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Abstract
The Rho family GTPases are stringently regulated through the action of a large family of GTPase
activating proteins (GAPs) that stimulate their relatively weak intrinsic GTP hydrolyzing activity.
The p190RhoGAPs, which include the p190A and p190B proteins are potent and widely expressed
GAPs acting on both Rho and Rac GTPases. We have observed that several acidic phospholipids
inhibit the RhoGAP activity and promote the RacGAP activity of p190 proteins. In liposome binding
assays we have demonstrated that binding of p190A to phospholipids is controlled by electrostatic
interactions. Using mapping techniques, we determined that a small polybasic peptide stretch within
p190A is a common site for both the phospholipid binding and PKC phosphorylation. Moreover,
PKC-mediated phosphorylation of two amino acids (serine-1221 and threonine-1226) within this
region of p190A prevents the binding and susbstrate specificity regulation by phospholipids.
Transfection of COS-7 cells with mutant forms of p190A either unable to bind to phospholipids or
unable to become phosphorylated induced distinct morphological changes. Together, these findings
reveal a novel GAP regulatory mechanism in which phosphorylation indirectly alters GTPase
substrate preference by affecting the interaction with acidic phospholipids. Our observations provide
a potential mechanism of Rac/Rho antagonism described in several cellular functions.

Cellular signaling often involves the assembly of molecular complexes stabilized by both
protein-protein and protein-lipid interactions. Binding of proteins to membrane phospholipids
(PLs) can occur by different mechanisms based either on highly specific recognition or on
electrostatic forces. Most studies have focused on the interaction of identified protein domains
(such as the PH-, PX- or FYVE domains) with specific phosphoinositides (1). Various species
of phosphatidylinositolmono- bis- or trisphosphates (PIPs) are present in variable but generally
very low amounts (typically < 0.05%) in different intracellular membranes, and reversible
association and dissociation of the recognized proteins is directed by the rapid turnover of the
relevant PIP (2). A significant increase (up to 20-fold) in the level of certain PIP species has
been reported upon cell stimulation, resulting in rapid redistribution of distinct proteins
between cytosol and plasma membrane. Specific binding of proteins to other acidic
phospholipids such as phosphatidylserine (PS) or phosphatidic acid (PA) has also been reported
(3).
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In addition to specific PL-binding, electrostatic forces have also been shown to direct protein-
lipid interaction on the membrane interface (4). This type of interaction generally involves the
more abundant species of acidic phospholipids such as PS, phosphatidylinositol (PI) and
phosphatidylinositol 4,5-bisphosphate (PIP2) and a polybasic motif of the protein. Binding of
the protein is controlled by the charge density on the membrane surface that can be modified,
e.g., by hydrolysis of PIP2 or redistribution of PS between the inner and outer layer of the
plasma membrane (5). However, protein association or dissociation can also occur without any
change in the membrane PL composition by altering the charge density on the protein via
phosphorylation or protein-protein interaction, as has been demonstrated in detail for the PKC
substrate myristoylated alanine-rich C-kinase substrate (MARCKS) (6). Recently, several
studies addressed the role of electrostatic interactions in the intracellular localization of
signaling proteins such as Src kinases or the small GTPases K-Ras, Rac1, RhoB and other
members of the Rab and Arf family (5,7,8,9).

Small GTPases demonstrate a relatively weak intrinsic ability to hydrolyze GTP that can be
significantly enhanced by GTPase activating proteins (GAPs). There are many potential GAPs
for each subfamily of the small GTPases but those acting on Rho family proteins are especially
numerous (10,11). In addition to the conserved GAP catalytic domain, these proteins contain
a variety of other domains that mediate additional protein interactions or confer additional
levels of regulation upon individual GAPs (12).

Several GAPs specific for the Arf subfamily of small GTPases were shown to be regulated by
PLs. These include highly specific interactions with and enhancement of the ArfGAP activity
by PIP3 or defined isoforms of PIP2 (13-15). Recently we have reported a different type of
regulation of a GAP by PLs. Thus, the substrate preference of p190A, a GAP specific for the
small GTPases Rho and Rac, is changed by exposure to acidic PLs such as PS, PI or PIP2
(16). In the present report we identify the region of p190A responsible for the PL effect and
show that the lipid association and substrate specificity of p190A are regulated by electrostatic
forces, and can be reversibly altered by phosphorylation by protein kinase Cα (PKC).

EXPERIMENTAL PROCEDURES
Materials

L-α-Phosphatidylserine (PS), L-α-Phosphatidylinositol (PI) and L-α-Phosphatidylcholine
(PC) were purchased from Sigma. Protein Kinase C Alpha Isoenzyme (PKCα) was from Sigma
and Upstate, respectively. PfuTurbo DNA Polymerase was from Stratagene, and DpnI was
from Fermentas. [γ-32P]GTP and [γ-32P]ATP (both 185 TBq/mmol) were obtained from the
Institute of Isotopes, Budapest, Hungary.

Preparation of Proteins
Prenylated baculovirus-produced Rac1 and RhoA were isolated from the membrane fraction
of Sf9 cells and affinity purified on a nickel-Sepharose column as previously described (16).
The p190A RhoGAP protein constructs p190(1135), p190(1191), p190(1252) were
constructed by first performing PCR on RcHAp190 RhoGAP (17), and then cloned in-frame
into the EcoRI site of pGEX-4T-1 vector and produced as glutathione S-transferase fusion
proteins in Escherichia coli. The p190(1191) mutations were generated by site-directed
mutagenesis using the QuikChangeTM site-directed mutagenesis kit (Stratagene) and
following the manufacturer's instructions. The ΔPBR mutant of full-length p190A was created
by overlap extension PCR followed by a three-part ligation. This plasmid was used as template
for production of p190(1191)ΔPBR by PCR followed by sub-cloning into the EcoRI site of
pGEX-4T-1 vector (18). All of the mutant clones were verified by restriction enzyme mapping
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and DNA sequencing. The primers used for the different protein constructs are listed in Table
1 of the Supporting Information.

Plasmids for transfection
p190FL-WT-GFP and p190FL-ΔPBR-GFP were constructed by first performing PCR on
RcHAp190 RhoGAP or RcHAp190 RhoGAPΔPBR (17) and then subcloning the BspEI and
EcoRI digested PCR product into the EGFP-C1 vector. The mutations in the p190FL-DMG-
FP plasmid were generated by site-directed mutagenesis using the QuikChangeTM site-
directed mutagenesis kit (Stratagene) and following the manufacturer's instructions. The
primers used for the PCR and for the mutagenesis are listed in Table 1 of the Supporting
Information.

Measurement of GTP hydrolysis by small GTPases
In most experiments the nitrocellulose filter binding assay was used to measure GTPase and
GAP activities as previously described (16). Some findings were reproduced by the charcoal-
precipitation method (19) or using [α-32P]GTP.

Preparation of lipid vesicles
Lipids were dissolved in chloroform (PI and PC) or a chloroform/methanol (95:5) mixture (PS)
and dried in a nitrogen atmosphere. To prepare liposomes, lipids were rehydrated at room
temperature in 200 μl of buffer (25 mM HEPES, 50 mM NaCl, pH 7.5) followed by vortexing
until the mixture was homogeneously opalescent.

Liposome binding assays
Multilamellar vesicles (MLVs) were prepared as described above. The protein was centrifuged
at 90 000 × g for 20 min to remove all aggregates. One μl of supernatant was added to 50 μl
liposomes and binding was performed at 30°C for 15 minutes. The vesicles were centrifuged
at 90 000 × g for 20 min. Pellet and supernatant were separated and the pellet was resuspended
in 25 mM HEPES, 50mM NaCl, pH 7.5. Both pellet and supernatant were subjected to SDS-
PAGE. The protein was detected by Coomassie staining. NIH Image J software was used for
densitometry analysis.

In vitro PKC phosphorylation assay
PKCα phosphorylation in vitro was measured in 24 μl of a solution containing 20 mM MOPS
buffer, pH 7.2, 25 mM β-glycerophosphate, 1 mM DTT, 1 mM CaCl2, 10μM ATP, 10μM GTP.
For each reaction, 100 ng p190A RhoGAP was incubated in the presence of 50 ng PKC and
37 kBq [γ-32P]ATP. PKCα was activated with low PS concentration (0.02 μg/μl).
Bisindolylmaleimide (BIM) was used as a specific PKC inhibitor at 1 μM concentration.
Following incubation at room temperature for 20 minutes, the reactions were terminated by
the addition of 6 μl 5x concentrated Laemmli sample buffer. The samples were boiled for 5
min and subjected to SDS–PAGE in 11% gels. The gels were Coomassie Blue-stained, dried,
and subjected to phosphoimager analysis on a Bio-Rad GS-525 molecular image system using
Multi-Analyst software (version 1.1). PKCα phosphorylation in the nitrocellulose filter binding
assay was performed as described above, but in the presence of 2 mM ATP and absence of
radioactive ATP.

