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ABSTRACT: Guanine nucleotide exchange factors (GEFs) activate Ras proteins by stimulating the exchange
of GTP for GDP in a multistep mechanism which involves binary and ternary complexes between Ras,
guanine nucleotide, and GEF. We present fluorescence measurements to define the kinetic constants that
characterize the interactions between Ras, GEF, and nucleotides, similar to the characterization of the
action of RCC1 on Ran [Klebe et al. (1995)Biochemistry 34, 12543-12552]. The dissociation constant
for the binary complex between nucleotide-free Ras and the catalytic domain of mouse Cdc25, Cdc25Mm285,
was 4.6 nM, i.e., a 500-fold lower affinity than the Ras‚GDP interaction. The affinities defining the
ternary complex Ras‚nucleotide‚Cdc25Mm285 are several orders of magnitude lower. The maximum
acceleration by Cdc25Mm285 of the GDP dissociation from Ras was more than 105-fold. Kinetic
measurements of the association of nucleotide to nucleotide-free Ras and to the binary complex Ras‚
Cdc25Mm285show that these reactions are practically identical: a fast binding step is followed by a reaction
of the first order which becomes rate limiting at high nucleotide concentrations. The second reaction is
thought to be a conformational change from a low- to a high-affinity nucleotide binding conformation in
Ras. Taking into consideration all experimental data, the reverse isomerization reaction from a high- to
a low-affinity binding conformation in the ternary complex Ras‚GDP‚Cdc25Mm285 is postulated to be the
rate-limiting step of the GEF-catalyzed exchange. Furthermore, we demonstrate that the disruption of
the Mg2+-binding site is not the only factor in the mechanism of GEF-catalyzed nucleotide exchange
on Ras.

One of the essential processes in signal transduction
pathways via Ras or Ras-like proteins is their activation by
guanine nucleotide exchange factors (GEFs).1 These proteins
act as stimulators of the slow intrinsic dissociation rate of
the Ras‚nucleotide complexes. Since the cellular concentra-
tion of GTP is higher than that of GDP and the affinity of
Ras for GTP is slightly higher than that for GDP, GTP will
bind to Ras, thereby activating the Ras protein. Only the
Ras‚GTP complex can bind with high affinity to its down-
stream effectors and thus transmit a signal. Several genes
have been isolated from different organisms encoding pro-
teins that have a GEF activity specific for Ras (for which
we use the general name RasGEFs throughout this paper):
SOS1 and SOS2 (1-4); Cdc25Mm, also called RasGrf (5-
7); and mRas-GRF2 (8). Another cloned putative RasGEF,

C3G (9), turned out to be a Rap1-specific GEF (10, 11).
The RasGEFs are proteins of considerable length, 120-160
kDa, and contain several regions which are generally ac-
cepted to represent structural domains (12). A region of
200-300 amino acids, the RasGEF domain, is shared by all
GEFs which act on members of the Ras subfamily, and their
activity is specific toward either Ras, Ral, or Rap. The fact
that truncated versions of various lengths, containing this
RasGEF domain, have been shown to be active RasGEFs in
vivo and in vitro (4, 13-16) confirms that this region indeed
represents the Ras-specific guanine nucleotide exchange
domain.

It has been proposed that RasGEFs stimulate the slow
intrinsic dissociation rate of the Ras‚nucleotide complex via
the formation of a ternary Ras‚nucleotide‚GEF and a binary
Ras‚GEF complex. GTP then binds to the binary complex,
which in turn releases the GEF from the resulting ternary
complex (Scheme 1; see Results) (17), as proposed for the
action of CDC25Sc and SDC25Sc, the exchange factors of
the Ras homologue RAS2 in yeastSaccharomyces cereVisiae
(18), of EF-Ts, the exchange factor of theEscherichia coli
elongation factor Tu (19), and of RCC1, the Ran-specific
GEF (20). Somewhere along the reaction pathway the tightly
bound nucleotide (with aKD in the picomolar range for Ras
and Ran) must become loosely bound for the fast dissociation
to occur. For the RCC1-catalyzed nucleotide exchange
reaction on Ran, one or more conformational transitions from
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a tightly to a loosely bound nucleotide state with a concomi-
tant change from a loosely to a tightly bound GEF have been
proposed (20).
Although the stimulatory effect of GEFs on the intrinsic

dissociation rate of Ras proteins has been documented rather
extensively, a full kinetic analysis of the reaction in solution
rather than on nitrocellulose membranes is lacking as yet.
We have developed kinetic and equilibrium methods to study
the interaction of Ran‚nucleotide complexes with the Ran-
specific GEF RCC1 (20), using fluorescence measurements
with guanine nucleotides carrying the fluorescent mant group
on the ribose. We have shown before that the GEF-catalyzed
nucleotide exchange reaction on Ras is not perturbed by the
fluorescent reporter group (21). Here we present the results
with a similar system for the characterization of the action
of the catalytic portion of the mouse GEF, Cdc25Mm, on
recombinant H-Ras.

MATERIALS AND METHODS

Production and Isolation of Proteins. Cdc25Mm285 was
expressed as a GST fusion protein from pGEX2T-CDC25-
12 in the protease-negativeE. coli strain AD202 (ompT::
Tn5; 22); plasmid and cells were kindly provided by Dr. E.
Martegani and Dr. T. Saito, respectively. The GEF was
isolated and purified in the nonfused form as described (21),
but in the presence of 10% glycerol (16). At the end,
Cdc25Mm285 was concentrated, dialyzed against standard
buffer (40 mM Na-HEPES, pH 7.6, 10 mM MgCl2, and 5
mM DTE), centrifuged to remove insoluble protein, shock-
frozen in liquid nitrogen, and kept at-80 °C.
The protein H-Ras was produced from the plasmid ptacras

in CK600K as described (21). The GST-Ras fusion protein
used in the BiaCore experiments was produced from the
plasmid pGEX2T-Ras, a generous gift from Dr. A. Parmeg-
giani. The expression of GST-Ras in AD202 and purifica-
tion using a GSH-Sepharose column and a gel filtration
column were performed by the standard protocol for GST
fusion proteins. The protease inhibitor Pefablock (Merck,
Darmstadt, Germany) was added to the chromatography
buffers, as well as 5 mM MgCl2 for stabilization of the Ras‚
nucleotide complex. Purified recombinant K- and N-Ras
were kindly donated by Dorothee Vogt.
The binary complex Ras‚Cdc25Mm285 was made by incu-

