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ABSTRACT:. Guanine nucleotide dissociation stimulator (GDS) promotes the release of tightly bound GDP
from various Ras superfamily proteins, including RhoA, Racl, K-Ras, RaplA, and RaplB. It displays no
significant sequence homology to other known exchange factors for small G-proteins. Studies are reported
here of the mechanism of GDS-mediated nucleotide release from RhoA using a combination of equilibrium
and stopped-flow kinetic measurements, employing fluoresdenethylanthraniloyl (mant) derivatives

of GDP and 2deoxyGDP. It is proposed that GDS operates by an associative displacement mechanism
where stimulated nucleotide release from the ®RiemtGDP complex occurs via a transiently populated
ternary complex (Rh@DSmantGDP). In kinetic experiments where excess GDS was mixed with the
RhomantGDP complex, stimulated mantGDP dissociation rates of fvere measured during a single
turnover, representing a 5000-fold enhancement over the intrinsic rate of mantGDP dissociation from
Rho. The stable, nucleotide-free binary complex f&@S was isolated. When the RI@&DS complex

was mixed with excess mantGDP, a biphasic increase in fluorescence occurred, the observed rate constants
of which both reached saturating values at high mantGDP concentrations. This is compelling evidence
that an isomerization of the RHBDS mantGDP ternary complex is an important feature of the mechanism

of nucleotide release.

Members of the Ras superfamily of small GTP-binding positive regulator of Rap1, a Ras subfamily proteth (ts
proteins (G-proteins) are fundamental components of cellular precise physiological role is currently unknown. GDS is
signal transduction pathways and have been shown tocomposed of 558 residues (molecular mass of 61 kDa) and
regulate a wide variety of biological processé$. (These shows no significant sequence homology to other known
highly conserved proteins can be assigned to different GEFs. Virtually the entire sequence is composed of 11
subfamilies on the basis of primary structural homology. The repeats of a 42-amino acid motif first identified in the
action of small G-proteins is characterized by their ability Drosophilaarmadillo protein, a homologue gfcatenin b).
to switch between a biologically inactive GDP-bound The repeats if§-catenin, which each comprise three helices,
conformation and an active GTP-bound conformation which are sequentially packed into an elongated struct@e (
can interact with downstream effectors. Cycling between Interestingly, the catalytically active Sec7 domain of ARNO,
these two states is governed by the rates of GTP hydrolysisan exchange factor for human Arfl, comprisesotBelices
and GDP dissociation, both of which are intrinsically very which are arranged into an approximately cylindrical tertiary
slow. Various accessory proteins have been identified which structure ¢, 8). This superfold bears some similarity to that
act as regulators of this cyclg)( GTPase activating proteins  of the armadillo repeat region.

(GAPs) accelerate GTP hydrolysis and thus lower the In contrast to other known nucleotide exchange factors
population of the active conformation. Guanine nucleotide for small G-proteins, GDS displays a broad substrate
exchange factors (GEFs) promote exchange of tightly boundspecificity. Activity has been detected in vitro against
GDP for GTP, thus increasing the active population. Many members from different small G-protein subfamilies, includ-
of the exchange factors identified for small G-proteins are ing RaplA, RaplB, and K-Ras of the Ras subfamily and
large proteins comprising various functional domains. Do- RhoA, Racl, and Cdc42 of the Rho/Rac subfamiély1(0).
mains possessing exchange activity typically exhibit exten- Known substrates possess a C-terminal polybasic region
sive structural diversity and are usually specific to individual which has been suggested to be involved in recognition by
small G-protein subfamilies. For example, Cdc25 and Sos, GDS (11). Early studies indicated that GDS was only active
which share a homologous catalytic domain, have beenagainst small G-proteins which were post-translationally
identified as exchange factors for Ras subfamily proteins, modified (L1). However, this has been shown not to be an
and DH domain proteins have exchange activity against absolute requirement since GDS activity has been detected
members of the Rho subfamilg)( against the unmodified forms of RhoA and to a lesser extent

Guanine nucleotide dissociation stimulator (Gb#ps
originally isolated from the cytosol of bovine brain as a

1 Abbreviations: GDS, guanine nucleotide dissociation stimulator;
mantGDP, 23')-O-N-methylanthraniloyl GDP; madGDP, 2-deoxy-
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Cdc42 and Rac11Q). As well as promoting GDP dissocia- methionine 25). After thrombin cleavage, the protein bears
tion, GDS has also been proposed to regulate the translo-three extra N-terminal residues (Gly-Ser-Pro). Cell growth,
cation of lipid-modified small G-proteins by inhibiting their  induction, and lysis were performed in a manner similar to
association with membrane$32). that described previously for GDR€). After the soluble

It is unclear whether exchange factors with diverse struc- fraction had been passed over a column of 20 mL of gluta-
ture operate by a common mechanism. The first characterizedhione-Sepharose and washed to baseline absorption, human
nucleotide exchange factor, EF-Ts, catalyzes GDP dissocia-thrombin (400 units) was cycled over the column at a rate
tion from the prokaryotic protein biosynthetic elongation of 0.5 mL/min overnight to cleave the fusion. The protein
factor Tu (EF-Tu). Detailed kinetic studies have established was eluted, passed over a columnpedminobenzamidine-
that nucleotide dissociation is catalyzed in a substituted agarose, and concentrated by ultrafiltration (Amicon YM10
enzyme mechanisni8—17). EF-Ts associates with the EF- membrane). RhoAGDP was further purified on an S-75 gel-
Tu-GDP complex to form a ternary complex from which filtration column (60 cmx 2.6 cm, injection volume of 3
GDP dissociates at a rate higher than its rate of dissociationmL) equilibrated in 20 mM Tris-HCI, 50 mM NaCl, 2 mM
from EF-Tu. Nucleotide exchange is then completed by the MgCl,, and 1 mM DTT (pH 7.5) at a flow rate of 1.5 mL/
association of GTP with the EF-TEF-Ts binary complex  min. After concentration to approximately 10 mg/mL, the
followed by EF-Ts dissociation. The exchange process is protein was snap-frozen in aliquots and stored-80 °C.
likely to be driven by the~30-fold higher cellular concentra-  Approximately 100 mg of RhoA was obtained from 30 g
tion of GTP compared to the concentration of GOE)( wet weight of cells. The purity was estimated to be in excess
The structure of the binary complex between Ras and its of 95% as judged by Coomassie blue-stained Sp&y-
exchange factor Sos shows that Sos functions by inducing aacrylamide gels. Electrospray mass spectrometry gave the
large conformational change in Ras which opens up the anticipated molecular weight of 21 845. Concentrations of
nucleotide binding site. This, together with the direct inter- RhoGDP were determined by absorbance usingasof
action of certain residues from Sos, interferes with the bind- 26 430 Mt cm™2, which is calculated from the amino acid
ing of the nucleotide-associated magnesium ion and phos-composition and a stoichiometrically bound equivalent of
phate groups, thus lowering the affinity for nucleotid@)( GDP.

More recently, an analogous mechanism has been estab- Full-length GDS and the RRGDS complex were prepared
lished for RCC1, an exchange factor for R&,(21), and and characterized as described previoug).(Concentra-
the catalytic domain of Cdc29, an exchange factor for Ras tions of GDS and Rh&DS were determined by absorbance
(22). However, a more complex mechanism has been using anezg of 13 940 Mt cm™* and anezgo0f 31 720 M2
suggested for the catalysis of GDP release from the eukary-cm™?, respectively, which are calculated from the amino acid
otic initiation factor 2 (elF-2) by the exchange factor, elF- composition.
2B. In the proposed sequential mechanism, a quaternary Preparation of RhévlantGDP, RheMantdGDP, and Rho
complex elF-2GDP-elF-2B-GTP is formed, which invokes  [*H]GDP. MantGDP and madGDP were synthesized,

a nucleotide binding site on the exchange fac8).( purified, and characterized as described previoudly Z7)

In this paper, we describe detailed equilibrium and kinetic except that a 2-fold excess Wfmethylisatoic anhydride was
measurements aimed at defining the mechanism by whichused. Rhemant-nucleotide complexes were prepared by
GDS stimulates the dissociation of GDP from RhoA. incubating RheGDP with mantGDP or madGDP (50-fold
Environmentally sensitive fluoresceNtmethylanthraniloyl ~ excess) in 20 mM Tris-HCI, 40 mM EDTA, 200 mM (N)3-
(mant) derivatives of GDP as well as intrinsic tryptophan SOs, and 1 mM DTT (pH 7.5) at room temperature for 10
fluorescence and extrinsic ANS fluorescence were used asmin. Exchange was then quenched by addition of MdCl
probes. Mant derivatives of nucleotides, typically labeled at @ final concentration of 50 mM, and the complex was
the ribose hydroxyls, have been extensively used in mecha-separated from free nucleotide by gel filtration on a PD-10
nistic studies of GTPases and ATPas24) ( column (Amersham Pharmacia) eluted with 20 mM Tris-

Data obtained for the interaction of GDS with Rho HCI, 2 mM MgCk, and 1 mM DTT (pH 7.5) (standard
mantGDP and for the interaction of mantGDP with Rho buffer) at 4°C. Rhomant-nucleotide complex concentrations
GDS are consistent with a mechanism where a-BRS were determined by absorbance using the extinction coef-
mantGDP ternary complex is transiently populated. Kinetic ficient of the mant fluorophoreefs, = 5700 M™* cm™ (27)].
data indicate that a conformational change occurs within this  Rho[®H]GDP was prepared by incubating 0.5 mg of Rho
ternary complex, and the rate constants of the interconversionGDP with PHJGDP (600 kBq, 437 GBg/mmol, Amersham)
of the two conformational states could be resolved. Previousin 20 mM Tris-HCI, 40 mM EDTA, 200 mM (Nk).SO,,
studies on nucleotide exchange factors which operate byand 1 mM DTT (pH 7.5) at room temperature for 10 min.
ternary complex formation have proposed a conformational Exchange was quenched by addition of Mg@ a final
change within this complex7, 21, 22), which may represent ~ concentration of 50 mM, and the complex was separated
an intrinsic feature of the mechanism of stimulated nucleotide from free nucleotide on a FastDesalt HR10/10 column

exchange. (Amersham Pharmacia) equilibrated in standard buffer at a
rate of 0.5 mL/min. Elution was monitored by absorption
MATERIALS AND METHODS and radioactivity. The concentration of RE#]GDP was

Preparation of ProteinsHuman RhoA was expressed as determined spectroscopically as described for-BiP. The
a GST fusion inEscherichia colistrain BL21 using the  specific activity of Rhe[°*H]GDP prepared by this method
pPGEX-2T expression vector (Amersham Pharmacia). The was approximately 470 cpm/pmol when counted in 5 mL
recombinant RhoA contains a point mutation (F25N) to Beckman “ReadySafe” scintillation fluid using a Beckman
improve stability and was cloned without the N-terminal LS6000SC counter.
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Fluorescence Measuremen#d! equilibrium and kinetic the concentration of X at half-saturatiopgj. The ordinate
measurements were taken at 30 in a buffer of 20 mM interceptk;,, was either fixed at zero or treated as a variable
Tris-HCI, 2 mM MgCh, and 1 mM DTT (pH 7.5). Equilib- parameter.
rium measurements were carried out using an SLM 8000S  Ultrafiltration Assays.Measurement of the concentration
photon-counting spectrofluorimeter (SLM Instruments, Ur- of free PH]GDP in mixtures of Rhg*H]GDP and GDS was
bana, IL), using 4 mm square quartz cuvettes in a thermo- made by partitioning~10% of the mixture over a Centricon
statically controlled holder. Intensity data were obtained with 10 kDa cutoff centrifugal concentrator. Before being used,
the instrument in the L-format, monitoring emission through the concentrator was prepared by centrifuging 1 mL of GDP
a monochromator. For long time-base experiments and(5 uM) in standard buffer at 28@0 After this initial
titrations, data were collected manually and the shutters treatment, and before each separation, the concentrator was
closed between readings to minimize photobleaching. Therinsed with water, centrifuged with standard buffer (2§00
observed intensity values were corrected for fluctuations in for 1 min), and spun in an inverted position to remove buffer
photomultiplier response and lamp intensity by normalizing from the upper compartment. The filtrate cup was carefully
measurements to those of a reference sample contained in @ried with tissue. Assay mixtures (1 mL) were transferred
second cuvette. Anisotropy measurements were taken in theto the concentrator and centrifuged for 1 min at 280¢hich
T-format, where parallel and perpendicular components of resulted in filtration of approximately 10@L. The amount
the emitted light were monitored simultaneously through of radioactivity present in the filtrate was determined by
KV399 cutoff filters (Schott). A correction factor for differing  liquid scintillation counting. Background-corrected counts
photomultiplier responses was obtained by exciting the per minute values were converted $Bl[GDP concentration
sample with horizontally polarized light. Anisotrop4)(was using the measured specific activity of the RRE]GDP

calculated using eq 1 stock with a spectroscopically determined concentration.
Control experiments established that the membrane is
A= () =1/ + 21 1) impermeable to protein-boundH]GDP and that GDS in

the concentration range that was used had no effect on the
partitioning of PH]JGDP. The efficiency of partitioning of
[*H]GDP was measured over a range of concentrations.
Filtrate PH]GDP concentrations were observed to-b85%
l=1,+2, (2) of the respective retentate concentrations in a range from 5
nM to 50uM [3H]GDP. Since this depletion was independent
Kinetic experiments were carried out with a Hi-Tech of [*H]GDP concentration, filtrate*H]GDP concentrations
SF61MX stopped-flow instrument. Emission was collected measured in the presence of GDS were corrected by this
through either a Kodak Wratten 2E cutoff filter (mant and factor to yield an estimate ofJ{]GDPJsec in the retentate.
ANS fluorescence) or a WG320 cutoff filter (tryptophan The application of similar methods in studying small
fluorescence). Excitation wavelengths were 366 nm for mant molecule-macromolecule interactions has been discussed
and ANS fluorescence and 280 nm for tryptophan fluores- previously @9).
cence. Stopped-flow anisotropy measurements were taken Data Analysis and SimulatiorNonlinear least-squares
on the same instrument in the T-format, enabling the parallel fitting was performed with the program Grafit version 3.00
and perpendicular components of emission to be monitored(Erithacus Software). Global analysis of equilibrium and
simultaneously. A rotatable polarizer on the excitation path kinetic data by numerical methods was performed with the
allowed the response of the two photomultipliers to be program Scientist version 2.0 (MicroMath Scientific Soft-
normalized by exciting the sample with horizontally polarized ware, Salt Lake City, UT). These routines are available on
light before data acquisition. The anisotropy and total request. Kinetic models were simulated using the program
intensity were calculated using egs 1 and 2. An instrumental KSim (N. C. Millar).
time constant was selected which was less than 1% of the
half-time of the fastest process being measured. Time coursegESULTS
were analyzed by fitting the data to single- or double- Characterization of the RhMantGDP Complex.The
exponential functions, incorporating a slope if photobleaching binding of mantGDP to Rho causes &3.5-fold enhance-
was significant, using the nonlinear fitting routine contained ment in mant emission intensity at 430 nm (20) and a
in the Hi-Tech software or the program Grafit version 3.00 blue shift of ~15 nm in the emission maximum (data not
(Erithacus Software, Staines, U.K.). The observed rate shown). Similar observations have been made for the binding
constants are typically the mean and standard deviation ofof mantGDP to other small G-proteins such as R26).(
four to six individually analyzed time courses. Reported Fluorescence resonance energy transfer was observed be-
concentrations are those in the reaction chamber after mixing.tween tryptophan in Rho and the mant fluorophore. This has
Secondary plots of observed rate constants which displayedoeen observed with the small G-protein Rad)(and other
a hyperbolic dependency on the concentration of excessproteinr—mant nucleotide complexe81, 32). The fluores-
reactant under pseudo-first-order conditions were fitted to a cence anisotropy of RRmantGDP when excited at 366 nm

wherel;, andly are the emission intensities parallel and per-
pendicular to the vertically polarized excitation light, re-
spectively. The total intensityt) was calculated using eq 2.

simple hyperbolic function (eq 3) is ~0.180, compared to a value 0f0.025 for the free
nucleotide, which is consistent with reduced global and/or
_ kiX] N 3 local motion of the fluorophore in the comple33).
Kons = Kaappt [X] ki ©) The intrinsic rate of mantGDP dissociation from Rho was

measured in a displacement experiment. The decrease in
where [X] is the concentration of excess reactant g, fluorescence intensity on excitation at 366 nm after mixing
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Ficure 1: Equilibrium titrations of RhemantGDP with GDS and
mantGDP with RheGDS. (a) GDS was titrated into RimnantGDP

at initial concentrations of 1<§), 5 (a), 10 @), and 20uM (O).
Mant fluorescence intensityldy = 366 nm,Aem = 430 nm) was
recorded 5 min after each addition. At the end of each titration, a
100 fold excess of GDP over [RhoantGDP},i, was added to
give the intensity for fully displaced mantGDP. Data for each
titration were normalized to an intensity of 1 in the absence of
GDS. The data marked with an arrow are the intensity values
obtained after addition of the 100-fold excess of GDP and have

been normalized as described above and corrected for dilution. (b)

RhoGDS was titrated into mantGDP at initial concentrations of 1
(), 5 (»), and 10uM (O0). MantGDP at the appropriate concentra-
tion was included in the stock solutions of RB®DS to prevent
dilution of the nucleotide. Mant fluorescence intensity, (= 366
nm, lem = 440 nm) was recorded after equilibrium had been
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Ficure 2: Ultrafiltration analysis of H]GDP displacement from
Rho[3H]GDP by GDS. Rhe[*H]GDP (54M) was equilibrated with
GDS (0-15 uM) at 30 °C and filtered over a Centricon 10
membrane as described in the tefH]GDP concentrations in the
filtrate were measured by liquid scintillation counting. The line is
a smooth joining of the data points.

mantGDP was included in the analysis described subse-
guently. The observed mant fluorescence decreased, which
is consistent with the formation of free mantGDP. The
fluorescence intensity approached a minimum value at high
GDS concentrations which was higher than expected if all
the mantGDP had been displaced, indicating that some
nucleotide remained bound. The addition of a large excess
of GDP at the end of each titration caused a further decrease
in intensity to a value expected for the complete displacement
of bound mantGDPHghemantcop= 3.6 mantcppunder these
experimental conditions). These observations are consistent
with the formation of a ternary complex between Rho
mantGDP and GDS from which mantGDP dissociates where
Frhocbsmanteop > Fmantcor (Scheme 1).

Scheme 1

Rho.mantGDP + GDS <= Rho.GDS.mantGDP
Rho.GDS + mantGDP

—_
—

Figure 1b shows data from a series of titrations where the
RhoGDS binary complex was added to mantGDP present

reached. