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ABSTRACT: GTPase-activating proteins (GAPs) enhance the intrinsic GTPase activity of small G proteins,
such as Ras and Rho, by contributing a catalytic arginine to the active site. An intramolecular arginine
plays a similar role in heterotrimeric G proteins. Aluminum fluoride activates the GDP form of
heterotrimeric G proteins, and enhances binding of the GDP form of small G proteins to their GAPs. The
resultant complexes have been interpreted as analogues of the transition state of the hydrolytic reaction.
Here, equilibrium binding has been measured using scintillation proximity assays to provide quantitative
information on the fluoride-mediated interaction of Ras and Rho proteins with their respective GAPs,
neurofibromin (NF1) and RhoGAP. High-affinity fluoride-mediated complex formation between Rho
GDP and RhoGAP occurred in the absence of aluminum; however, under these conditions, magnesium
was required. Additionally, the novel observation was made of magnesium-dependent, fluoride-mediated
binding of RasGDP to NF1 in the absence of aluminum. Aluminum was required for complex formation
when the concentration of magnesium was low. Thus, either aluminum fluoride or magnesium fluoride
can mediate the high-affinity binding of RI®DP or RasGDP to GAPs. It has been reported that
magnesium fluoride can activate heterotrimeric G proteins. Thus, magnesium-dependent fluoride effects
might be a general phenomenon with G proteins. Moreover, these data suggest that somayxisieiide
complexes previously reported to contain aluminum fluoride may in fact contain magnesium fluoride.

Small GTPases belonging to the Ras superfamily control with the fluorines present in a planar configuratid®(16.
a wide range of intracellular signaling events @). They Several other X-ray diffraction structures of protein
cycle between an inactive GDP-bound form and an active nucleotide complexes containing aluminum fluoride have
GTP-bound form. The GTP form binds effector molecules, now been reportedl 6, 1720). In each of these structures,
which transmit downstream signals. They are down-regulatedthere is either a trigonal bipyramidal or an octahedral
by GTPase-activating proteins (GAPsyhich stimulate their ~ arrangement of the ligands around the aluminum, consistent
slow intrinsic GTPase activity. Recent insights into the with them being analogues of their transition states. Some
mechanism of GAPs obtained through mutagenesis andstructures, such as R&asGAP §) and Cdc42Cdc42GAP
structural studies show that GAPs act as enzymes by(20), have been interpreted as containing AlRowever,
contributing a catalytic arginine to the active site and other structures, such as RRhoGAP 6) and G, (15, 16,
stabilizing the transition state for hydrolysis of protein-bound were proposed to contain AR

GTP @—11). Heterotrimeric G proteins can also be activated by fluoride
Heterotrimeric G proteins are potently activated by fluoride in the absence of aluminum. Sternweis and Gilmag) (

in the presence of low concentrations of aluminum, as first showed that beryllium can co-activate with fluoride, and later

shown by Sternweis and Gilmad3). Initially, aluminum Higashijima et al. 21) showed that high concentrations of

fluoride was thought to be tetrahedrally coordinated and magnesium could replace the requirement for aluminum. This

bound to GDP, acting as an analogue of fhghosphate of  |atter observation was extended by Antonny et 22, (23,

GTP (13, 14. However, the X-ray structures of,&&DPAIF 4~ who concluded that this was due to MgFoound to G-

revealed that the bound AfFwas octahedrally coordinated ~GDP. Recently, Vincent et al24) have shown qualitatively

that aluminum is not required for formation of a fluoride-
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Kingdom, and by Glaxo Wellcome. This aluminum-independent binding was also attributed to
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(0)1438 763867. Fax:+-44(0)1438 764818. Email: PL44712@ggr.co.uk. . ] .
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threitol; GAP, GTPase-activating protein; NF1, neurofibromin; ,AlF GDP to RhoGAP, and have quan.tlfled these requ!rements.
aluminum fluoride (exact chemical species not defined); MgF Ve have also found that the requirement for aluminum for

magnesium fluoride (exact chemical species not defined). the fluoride-mediated binding of R&BDP to its GAP, NF1,
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can be replaced by magnesium, suggesting that this is amM NaF, 1 mM AICk, 1 mM MgCh, 5% D,O in a 5 mm
general phenomenon for interaction of small G proteins and Shigemi tube.