bating Ras‚GDP in a slight molar excess to Cdc25Mm285 in
standard buffer containing 10 mM EDTA for 30 min at room
temperature. Thereafter, the sample was loaded onto a
Superdex 75 column (Pharmacia); equilibrated with 50 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 5 mM
DTE; and eluted with the same buffer to separate the complex
from the free components. Finally, the complex was
concentrated; dialyzed against 50 mM Tris-HCl, pH 7.5, and
5 mM DTE; aliquoted; shock-frozen; and kept at-80 °C.
Nucleotide Exchange on Ras Proteins. The synthesis of

mant-nucleotides and the exchange reaction on Ras proteins
was done as described (21).
Kinetic Measurements Using Fluorescence. All kinetic

measurements were carried out in standard buffer and at 20
°C, unless otherwise indicated.
(A) Dissociation Rates. The intrinsic and Cdc25Mm285-

stimulated dissociation rates were measured as described
(21). The data were fitted with the program GraFit (Eritacus)

to the single-exponential functionFt ) A0e-kt + offset [with
offset as the fluorescence value at infinite time,A0 as the
amplitude () Ft)0 - offset), t as the time, andk as the
apparent dissociation rate constant]. Initial rates (V0; see
Figure 2) were determined by linear analysis of the fluores-
cence data obtained directly after mixing (first 10-40 s).
(B) Association Rates. Association rates were measured

at 20 °C in the two-channel modus on the SF61 stopped-
flow apparatus (Hi-Tech). The first channel measured the
transmission at 365 nm, to evaluate possible aggregation of
protein in time. The second channel was used to measure
the fluorescence (excitation wavelength, 365 nm; emission
measured with cutoff filter WK399). The system was
calibrated with a mant-nucleotide solution of known con-
centration. After the calibration, the first syringe was filled
with standard buffer containing a 4µM solution of Ras-nf
or Ras‚Cdc25Mm285, and the second syringe, with solutions
of different nucleotide concentrations: 1, 4, 16, 32, and 64
µM. The reaction was started by mixing the solutions from
the two syringes in a 1:1 ratio in the stopped-flow apparatus
within 2 ms. For every nucleotide concentration 6-8
measurements of 25 s were recorded in a logarithmic time
scale. Both the transmission and the fluorescence data were
averaged. To correct for the inner filter effect observed at
higher nucleotide concentrations, the transmission values
obtained with the lowest concentration of nucleotide (0.5µM
after mixing) were taken as reference (T100%) and the
following equation was applied:

Fexp denotes the observed fluorescence signal, andTx[C] the
observed transmission at the particular nucleotide concentra-
tion. The corrected fluorescence data (shown in Figure 6)
were used for curve fitting on the basis of the required set
of differential equations (see below). They were also used
for an independent exponential analysis with the observed
rate constantskobs plotted as a function of nucleotide
concentration and fitted to a hyperbolic function as described
earlier (23).
Equilibrium Titrations Using Fluorescence. Titrations of

the Ras‚3′mdGDP with Cdc25Mm285 were carried out with a
Fluoromax SPEX fluorometer by adding increasing amounts
of GEF to 2 mL of 10 nM Ras‚3′mdGDP in standard buffer.
The solution was carefully mixed and the fluorescence signal
(excitation wavelength, 366 nm; emission wavelength, 442
nm) was measured for typically 5-10 min to ascertain that
a stable value was obtained. At the end of the titration the
end point was determined by adding a 500-fold excess of
GDP. The total volume of added Cdc25Mm285and GDP was
less than 50µL.
The data obtained were fitted with the multiparameter-

fitting program FACSIMILE (AEA Technology, Harwell,
Didcot, Oxfordshire OX11 ORA, U.K.). Under equilibrium
conditions, different conformational states of a given complex
are in equilibrium with each other, so that reaction Schemes
1 and 4 (or even more complicated schemes) cannot be
distinguished. Therefore, the simplest reaction scheme as
depicted in Scheme 1 was applied. Here, the dissociation
constants are defined as:KD1 ) [R][G]/[RG]; KD2 )
[R][C]/[RC]; KD3 ) [RG][C]/[RCG]; and KD4 )
[RC][G]/[RCG], with the letters symbolizing the concentra-

Fcorr ) FexpT100%× 2/(T100%+ Tx[C])
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tions of Ras [R], guanine nucleotide [G], and Cdc25Mm285

[C], or their complexes. The four dissociation constants are
related by the equationKD1/KD2 ) KD4/KD3 (20).
The fluorescent mant-nucleotides (M) were initially as-

sumed to possess affinities differing from the nonfluorescent
nucleotides (G). However, our data did not justify these
additional parameters, so thatKD1 ) [R][G]/[RG] andKD4
) [RC][G]/[RCG] were used for both fluorescent and
nonfluorescent nucleotides. Numerically, it was more con-
venient to use the corresponding differential equations with
the program FACSIMILE and to calculate for 1000 s with
the assumption of fast association rate constants (in all
cases: 107 M-1 s-1). Furthermore, a quotient representing
the relative quantum yield of the fluorescence signal of the
mant-nucleotide bound to Ras and to Ras‚Cdc25Mm285 was
introduced. All programs are available as FACSIMILE files
upon request.
BiaCore Measurements. The surface of a sensor chip,