Cell culture and transfection
COS7 cells were plated on glass coverslips in 6-well plates and grown in DMEM with 10%
fetal bovine serum, 50 units/ml penicillin, and 50 μg/ml streptomycin at 37°C in a 5% CO2
incubator. Transient overnight transfection was performed using TurboFect™ (Fermentas)
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according to the manufacturer's instructions. COS7 cells were transfected with wild type or
mutant p190A-GFP.

RESULTS
Identification of the region of p190A responsible for lipid-regulated GAP activity

In a previous study, we observed that certain acidic phospholipids, such as PS and PI, inhibit
the RhoGAP activity and promote the RacGAP activity of full-length p190A and p190B
proteins in in vitro GAP assays. Neutral phospholipids were ineffective and none of the
phospholipids had an effect on the endogenous GTPase activity of either Rac1 or RhoA. The
same results were obtained when a C-terminal fragment of p190A (amino acids 1135-1499)
was investigated (16), indicating that regulation of p190's GAP activity by phospholipids
requires a region of the protein close to or within the GAP catalytic domain (Fig. 1A).

Next, we prepared shorter fragments of p190A and investigated the effect of PS on their GAP
activity towards RhoA and Rac1 (Fig. 1B-D). In the case of fragment p190(1191), we observed
a significant inhibition of the RhoGAP activity by PS. In contrast, when tested with Rac1, PS
vesicles promoted the RacGAP activity of this fragment (Fig. 1B). Significantly, these effects
were not observed when using [α-32P]GTP instead of [γ-32P]GTP, demonstrating that the
observed effects were on GAP activity as opposed to nucleotide binding. Thus, fragment p190
(1191) behaved like p190(1135): in the presence of PS, the protein exhibited a decrease in
RhoGAP activity and an increase in RacGAP activity. In contrast, fragment p190(1252) was
completely insensitive to phospholipids: neither the RhoGAP nor RacGAP activity was
modified by PS (Fig. 1C). Similar results were obtained with both fragments when PS was
substituted by PI (data not shown). Thus, phospholipid regulation of p190A seems to require
a protein domain between amino acids 1191 and 1252.

This region of the p190A protein sequence contains a peptide stretch (amino acids 1213-1236)
in which 11 out of 24 amino acids are of basic character (7 arginines and 4 lysines) (Fig. 3A).
To examine a potential role of this polybasic region (PBR), we prepared the fragment p190
(1191) with a specific PBR deletion (p190(1191)ΔPBR; Fig. 1D). Similar to the p190(1252)
protein, the p190(1191)ΔPBR protein was also insensitive to incubation with PS (Fig. 1D) or
PI (not shown). Thus, the PBR situated between amino acids 1213 and 1236 is required for
phospholipid regulation of the substrate preference of the p190A catalytic domain.

Binding of p190A to phospholipids
Next, we investigated whether modification of the GAP activity of p190A by PS can be ascribed
to direct binding of the protein to phospholipids. Therefore, we performed a liposome binding
assay in which soluble and lipid-bound proteins are separated by centrifugation and analyzed
by SDS-PAGE. Addition of PS vesicles to p190(1191) resulted in almost complete
redistribution of the protein from the supernatant into the pellet (Fig. 2A). In contrast to PS,
only negligible redistribution occurred when liposomes were prepared from
phosphatidylcholine (PC) (see below). As an additional control, we tested the potential binding
of the applied small GTPases Rac1 and RhoA to PS vesicles, but no protein could be detected
in the pellet independently of whether the small GTPase was in a GTP- or GDP-bound form
(data not shown).