GAPs. A corollary of these data is that some protein

nucleotide complexes previously reported to contain alumi- RESULTS

num fluoride may in fact contain magnesium fluoride. i , i i
Aluminum Is Not Required for the Formation of a High-

EXPERIMENTAL PROCEDURES Affinity Fluoride-Dependent Complex between either Rho
GDP and RhoGAP or RaGDP and NF1.Equilibrium
Proteins and Nucleotide Complex&ho, GSFRhoGAP binding measurements of R{@DP to the GAP domain of
(wild-type and R282A mutant)l(l), H-Ras residues-1166 RhoGAP were made using scintillation proximity assays
(8), and GSTFNFls34 (25 were purified as previously  (SPAs) in which GSFRhoGAP was attached to Protein A
described. H]GDP complexes of Rho and Ras were made SPA beads (via anti-GST). A signal is obtained wh#f{
by incubating [8-5*H]JGDP (NEN Life Science Products; GDP complexes of Rho bind to RhoGAP. The affinity of
26 Ci/mmol; 150uCi; dried down) with protein (0.8 mM),  the interaction was obtained by varying the concentration
in the presence of 20 mM EDTA for 30 min at 3C. Then of Rho[*H]GDP at a fixed concentration of GSRhoGAP
at 4 °C, MgCl, was added to a final concentration of 40 (Figure 1A). In the presence of 2 mM MgCPRO mM NaF,
mM, and unbound nucleotide was removed @ 1 mL and 0.11 mM AIC}, a hyperbolic increase in the SPA signal
Sephadex G-25 superfine centrifuge colun2®)( equili- was observed, giving an appareliy of 0.48 uM. The
brated in 20 mM Tris/HCI, pH 7.5, 2 mM Mggl1l mM experiment was repeated in the absence of added aluminum
DTT. Protein concentrations were determined as describedand presence of 1 mM deferoxamine, a powerful chelator
in referenced 1 and 27. of aluminum with aKy of ~1072° M (28). Again, a
Scintillation Proximity Assay (SPAScintillation proximity ~ hyperbolic increase in the SPA signal was observed, giving
assays were set up based on methods described for th@n apparenky of 0.28uM (Figure 1A).
interaction of RhoGAP/Rho1{l) and Ras/Raf 47) and The interaction between R4¥H]GDP and the GAP
analyzed as in referenc®r. The standard assay for Rho/  domain of NF1 was investigated using similar SPA binding
RhoGAP contained, in a final volume of 20Q, 20 mM experiments (Figure 1B). In the presence of 1 mM MgCl
Tris/HCI, pH 7.5, 1 mM DTT, 2 mM Mgd, 0.2 mgmL~* 20 mM NaF, and 0.11 mM AIG) Ras[*H]GDP bound to
BSA, 4.5ug of anti-GST antibody (Molecular Probes), 0.25 GST—NF1 with an apparer, of 0.16xM. In the absence
uM Rho[*H]GDP, 0.04uM GST—RhoGAP, and 1.25 mg  of added aluminum and in the presence of 1 mM deferox-
of Protein A SPA PVT beads (Amersham catalog no. RPNQ amine, the binding of RagH]GDP to GST-NF1 was
0019). The standard assay for Ras/NF1 contained, in a finalaimost identical (appareft of 0.13xM). Thus, RasGDP
volume of 20QuL, 50 mM Tris/HCI, pH 7.5, 2mM DTT, 1 binding to NF1, like that of Rha@GDP to RhoGAP, can occur
mM MgCly, 0.2 mgmL~1 BSA, 4.5ug of anti-GST antibody, in the absence of added aluminum.
0.20uM Ras[*H]GDP, 0.03uM GST—NF1, and 1.25mg  gternweis and Gilman1@) originally described how
of SPA beads. Conditions differed slightly between experi- qnaminating aluminum was required for activation of
ments with Ras and Rho to maintain consistency with peterotrimeric G proteins by fluoride. Thus, it was important

previous publications(l, 27). Control assays were also 14 rigorously demonstrate that the binding between-RmP
performed in the absence of GST-fusion proteins. When 54" RhoGAP or between R&DP and NF1 was not

required, 0.11 mM AlQ (from anhydrous AlQ freshly  agiated by trace amounts of aluminum. The aluminum
dissolved in water), 20 mM NaF, or 1 mM deferoxamine cqntent of the buffers was found to be undetectabie.5
mesylate were added to the assay. In experiments where th%M)’ and the addition of deferoxamine made certain that
concentrations of Rho or R#H]GDP, MgCh, AICIs, or any effects could not be attributed to free3Al To
NaF were varied, all other concentrations remained constant.yemonstrate that aluminum did not bind to the complex with
Aluminum DeterminationOptical emission spectrometry  extremely high affinity such that it was not removed by
was carried out on a Varian Liberty 220 ICP-OE spectrom- deferoxamine, we made use'® NMR and SPAs!F NMR
eter by S. Francis. The wavelength of emission was 396.152spectra of a solution of AlGland NaF at pH 7.5 showed a
nm. resonance at-120 ppm, due to free fluoride ions, and
NMR Measurement$®F NMR spectra were recorded at resonances in the region ef155 ppm due to solvated
298 K on a Bruker DRX600 spectrometer (resonance aluminum fluoride species, AlFFigure 2a) 29, 30. It
frequency for'F = 564.68 MHz) with a dedicated 5 mm  should be noted that in similar NMR experiments at pH 8,
1%F—1H probe in the normal configuration. Typically, 1560 these Al NMR signals are not visible1lQ, 31). Addition
3000 free induction decays were acquired for each experi-of RhoGDP did not perturb these signals (Figure 2b).
ment using 40 pulses at intervals of 2.5 s and a spectral However, subsequent addition of RhoGAP resulted in a
width of 100 ppm. The spectra were initially processed reduction in the integral of these resonances and the
without any weighting function. The smallest line width appearance of a new resonance-d43 ppm (Figure 2c).
measured, 70 Hz at full width at half-height, was then used When mutant RhoGAP, in which the catalytic Arg-282 has
as the exponential line broadening factor in the spectrabeen mutated to Ala, replaced wild-type RhoGAP, this
shown. Chemical shifts were referenced to an external resonance was seen &atl44.5 ppm (Figure 2d). Mixing
standard of CECl at 0 ppm. NMR samples were prepared R282A and wild-type RhoGAP (Figure 2e) resulted in a
by the addition of the appropriate quantities of concentrated mixture of the two species in proportions consistent with
stock solutions of Rh&sDP, RhoGAP, and deferoxamine their reported relative affinitiesl(), eliminating the pos-
into 100 uL of a solution of 50 mM Tris/HCI, pH 7.5, 5  sibility that chemical shift differences between the NMR
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FIGURE 2: 1% NMR spectra of Rh@sDP and RhoGAP in the
presence of AlIGland NaF. All*%F NMR spectra were recorded in
0 02 04 06 08 1 buffer containing 50 mM Tris/HCI, pH 7.5, 5 mM NaF, 1 mM
[Ras.["HIGDP] (uM) AICl3, 1 mM MgCh, and 5% BO. Spectra were recorded in the
. . absence of protein (a), after addition of 20d@ Rho-GDP (b), and
Ficure 1: The aluminum chelator, deferoxamine, does not affect following subsequent addition of 2QfM wild-type RhoGAP (c).
binding of RheGDP to RhoGAP (A) or Ra&DP to NF1 (B) in In a separate experiment, 260 Rho-GDP and 20Q:M mutant
the presence of NaF and MgCEPAs were performed in which  R2g2A RhoGAP were mixed (d) followed by addition of 166
the concentration of RAFH]GDP was varied in the presence of  yiig-type RhoGAP (e). After recording spectrum c in the presence
0.04uM GST—RhoGAP (A) or the concentration of R§SH]GDP of RheGDP and wild-type RhoGAP, 2.5 mM deferoxamine was
was varied in the presence of 0,08 GST-NF1 (B). Experiments = added and the spectrum re-recorded (f). For speetea3000 scans