CMS research grade (Pharmacia), was activated and charged
with anti-GST serum (Pharmacia) as described (24). In
standard buffer, the binding capacity was not very stable:
after each regeneration, but also in time during one measure-
ment, a significant decrease in binding was observed
apparently due to loss of coupled anti-GST antibody.
However, when buffer containing 20 mM Na-HEPES, pH
7.4, 150 mM NaCl, 5 mM MgCl2, and 0.005% Surfactant
P20 was used, a much smaller loss in binding capacity in
time was observed.
The proteins were diluted in buffer to the appropriate

concentration and kept at 4°C. The chip lane was charged
with nucleotide-free GST-Ras by first passing 35µL of 1
µM GST-Ras‚GDP, and subsequently passing 40 mM
EDTA in buffer for 6 min. The flow rate was 5µL/min.
Control experiments by fluorescence showed that, under
these conditions, Ras was 95% nucleotide-free. Hereafter,
an injection of Cdc25Mm285 was performed and the binding
of Cdc25Mm285 to GST-Ras was measured as a change in
resonance signal in time. Subsequently, the dissociation of
the complex was studied by passing buffer over the lane.
This way, the binding and dissociation kinetics of Cdc25Mm285

to and from GST-Ras was measured. At the end of the
measurement, the chip lane was recycled by passing 20 mM
glycine, pH 2.0, and subsequently 0.05% SDS (4 min each),
followed by a new charging with nucleotide-free GST-Ras
and a new binding experiment. This way, the effect of
several concentrations of Cdc25Mm285on the surface plasmon
resonance were measured.
The association and dissociation rate constants were

calculated using the program BIAlogue 1.4 (Pharmacia).

RESULTS

Protein Purification. Cdc25Mm285 was purified basically
as described (21) in the presence of 10% glycerol (16),

concentrated to 5-15 mg/mL, dialyzed against standard
buffer, shock-frozen in liquid nitrogen in aliquots, and kept
at-80 °C. It was important to keep the highly concentrated
protein on ice. At room temperature an aggregation oc-
curred, giving the protein solution a milky appearance, which
disappeared as soon as the solution was recooled on ice and/
or diluted. This reversible aggregation is probably caused
by hydrophobic interactions, which are favored at higher
temperatures. No significant alteration of the GEF activity
of Cdc25Mm285 could be measured after reversion of the
aggregation.
Temperature Stability of Cdc25Mm285. To determine the

temperature stability of Cdc25Mm285, we have measured the
Cdc25Mm285-stimulated dissociation of 1µM Ras‚mGDP in
standard buffer containing 1µM Cdc25Mm285 and 200µM
GDP at temperatures ranging from 5 to 42°C. As expected,
the GEF activity of Cdc25Mm285 increased with increasing
temperatures up to 30°C, but at higher temperatures a rapid
decrease of activity was observed (not shown). We have
performed all further experiments at 20°C to avoid this
decay.
Specificity. Three mammalian isoforms of Ras, H-, K-,

and N-Ras, have been identified which are highly conserved
in their primary sequence. The significance of having more
than one isoform is not understood at present, although the
isoforms may have different functions in different tissues,
since certain types of tumors have a preference for a
particular activated Ras gene, such as K-Ras for lung, colon
and pancreas cancers and N-Ras for myeloid leukemias (25).
To see whether Cdc25Mm285 acts differently on the three
isoforms, we tested the GEF activity of Cdc25Mm285on these
proteins. As summarized in Table 1, Cdc25Mm285 is active
on all isoforms, being somewhat more active on N-Ras, in
accordance with the results of Leonardsen et al. (26).
Dependence of the Exchange Reaction on the Nature of

Bound and Unbound Nucleotide. It has been reported that
GEFs specifically facilitate the formation of the GTP-bound
state, by being more active on the GDP-bound than the GTP-
bound form of Ras (13, 27). However, for the Ran/RCC1
system we could show that RCC1 merely functions as a
catalyst that decreases the time needed for reaching equi-
librium between the GDP- and GTP-bound states (20).
Therefore, we tested the nucleotide specificity of the interac-
tion of Cdc25Mm285with Ras. Figure 1 shows the release of
Ras-bound 3′mdGDP or 3′mdGTP (4µM), in the presence
of an excess of unlabeled nucleotide and in the presence or

Scheme 1 Table 1: Specificity of Interaction between Cdc25Mm285 and the
Three Ras Isoforms H-, K-, and N-Rasa

intrinsic
dissociation

rate
(10-5 s-1)

dissociation rate
in the presence of
50 nM Cdc25Mm285

(10-5 s-1)
fold

stimulation

H-Ras‚mGDP 1.2 56 47
K-Ras‚mGDP 1.6 62 39
N-ras‚mGDP 1.0b 84 84
aCatalysis of nucleotide dissociation by Cdc25Mm285 was measured

at 20°C with 100 nM Ras‚mGDP, 20µM GDP, and 50 nM GEF in
50 mM Tris-HCl, pH 7.6, 5 mM MgCl2, and 5 mM DTE.b The
fluorescence signal of N-ras‚mGDP in the presence of excess GDP
decreases with a rate of 1.4× 10-5 s-1 and in the absence of excess
GDP with a rate of approximately 0.4× 10-5 s-1. Thus, the corrected
intrinsic dissociation rate is 1.0× 10-5 s-1.
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absence of 1µM Cdc25Mm285. The Cdc25Mm285-stimulated
dissociation rate of Ras‚3′mdGDP is approximately twice
that of Ras‚3′mdGTP, with values of 0.0098 and 0.0046 s-1,
respectively. However, since the intrinsic dissociation rate
of Ras for GTP (1× 10-5 s-1) is 2-fold lower than that for
GDP (2× 10-5 s-1), the stimulatory action of Cdc25Mm285

is practically independent of the nature of the bound
nucleotide. The difference in stimulated dissociation rates
is somewhat smaller than the results of Jacquet et al. (16)
but is similar to the results with the yeast proteins CDC25
and RAS2 obtained by Haney and Broach (28).
To measure the limiting rate of the exchange reaction

under multiple-turnover conditions, increasing concentrations
of up to 600µM Ras‚GDP (the substrate) were used in the
presence of 1µM exchange factor (the enzyme). The initial
rates were plotted as a function of the Ras‚nucleotide
concentration (Figure 2), and the data were fitted with a
hyperbolic function [A) A0L/(L + Km), with A as the initial
rate at the specific Ras concentration,A0 as the maximum
rate, L as the Ras concentration, andKm as the apparent
Michaelis-Menten constant]. Although we did not reach
complete saturation at 600µMRas‚nucleotide, the data could
be fitted to obtain a maximal rate of 3′mdGDP release from
Ras of 3.9 s-1 and an apparentKm value of 386µM. Since
the intrinsic dissociation rate of 3′mdGDP is 2× 10-5 s-1