Next, we examined the region of the p190A protein responsible for binding to acidic
phospholipids. As shown in Fig. 2A and B, association of the mutants p190(1252) and p190
(1191)ΔPBR with PS vesicles exceeded the control value only marginally. Thus, the polybasic
stretch of p190A is required for binding of the protein to acidic phospholipids.
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We also examined the strength and specificity of the binding of p190A to phospholipid vesicles
of varying composition. First we tested the binding of p190A to mixed liposomes containing
PC and increasing amounts of PS (Fig. 2C). Addition of 25% PS resulted in a moderate increase
of the binding of p190A to lipid vesicles, and the majority of the protein became lipid-bound
only when the proportion of PS was 50%. Maximal binding was observed with 75% PS in the
lipid mixture. Similar data were obtained when the mixed liposomes contained PI (Fig. 2D).
However, no specific binding of p190A could be detected to PIP2-containing vesicles or to
any PIP, PIP2 or PIP3 species on planar lipid blots (data not shown).

These lipid binding experiments indicate that p190A is able to associate with several acidic
phospholipids, but that high-specificity recognition is not seen with any particular phospholipid
species. Moreover, the polybasic PBR sequence of p190A is responsible for binding of the
protein to acidic phospholipids.

Phosphorylation of p190A by PKCα
A variety of cellular proteins contain polybasic regions embedded with serines and threonines,
and phosphorylation of these amino acids - typically by PKC - has been found to reduce the
electrostatic attraction of these regions for phospholipid membranes (4). We have previously
demonstrated that p190A is phosphorylated by PKC both in vitro and in vivo in epithelial cells
(20). Subsequently, we found that the PKC isoform α was the most efficient among the various
PKC enzyme isoforms for phosphorylating both p190A and p190B proteins. The PBR of
p190A contains two serines and one threonine which are candidate PKC phosphorylation sites
based on Scansite software predictions (Fig. 3A). Therefore, a potential role of these amino
acids in PKC phosphorylation was investigated. As shown in Fig. 3B, purified p190(1191) is
intensely phosphorylated by PKCα in vitro and phosphorylation is inhibited by the PKC
inhibitor BIM. In contrast, neither p190(1252) nor the mutant p190(1191)ΔPBR can be
detectably phosphorylated by PKCα, despite similar expression levels. Thus, phosphorylation
by PKCα, like lipid binding, also requires the PBR of p190A.

Next, we carried out site-directed mutagenesis of each potentially phosphorylatable amino acid
within the PBR. As summarized in Fig. 3C, all possible single-mutant and double-mutant
proteins were phosphorylated, although the intensity of phosphorylation varied slightly among
the mutants. Significantly, the triple-mutant protein (S1221A, T1226A, S1236A) is efficiently
expressed, but it is not detectably phosphorylated. Thus, PKCα is able to phosphorylate all
three amino acids (S1221, T1226 and S1236) within the PBR of p190A.

Phosphorylation by PKC affects lipid binding and GAP activity of p190A
Phosphorylation of three amino acids within the PBR of p190A is predicted to alter the charge
density of this region and consequently it might influence electrostatic interactions with the
protein. Therefore we examined the role of PKC-mediated phosphorylation of p190A on lipid
binding. Typically, in the liposome binding assay, ~90% of p190(1191) was associated with
PS vesicles, whereas binding of the phosphorylated protein to PS vesicles was reduced to ~30%
(Fig. 4A). Similar results were obtained when liposomes were prepared with PI instead of PS.
Thus, phosphorylation of p190A by PKC is able to prevent the association of the protein with
acidic phospholipids.

Next we investigated the effect of PKC phosphorylation on the GAP activity of p190A. In the
absence of added lipids, the state of phosphorylation did not affect the GAP activity of p190A
(Fig. 4B). In contrast, the effect of PS on the substrate preference of p190(1191) is strongly
counteracted by prior PKC-catalyzed phosphorylation (Fig. 4C and D). In the presence of PS,
non-phosphorylated p190(1191) has poor RhoGAP, but very good RacGAP activity whereas
phosphorylation by PKCα enhances the RhoGAP activity and impairs the RacGAP activity of
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p190A. Reversal of RhoGAP and RacGAP activity by PKCα can be completely prevented both
by the PKC-inhibitor BIM or by omission of ATP from the phosphorylation reaction (Figures
S1 and S2 in the Supporting Information). These findings indicate that PKCα-mediated
phosphorylation of p190A does not affect GAP activity per se, but by decreasing the association
of the protein with acidic phospholipids, it is able to modulate the GTPase substrate preference
indirectly.

