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Abstract A1F4~ has long been known to associate with and 
activate the GDP-bound alpha subunits of heterotrimeric G-
proteins. Recently the small guanine nucleotide binding protein 
Ras has also been shown to associate with A1F4 in the presence 
of stoichiometric amounts of its GTPase activating protein 
(GAP). Here we present the isolation of a stable Ras-GDP-
•A1F4~-GAP ternary complex by gel filtration. In addition, we 
generalise the association of A1F4 with the small GTP-binding 
proteins by demonstrating ternary complex formation for the 
Cdc42, Rap and Ran proteins in the presence of their respective 
GAP proteins. 

© 1997 Federation of European Biochemical Societies. 
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1. Introduction 

Small guanme nucleotide binding proteins of the Ras super-
family are involved in a variety of cellular processes. They 
function as molecular switches and exist in an 'inactive' 
GDP-bound or an 'active' GTP-bound state. Their states of 
nucleotide occupancy are regulated by a variety of proteins 
including guanine-nucleotide exchange factors (GEFs) and 
GTPase activating proteins (GAPs)[l] . The G E F s promote 
the release of tightly bound G D P on the protein and thereby 
facilitate loading with cytosolic GTP . The GTP-binding pro-
teins then return to the inactive state upon hydrolysis of the 
bound G T P to G D P by virtue of the GTPase reaction, which 
is usually very slow but can be accelerated by the action of the 
GAPs, in the case of Ras and Ras-GAPs by several orders of 
magnitude [2,3]. 

The superfamily of Ras-related GTP-binding proteins con-
sists of several subfamilies such as the Ras, Rho , Rab , Ran 
and Arf subfamilies. While these have common sequence ele-
ments, and show the same overall three-dimensional fold as 
demonstrated by the structures of Ras [4,5], Arf [6], Ran [7] 
and R a b (P. Metcalf, unpublished data), the respective G E F s 
and GAPs are homologous only within and not across the 
subfamilies [8] and are expected to reveal different three-di-
mensional structures. Of the GAPs specific for Ras p l 2 0 - G A P 
was the first to be isolated [9] and the next was neurofibromin 
(NF1) which is the product of the neurofibromatosis gene [10]. 
The three-dimensional structure of a catalytic fragment of the 
Ras-specific p l 2 0 - G A P has recently been determined [11]. 

A number of GAPs specific for the members of the Rho 
subfamily (comprising the Rho , Rac and Cdc42 GTP-binding 
proteins) have been described. Of these R h o - G A P has been 
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found to be active on several members of the Rho family but 
most active on Cdc42 [12]. A G A P for Ran has been cloned 
from human tissue [13] and has been shown to be the mam-
malian counterpart of R N A 1 , the yeast Ran-GAP. The S. 
pombe R N A 1 protein has been shown to be active on human 
Ran [14]. Although Ras and Rap are from the same subfamily 
of Ras-related proteins, R a p - G A P has no sequence homology 
to Ras-GAP or to any of the other GAPs [15]. 

Recently we have shown by the use of fluorescence spectro-
scopic measurements that Ras-GAPs stabilize the binding of 
A1F4~ to Ras, which based on evidence from G a proteins is 
believed to conformationally mimic the transition state of the 
GTPase reaction [16,17], and that stoichiometric amounts of 
the G A P are needed for this effect [18]. 

We have now isolated the stable complex between 
Ras-GDP, A1F4~ and N F 1 . Furthermore, by analysing the 
small GTP-binding proteins CDC42, Rap and Ran in the 
presence of their respective GAPs we demonstrate that the 
formation of quaternary G-protein-GDP-AlF/^-GAP com-
plexes is a general principle applicable to other Ras-related 
GTP-binding proteins as well. 

2. Materials and methods 

2.1. Proteins 
Recombinant H-Ras was prepared from Escherichia coli using a 

ptac-expression system as described [19]. Rap2B (expression plasmid 
kindly provided by Dr. Jean de Gunzburg) and CDC42 were ex-
pressed as GST-fusion proteins in E. coli and purified by gluta-
thione-sepharose affinity chromatography. The protease thrombin 
was used (at a fusion protein:protease ratio of 50:1) to separate the 
GST and native G-proteins by cutting at a thrombin recognition site. 
Digestion was done in 20 mM HEPES, pH 7.4, 5 mM MgCl2, 5 mM 
DTE and 100 mM NaCl (HMDN buffer) supplemented with 2.5 mM 
CaCl2, at 4°C for 3 h. Liberated GST subunits and undigested GST-
fusion protein were removed by another round of glutathione sephar-
ose chromatography. All G-proteins were dialysed against HMDN 
buffer before use in subsequent assays. 

