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ABSTRACT GTPase-activating proteins (GAPs) function
by stabilizing the GTPase transition state. This has been most
clearly demonstrated by the formation of a high-affinity
complex between various GAPs and GDP-bound GTPases in
the presence of aluminum tetrafluoride, which can mimic the
y-phosphate of GTP. Herein, we report that p190 RhoGAP
forms a high-affinity complex with Rho GTPases in the
presence of fluoride ions, suggesting that p190 also functions
to stabilize the GTPase transition state. However, this Rho-
p190 complex does not require aluminum ions or even guanine
nucleotide, indicating a distinct role for fluoride that is not
consistent with the y-phosphate-mimicking hypothesis. These
results indicate that it is necessary to reconsider the assumed
role of fluoride in stabilizing a variety of other GTPase-GAP
interactions where the requirement for aluminum or guanine
nucleotide has not yet been addressed.

The observation that aluminum fluoride can bind to and
activate heterotrimeric G proteins has proven to be tremen-
dously useful for the study of G protein activation in vivo, for
the elucidation of three-dimensional structures of several
GTPases, and for understanding the biochemical mechanism
of GTP hydrolysis, including the role of GTPase-activating
proteins (GAPs) (1). Aluminum fluoride appears to function
as a G protein activator by interacting with the GDP-bound Ga
subunits of heterotrimeric G proteins in such a way as to mimic
the y-phosphate of GTP, thereby promoting formation of the
GTPase transition state (2). Although it was initially believed
that AlF; only interacts with Ga subunits (3), recent studies
have revealed that the small GTPase Ras can interact stably
with AlF; in the presence of RasGAP (4). Subsequently,
similar studies demonstrated that several classes of small
GTPases can stably interact with their respective GAPs in the
presence of AlF; (5), suggesting that aluminum fluoride
molecules can bind to a wide variety of GTPases under
conditions that favor formation of the GTPase transition state.
Moreover, these observations are consistent with an earlier
hypothesis that the GTP hydrolysis mechanism is similar for
both small GTPases and Ga subunits and that GAPs for the
small GTPases might function by stabilizing the GTPase
transition state (6).

In the studies described herein, the ability of fluoride to
promote a high-affinity complex between the Ras-related
RhoA GTPase and the p190 RhoGAP is reported. Surpris-
ingly, however, formation of this high-affinity complex does
not require either aluminum or guanine nucleotide, suggesting
a role for fluoride distinct from the y-phosphate-mimicking
role that has been previously described. These results and the
fact that the specific requirement for aluminum or guanine
nucleotide has not been tested in numerous other previously
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reported aluminum fluoride-promoted GTPase—~GAP inter-
actions suggest that it is necessary to reexamine the role of
fluoride in such complexes.

MATERIALS AND METHODS

Preparation of Recombinant Proteins. Human RhoA,
RhoAV14, Racl, and Ha-Ras GTPases expressed as glutathi-
one S-transferase (GST) fusion proteins were prepared from
bacteria or baculovirus-infected sf9 cells (for RhoA only) after
lysis in 10 ml of a solution containing 20 mM Tris-HCI (pH 7.5),
50 mM NacCl, 2.5 mM MgCl,, 1 mM DTT, 0.1 mM GDP, 0.7%
Triton X-100, aprotinin (10 pg/ml), leupeptin (10 pg/ml), and
1 mM phenylmethylsulfonyl fluoride. Lysates were sonicated
for four 20-sec periods and centrifuged at 10,000 X g for 20
min, and supernatants were incubated with 1 ml of a 60%
slurry of glutathione-agarose beads (Sigma) for 3 h at 4°C.
After extensive washing of the beads in lysis buffer, fusion
proteins were eluted in a solution containing 20 mM Tris-HCI
(pH 7.5), 200 mM NaC(l, 2.5 mM MgCl,, 1 mM DTT, 0.1 mM
GDP, and 0.01% Triton X-100 in the presence of 10 mM
glutathione at room temperature; dialyzed overnight in a
solution of 20 mM Tris'HCl (pH 7.5), 50 mM NaCl, 2.5 mM
MgCl,, 1 mM DTT, 0.01% Triton X-100, and 20% glycerol;
and stored in aliquots at —80°C. Baculovirus-produced p190
was prepared as described (7).