Role of the different PKC phosphorylation sites in lipid binding and GAP activity of p190A
Next, we wanted to determine whether phosphorylation of all three PKC sites is required for
regulation of lipid binding and substrate preference of p190A or whether there is any difference
in the contribution of the individual sites. Therefore, we examined the lipid binding properties
and GAP activity of the different p190A mutants (Fig. 5). Mutation of S1221 or T1226 to
alanine resulted in proteins which were able to bind to PS vesicles even in the phosphorylated
state (Fig. 5A and B). In agreement with the lipid binding data, we did not observe any change
in the GAP activity of S1221A and T1226A upon phosphorylation by PKCα (Fig. 5D and E).
All of the double-mutants as well as the triple-mutant protein behaved similarly to S1221A
and T1226A. In contrast, the S1236A mutant protein behaved like the wild-type protein:
phosphorylation by PKCα prevented its lipid binding (Fig. 5C) and reversed the effect of PS
on its GAP activity (Fig. 5F).

We also generated and tested phospho-mimicking substitution mutants of S1221 and T1226
by replacing the phosphorylation sites with aspartate residues. Similar to the wild-type protein,
PS also enhanced the RacGAP activity of these mutants. However, phosphorylation of p190
(1191)S1221D and p190(1191)T1226D had only very weak effect on the GAP activity of the
proteins containing the phospho-mimicking mutation (Fig. S3 in the Supporting Information).

Overall, the significance of the three PKC-phosphorylation sites appears to be distinct: lipid
binding and GAP activity are only affected if phosphate groups are added both to S1221 and
T1226, whereas the presence or absence of the additional negative charge on S1236 has little
influence. However, the negative charge contributed by aspartate seems to have a weaker effect
than addition of a phosphate group in the same position, in agreement with the fact that
phosphate contributes two negative charges but aspartate provides only one negative charge.

Relation of lipid binding and PKC- phosphorylation of p190A to cell morphology
In order to gain information on the potential physiological significance of lipid binding and
phosphorylation of p190A, we carried out transfection experiments with both the wild-type
and mutant full-length (FL) proteins (Fig. 6). In agreement with earlier observations (18,21),
transfection of wild-type (WT) p190A (p190FL-WT-GFP) induced a typical morphological
change: the cells rounded up and developed long extensions. Typically, this dendritic
phenotype was seen in about half of the transfected cells, whereas the other half of the cells
remained spread. It is important to note that there was no visible difference in the expression
level of p190A-GFP in the two population of cells (compare the left and right side of Fig. 6A).

When transfection was carried out with p190A-GFP containing alanine both at positions 1221
and 1226 (“double-mutant”, p190FL-DM-GFP; Fig. 6B), most of the cells showed the dendritic
phenotype. Statistical analysis of 5 independent experiments revealed a prevalence of 88% for
the dendritic phenotype (Fig. 6D). In contrast, when transfection was carried out with the
ΔPBR mutant (p190FL-ΔPBR-GFP; Fig. 6C) 92% of the cells showed the spread morphology.
In pull-down experiments carried out with the Rac-binding domain (RBD) of p-21 activated
kinase (PAK) we did not see convincing differences in the amount of active, GTP-bound Rac
in lysates of cell populations transfected with wild-type or the two mutants of p190A. This
finding is consistent with our suggestion that alteration of the substrate preference of p190A
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GAP is a local event, regulating the Rac/Rho activity at distinct cellular locations but not
disturbing the overall balance of the cell.

The ΔPBR mutation of p190A prevents its binding to acidic phospholipids whereas mutation
of both S1221 and T1226 to alanine prevents the phosphorylation of the protein by PKC, hence
allows its lipid binding. The clearly distinct phenotypes observed with these two mutants
indicate the physiological significance of this region of p190A in determining its effects on
cell morphology. The half-dendritic, half-spread morphology of the cells transfected with wild-
type p190A may indicate the partially phosphorylated state of p190A in resting cells.