(Table 1), the acceleration of GDP dissociation from Ras
by this GEF is approximately 2× 105-fold. An apparent
Km of approximately 300µM was obtained for the triphos-
phate-bound form of Ras, confirming that there is no
pronounced specificity toward the nature of the Ras-bound
nucleotide (data not shown).
It has been suggested that the rate of guanine nucleotide

release from Ras is dependent on free nucleotide (28), which
is somewhat surprising considering the fact that nucleotide
dissociation rates are usually much lower than nucleotide
association rates, even for very weakly binding mutants of
Ras such as F28L and S17A (29, 30). We therefore tested
whether the release of fluorescent nucleotide is influenced
by the concentration and nature of unbound nucleotide.
Varying the excess of nucleotide between 10 and 10 000-

fold did not affect the observed Cdc25Mm285-stimulated dis-
sociation rate, nor could we observe a difference in effect
when excess GDP or GTP was used for the exchange reaction
(not shown). In these experiments, the buffer contained 20
mM MgCl2 to saturate the nucleotide with Mg2+ even at the
highest concentration of nucleotide (10 mM).
Equilibrium Titration of Ras‚3′mdGDP with Cdc25Mm285.

The mechanism for interaction of Ras with guanine nucle-
otide and Cdc25Mm285 can be described in the simplest way
by Scheme 1, in analogy to the interaction of Ran, RCC1,
and guanine nucleotide (20). Since we are measuring under
equilibrium conditions, Scheme 1 also covers more compli-
cated reaction schemes, e.g., Scheme 4 (below). In the
equilibrium titration, we added increasing amounts of
Cdc25Mm285 to a given concentration of fluorescently labeled
Ras‚3′mdGDP. We have used 3′mdGDP in these experi-
ments because (ribo)mGDP, which is a mixture of 2’- and
3’-mant-GDP isomers, can produce unwanted side effects
(31). As can be seen in Figure 3, the added GEF competes
with nucleotide for binding to Ras, causing a decrease in
fluorescence. At the end of the titration, an 200-fold excess
of GDP was added, to determine the fluorescence due to
unbound mant-nucleotide. The fluorescence above this
signal stems from mant-nucleotide bound to Ras and/or the
binary complex Ras‚Cdc25Mm285.
We have fitted our data to reaction Scheme 1, as described

in Materials and Methods. The equilibrium dissociation
constant for Ras‚3′mdGDP (KD1) had been determined
independently as 9 pM from nucleotide association and
dissociation experiments (Tables 2 and 3). Experimental data
used in the multiparameter program were the fluorescence
data (including the fluorescence of buffer and the fluores-
cence after addition of excess GDP), the Cdc25Mm285

concentrations (as determined by Bradford, ref31a), and the
fraction of Ras charged with 3′mdGDP (as determined by
HPLC-analysis;>0.9). The introduction of differing affini-
ties describing the ternary complex of Ras‚Cdc25Mm285with
fluorescent and nonfluorescent nucleotides did not improve
the quality of the fit. Moreover, since it is known that the

FIGURE 1: Effect of the bound nucleotide on the stimulated
exchange reaction. Ras‚3′mdGDP (4 µM) (closed symbols) or
Ras‚3′mdGTP (4µM) (open symbols) was incubated in standard
buffer containing 10µM GDP or GTP at 20°C in the presence
(circles) or absence (squares) of 1µM Cdc25Mm285. The decrease
of fluorescence emission at 450 nm due to dissociation of
fluorescent nucleotide was followed with time, and the rates were
fitted to single exponentials.

FIGURE 2: Saturation of the Cdc25Mm285-catalyzed dissociation of
Ras‚3′mdGDP. A constant concentration of Cdc25Mm285 (1 µM)
was incubated with increasing concentrations of Ras‚3′mdGDP, as
indicated, and a 100-fold excess of GDP. Initial dissociation rates
(V0) were measured at least twice at each concentration of Ras as
described in Materials and Methods, and the mean values were
plotted against the Ras‚3′mdGDP concentration.E stands for the
concentration of Cdc25Mm285 (1 µM). The data were fitted to a
hyperbolic equation.
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presence of the fluorescent group has only a small effect on
the interaction of the nucleotide with Ras (21, 32) and since
Ras was almost homogeneously charged with the mant-
nucleotide, we have assumed that the affinities describing
the ternary complex are identical for fluorescent and non-
fluorescent nucleotides.
The parameters that were fitted wereKD2, KD3, and the

relative quantum yields of the fluorescent nucleotide bound
to Ras and to Ras‚Cdc25Mm285. The best fit of our data
resulted in similar quantum yields and a value of 4.6 nM
for KD2. A variation in the value forKD2 of approximately
2-fold resulted in fits of comparable quality. In contrast to
the Ran/RCC1 system, no significant amount of the ternary
complex was formed over the investigated concentration

range, so that no reliable value forKD3 could be determined.
Any KD3 value larger than 1µM resulted in an equally good
fit.

Equilibrium Titration of Nucleotide-Free Complex Ras‚
Cdc25Mm285 with mGDP. In Figure 4 the titration of the
binary complex Ras‚Cdc25Mm285with mGDP is shown. The
increase in fluorescence emission, plotted against the con-
centration of added nucleotide, can be interpreted to be a
resultant of two effects: the formation of Ras‚nucleotide
complex (steep line in Figure 4), followed by the lower
increase in fluorescence due to the addition of unbound
nucleotide (line parallel to the calibration curve). The sharp
transition between the two lines indicates that addition of
mGDP results in a direct and full binding of the nucleotide
until all protein molecules have a nucleotide bound. Con-
sequently, Ras must have a higher affinity for nucleotide
than for Cdc25Mm285, in accordance with the data obtained
with the reverse titration as described above. Fitting of these
data with the multiparameter fitting program to obtain a value
for KD2 was of no significance, since the concentrations were
too high relative toKD1 (9 pM). Unfortunately, we could
not perform our experiments at concentrations in the pico-
molar range because the fluorescence signal would become
too small. However, this type of titration can be used as an
active site titration, giving the percentage of Ras in the
complex that is still capable to bind nucleotide. For our
complex, a value of approximately 90 nM was found at the
intersection of the two lines, indicating that 90% of Ras in
the complex is active in binding guanine nucleotide.