Cell Culture and Transfection. Fibroblasts cell lines 79-5
and 79-3 were derived from wild-type mouse embryos or
embryos genetically modified to express a GTPase-deleted
version of p190 RhoGAP, respectively (to be described else-
where). Cos-7 cells and mouse fibroblasts 79-5 and 79-3, and
Swiss 3T3 were maintained under standard conditions. Cos-7
cells in 10-cm dishes were transfected with 10 pg of expression
plasmids pRcHA-p190wt (8) or pRcHA-30-1 (9) by the
dextran sulfate method. Cell extracts were prepared in lysis
buffer [SO mM Hepes, pH 7.2/150 mM NaCl/1.5 mM MgCl,/5
mM EGTA/10% glycerol/1% Triton X-100/aprotinin (10
png/ml)/leupeptin (10 pg/ml)/1 mM phenylmethylsulfonyl
fluoride] 48 h after transfection (for Cos-7).

GTPase Binding Assays. Typically, for analysis of six sam-
ples, 3-6 ug of GST fusion protein was incubated with 60 ul
of glutathione-agarose beads for 30 min at room temperature
and subjected to nucleotide exchange either in the absence of
nucleotide or in the presence of 1 mM GDP or guanosine
5'-[y-thio]triphosphate in a buffer containing 5 mM EDTA, as
described (9). After a 15-min incubation at 37°C, the exchange
reaction was stopped by adding 20 mM MgCl,. For GTPase
binding assay, extracts from either fibroblasts or baculovirus
p190-infected sf9 cells were incubated with the beads for 1 h
at 4°C. After washing the beads three times with 1 ml of
washing buffer (20 mM Hepes, pH 7.2/150 mM NaCl/1.5 mM
MgCl,/10% glycerol/0.1% Triton X-100), bound proteins
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were analyzed by SDS/PAGE on 7.5% gels and immunoblot-
ting with antibodies directed against p190 (D2D6 monoclonal
antibody), p190-B (polyclonal antiserum that does not cross-
react with p190), the hemagglutinin epitope tag (12CAS
monoclonal antibody), or bacterial GST (A2 monoclonal
antibody). Deferoxamine (Sigma) was included at 0.5 mM and
EGTA was included at 5 mM where indicated. For experi-
ments with highly purified p190, baculovirus-produced p190
was isolated from infected sf9 cells as described (7). For the
nucleotide-depletion experiment, GST-RhoA bound to beads
was first loaded with 10 pCi of [«-*?P]GDP (1 Ci = 37 GBq),
and the beads were then washed to remove free nucleotide and
subjected to an exchange reaction in absence of nucleotide.
Aliquots of this reaction were removed at several times and
mixed with 1 ml of a ice-cold buffer containing 5 mM MgCl,.
Proteins were spotted onto 0.45-pum (pore size) nitrocellulose
filters (Schleicher & Schuell), which were then washed twice
with 20 mM Tris-HCI, pH 7.2/50 mM NaCl/5 mM MgCl,/1
mM DTT, and filter-bound radioactivity was measured by
Cerenkov counting.

RESULTS

Fluoride Promotes Formation of a High-Affinity Complex
Between the Rho GTPase and p190. p190 RhoGAP exhibits a
specific GAP activity toward members of the Rho GTPase
family (10). Previously, it had been reported that the RhoA
GTPase forms a stable complex with p190 in the presence of
sodium orthovanadate and sodium fluoride (NaF), when
added as phosphatase inhibitors (11). We extended this ob-
servation to determine whether these compounds affect the
Rho-p190 interaction directly or act indirectly by affecting
p190 phosphorylation. For these experiments, a purified re-
combinant GST fusion protein of the RhoA GTPase expressed
in bacteria was immobilized on glutathione-agarose beads,
loaded with guanine nucleotides, and incubated with fibroblast
cell lysate. Stable binding of p190 to immobilized GST-RhoA
was then assayed by immunoblotting with p190-specific anti-
bodies. As shown in Fig. 14, GDP-loaded RhoA binds stably
to pl190 specifically when NaF (20 mM), but not sodium
orthovanadate, is added to the mixture. A variety of other
tested anions failed to promote the RhoA-p190 association
(data not shown).

To determine whether the observed effects of NaF are due
to inhibition of serine/threonine phosphatase activity, two
experiments were performed. First, we demonstrated that
highly purified recombinant p190 (7) also binds tightly to
GST-RhoA in the presence, but not in the absence, of NaF
(Fig. 1B). If phosphatase activity is indeed required to prevent
RhoA-p190 binding, then this phosphatase is apparently ef-
fective during a 1-h incubation at 4°C, where no RhoA-p190
complex is seen in the absence of NaF (Fig. 1 A and B).
Therefore, we next examined the ability of fluoride to promote
RhoA-p190 association in fibroblast extracts that were incu-
bated for as long as 2 h at 37°C before the addition of NaF. This
should provide more than enough time for any potential
phosphatase activity to be effective. However, no reduction in
NaF-promoted RhoA-p190 complex formation is seen when
the NaF is added after such incubation (Fig. 1C). The same
result was obtained when purified p190 was incubated at 37°C
prior to NaF addition (data not shown). Thus, these results
indicate that fluoride is not functioning as a phosphatase
inhibitor in these binding assays. Subsequent binding experi-
ments were performed with insect cell lysate containing bac-
ulovirus-produced p190 (7). Stable RhoA-p190 binding was
found to be dependent on the NaF concentration and binding
is approximately half-maximal at 10 mM NaF (Fig. 1D). By
preincubating p190 or RhoA with 20 mM NaF for 1 h before
coincubation at a final NaF concentration below that required
for complex formation (2 mM), we were able to demonstrate
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FiG. 1. Fluoride stabilizes a high-affinity complex between the
RhoA GTPase and p190 RhoGAP. Recombinant GST-RhoA protein
(GDP-loaded) immobilized on glutathione beads was used in a
p190-binding assay with either fibroblast extract (4 and C) or recom-
binant baculovirus-produced p190 (B, D, and E). After 1 h of
incubation, beads were washed three times and complex formation
with p190 was analyzed by SDS/PAGE and immunoblotting using an
anti-p190 antibody or an anti-GST-specific antibody. (4) The binding
reaction was either unsupplemented (—) or supplemented with 1 mM
sodium orthovanadate (Van), 20 mM NaF, or both (Van+NaF), as
indicated. (B) Highly purified baculovirus-produced p190 was incu-
bated with GST-RhoA in the presence or absence of 20 mM NaF. (C)
Cell extracts lysed in the absence of NaF were incubated at 37°C for
0, 0.5, or 2 h before incubation with GST or GST-RhoA in the presence
of NaF for 1 h at 4°C. (D) Similar p190—Rho binding assays were
performed in the presence of a range of NaF concentrations (as
indicated). In lanes p190 and Rho, p190 or RhoA were pretreated for
1 h with 20 mM NaF before a binding assay in which the final
concentration of NaF was reduced to 2 mM NaF. (E Upper) The
RhoA-p190 complex was formed in the presence of 20 mM NaF, and
the washed beads were incubated in NaF-free buffer for the indicated
times and then assayed for retention of p190. (E Lower) An anti-GST
antibody reveals equivalent amounts of GST-RhoA.

that fluoride must be present at a sufficient concentration
during complex formation, suggesting that fluoride partici-
pates directly in the stable complex (Fig. 1D). In addition, the
stability of the fluoride-promoted RhoA-p190 complex was
further demonstrated by examining the duration of the com-
plex after withdrawal of NaF (Fig. 1E). The half-life of the
complex appears to be 1-2 h, indicating that the complex
dissociates relatively slowly, once formed. Reducing either the
amount of GST-RhoA or p190 in the binding assay results in
a proportional decrease in complex formation, indicating that
the stochiometry of the complex is probably 1:1 (Fig. 4C and
data not shown).