DISCUSSION
The results of these studies indicate that the GTPase substrate preference of p190A depends
on the interaction of the protein with membrane lipids. As shown in the model of Fig. 7, p190A
demonstrates greater RacGAP activity when associated with acidic PLs whereas the RhoGAP
activity predominates when it is dissociated from the lipids. Binding to PLs occurs via
electrostatic interactions between the acidic headgroups of PLs and the PBR situated amino-
terminally with respect to the GAP catalytic domain of p190A. Significant association of the
protein with PL vesicles requires a relatively high proportion (25 to 50%) of acidic PL in the
lipid mixture (Fig. 2). This is in contrast to the behaviour of ArfGAPs, where addition of 3 to
5% of the critical PIP to a neutral lipid mixture significantly increased the binding of the protein
(13-15). However, the sensitivity of p190A to acidic PLs corresponds to the reported proportion
of these lipids at various intracellular locations (1,2,5). The apparently weaker binding of
p190A to acidic PLs renders the association more easily reversible. Indeed, our results indicate
that addition of two phosphate groups to the PBR of p190A is sufficient for dissociation of the
protein from PL vesicles and reversal of the substrate preference (Fig. 5). Our results are in
good agreement with earlier observations made on MARCKS: 90% of that protein was attached
to PL vesicles when the proportion of PS reached 20%, (6) but phosphorylation of three amino
acids was required for its dissociation from the lipid surface (4).

Phosphorylation of p190A by PKCα does not alter the GAP activity of the soluble protein (Fig.
4B). Instead, PKC-phosphorylation affects the binding of p190A to phospholipids and
modulates its GAP activity indirectly, via effects on lipid association. We have recently
reported related findings in which the effect of phosphorylation of p190A by glycogen synthase
kinase-3-beta (GSK-3β) was investigated (18). However, phosphorylation of four amino acids
within the C-terminal end of the GAP domain by GSK-3β resulted in a significant decrease of
both the RhoGAP (18) and the RacGAP (Lévay et al. unpublished data) activity of p190A.
Together with the present studies, these findings reveal multiple levels of phosphorylation-
mediated regulation of p190A GAP catalytic activity at distinct sites.

The p190B protein has an overall sequence homology of 70% to p190A. p190B also has a
polybasic region positioned N-terminally to the GAP domain, containing 13 lysines in a stretch
of 24 amino acids. The corresponding region of p190A contains 4 lysines and 7 arginines.
Consistent with the similar structure, we observed similar effect of PS on the Rac- and RhoGAP
activity of p190B as shown for p190A (16). However, the polybasic region of p190B contains
no serine or threonine, thus PKC-regulation of the lipid binding and GTPase preference seems
to be a specific property of p190A.

Antagonism of Rac and Rho activity has been demonstrated to be required for several vital
biological functions such as neurite outgrowth or directed cell migration. p190GAPs seem to
play a significant role in this process (20-25). Recent findings demonstrated that activated Rac1
was able to recruit p190B to the plasma membrane and enhance its RhoGAP activity and this
crosstalk between Rac and Rho GTPases was required for control of cell shape by integrin
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signaling (23). This mechanism seems not to function with p190A (23) although p190A was
also shown to be translocated to the cell membrane upon physiological stimuli such as the
fibronectin surface or by PKC-activating phorbol esters (20,22,24,25). The observations that
tyrosine phosphorylation and complex formation with p120RasGAP or p120-catenin are
required for translocation of p190A (25,26) suggest that p190A may become part of a larger
protein complex at the plasma membrane. The size and varied domain structure of p190A
definitely allow multiple interactions with proteins and lipids at the same time. PKCα has also
been suggested to play a role in regulation of the distribution of p190A, however the mechanism
has not been clarified (20,22,24). PKCα may have multiple effects: translocation of p190A
could be affected indirectly, by promoting its interaction with other proteins, whereas direct
phosphorylation of p190A regulates the lipid binding of the PBR, hence the substrate
preference of the protein. Reversible alteration of the RacGAP and RhoGAP activity of p190A
directed by PKC-catalyzed phosphorylation may thus represent another mechanism of Rac/
Rho antagonism and may be a key element in the molecular organization of cell shape or
directed cell movement. The distinct morphological changes observed in cells transfected with
mutant forms of p190A substantiate the physiological relevance of our in vitro data.

On the basis of our biochemical experiments, we propose the following model (Fig. 7). In its
native, unphosphorylated form, the PBR of p190A is able to establish electrostatic interaction
with acidic phospholipid surfaces and in this state p190A functions predominantly as a
RacGAP. Phosphorylation of the critical amino acids in position 1221 and 1226 by PKC largely
prevents the association of the PBR of p190A with membrane lipids, and promotes the RhoGAP
activity of the protein. Thus, phosphorylation or dephosphorylation of the critical amino acids
of p190A switches rapidly and reversibly the RhoGAP and RacGAP activity, resulting in
opposite changes in the local concentration of activated Rac and Rho proteins.

Taken together, our observations reveal a novel biochemical regulatory mechanism in which
the coordinated actions of phosphorylation and lipid binding are able to influence the balance
between Rho and Rac GTPase activities.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
BIM, bisindolylmaleimide
GAP, GTPase activating protein
GSK-3β, glycogen synthase kinase-3-beta
MARCKS, myristoylated alanine-rich C-kinase substrate
PBR, polybasic region
PBS, phosphate buffered saline
PC, phosphatidylcholine
PI, phosphatidylinositol
PIP, phosphatidylinositol-phosphate
PKC, protein kinase C
PL, phospholipids
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PS, phosphatidylserine
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Fig. 1. Effect of PS on the RhoGAP and RacGAP activity of three truncated fragments of p190A
A. Domain structure of p190A protein. B.-D. GAP activity of the three indicated p190A
proteins, p190(1191) (B), p190(1252) (C), and p190(1191)ΔPBR (D) against the Rho and Rac
GTPases is shown. An increase of radioactivity remaining bound to the protein indicates a
decrease in the GAP activity. Where indicated, PS was present at a concentration of 0.1 μg/
μl. Mean ± SEM of 72 independent experiments is shown.
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Fig. 2. Binding of p190A to phospholipids
A. Binding of p190(1191) and p190(1191)ΔPBR to PS liposomes (S: supernatant; P: pellet).
Result of one representative liposome binding assay out of 11 similar ones. The protein was
stained with Comassie Blue. B. Binding of p190(1191), p190(1191)ΔPBR and p1191(1252)
to PS liposomes. Bars represent the ratio of protein in the pellet to the total protein amount
(pellet + supernatant), as determined by densitometry. Mean ± SEM of 5 independent
experiments. C. and D. Binding of p190(1191) to PC liposomes containing varying proportions
of PS or PI. Mean ± SEM of 6 (PS) or 5 (PI) independent experiments.
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Fig. 3. Identification of the PKC phosphorylation sites of p190A
A. PBR: the polybasic region of p190A, comprised of amino acids 1213-1236. The three
putative phosphorylation sites are underlined. B. Investigation of the PKC-catalyzed
phosphorylation of three truncated fragments of p190A. C. Investigation of the PKC-catalyzed
phosphorylation of single, double and triple amino acid mutants of p190(1191). In panels B
and C the upper row shows the phosphoimager data, and the lower row shows the Commassie
Blue staining of the same gels. One representative out of 10 similar experiments is shown.
Where indicated, the PKC inhibitor BIM was present at a concentration of 10 μM.
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Fig. 4. Effect of PKC phosphorylation on lipid binding (A) and on the GAP activity (B-D) of p190A
A. Binding of non-phosphorylated (black bar) or phosphorylated (hatched bar) p190(1191) to
PS liposomes. Mean ± SEM of 6 independent experiments. B-D. RacGAP and RhoGAP
activity of non-phosphorylated and PKC-phosphorylated p190(1191) was tested in the absence
of phospholipids (B) or in the presence of 0.1 μg/μl PS (C, D). Mean ± SEM of 24 independent
experiments is shown.
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Fig. 5. Effect of PKC phosphorylation on lipid binding (A-C) and on the GAP activity (D-F) of
single amino acid mutants of p190(1191)
A.-C. Binding of non-phosphorylated (black bar) or PKC-phosphorylated (hatched bar)
mutants of p190(1191) to PS liposomes. Mean ± SEM of 6 independent experiments. D.-F.
RacGAP activity of non-phosphorylated and PKC-phosphorylated mutants of p190(1191) was
tested in the absence of phospholipids (white bars) or in the presence of 0.1 μg/μl PS (black
and hatched bars). Mean ± SEM of 11 independent experiments is shown.
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Fig. 6. Effect of transfection with wild-type or mutant p190A on cell morphology
COS-7 cells were transiently transfected with the GFP-fusion protein of A. Full-length wild
type p190A (p190FL-WT-GFP), B. The double phosphorylation site mutant p190A (p190FL-
DM-GFP) or C. the PBR-deleted mutant of p190A (p190FL-ΔPBR-GFP). One representative
experiment out of 5 is shown. D. Statistical analysis of the data of 5 independent experiments.
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Fig. 7.
Model of the interaction of phospholipids and phosphorylation in the regulation of p190A
substrate preference.
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