Plasmon Surface Resonance Measurements on the Ras and
Cdc25Mm285Interaction. Since others have reported thatKD1
andKD2 are of similar magnitude (16) but the fluorescence
data indicated that these constants were instead very different,
we wanted to use plasmon surface resonance to obtain an
independent measurement of the affinity between Ras and
Cdc25Mm285. We therefore coupled GST-Ras indirectly via
anti-GST antibodies to the sensor chip, after which the
nucleotide was released from Ras in the presence of a high
excess of EDTA. The binding and release of Cdc25Mm285

to and from this chip was followed as shown in Figure 5.
Thekobsvalues as measured from the binding of Cdc25Mm285

FIGURE 3: Titration of Ras‚3′mdGDP with Cdc25Mm285 (A)
Ras‚3′mdGDP (10 nM) in standard buffer at 20°C was incubated
with the indicated concentrations (nM) of Cdc25Mm285, and the
decrease in fluorescence emmission was recorded. In the last
titration step, excess GDP was added to a final concentration of
5.75µM. (B) Correspondence of the experimental (×) values from
panel A with those calculated (+) using a multiparameter fit as
described in the Materials and Methods and Results.

Table 2: Equilibrium and Rate Constants Derived from the Kinetic
Measurements of the Association of Nucleotide to Either
Nucleotide-Free Ras (Ras-nf) or the Dimeric Complex
Ras‚Cdc25Mm285

Ras-nf Ras‚Cdc25Mm285

KD1a
(µM)

k+1b
(s-1)

k+1 (106

M-1 s-1)
KD4a
(µM)

k+4b
(s-1)

k+4 (106

M-1 s-1)

3′mdGDP 11.8 26.8 2.3 8.6 20.4 2.4
3′mdGTP 10.8 23.6 2.2 8.4 20.1 2.4

FIGURE 4: Titration of the Ras‚Cdc25Mm285 complex with mGDP.
The binary protein complex (100 nM) in 50 mM Tris-HCl, pH 7.5,
5 mM MgCl2, and 5 mM DTE at 20°C was incubated with the
indicated concentrations of mGDP (9), and the increase in
fluorescence emission was recorded. As a calibration, nucleotide
was added to buffer alone (×).
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to GST-Ras, plotted as a function of the Cdc25Mm285

concentration, demonstrated a linear correlation up to the
highest concentration of Cdc25Mm285 used (500 nM, not
shown). The calculated association rate constantk+2 was
3.3 × 105 M-1 s-1. The dissociation rate constants were
determined for each experiment, giving a mean value of 1.0
× 10-3 s-1 (k-2). The dissociation constantKD2 was
calculated from these two values to be 3.3 nM, close to the
value obtained by the fluorescence titration.
Similar experiments were carried out in standard buffer,

in which the “bleeding” effect was stronger. In this case,
the obtained value forKD2 was 6.4 nM. As a control, the
same experiments were carried out while charging the chip
lane with GST instead of GST-Ras. No binding of
Cdc25Mm285 was observed.
Association of Nucleotides with the Binary Ras‚Cdc25Mm285

Complex. It has been shown before that guanine nucleotide
binding to Ras involves (at least) two steps, with a fast initial
binding reaction where nucleotide is bound loosely and a
slow isomerization reaction to a tight-binding conformation
(Scheme 2). In our reaction schemes, we have indicated the
loosely and tightly bound complexes by Ras‚GXPL andRas‚-
GXPT, respectively. The change of fluorescence signal
occurs during the second step (23, 33, 34).
The association of the fluorescent nucleotide to nucleotide-

free Ras was followed by means of a stopped-flow spec-
trofluorometer (shown for 3′mdGTP in Figure 6A). Note
the logarithmic time scale used to display all experiments
and to focus on the initial part of the reaction. At low
concentrations, the apparent rate constant of this reaction
(inflection point in the logarithmic representation) was
linearly increased with the concentrations of 3′mdGDP, as
expected for a second-order association. At high concentra-
tions of ligand, the velocity of this reaction could not be
further increased, which means that the observed fluorescence
increase results from a reaction of the first order, i.e., the

isomerization reaction from Ras‚3′mdGTPL (nucleotide
bound loosely) toRas‚3′mdGTPT (nucleotide bound tightly)

FIGURE 5: Binding of Cdc25Mm285 to GST-Ras-nf as measured with the BiaCore system. The biosensor chip was charged with nucleotide-
free GST-Ras as described in Material and Methods, after which the association and dissociation reactions with 2, 3, 5, 7, 10, 15, 20, 40,
70, 100, 150, and 200 nM Cdc25Mm285 (curves from bottom to top) were measured.

Scheme 2

FIGURE 6: Association kinetics of nucleotide to the complex Ras‚
Cdc25Mm285and to Ras-nf. (A) Association reaction between 2µM
nucleotide-free Ras and 0.5 (0), 2 (O), 4 (4), 8 (3) and 16 (])
µM 3′mdGTP in standard buffer at 20°C. (B) Association reaction
between 2µM Ras‚Cdc25Mm285 and increasing concentrations of
3′mdGTP (as in panel A) in standard buffer at 20°C.
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becomes rate-limiting. The solid lines in Figure 6A are
calculated curves fitted to Scheme 2 with the rate constants
shown in Table 2. Similar experiments were performed with
3′mdGDP as listed and confirm earlier findings (23, 33, 34).
When we measured the binding of nucleotides 3′mdGDP

and 3′mdGTP to the binary Ras‚Cdc25Mm285 complex, the
observed association reactions were almost identical to those
observed with nucleotide-free Ras (compare panels A and
B of Figure 6 and Table 2). Similar to the association of
nucleotide to Ras-nf, this was interpreted as a two-step
reaction with the fluorescence change attributed to a second,
monomolecular step. The data can indeed be fitted to such
a mechanism, where the first saturable reaction has a
dissociation constant of approximatively 8.5µM for both
nucleotides and represents the fast binding of nucleotide to
Ras in its complex with Cdc25Mm285. The interpretation of
the second reaction step is less clear. Two possibilities are
(i) the dissociation of Cdc25Mm285 from Ras‚GDP (Scheme
3A) and (ii) a conformational change of Ras from a loosely
binding to a tightly binding conformation, in analogy to the
situation with nucleotide-free Ras alone, with a corresponding
change of binding affinity of Cdc25Mm285 in the opposite
direction. The latter (Scheme 3B) would be an extension
of the kinetic scheme depicted in Scheme 3A. Here the
dissociation of Cdc25Mm285 from its complex with Ras‚GDP
would be faster than the preceding conformational change
and would not be measurable under the experimental
conditions. We have tried to investigate the reverse reaction
by measuring the association of Cdc25Mm285 to Ras‚3′mdGDP
with a stopped-flow apparatus, as done before for Ran/RCC1