were performed in the presence of 0.11 mM Al&@hd absence of  anq for spectrum f 1666 scans were acquired. The spectra are scaled
deferoxamine @), or in the absence of Algland presence of 1 5ccordingly.

mM deferoxamine £). Measurements on Rho were carried out in

20 mM Tris/HCI, pH 7.5, 2 mM MgGJ, 20 mM NaF, and 1 mM . . . L
DTT. Measurements on Ras were carried out in 50 mM Tris/HCl,  Requirements for High-Affinity Binding of Ri@DP to

pH 7.5, 1 mM MgC}, 20 mM NaF, and 2 mM DTT. The SPA  RhoGAP and Ra&DP to NF1 in the Absence of Aluminum.
signals from assays in which GSRhoGAP or GST-NF1 were Next we examined the requirements for fluorine-mediated

omitted were subtracted from those in their presence, and these; ;i : ;
values are plotted against the added concentration of radiolabelegblndlng in the absence of aluminum (presence of 1 mM

RhoGDP or RasGDP. The solid lines show the best fits to binding deferoxamine). Binding of either RHEH]GDP to GSF-
isotherms, with appareids of 0.48 and 0.2@M for Rho/RhoGAP RhoGAP (Figures 3A and 4A) or R43H]GDP to GST-
and 0.16 and 0.13M for Ras/NF1 in the absence and presence of NF1 (Figures 3B and 4B) was only detectable when both
deferoxamine, respectively. MgCl, and NaF were present. At 20 mM NaF, complex
formation with both Rho and Ras showed a hyperbolic

signals were artifacts due to pH or other changes upon .
addition of proteins. These data are consistent with literature 46P€Ndence upon the concentration of Mgith apparent
reports (0, 29, 3) that the signals between143 and—145 de_ of 1.1 and 1.2 _mM, respecnvely (F|gure 3). However,
ppm are from fluorine atoms in the RIGDP-AIF,RhoGAP at fixed concentrations of Mggla sigmoidal dependence
complex. Deferoxamine completely removed the aluminum- ©f RNO/RNOGAP or Ras/NF1 complex formation on the
dependentF NMR signal seen with wild-type RhoGAP ~ concentration of NaF was observed (Figure 4). These data
(Figure 2f), demonstrating that it was able to extract Were fitted to the Hill equation: SPA signal Sya{NaF]"/
aluminum from the preformed protein complex. Additionally, (K" + [NaF]"), whereSyax = maximum SPA signali =
we found that deferoxamine prevented aluminum-dependentconcentration for half-maximal binding, and = Hill
formation of complexes (at low Mg concentrations) in the coefficient, giving Hill coefficients of 2.2 and 2.4 and
SPA assay (data described below, shown in Figure 5). concentrations for half-maximal binding of 19 and 20 mM
Taken all together, these experiments prove that, underfor Rho and Ras, respectively. These data show that high-
these conditions, aluminum is not required for fluoride- affinity complex formation of RhaSDP or RasGDP with
mediated binding of the GDP forms of either Rho or Ras to their GAPs, in the absence of aluminum, requires both
their GAPs. fluoride and magnesium.
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RhoGAP (A) or RasGDP to NF1 (B) in the presence of either
Ficure 3: Effect of MgCL concentration on binding of RRGDP MgCl, plus deferoxamine or AlGl SPAs were performed as in
to RhoGAP (A) or RasGDP to NF1 (B) in the presence of NaF  Figure 3 except that the concentration of NaF was varied with either
and deferoxamine. SPAs were performed in which the concentration2 mM (Rho/RhoGAP) or 1 mM (Ras/NF1) Mgg£(a). The solid
of MgCl, was varied in the presence of 0.0 GST—RhoGAP lines are the best fits to the Hill equation, giving Hill coefficients
and 0.254M Rho[*H]GDP (A) or 0.03uM GST—NF1 and 0.2 of 2.2 and 2.4 and concentrations for half-maximal binding of 19
uM Ras[3H]GDP (B). Measurements on Rho were carried out in and 20 mM for Rho/RhoGAP and Ras/NF1, respectively. SPAs
2 mM MgCl,, 20 mM NaF, and 1 mM deferoxamine. Measurements were also performed with 10M MgCl, and AICk (®). Data below
on Ras were carried out in 1 mM Mg{CR0O mM NaF, and 1 mM 1.5 mM NaF are not plotted as the blanks were high compared to
deferoxamine. The SPA signals from assays in which &ST the signal.
RhoGAP or GSTNF1 were omitted were subtracted from those