We next examined the specificity of the fluoride-promoted
RhoA-p190 complex. When the ability of p190 to bind stably
to GST-Ras, GST-RhoA, and GST-Racl was compared in the
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presence or absence of NaF, p190 exhibited a stable NaF-
dependent association with RhoA and Racl but not with Ras
(Fig. 24). This is consistent with the previously reported ability
of p190 to function as a GAP for Racl and RhoA (10) and
indicates that the observed stable binding to p190 is not
RhoA-specific but is specific to normal targets for p190. The
lower efficiency of p190 complex formation with Rac com-
pared with RhoA parallels the relative GAP activity exhibited
by p190 toward these two GTPases (12) and suggests that these
complexes reflect the normal GTPase—GAP interaction, as
confirmed below. Recently, a closely related p190 family
member, p190-B, was identified, that also exhibits RhoGAP
activity (13). We found that p190-B, like p190, exhibits a
high-affinity interaction with RhoA in the presence of NaF
(Fig. 2B). Additional evidence of binding specificity was
obtained with the demonstration that GST-RhoA selectively
captures pl190 from a total cellular extract of insect cells
infected with a p190 baculovirus when fluoride is provided
(Fig. 2C). Thus, these results indicate that p190 proteins are
able to bind with high affinity to their target GTPases specif-
ically in the presence of fluoride ions.

The Fluoride-Promoted RhoA-p190 Complex Requires the
RhoGAP Domain of p190. To determine whether the observed
association between RhoA and pl90 is mediated by the
RhoGAP catalytic domain of p190, we expressed, in trans-
fected Cos cells, epitope-tagged versions of wild-type p190 and
a p190 deletion mutant (30-1) that removes 48 amino acids
from the catalytic domain (amino acids 1,395-1,443) and is
completely defective for RhoGAP activity. Cell lysates were
incubated with RhoA beads in the presence of NaF and stably
associated p190 was detected by immunoblotting with the
anti-tag antibody. As shown (Fig. 2D), wild-type p190, but not
the deletion mutant, could be detected in a stable complex with
RhoA in the presence of NaF. These results indicate that the
observed interaction requires the RhoGAP catalytic domain

A B
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of p190. Because p190 RhoGAP also contains an amino-
terminal GTPase domain (14), we examined the role of this
region of the protein in the fluoride-dependent complex with
RhoA. By using an amino-terminal deletion mutant of p190
that specifically removes the GTPase domain, we were able to
demonstrate that this region of the protein is not required for
the fluoride-dependent RhoA-p190 interaction (Fig. 2E).
Thus, it appears likely that fluoride ions are able to influence
the normal interaction of the RhoGAP region of p190 with its
target GTPases.

The Fluoride-Promoted RhoA-p190 Complex Does Not
Involve Aluminum Fluoride. GAPs for the small GTPases and
for the Ga subunits of heterotrimeric G proteins [regulators of
G protein signaling (RGS)] have recently been shown to be
capable of stabilizing the transition state of GTPases in the
presence of aluminum fluoride (4, 5). Significantly, however,
we found that NaF, in the absence of exogenously added
aluminum, appears to enable p190 to stabilize the transition
state of the RhoA GTPase. Because a previous report revealed
that micromolar aluminum concentrations can often be de-
tected as a contaminant of laboratory glassware (15), we
addressed the requirement for aluminum in two experiments.
In the first experiment, we examined the ability of the chelating
agents, EGTA and deferoxamine, which can bind aluminum
ions, to affect the NaF-dependent RhoA-p190 complex. De-
feroxamine has been used extensively in previous studies to
demonstrate a requirement for aluminum in the aluminum
fluoride activation of several G proteins (16—19). As shown in
Fig. 34, these chelators do not detectably affect the observed
NaF-dependent RhoA-p190 complex. In the second experi-
ment, AICl; (100 uM) was added to the incubation mixture in
the presence of suboptimal NaF concentration (5 mM) to look
for an enhanced complex formation. As shown (Fig. 34), no
effect of AICl; was observed. Thus, these results suggest that
fluoride ions, in the absence of an aluminum fluoride complex,
can stabilize the RhoA—p190 interaction.
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FiG. 2. High-affinity fluoride-promoted RhoA-p190 complex requires a functional p190 RhoGAP domain. (4) GTPase binding assays were
performed with baculovirus p190 using recombinant GST, GST-Rac, -Rho, or -Ras proteins. p190 (Upper) and GST fusion proteins (Lower) were
detected by immunoblotting. Unfused GST protein is not seen due to its low molecular weight. (B) Association of p190-B (from extracts of Swiss
3T3 cells) with RhoA is also fluoride-dependent as revealed by GST-RhoA binding assays. (C) Coomassie blue staining of an SDS/PAGE gel of
crude baculovirus-infected cell lysate overexpressing p190 and GST-RhoA association with p190 specifically in the presence of NaF. (D) Cos-7 cells
were transfected with vectors expressing a hemagglutinin-tagged form of either wild-type p190 (HA-p190) or p190 deleted of the RhoGAP domain
(HA-30-1), and lysates were subjected to a RhoA binding assay in the presence or absence of NaF. Expression (lysates) and GST-RhoA-associated
p190 were detected with anti-hemagglutinin antibodies. (E') Lysates from fibroblasts expressing either wild-type p190 (79-5) or a GTPase-deleted

form of p190 (79-3) were subjected to a similar RhoA binding assay.
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FiG. 3. High-affinity fluoride-promoted RhoA—p190 complex is

aluminum-independent but requires magnesium. (4) Baculovirus
p190 was incubated with GST-RhoA beads in the presence of NaF at
the indicated concentrations and either the aluminum chelators de-
feroxamine (0.5 mM) or EGTA (5 mM) or AICI3 (100 uM), as
indicated. (B) The RhoA—p190 binding assay was performed in the
presence or absence of EDTA (5 mM). p190 was detected by immu-
noblotting after SDS/PAGE.

A few previous reports have identified a similar aluminum-

independent effect of fluoride on G protein activation (20, 21).
Because those studies suggest that such activation involves the

A
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formation of a MgyF; ion, we examined the requirement for
Mg?* by using the chelator EDTA at 5 mM, which should
effectively reduce the free Mg?* concentration to less than 5
uM under these assay conditions. As shown (Fig. 3B), EDTA
completely eliminates the NaF-induced RhoA—p190 complex.
Thus, these results are consistent with a molecular mechanism
for Mg?*™ and F~ similar to that previously described for the
aluminum-independent activation of Ga proteins.