(20), to be able to distinguish between Schemes 3A and 3B.
Unfortunately, Cdc25Mm285aggregated at high concentration,
as already mentioned above. We have assumed that the
second step of the association of nucleotide to the Ras‚-
Cdc25Mm285 complex is a conformational change (Scheme
3B), since (i) most, if not all, association reactions involving
proteins occur in two (or more) reaction steps; (ii) the
constants describing the fast binding step and the following
first-order reaction are strikingly similar for the association
of nucleotide to Ras-nf and to Ras‚Cdc25Mm285; and (iii) a
change in the nucleotide binding affinity is an obligatory
step in the overall reaction pathway. Together with Schemes
1 and 2, this led to the complete interaction depicted in
Scheme 4. Additionally we can assume that the GEF binding
site on Ras undergoes a similar change from a high- to a
low-affinity state to allow it to rapidly dissociate from the
ternary complex.
Global Fit: Estimation of Missing Constants and Testing

of the Model. The tendency of Cdc25Mm285 to aggregate and
the inability to produce sufficient concentrations of ternary
complex during the equilibrium titration did not allow an
experimental determination of the parameters of some of the
reaction steps. However, with the different experimental data
available, one can estimate the missing constants. As
reported above, the maximal Cdc25Mm285-stimulated dis-
sociation rate, and thus the rate-limiting step of the exchange
reaction, is 3.9 s-1 for the 3′mdGDP-bound form of Ras,
going from Ras‚3′mdGDP via the ternary complex to the
binary complex Ras‚Cdc25Mm285and back to the binary Ras‚
GDP complex which is formed in the presence of excess of

Table 3: Equilibrium and Rate Constants Derived from Fluorescence and BiaCore Experiments and from Global Fitting Procedures which
Define the Interactions between Ras, Cdc25Mm285, and Nucleotide

3′mdGDP 3′mdGTP
data derived from

individual experiments
data derived from
global fit (facsimile)

data derived from
individual experiments

data derived from
global fit (facsimile)

KD1 (pM) 9a 7.5 5a 3.5
KD1a (µM) 11.8a 7.1 10.8a 7.4
KD1b (10-7) 7.5a 10.6 4.2a 4.7
k+1b (s-1) 26.8a 23.5 23.6a 21.3
k-1b (10-6 s-1) 20a 25 10a

KD2 (nM) 3.3b 4.6c 3.3b 4.6c

k+2 (106 M-1 s-1) 0.33b 0.33b

k-2 (10-3 s-1) 1.0b 1.0b

KD3 (mM) 0.6 g0.001c 0.2
0.4d

KD4 (µM) 1.6a g0.002c 0.3
0.6d

KD4a (µM) 8.6a 3.1 8.4a 5.7
KD4b (10-2) 19.1a 18.9d 4.6
k+4b (s-1) 20.4a 20.6 20.1a 24
k-4b (s-1) 3.9e 1.1

aData obtained from association and/or dissociation reactions or calculated from such a data set.bData obtained by plasmon surface resonance
analysis (Biacore).cData obtained from the titration experiment as described in Materials and Methods using facsimile analysis.dCalculated by
combining data derived from individual experiments and global fit.eDerived as apparantkcat (see text).

Scheme 3 Scheme 4
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free GDP. There are two candidates for this rate-limiting
step: reaction steps-4b and+3 (Scheme 4), representing
the isomerization reaction of Ras in the ternary complex and
the association of Cdc25Mm285 to Ras‚3′mdGDP, respectively.
Other reaction steps have been measured directly and shown
to be faster than the maximal exchange rate or can be
deduced to be faster. For instance, we have shown that the
association of nucleotide to the binary complex Ras‚
Cdc25Mm285has the characteristics of a two-step mechanism.
Thus, on the basis of reaction Scheme 3B, it follows directly
that the dissociation of Cdc25Mm285 from the ternary complex
is faster than the onward isomerization reaction (k-3 > k+4b),
implying that reaction step-3 is not rate-limiting.
Although a bimolecular association reaction like step+3

is usually not rate-limiting at saturating concentrations of
substrate, we cannot exclude that this association comprises
a conformational change of Cdc25Mm285 that might become
rate-limiting at high concentrations of substrate, similar to
the association of nucleotide to nucleotide-free Ras or to the
complex Ras‚cdc25Mm285. However, since we have no
experimental data necessitating the extension of the reaction
scheme, we have assumed reaction step-4b to be the rate-
limiting step, i.e.,k-4b ) 3.9 s-1 for 3′mdGDP. Subse-
quently,KD4 could be calculated from the equationKD4 )
koff /kon ) (k-4bKD4a)/k+4b, andKD3, fromKD1/KD2 ) KD4/
KD3. This gives aKD3 value of 0.6 (when using theKD1
andKD4 derived from the data of individual experiments)
or 0.3 mM (when using theKD1 andKD4 derived from the
global fit) for the Ras‚3′mdGDP‚Cdc25Mm285 complex in
agreement with the results of the equilibrium titration (Figure
2): KD3 > 1 µM. Sincek-3 > k+4b, the lower limit fork+3

could be calculated from theKD3 value (Table 3) to be 3.4
× 104 M-1 s-1 for the 3′mdGDP-form. Hence, according
to our model, at high protein and nucleotide concentrations
all reactions proceed at fast rates, with isomerization step
-4b as the rate-limiting step. In the presence of a low
protein concentration, however, the preceding association
step (k+3) will also influence the overall rate.
Figure 6 shows the calculated curves when we apply a

global multiparameter fit to the data of the association
reaction of 3′mdGTP to the binary complex Ras‚Cdc25Mm285
(Table 3). In this global fit, we have extended the set of
differential equations as mentioned in Material and Methods
for the equilibrium titration, with additional differential
equations to cover all reaction steps indicated in Scheme 4.
For reactions 1a and 4a, our analysis only allowed the
determination of the equilibrium constantsKD1a andKD4a,
not of the individual rate constantsk+1a andk-1a or k+4a and
k-4a, respectively. However, we could not obtain a good fit
for our data when we assumed thatk+1a was lower than 107

M-1 s-1 or thatk+4a was lower than 2× 107 M-1 s-1. We
concluded that these reactions must be faster and, with the
help of the experimentally determined equilibrium constants,
calculated thatk-1a andk-4a must be larger than 72 and 90
s-1, respectively.
Since we had no experimental data for the maximum

exchange rate for 3′mdGTP, the value 1.1 s-1 for k-4b (Table
3) was obtained from a global fit. The difference from the
experimentally determined value of 3.9 s-1 for 3′mdGDP
agrees well with the observed difference in activity of 1µM
of Cdc25Mm285on the 3′mdGDP- and 3′mdGTP-loaded forms
of Ras (Figure 1). It is clear that the fitted curves as shown

in Figure 6 describe the experimental data very well, sug-
gesting that our presumptions for the missing parameters
as described above are justified. Using these calculated
values, we could also identify the source of the fluorescence
increase observed after 10 s. It is caused by a small quantity
of GDP that apparantly remained bound to our Ras‚-
Cdc25Mm285 complex during the purification procedure. The
small fluorescence increase reflects the nucleotide exchange
of this contamination.

It should be noted that reaction Scheme 4 comprises the
minimum scheme required for the analysis of our data. As
a general rule, more complicated schemes always can be used
for the analysis of a given data set. For one, the binding of
GEF to Ras‚nucleotide may involve two or more steps, but
since Cdc25Mm285aggregates at high concentration, we were
not able to measure this. Since the nucleotide association
reaction data could be fitted well with the constants listed
in Table 3, we may assume that any putative additional
reaction step would be kinetically silent, at least in the time
range of our experiments and using mant-nucleotides as
probes.

Stimulation of Nucleotide Dissociation in the Presence of
EDTA. Recently the structure of the complex between EF-
Tu and EF-Ts has been solved by X-ray crystallography (35,
36), where it was suggested that the guanine nucleotide
exchange factor EF-Ts functions predominantly by disruption
of the Mg2+-binding site on EF-Tu (35). Since in Ras the
overall rate enhancement is 105-fold as shown above and is
only 500-fold under saturating concentrations of EDTA (37),
we reasoned that Cdc25Mm285 also functions in the presence
of EDTA. Figure 7 shows that in the presence of a
concentration of EDTA (15 mM) sufficient to complex free
and bound Mg2+, Cdc25Mm285 is still able to significantly
increase the GDP dissociation rate. This suggests that the
mechanism of action of Cdc25Mm285 on the release of
nucleotide from Ras is at least in part independent of the
disruption of the metal ion binding site. The initial decrease
in fluorescence that is observed in the first 100 ms of the

FIGURE 7: Influence of EDTA and/or Cdc25Mm285 on the dissocia-
tion of Ras‚3′mdGDP. Ras‚3′mdGDP (100 nM) was incubated in
a stopped-flow apparatus with 20µM GDP in 50 mM Tris-HCl,
pH 7.6, 1 mM MgCl2, and 5 mM DTE at 20°C in the absence or
presence of different concentrations and combinations of Cdc25Mm285

and EDTA as indicated. Trace 1, intrinsic dissociation rate; traces
2 and 3, 25 and 50 nM Cdc25Mm285, respectively; traces 4, 5, and
6, 5, 10, and 15 mM EDTA, respectively; trace 7, 15 mM EDTA
and 25 nM Cdc25Mm285; trace 8, 15 mM EDTA and 50 nM
Cdc25Mm285.
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experiments in the presence of EDTA is due to a change in
fluorescence yield following the removal of the bound Mg2+

ion, since it was also observed when no excess GDP was
added, and thus no exchange could take place (not shown).
The 30% decrease in fluorescence signal upon removal of
the Mg2+ ion has been reported earlier (23).

DISCUSSION

Earlier observations with theE. coli EF-Tu/EF-Ts (19),
the yeast RAS/CDC25 (18), the mammalian Ras/SDC25
(17), the Ran/RCC1 (20), and the Rac1/SmgGDS (38)
systems led to the proposal that the GEF-stimulated exchange
reaction in which bound GDP is replaced by GTP involves
the transient formation of a ternary complex of the GTP-
binding protein, nucleotide, and GEF and the formation of
the stable, nucleotide-free binary complex between the GTP-
binding protein and GEF. Indeed, we as well as many others
have been able to isolate the binary complex (16, 20, 27,
39-42; this work). Furthermore, the existence of the ternary
complex was observed spectroscopically by Klebe et al. (20)
with the Ran/RCC1 system. Similar to those studies, we
show here for the Ras/Cdc25Mm system that the formation
of the ternary complex Ras‚GXP‚Cdc25Mm285 reduces the
affinity of the nucleotide by several orders of magnitude (KD4
versusKD1 in Table 3).
We have shown earlier that fluorescence measurements

of the dissociation rate of Ras‚mGDP in the presence of
Cdc25Mm285give comparable values to the data obtained with
radioactively labeled nucleotides (21). It was therefore
surprising that by equilibrium titrations in solution we
determine the affinity of the binary Ras‚Cdc25Mm285 (KD2,
Table 1) as 4.6 nM, which differs by 3 orders of magnitude
from the affinity found by titrating Ras‚Cdc25Mm285 with
radioactively labeled nucleotides on a nitrocellulose filter (3
pM; 16). Such a large difference cannot be explained by
differences in buffer and temperature, and it is also not due
to differences in protein preparations, which were in fact
very similar. The use of the fluorescent reporter has only a
small influence on the kinetic and thermodynamic properties
of the Ras-nucleotide interaction, as has been demonstrated
by us and others (20, 23, 31, 32, 43, 44), and cannot have
an effect on theKD of the Ras‚Cdc25Mm285 complex. It was
shown that the nitrocellulose filtration technique as a
nonequilibrium method produces artifacts when fast reactions
and/or weakly binding substrates are investigated, in par-
ticular when a stepwise reaction scheme must be considered
(45). Proteins, but not guanine nucleotides, bind to the filters,
so that the filtration process constantly changes the equilib-
rium of the components in the starting solution in favor of
the proteins, especially when dealing with fast reactions, e.g.,
the formation and dissociation of the ternary complex. Since
the KD of the binary complex has been independently
determined by plasmon surface resonance to be 3.3 nM, we
can be confident that the affinity is indeed 3 orders of
magnitude lower than reported (16). The lower affinity of
Cdc25Mm285 to Ras relative to that of the nucleotide has also
been documented qualitatively in other experiments. Jacquet
et al. (16) reported that the presence of even small amounts
of GDP in electrophoresis buffer inhibits formation of the
binary Ras‚Cdc25Mm285 complex in native polyacrylamide
gels. Jung et al. (46) have shown that addition of nucleotide
to the complex of glutathione-agarose-bound GST-

CDC25GEF(863-1275) and Ras results in an immediate
release of Ras‚nucleotide from the GEF, demonstrating that
the affinity of Ras is higher for nucleotide than for
CDC25GEF.
It has been shown that guanine nucleotides bind to Ras-

related proteins in a two-step reaction involving a fast initial
binding and a slow isomerization reaction to a tightly bound
state (20, 23, 34). It is intriguing that the association of
nucleotide to the Ras‚GEF complex is most consistently also
interpreted as a two-step reaction, with the equilibrium
constant for the first binding step (KD4a) and the rate constant
for the subsequent isomerization reaction (k+4b) being very
similar to those of the Ras‚nucleotide association reaction
(KD1a andk+1b, respectively). This led us to propose the
model in which GEF binds to Ras‚GXP in a fast association
reaction and an isomerization takes place from a state where
nucleotide is bound tightly (Ras‚GXPT‚GEF) to a state where
nucleotide is bound weakly (Ras‚GXPL‚GEF), where the
isomerization reaction indicated byk-4b is the rate-limiting
reaction. This means that the rate-limiting step of nucleotide
dissociation from Ras alone,k-1b, is accelerated by a factor
of 105 in the ternary complex, the same factor by which the
affinity of nucleotide is reduced. Although we cannot prove
the model as yet, the association of nucleotide to the Ras‚
Cdc25Mm285 complex can be simulated by the parameters of
the global fit based on Scheme 4 (Table 4), showing that
our model is in accordance with the experimental data.
Furthermore, it is intriguing to propose that the initial loosely
binding conformation of nucleotide on Ras, where specific
interactions with the guanine base but not the phosphate
residues are established (32), may be structurally similar to
the Cdc25Mm285-induced nucleotide conformation in the
ternary complex obligatory for the rapid dissociation of
nucleotide.
In mammalian cells SOS- and Cdc25-type exchange

factors have been cloned which all contain the conserved
Cdc25 homology domain. Therefore, we believe that the
mechanism of accelerating nucleotide dissociation by these
GEFs is fundamentally the same for all of them. However,
an important aspect of the biological system (and a difference
with our in vitro system) is that Ras is membrane-bound
and that the SOS-type GEF may become so after stimulation
via receptor tyrosine kinases (4, 47-54). The GRF-type
proteins may be activated by other mechanisms leading to
membrane localization (55-58). The activity of Cdc25Mm/
RasGrf in stimulating the dissociation of nucleotides from
Ras was found to be higher with posttranslationally modified
than with unmodified Ras (59, 60), whereas Porfiri et al.
could not confirm this but found that only SOS is dependent
on prenylation for efficient catalysis (61, 62). We find it
unlikely that the prenylation of Ras or the membrane binding
of GEF modifies the kinetic mechanism of nucleotide
exchange discussed here, since no residues of the C-terminal
end of Ras has been implicated to be involved in the Ras-
GEF interaction (for references, see ref 63). However, it is
certain that localization of GEF to the plasma membrane
causes high local concentrations of the proteins, thus
increasing the GEF activity. In support of this, it was shown
that membrane targeting of the GEF by adding a CAAX-
box to the C-terminal sequence potentiates the GEF activity
(64, 65). In addition, Quilliam et al. (66) have shown that
membrane targetting rather than prenylation is required for
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the inhibitory activity of Ras(S17N), which supposedly acts
by sequestering Ras-GEF. In this context it should be noted
that there are basic differences between the constants found
for the Ras/Cdc25Mm285 and Ran/RCC1 systems. Whereas
in the Ras/Cdc25Mm285 system high concentrations of sub-
strate are needed to saturate the exchange reaction (Figure
2) and the affinity of Cdc25Mm285 for Ras‚nucleotide is very
low (Table 3), for the Ran/RCC1 system much lower sub-
strate concentrations are needed to saturate the exchange
reaction and the dissociation constant (KD3) of RCC1 for
Ran‚nucleotide is 2 orders of magnitude smaller than the
KD3 in the Ras/Cdc25Mm285system (20). These data strongly
suggest that nature provided Ran/RCC1 with high-affinity
markers, allowing the exchange reaction to take place in
solution, whereas in the case of Ras/Cdc25Mm, both proteins
have to be membrane-bound for the exchange reaction to
take place.
In our hands the Cdc25Mm285-stimulated dissociation rate

of Ras‚GDP is only 2 times higher than that of Ras‚GTP
(Figure 1), which is similar to results obtained with Ran/
RCC1 (20) and yeast proteins CDC25/RAS2 (28), but
somewhat different from the results obtained by others in
various Ras/GEF combinations (13, 16, 27). Our results
support the notion that guanine nucleotide exchange factors
such as Cdc25Mm do not favor per se the formation of the
active GTP-bound complex, but rather they catalyze the
attainment of the equilibrium between the GDP-bound and
the GTP-bound states, which is determined by the respective
nucleotide affinities, by the concentrations of GDP and GTP
in the cell, and by the concentrations of factors that bind to
the GDP-bound or GTP-bound form, such as effectors,
GAPs, and guanine nucleotide dissociation inhibitors. This
is supported by the results on the Ran/RCC1 system, where
RCC1 actually favors the formation of the GDP-bound
complex by a factor of 10, consistent with the difference in
affinity (20).
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