in their presence, and these values are plotted against the adde ; ; ; it
concentration of MgGl The solid lines show the best fits to binding ﬁon in the absence of aluminum (Figure 3), and addition of

isotherms with apparemtss of 1.1 mM for Rho/RhoGAP and 1.2 aluminum at high magnesiu_m concentration did not greatly
mM for Ras/NF1. affect complex formation (Figure 1), we addressed whether

aluminum could promote complex formation at low mag-

An attempt was made to observe the formation of an nesium concentrations. Small G proteins are unstable in the
aluminum-independent, magnesium-dependent, fluoride-absence of magnesium. Therefore, we performed experiments
containing RheGDP-RhoGAP complex by°F NMR. In line at 10uM MgCl,, a concentration which is sufficiently low
with literature observations3(), addition of 1 mM MgC} for no significant complex formation to occur (Figure 3),
to a 5 mMsolution of NaF results in the broadening of the but high enough to give a stable SPA signal for several hours.
free F signal at—120 ppm within the®®F NMR spectrum, In the presence of 20 mM NaF, there was a hyperbolic
neither altering the chemical shift of the peak nor producing dependence of high-affinity RRGDP/RhoGAP complex
additional signals. This is consistent with the formation of formation on AIC} concentration (Figure 5A), showing that
MgFx on an intermediate NMR exchange time scale. Under aluminum can promote complex formation at low concentra-
conditions where the formation of a magnesium-dependenttions of magnesium. The apparel§ for aluminum was
RhoGDP-RhoGAP complex would be expected, no néw calculated to be 0.19 mM. As expected, inclusion of excess
resonances were observed. The absence of new resonanceeferoxamine prevented complex formation. Likewise, there
is likely to be due to the exchange rate between the free andwas a hyperbolic dependence of high-affinity REBP/NF1
complex ions being rapid compared to the chemical shift complex formation upon AIGI concentration, with an
difference. apparenty of 0.23 mM (Figure 5B). Again, inclusion of

Requirements for High-Affinity Binding of Ri@&DP to excess deferoxamine prevented complex formation. Thus,
RhoGAP and Ra&DP to NF1 in the Presence of Aluminum aluminum can promote complex formation of both RBBP
and 10uM MgCl,. Since we have shown that magnesium is with RhoGAP and Ra§&DP with NF1 at low concentrations
required for fluoride-dependent high-affinity complex forma- of magnesium.
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A Figure 1 were used to determine binding affinities of GST
R282A RhoGAP and Rh&DP. The apparenky in the
600 presence of 0.11 mM AlGland 2 mM MgC} was 1.4uM,
s in the presence of 2 mM Mgghlnd 1 mM deferoxamine
Ef;/ was 4.9uM, and in the presence of 0.11 mM AlCind 10
5 400 uM MgCl, was 0.9uM.
(=)}
g DISCUSSION
o 200