The Fluoride-Promoted RhoA-p190 Complex Does Not
Require Guanine Nucleotide. In conducting the Mg?* require-
ment experiments described above, we found that when Mg?*
was added back to RhoA protein after exposure to EDTA, the
NaF-induced RhoA-p190 interaction could be restored (data
not shown). EDTA, at the concentration used in this experi-
ment, is known to facilitate the rapid release of guanine
nucleotide from GTPases (22), suggesting that the NaF-
promoted RhoA—p190 interaction may not require guanine
nucleotide. To test this possibility, we first incubated RhoA
with EDTA-containing buffer for 60 min at 37°C in the
absence of additional guanine nucleotide to release any bound
nucleotide. The RhoA protein bound to beads was then
washed twice in the same buffer to completely remove any
released nucleotide. Similar treatments have been shown to
promote the rapid release of nucleotide from RhoA (23). To
demonstrate that this treatment effectively removes bound
nucleotide, we prepared [*?P]GDP-loaded RhoA in a standard
nucleotide exchange reaction, then incubated the protein in
the EDTA-containing buffer for 30 min, and removed aliquots
at various times to follow the release of labeled nucleotide in
a filter-binding assay. As shown (Fig. 44), more than 98% of
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FIG. 4. Fluoride-promoted RhoA-p190 complex is nucleotide-dependent but requires a GTPase-competent RhoA. (4) [a-3?P]GDP-loaded
RhoA protein was incubated in buffer containing 5 mM EDTA, and aliquots were removed at the indicated times and analyzed by filter binding
to demonstrate the release of bound GDP. (B) Interaction of baculovirus-produced p190 with nucleotide-depleted or GDP- or guanosine
5'-[y-thio]triphosphate-loaded GST-RhoA on beads was examined in the presence or absence of NaF and bound p190 was detected by
immunoblotting with anti-p190 antibody. (C) Various amounts of GST-RhoA (GDP-loaded) were incubated with p190 in the presence of 20 mM
NaF, and bound p190 was detected by immunoblotting. The value 1 is an amount of RhoA equivalent to that used in all preceding assays. (D Upper)
Binding of p190 to wild-type RhoA and the constitutively active form of Rho, RhoV14, was compared in the presence or absence of NaF and detected
by anti-p190 immunoblotting. (D Lower) Immunoblotting with anti-GST antibodies revealed that approximately equivalent amounts of GTPase

fusion protein were used.
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bound nucleotide is released from RhoA after 30 min under
these conditions. Nucleotide-depleted RhoA (after 60 min in
EDTA) was tested for p190 association in the presence or
absence of NaF at magnesium concentration of 5 mM. As
shown (Fig. 4B), nucleotide-depleted RhoA is able to bind
pl190 stably in a NaF-dependent manner as efficiently as
GDP-loaded or guanosine 5'-[y-thio]triphosphate-loaded
RhoA. To demonstrate that the observed “nucleotide-free”
binding is not due to the ability of a very small amount of
remaining GDP-bound RhoA to complex with p190, we de-
termined that reducing the amount of RhoA-GDP in our
standard p190-binding assay by as little as 2.5-fold significantly
decreases the amount of detectable fluoride-promoted RhoA-
p190 complex (Fig. 4C). Thus, these results suggest that
fluoride is playing a role in RhoA-p190 complex stabilization
that is clearly distinct from the y-phosphate-mimicking role
that has been previously documented for other GTPases.

p190 Appears to Function by Stabilizing the Transition
State of the Rho GTPase. Several single amino acid substitu-
tions of the RhoA GTPase have been described that disrupt
GTP hydrolytic function and confer resistance to GAP activity
(10, 24). We used one of these, RhoAV14, to determine
whether this defect in catalysis might be due to an inability of
such mutants to assume the normal transition state. As shown
(Fig. 4D), unlike wild-type RhoA, a similar preparation of
RhoAV14 is unable to associate stably with p190 in the
presence of NaF and Mg?*. As expected, we found that the
interaction of RhoA with protein kinase N, a Rho effector
target (25, 26) that would not be predicted to induce the
transition state of RhoA, is unaffected by fluoride (data not
shown). Thus, these results support the hypothesis that p190 is
playing a role in stabilizing the Rho GTPase transition state
and that this RhoA mutant is resistant to GAP activity because
it is unable to undergo a conformational change required to
enter the transition state. Similarly, p5S0 RhoGAP fails to
stabilize the transition state of the analogous CDC42V12
mutant in the presence of aluminum fluoride (5).

DISCUSSION

We have demonstrated that p190 RhoGAP can form a high-
affinity complex with the RhoA GTPase in a fluoride- and
magnesium-dependent but aluminum- and guanine nucleoti-
de-independent manner. Previous studies of the aluminum
fluoride-promoted Ras-RasGAP and G,-RGS protein inter-
actions revealed that the likely role for aluminum fluoride in
the ability of these GAPs to stabilize the transition state of
GDP-bound GTPases is to mimic the y-phosphate of GTP.
This appears to involve the formation of an octahedrally
coordinated AIP* ion with a geometry similar to that of the
pentacovalent phosphorous intermediate in the GTPase re-
action (4, 27). Thus, analogous to results recently reported in
studies of the Ras—RasGAP interaction, our results are con-
sistent with a mechanism wherein p190 RhoGAP promotes a
conformation of RhoA that allows RhoA to bind fluoride and
become stabilized in its transition state. This was indeed
confirmed by using the GTP-hydrolysis-defective RhoAV14
mutant.

The absence of a requirement for aluminum or guanine
nucleotide in the fluoride-mediated RhoA-p190 complex was
surprising and contradicts the widely held y-phosphate mim-
icking hypothesis of GTPase activation by fluoride. This result
was further substantiated with the demonstration that fluoride
promotes the interaction of pl190 with guanosine 5'-[y-
thio]triphosphate-loaded RhoA as efficiently as GDP-loaded
RhoA. In addition, the fact that p190 can apparently stabilize
the transition state of the nucleotide-free Rho GTPase sug-
gests that the RhoA GTPase structure is largely maintained in
the absence of guanine nucleotide and that the nucleotide may
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not be required for recognition of the Rho structure by the
p190 protein.

Although interactions between several small GTPases (Ras,
Ran, Rap, and CDC42) and their respective GAPs are also
stabilized by fluoride (5), a specific requirement for aluminum
or guanine nucleotide has not been examined in those cases.
In addition, high-affinity stable interactions have been dem-
onstrated between some of the GAP-like RGS proteins and
their Ga targets in the presence of AlF, (28-33). Because a
specific requirement for aluminum or guanine nucleotide has
also not been examined in those interactions, it is unclear
whether fluoride acts by mimicking the y-phosphate in those
complexes.

Previous reports have described an aluminum-independent
effect of fluoride on G protein activation (20, 21). In those
studies, it was suggested that a GDP-Mg,F; molecule that is
structurally analogous to the GDP-AIF, molecule is formed
and that MgyF; is capable of mimicking the +y-phosphate.
Although our results support a molecular mechanism for
Mg,F; similar to that previously described for the aluminum-
independent activation of Ga proteins, the absence of a
requirement for guanine nucleotide in the fluoride-promoted
Rho-p190 complex does not support a mechanism that in-
volves the postulated GDP-Mg,F5 molecule. Significantly, it
has been reported (16) that fluoride can activate the Gs
protein in the absence of GDP, and these investigators also
concluded that their results do not support the y-phosphate-
mimicking hypothesis of AlF, activation. Moreover, fluoride
can activate NADPH oxidase in a cell-free system through an
aluminum-independent mechanism that appears to involve
interaction of the Rac GTPase with an unidentified RacGAP,
suggesting a role for fluoride similar to that described herein
(34).

Thus, with these previous observations, the results described
herein suggest that fluoride can play a distinct role in stabi-
lizing the GTPase transition state that is not likely to be unique
to the RhoA—p190 complex. The fact that the p190 RhoGAP
catalytic domain has a primary structure that is not obviously
distinct from other reported RhoGAPs (10) suggests that the
mechanism by which it interacts with its GTPase targets is not
atypical. Although structural data clearly support the ability of
aluminum fluoride to mimic the y-phosphate for some GDP-
bound GTPases (27, 30, 35), our results strongly indicate that
there is another mechanism by which fluoride can interact with
GTPases and that the consequences of this interaction appear
to be similar to those described for aluminum fluoride. To fully
understand such a mechanism, it will most likely be necessary
to determine the crystal structure of a GTPase-GAP complex
such as that formed between nucleotide-free RhoA and p190
in the presence of fluoride ions.
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