The catalytic domain of NF1, NF1-333, extending from amino acid 
E1198 to H1530, was isolated using the pLMM-expression system in 
E. coli as described previously [20]. Truncated Rap-GAP (amino acid 
residues 76-415) was prepared using the pLMM expression system in 
E. coli (Ahmadian et al., manuscript in preparation) and the 242-
amino acid catalytic domain of Rho-GAP was prepared in E. coli 
as a GST-fusion protein and purified as described above for other 
GST-fusion proteins. Ran-GDP was a gift from Dr. Jörg Becker 
and Ran-GAP from Roman Hillig. 

2.2. Gel filtration 
Gel filtration (Superdex 75, 16/60, Pharmacia, Uppsala, Sweden) 

showing complex formation between Ras-GDP, A1F4~ and NF1-333 
was performed in 30 mM Tris/HCl pH 7.5, 5 mM MgCl2, and 5 mM 
DTE after incubating 150 μΜ Ras-GDP and 150 μΜ NF1-333 in the 
presence or absence of A1F4~ (10 mM NaF, 450 μΜ A1C13). The flow 
rate was maintained at 1.5 ml per min and 1 ml fractions were col-
lected. Analytical gel filtration chromatography on CDC42 and Rho-
GAP was performed over a Superdex G-75 column (10/30) using 
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HMDN buffer (20 mM HEPES, pH 7.4, 5 mM MgCl2, 5 mM DTE, 
100 mM NaCl). GDP-loaded CDC42 or the G12V mutant of CDC42 
and the 242 amino acid C-terminal fragment of p50 Rho GAP [12] 
were used. 20 nmoles of each protein were incubated together for 15 
min at room temperature in the presence or absence of AIF4 - in 
HMDN buffer in a total volume of 140 μΐ. Thereafter the sample 
was spun at 13000 rpm to remove any particulate impurities and 
loaded on the analytical gel filtration column. The flow rate was 
maintained at 1 ml per min and 250 μΐ fractions were collected. 
Peak fractions were visualised by 15% SDS-PAGE and subsequent 
staining by Coomassie Blue. 

2.3. GTPase assays 
G-proteins were loaded with radioactive nucleotide either by incu-

bating nucleotide-free preparations [21] with sub-stoichiometric 
amounts of [y-32P]GTP at room temperature for 10 min or by the 
EDTA/Mg2+ procedure [19]. Briefly, 10-20 pmoles of GTP-binding 
protein loaded with [y-32P]GTP and a 5 to 10 fold excess of the same 
protein loaded with GDP were mixed together and the extent of in-
trinsic and GAP-assisted GTP hydrolysis in the absence and presence 
of aluminium fluoride (30 μΜ AICI3 and 5 mM NaF) was monitored 
by quantifying radioactive phosphate release using the charcoal assay 
[22], The reactions (total volume 50 μΐ) were started by addition of 
GAP (10 pmoles) or buffer to the samples, and after 6 min 40 μΐ of the 
reaction mixture were added to 360 μΐ of chilled charcoal slurry (5% 
Norit in 50 mM NaH2P04, pH 3) and mixed well. This was then spun 
in a table top microfuge and 100 μΐ of the supernatant (containing the 
free 32P-labelled phosphate which cannot be absorbed by the char-
coal) were added to scintillation fluid and counted. In a control re-
action, the GAP stimulated GTPase reaction was done in the presence 
of A1F4

_ (concentrations as above), and no inhibition was observed. 

3. Results 

3.1. Isolation of the Ras-GDP· AlFi~-GAP complex 
In contrast to the oc-subunits of heterotrimeric G-proteins 

[23,24], isolated Ras-related proteins in their GDP-bound 
form do not bind, and are not activated by aluminium fluo-
ride complexes [25]. However, we have shown [18] that the 
addition of A1F4~ to Ras loaded with a fluorescent analogue 
of GDP induces a large fluorescence change indicative of 
A1F4~ binding - but only in the presence of the catalytic 
domains of the Ras-GAPs neurofibromin or pl20-GAP. Stoi-
chiometric amounts of the respective GAPs are required for 
this effect, which suggests that a 1:1:1 complex between 
Ras-GDP, Ras-GAP and A1F4~ is formed under these con-
ditions. To examine this further, Ras-GDP was incubated with 
the catalytic domain of the Ras-GAP neurofibromin (NF1-
333) in the presence or absence of A1F4~, and the mixtures 
analyzed by gel filtration. In the absence of A1F4~ the 36 kDa 
NF1-333 protein represented by the peak at 62 ml in Fig. 1A 
is well resolved from the 21 kDa Ras-GDP which elutes in the 
second peak (with a maximum at 74 ml). In the presence of 
A1F4~, however, the NF1-333 and Ras-GDP proteins are seen 
to elute in a single peak centred at 56 ml indicative of the 
formation of a Ras-GDP-A1F4~-NF 1-333 complex. Analysis 
of the eluted fractions by SDS-polyacrylamide gel electropho-
resis (SDS-PAGE) shows that the peak eluting in the presence 
of A1F4~ indeed contains a mixture of Ras and neurofibromin 
with an estimated 1:1 stoichiometry (Fig. IB). SDS-PAGE 
analysis of control experiments done in the absence of A1F4~ 
shows that Ras and NF1-333 do not form a complex under 
these conditions and thus elute separately (Fig. 1C). 

The gel filtration experiments thus constitute an independ-
ent readout monitoring complex formation of what we believe 
is a mimic of a transition state of the GAP-catalyzed GTPase 
reaction on Ras. 

Fig. 1. Isolation of the quaternary complex Ras-GDP-A1F4 -NF1-
333 by gel filtration. (A) Gel nitrations were performed in 30 mM 
Tris/HCl pH 7.5, 5 mM MgCl2, 5 mM DTE after incubating 150 
μΜ Ras-GDP with 150 μΜ NF1-333 in the presence (o) and in the 
absence ( · ) of A1F4~ (10 mM NaF, 450 μΜ A1C13). Fractions from 
gel filtration with A1F4~ (B) and without A1F4~ (C) were analysed 
on a 15% SDS-polyacrylamide gel and visualized by Coomassie bril-
liant blue staining. Numbers indicate the fractions and M the mo-
lecular weight (in kDa). 

3.2. Ternary complex formation in the case of the Cdc42 
GTP-binding protein 

Even though there are limited sequence and overall topo-
logical similarities between the low molecular weight GTPases 
(typified by Ras), there exist little or no sequence similarities 
between the corresponding GAP proteins. Hence we wanted 
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to determine whether the binding of A1F4 to GTP-binding 
proteins other than Ras could be induced by their respective 
GAPs. 

With this intent we next examined the A1F4~ mediated 
ternary complex formation between the Rho subfamily 
GTP-binding protein Cdc42 and its GTPase activating protein 
Rho-GAP. Gel filtration analysis of the interaction revealed 
that Cdc42-GDP (21 kDa) and a catalytically active Rho-
GAP fragment (29 kDa) [12] in the absence of A1F4~ are 
resolved on the gel filtration column (Fig. 2A). In the presence 
of A1F4~, however, they coelute (Fig. 2B) which demonstrates 
formation of the quaternary Cdc42-GDP-A1F4~-Rho-GAP 
complex. It has been shown that a mutation in the phos-
phate-binding loop (P-loop) of Cdc42 analogous to the onco-
genic G12V mutation of Ras also reduces the intrinsic 
GTPase reaction which cannot be stimulated anymore by 
Rho-GAP [12]. Gel filtration experiments with Cdc42(G12V) 
showed that Cdc42(G12V)-GDP and Rho-GAP are seen not 
to coelute even in the presence of A1F4~ (Fig. 2C and D). 
Thus Cdc42(G12V) is unable to form a transition state ana-
logue. 

Fig. 2. Formation of the Cdc42-GDP-A1F4~-Rho-GAP complex 
with wild type Cdc42 but not with a GTPase negative mutant of 
Cdc42. The 21-kDa Cdc42-GDP protein and the 29-kDa catalyti-
cally active fragment from Rho-GAP (150 μΜ each) were incubated 
in the absence and presence of A1F4~ and the mixtures resolved 
over a Sephadex G-75 analytical gel filtration column. Peak frac-
tions were analysed by SDS-PAGE and visualised by staining with 
Coomassie Blue. The numbers denote fraction numbers of the eluate 
from the gel filtration column. It is seen that whereas the Rho-GAP 
and Cdc42 proteins elute separately when incubated in the absence 
of A1F4~ (C), they are seen to coelute when incubated in the pres-
ence of A1F4~ (D). In the case of the GTPase negative 
Cdc42(G12V) mutant it is seen that Cdc42(G12V) is resolved from 
the Rho-GAP in the absence (A) and presence (B) of A1F4~. 

3.3. Quaternary complex formation in the case of the Rap and 
Ran GTPases 

To test additional small GTP-binding protein/GAP combi-
nations represented by the Ran/RNAl and Rap2/Rap-GAP 
systems we developed another independent readout for ter-
nary complex formation. The affinity of GAPs for the 
GDP-bound forms of the guanine nucleotide binding proteins 
is much lower than that for their GTP-bound forms [26]. 
Thus, at micromolar concentration, Ras-GDP, for example, 
should not inhibit the interaction of Ras-GTP with NF1. 
However, in the presence of A1F4~, the NF1-333 catalyzed 
hydrolysis should be inhibited by Ras-GDP owing to the for-
mation of a Ras-GDP-A1F4 -NF1 complex that would in ef-
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Fig. 3. Formation of the Ra(x)-GDP-A1F4"-GAP complex leads to inhibition of GAP-stimulated GTP hydrolysis on Ra(x)-GTP(y-32P). 300 nM 
Ra(x)-GTP(y-32P) was added to either 3.2 μΜ Ra(x)-GDP in the absence or presence of A1F4~ (to examine the effect of A1F4~ on intrinsic 
GTP hydrolysis), or to 3.2 μΜ Ra(x)-GDP premcubated with 200 nM of the respective GAP in the absence or presence of AlF4~ (to examine 
the effect of formation of the Ra(x)-GDP-A1F4~-GAP complex on GAP-stimulated GTP hydrolysis). Six minutes after mixing of the compo-
nents release of 32P¡ was determined as described in the Section 2. Phosphate release under GAP-stimulated conditions for each Ra(x) protein 
(where Ra(x) represents Ras, Rap or Ran) was normalised to 100%. 
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feet titrate out NF1 from the hydrolysis reaction. This inhib-
ition of GTP hydrolysis on Ras-GTP shown in Fig. 3 thus 
demonstrates Ras-GDP-A1F4~-GAP complex formation by 
yet another technique. The intrinsic GTPase reaction is seen 
not to be significantly affected by the presence of A1F4~. As 
controls we verified that A1F4~ alone did not inhibit the 
GAP-catalysed hydrolysis reaction, and neither did the onco-
genic mutant RasG12V-GDP in the presence of A1F4~ (data 
not shown). 

Using this GTPase inhibition assay we tested the available 
GAPs and GTP-binding protein combinations to determine 
whether their GAP-catalyzed GTPase reactions would also 
be inhibited by the GDP-bound form in the presence of 
A1F4~. Fig. 3 further shows that Rap as well as Ran show 
inhibition of the respective GAP-catalyzed reactions by GDP-
bound Rap and Ran only in the presence of A1F4~ thus 
demonstrating formation of the corresponding quaternary 
complexes. 

4. Discussion 

We have shown here the association of A1F4~ with the 
GDP-bound form of various small G-proteins in the presence 
of their respective GAPs. As these apparently unrelated GAP 
molecules can induce the formation of quaternary transition 
state complexes in the presence of A1F4

_ there may exist some 
unifying principles underlying the interaction of low molecu-
lar GTP-binding proteins with their GAPs. Even though the 
exact atomic details of the GTP hydrolysis reaction may be 
different in each case there may be reason to expect common 
topological elements recurring in the different systems. 

For a full understanding of the details of the binding of the 
A1F4- ion into the γ-phosphate binding site of the Ras-related 
proteins, more detailed structural studies on the complexes 
will be necessary. The isolation of such complexes by gel 
filtration in the case of the small GTP-binding proteins Ras 
and CDC42 is an important step towards their X-ray struc-
ture analysis. Such structures would, in turn, be a major step 
toward understanding the mechanism of GAP-mediated GTP 
hydrolysis on these proteins. 

We have, furthermore, shown here that the binding of 
A1F4~ to GTP-binding proteins is not unique for Ras. The 
fact that we demonstrate it for Ran, Rap and Cdc42 and their 
respective GAPs, which have no sequence homology between 
each other, suggests that the GAP is generally necessary to 
stabilize the transition state of the GTPase reaction in Ras-
related small GTP-binding proteins. As with any enzymatic 
mechanism, stabilisation of the transition state is believed to 
be responsible for increasing the rate of a chemical reaction, 
in the case of the GAP-stimulated GTPase reaction of Ras 
and Ran by several orders of magnitude [2,26,27]. It could 
also be that the mechanism for the increase in rate of GTP 
hydrolysis is similar for different GTP-binding proteins and 
their respective GAPs, such as using residues from GAP to 
neutralize negative charges in the transition state. Arginines in 
Ras-GAP, which have been implicated to be responsible for 
transition state stabilisation [18,28], are indeed conserved in 
all Ras-GAPs and are located around the active site in the 
structure of the catalytic domain of pl20-GAP [11]. The 
GAPs for the other GTP-binding proteins such as Rho, 
Ran and Rap also contain totally conserved arginines. They 

may thus perform a similar function, as has been suggested 
for Rho-GAP [29], most likely however in a different struc-
tural context, since these GAPs are not expected to show the 
same structure as that found for Ras-GAP [11]. 
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