As previously reported, AlFmediates high-affinity binding
of RhaGDP to RhoGAP (Figures 1A and 5A and references
6, 10, 11, 32 and of RasGDP to NF1 (Figures 1B and 5B
and references8, 4, 3). However, we also found a similar
degree of binding of either RRGDP or RasGDP to their
respective GAPs even when no aluminum was added
(Figures 1A and B). Fluoride-dependent activation of het-

0 02 04 06 08 1
[AICI] (mM)

B erotrimeric G proteins was previously attributed to contami-
1200 nation by aluminum12). The following evidence suggested
1000 that the binding observed here was not due to contaminating
2 aluminum: (i) Direct measurement of the aluminum con-
O 800 centration in the buffers showed that it wa®.05uM. (ii)
[ Addition of 1 mM deferoxamine, which chelates aluminum
2 600 with extremely high affinity 28), did not block fluoride-
g 400 mediated complex formation at high magnesium concentra-
n tions (Figure 1). (iii) Deferoxamine can chelate aluminum
200 from the small G protein/GAP/AlFcomplex (Figures 2 and
5).
0 The data shown in Figures 3 and 4 demonstrate that
0 01 02 03 04 OS5 fluoride-mediated, aluminum-independent complex formation
[AIC;] (mM) of RhoGDP and Ra$sDP with their respective GAPs
FIGURE 5: Effect of AICk; concentration on binding of RR6DP requires the presence of fluoride and high concentrations of
to RhoGAP (A) or RasGDP to NF1 (B) in the presence of 1M magnesium. These data support the conclusion of Vincent
MgCl, and NaF. SPAs were performed as in Figure 3 except that et al. 4) that fluoride-mediated RAGDP binding to p190
the concentration of AlGlwas varied in the presence of 1M RhoGAP (GAP domain homologous to that in RhoGAP

MgCl,. Experiments were performed in the abser@pdr presence . . . .
of 1 mM deferoxamine&). The solid lines shown for data in the described here) did not absolutely require aluminum but was

absence of deferoxamine are the best fits to binding isotherms, with supported by magnesium. Importantly, we show that this
apparenigs of 0.19 and 0.23 mM for Rho/RhoGAP and Ras/NF1, phenomenon is more general to small G proteins as almost
respectively. identical results were obtained here with RaBBP and NF1.
) As heterotrimeric G proteins can also be activated by fluoride

To address the dependence of Atfiediated complex iy 3 magnesium-dependent, aluminum-independent manner
formation on NaF concentration, we varied the NaF con- (21-23), magnesium fluoride activation of other GTP
centration at 1uM MgClI, (Figure 4). However, as the  pinding proteins, and indeed other nucleotide binding
concentration of NaF was reduced below 1 mM, the control oteins, may well be possible.
SPA signal in the absence of GSGAP became markedly

; ; X The use of equilibrium binding assays has allowed us to
increased, such that the interpretation of assays was unclear. . : . , .
Very likely this was causedpby insolubility 03; aluminum quantify, for the first time, the requirements for fluoride-

hydroxide. At concentrations of NaF above 20 mM, there mediated binding of the GDP forms of Rho and Ras to their

was a decline in the GAP-dependent signal. Despite theseGAPS' Although these systems with many reactants and

A . . . complex solution chemistry3Q, 33 prevent a complete
Irllr;pl)frtllz)%rlli% (tgz S:Jervf)s Vvtl/iriodtjlsctime(;tt?;n 2%’1?\21?22{2%”” analysis, many significant conclusions can be made. The
of NaF required for the half-maximal effect as about 2.5 mM, requirements for both magnesium- and aluminum-dependent

. . fluoride-mediated binding were remarkably similar for Rho
with saturation at less than 6 mM, both for Rho and for Ras. and Ras. Thus, at 20 mM NaF, Mg@romoted binding of

Binding affinities in the presence of aluminum were Rnpo (Figure 3A) and Ras (Figure 3B) with apparéGt
determined in similar experiments to those in Figure 1 but ygjyes of 1.1 and 1.2 mM, respectively. At the same
with 10 uM MgCl. (data not shown). The doseesponses  concentration of NaF, in the presence ofidd MgCly, AICI;
were hyperbolic, and the appareijs for RhoGDP and  promoted binding of Rho (Figure 5A) and Ras (Figure 5B)
RhoGAP or RassDP and NF1 at 6 mM NaF were 0.17  jth apparenk, values of 0.19 and 0.23 mM, respectively.
and 0.52uM, respectively. Experiments with Ras at 20 MM The concentrations of fluoride required for the half-maximal
NaF showed that the affinity was almost unchanged, effect were much higher for magnesium-dependent (20 mm)
consistent with saturation at 6 mM. than for aluminum-dependent (2.5 mM) binding (Figure 4).

Fluoride-Mediated Interaction between RDP and Again, the requirements were similar for Rho (Figure 4A)
Mutant R282A RhoGAFExperiments similar to those in  and for Ras (Figure 4B). In the absence of aluminum, the
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apparent affinities of Rh@&DP and of Ra$DP for their complex high concentrations of magnesium (100 mM) and
GAPs, in the presence of approximately half-saturating low aluminum concentrations (0.08 mM) were used)(
concentrations of NaF and of Mg{lvere found to be 0.28  Under these conditions, it is likely, from the data presented
uM (Rho; Figure 1A) and 0.13M (Ras; Figure 1B). With here, that the complexes formed do not contain ;A4S
10 uM MgCl; and 0.11 mM AIC}, the affinity of Rho for originally assumed, but in fact contain MgF This is
its GAP was slightly highery 0.17 uM), whereas that of  supported by the X-ray diffraction structure of the complex
Ras for its GAP was slightly weakeK{ 0.52 uM). In of RhoGDP and RhoGAP in the presence of fluoride and
conclusion, high concentrations of magnesium and of fluoride magnesium, but absence of aluminum (J. F. Eccleston, S. J.
are required to obtain fluoride-mediated response in the Gamblin, D. L. Graham, K. Rittinger, and S. J. Smerdon,
absence of aluminum. In contrast, the aluminum-mediated unpublished observations). This shows a central metal ion
response requires lower concentrations of both aluminum andwith a trigonal bipyramidal arrangement of ligands around
fluoride. It should be noted, however, at approximately half- it; this is the same configuration as observed in the proposed
saturating concentrations of magnesium fluoride or of Cdc42GDP-AlF3-Cdc42GAP complex.
aluminum fluoride, the affinities of Rh@&DP or of Ras NDP kinase 18), UMP kinase 19), and RasRasGAP {§)
GDP for their GAPs are all close to each other (appakeant  have been crystallized in the presence of aluminum fluoride
ca. 0.10.5uM). Thus, either aluminum or magnesium is and reported to contain an AJSpecies. As discussed by
able to effectively mediate complex formation in the presence Schlichting and Reinsteiri), AlF;is not the most abundant
of fluoride. aluminum fluoride species under the crystallization condi-

The results seen here with Ras and Rho are qualitativelytions used, but it was proposed that the enzyme precisely
similar to those seen with &GWith each protein, aluminum  fits only the AIFR; species. However, we note that high
allows activation with much lower concentrations of fluoride millimolar concentrations of magnesium were present in all
than that required to obtain magnesium-dependent effects,cases, and hence it seems quite plausible that some (or even
and for the latter millimolar concentrations of MgCire all) of these structures might in fact contain a MgBpecies.
required (Figures 3 and 4 and referen2és 23). However, We found that the concentration of fluoride required for
there are quantitative differences in that the concentrationsmaximal aluminum-mediated binding is very much lower
of aluminum required for half-maximal activation of,@Gre than that for magnesium-mediated binding. Hence, higher
1-5uM (15), about 2 orders of magnitude less than for Rho fluoride concentrations will increase the likelihood of
or Ras. magnesium fluoride rather than Albinding, though the

In the absence of aluminum, fluoride-dependent complex species bound will also reflect its affinity for the protein.
formation of both Ras and Rho with their respective GAPs Furthermore, it is likely that the structure of magnesium
showed simple, hyperbolic dependences upon the concentrafluoride activated G (21—23), which has not yet been
tion of magnesium (Figure 3). However, with both com- determined, would show a trigonal pyramidal arrangement
plexes, the dependence upon the concentration of fluoriderather than the previously proposed tetrahedral arrangement
was sigmoidal (Figure 4). The data were fitted to the Hill (22). It is noteworthy that such MgF complexes would be
equation with Hill coefficients of 2.2 and 2.4. These values expected to mimic the transition state of hydrolysis very
are empirical fits but are consistent with several fluoride closely both in charge and in geometry.
molecules being required as part of the stable complex. The We recently suggested that the Alfrediated complex
mechanistic implications of Hill coefficients greater than between RhdGDP and RhoGAP did not have all the
unity are discussed in detail in referen8d4, where it is thermodynamic properties expected of the transition state
concluded that the Hill coefficient provides only a lower limit  though it might well be a close structural analogli&) ( This
on the real stoichiometry. Such behavior was not previously was based on two observations. First, RhoGAP bound to
studied with Rho 24), but is similar to that reported for ~RhoGDP, in the presence of AlFwith similar affinity as
fluoride-dependent activation of transduc®), In the latter to RhoGTP. Second, removal of the catalytic arginine
case, the Hill coefficients obtained, taken in conjunction with residue of RhoGAP reduced catalysis by 230-fold, butAlF
kinetic measurement238), were interpreted as supporting a mediated binding of the mutant RhoGAP to RB®DP was
model in which there is formation of a GBD®gF; complex, only reduced 24-fold. The apparent affinity of the mag-
mimicking they-phosphate of GTP. nesium fluoride-mediated complex is not very significantly

X-ray diffraction structures of Cdc42dc42GAP 20) and different from the Alk-mediated complex, suggesting that
of RhoRhoGAP @) complexes crystallized in the presence it is not a dramatically closer thermodynamic mimic of the
of aluminum fluoride have been reported. Cdc42 and Rho transition state. We also looked at the properties of the
are highly homologous proteins, and the domains of R282A RhoGAP mutant. The NMR experiments shown in
Cdc42GAP and RhoGAP used for these studies were Figure 2 confirmed that R282A RhoGAP binds to REBDP
identical. Thus, one might have anticipated that the structuresin the presence of Alf Interestingly, the resonance from
around the conserved active site would be near-identical.the bound Al species was shifted upfield relative to that
However, the Cdc42-containing structure contained a centralof wild-type RhoGAP. This upfield shift is consistent with
metal ion coordinated to three equatorial fluorine atoms, an the removal of the arginine from the fluorine coordination
axial oxygen atom from thg-phosphate of the nucleoside sphere and the X-ray structure of Cde@DP bound to
diphosphate, and an axial water molecule; this was inter- R305A (equivalent to R282A) Cdc42GAP, which shows an
preted as Alg. In contrast, in the Rho-containing structure, altered arrangement of residues around the Affecies20).
the metal ion is octahedrally coordinated with four equatorial We found that the R282A mutation caused a 17-fold decrease
fluoride ions, and this was interpreted as AIFWe note in binding affinity for Mgk-mediated complex formation
that for the crystallization of the Cdc42DPAlF3-Cdc42GAP but only 5-fold for AlR-mediated complex formation,
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suggesting that the MgFspecies might be a slightly closer

approximation to the transition state. However, irrespective

of whether mediated by Mgfer by AlF,, the R282A mutant
does not show the loss of affinity to Ri&DP that might

be anticipated from the catalytic enhancement provided by
Arg-282 if these fluoride complexes are close thermodynamic

transition state analogue$l)).

In conclusion, it has now been demonstrated that both

heterotrimeric G proteins and small G proteins can form

aluminum-independent, magnesium-dependent complexes

with fluoride, suggesting this might be a more general
property of nucleotide binding proteins. Furthermore, it is

possible that some X-ray structures previously interpreted

as containing aluminum fluoride might in fact contain
magnesium fluoride.
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