min of
microinjection with n-chimaerin, we observed a redistribution
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FIG. 3. Racl and Cdc42Hs are required for n-chimaerin’s effects on cell morphology and pinocytosis. (A) Phalloidin staining of microinjected serum-starved cells.
Cells were injected with buffer (a), n-chimaerin coinjected with Rac1™'7N (b), n-chimaerin coinjected with Cdc42Hs™ "™ (c), or n-chimaerin coinjected with Rho-GDI
(d). After a 10-min incubation at 37°C, cells were fixed and stained with rhodamine-conjugated phalloidin to detect F-actin. n-Chimaerin was injected at 0.5 mg/ml;
Rac1™N, Cdc42Hs"™ 7N, and Rho-GDI were injected at 1 mg/ml. Panel d was exposed 50% more than other panels. All cells in the field were injected. Note the
formation of microspikes in panel b and the formation of membrane ruffles in panel c, indicated by arrows. (B) Phase-contrast time-lapse microscopy analysis of
microinjected serum-starved Swiss 3T3 cells. Full-length n-chimaerin was coinjected with dominant negative Rac1™7N into cells at 0 min (a) and after 5 min (b). Note
production of filopodia (examples indicated by arrows). n-Chimaerin was coinjected with dominant negative Cdc42Hs™'"™ into cells at 0 min (c) and after 5 min (d).
Note extension of lamellipodia and cell spreading (examples indicated by arrows). Proteins were each injected at 0.5 mg/ml. (C) Pinocytosis indicated by lucifer yellow
uptake of microinjected log-phase cells. Cells were injected with n-chimaerin (a) and n-chimaerin coinjected with dominant negative Rac1™'”N (b). Proteins were each
injected at 0.5 mg/ml.

of vinculin staining, which was now associated with newly mediated membrane ruffling and lamellipodium formation in
formed peripheral-actin microspikes up to their extremities serum-starved cells. We conclude, therefore, that growth fac-
(Fig. 7). This relocalization of vinculin probably represents  tors activate Racl by causing an increase in the levels of Racl-

newly formed multimolecular complexes (9, 39). These results  GTP and that this results in membrane ruffling and lamellipo-
suggest that n-chimaerin may participate in the formation of dium formation.

multimolecular complexes at the cell periphery associated with

! > CHp Cellular effects of full-length n-chimaerin. Microinjection of
the generation of filopodia and lamellipodia.

full-length n-chimaerin into Swiss 3T3 and neuroblastoma cells
induced the formation of lamellipodia and filopodia and stim-
DISCUSSION ulated pinocytosis, in contrast to the effects of the GAP do-

Cellular effects of the n-chimaerin GAP domain. In the main. All truncated forms of n-chimaerin, including the GAP
present study, we wanted to establish whether the Racl and domain, the GAP-deficient GAP domain (n-chimaerin mutant

Cdc42Hs GAP n-chimaerin affects cellular morphology. To ~ A1-105/A131-133), and the N-terminal domain alone, were

this end, n-chimaerin and N- and C-terminal domains, purified ineffective in si.mulat.ing the eﬁectg obta'ined bY_ injection of
as recombinant proteins from E. coli, were microinjected into full-length n-chimaerin. Thus, n-chimaerin requires both the
Swiss 3T3 fibroblasts and neuroblastoma cells and cell mor- ~ GAP domain, with its p21-binding property, and the N-termi-
phology was monitored. The GAP domain of n-chimaerin was nal domain, necessary for localization, to induce lamellipodia
found to act as a specific downregulator of the Racl pathway, and filopodia. These effects of n-chimaerin, involving the si-
probably by stimulating the intrinsic Racl-GTPase activity. multaneous activation of the Racl and Cdc42Hs pathways,
Microinjection of the GAP domain eliminated growth factor- contrast with those obtained by either injection of Cdc42Hs
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FIG. 4. Quantification and specificity of filopodium and lamellipodium formation promoted by n-chimaerin. Serum-starved Swiss 3T3 cells were injected with
proteins as indicated, and the cells were monitored by time-lapse phase-contrast microscopy for new filopodial and lamellipodial formation over a 15-min period. (A)
Filopodium formation, expressed as the percentage of those induced by injection of 1 mg of n-chimaerin per ml (100%). (B) Induction of lamellipodia, estimated as
the percentage of cell edges to undergo formation of lamellipodia. For coinjection experiments, a 1-mg/ml concentration of each n-chimaerin and dominant negative
Racl or Cdc42Hs protein was used. n, 10 to 16. Standard deviations are shown by error bars.
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FIG. 5. Treatment of cells with phorbol ester inhibits #-chimaerin-induced changes in cell morphology. Cells in panels a to d were incubated at 37°C for 10 min
after treatment before being fixed and stained with rhodamine-conjugated phalloidin to identify F-actin. (a) Cells treated with 100 nM PMA; (b) cells microinjected
with n-chimaerin (0.5 mg/ml) and then treated with PMA; (c) cells treated with 0.5% FCS; (d) cells microinjected with n-chimaerin (0.5 mg/ml) and then treated with
0.5% FCS. Cells in panels ¢ to h were monitored by phase-contrast time-lapse microscopy. The cell in the left portion of the field was microinjected with n-chimaerin
(0.5 mg/ml) before being treated with 100 nM PMA at 0 min (e), 5 min (f), and 10 min (g). (h) Schematic diagram of panels e to g with cell microinjected with
n-chimaerin (nc). Note lamellipodial extensions in cells on the right which were not microinjected, indicated by arrows, and by filled-in areas in panel h. Bar, 10 wm.
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into, or bradykinin treatment of, fibroblasts in which a hierar-
chy with initial activation of Cdc42Hs followed sequentially by
Racl activation was observed (27, 39). The inductive effects of
n-chimaerin required the active participation of Racl and
Cdc42Hs since coinjection with dominant negative mutants
Rac1™" and Cdc42Hs™ "™ blocked lamellipodium and filop-
odium formation, respectively. The n-chimaerin mutant A131-
133 (6), which is GAP defective but has strong p21-binding
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FIG. 6. n-Chimaerin colocalizes with F-actin in situ. (A) Cells were micro-
injected and incubated at 37°C for 1 h before being fixed and then double stained
with rabbit anti-n-chimaerin antibodies followed by fluorescein isothiocyanate-
conjugated anti-rabbit antibodies (b, d, and f) and rhodamine-conjugated phal-
loidin (a, ¢, and e). Cells were microinjected with full-length n-chimaerin (a to d)
or the GAP domain (A1-105) (e and f). Note arrows in panels a and b indicating
n-chimaerin locating at actin microspikes. Arrows in panels ¢ and d indicate
n-chimaerin locating at membrane ruffles; the arrow in panel f indicates back-
ground antibody staining of a noninjected cell. Bar, 10 pm. (B) Extracts from
COS7 cells transfected with control pMT2 (lanes 1 to 4) and n-chimaerin-
expressing constructs: pMT2-NC encoding full-length n-chimaerin (lanes 5 to 8),
PMT2-NCA173-330 encoding N-terminal n-chimaerin (lanes 9 to 12), and
pMT2-NCA1-35 encoding n-chimaerin with the first 35 amino acids absent
(lanes 13 to 16). Cell extracts were made either with (+) or without (—) the
detergent Triton X-100. Samples were either the supernatants (S) or the pellets
(P). After centrifugation, samples were run out by SDS-polyacrylamide gel elec-
trophoresis, transferred to nitrocellulose by dry blotting, and probed with n-chi-
maerin-specific antibodies. Arrows indicate sizes (in kilodaltons) of expressed
proteins. Note that COS7 cells do not express endogenous n-chimaerin.

activity, was able to induce these structures, indicating that p21
binding but not GAP activity is required for this function of
n-chimaerin. This requirement is also reflected by the inability
of the n-chimaerin mutant A143-145, which is defective both in
p21 binding and GAP activities, to induce these morphologies.
We have previously observed that microinjection with
Cdc42Hs leads to the loss of stress fibers concomitantly with
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FIG. 7. n-Chimaerin promotes a redistribution of the focal adhesion protein vinculin. Cells were microinjected and incubated at 37°C for 10 min before being fixed
and double stained with rabbit antivinculin antibodies followed by rhodamine-conjugated phalloidin (a and c) and fluorescein isothiocyanate-conjugated anti-rabbit
antibodies (b and d). Cells were microinjected with control buffer (a and b) or 0.5 mg of n-chimaerin per ml (c and d). Note arrows in panels ¢ and d indicating vinculin

staining in peripheral-actin microspikes. Bar, 10 wm.

the formation of peripheral-actin microspikes (27), while oth-
ers have described stress fiber loss following transfection with
n-chimaerin cDNA (22). We also observed a loss of stress
fibers following microinjection with n-chimaerin, concurrently
with formation of lamellipodia and filopodia. This loss was
accompanied not only by a loss of focal adhesion plaques as
revealed by vinculin staining but also by redistribution of vin-
culin to newly formed peripheral-actin sites. This chimaerin-
induced relocalization of vinculin is likely to represent the
formation of Cdc42Hs- and Racl-type multimolecular com-
plexes (9, 39).

n-Chimaerin behaved as a downregulator in the presence of
PMA, which is predicted from in vitro experiments to activate
its GAP activity. Thus, although PMA treatment of serum-
starved cells induced membrane ruffling and lamellipodium
formation, this was not seen in cells preinjected with n-chimae-
rin. As predicted from these results, PMA also failed to induce
membrane ruffling in N1E-115 neuroblastoma cells which ex-
press endogenous chimaerin (results not shown). PKC activa-
tion, following PMA treatment, is not likely to be a common
signal transducing element in the induction of lamellipodia

because some factors cause lamellipodium formation without
activating PKC whereas other factors activate PKC without
inducing lamellipodia (47, 53). It is not clear yet how PMA
could function to block all of the activities stimulated by
n-chimaerin. In PMA-treated cells, n-chimaerin appears not
only to downregulate Racl activity but also to no longer acti-
vate Cdc42Hs, as no filopodium formation was observed. This
lack of filopodium-inducing activity does not necessitate a
Cdc42Hs-GAP activity for n-chimaerin, although this would be
sufficient to explain it. It may be that in the presence of acti-
vators n-chimaerin no longer interacts with Cdc42Hs.
Localization of rn-chimaerin. The cellular localization of n-
chimaerin was examined by in situ immunofluorescence of
microinjected cells. n-Chimaerin colocalized with F-actin, and
staining was clearly evident in peripheral-actin microspikes and
membrane ruffles. In contrast, the GAP domain, lacking the N
terminus, did not colocalize with F-actin but gave a more
diffuse staining, which is consistent with a general cytoplasmic
location. It is possible that n-chimaerin binds to both struc-
tured and nonstructured actin microfilaments, with its associ-
ation with the latter facilitating formation of Racl- and
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Cdc42Hs-dependent structures on recruitment of the GTPases.
Although the N terminus is required for localization of n-chimae-
rin to the cytoskeleton, it is not yet clear whether n-chimaerin
binds directly to actin or to an actin-binding protein.

Conclusion. n-Chimaerin, which requires the activity of
Racl and Cdc42Hs to induce formation of filopodia and la-
mellipodia, binds Racl preferably in the GTP form (6) and the
Cdc42Hs GTPase-negative mutant (42). The ability of the n-
chimaerin mutant A131-133 (lacking GAP activity) but not
mutant A143-145 (deficient in both GAP and p21-binding ac-
tivities) to induce changes in cellular morphology strongly
suggests that p21-binding activity is required for n-chimaerin
to function. Presently, we do not know the exact mechanism
whereby n-chimaerin induces Cdc42Hs- and Racl-type mor-
phologies, although there are several potential modes of ac-
tion. One possibility is that n-chimaerin acts as a cytoskeletal
receptor for activated Cdc42Hs and Racl, whose recruitment
along with other components facilitates morphological reorga-
nization. Another possibility is that n-chimaerin activates Racl
and Cdc42Hs exchange factors, or recruits them to the actin
cytoskeleton, to bring about activation of the two p21 proteins.
However, microinjection of GDP-bound Racl or Cdc42Hs
protein into Swiss 3T3 fibroblasts is as potent as injection of
GTP-bound forms in inducing rapid morphological changes,
suggesting that exchange activity is not limiting.

n-Chimaerin’s potential role is most clearly seen with its
microinjection into neuroblastoma cells, which results in la-
mellipodium and filopodium formation at the leading edge of
growth cones. As n-chimaerin mRNA is found in neurons and
expression increases during development at the time of exten-
sive neural plasticity, synaptogenesis, and cellular differentia-
tion (32), our results are consistent with the notion that it may
function to bring about coordinated morphological changes
involved in these events. Cycles of filopodium and lamellipo-
dium formation, similar to those induced by n-chimaerin, occur
in both fibroblasts and neuroblastoma cells, in which these
events underpin cell motility (7, 11, 40, 51, 52). Although
n-chimaerin itself is not expressed in Swiss 3T3 fibroblasts, it is
possible that they contain an endogenous homologous protein
since other forms of chimaerin are found in nonneuronal cells,
including B-chimaerin in testis cells (30) and vy-chimaerin in
lymphocytes (31). Our results suggest that n-chimaerin allows
simultaneous activation of the Racl and Cdc42Hs signalling
pathways, which may be important for rapid remodelling of
cells during migration and growth cone development.
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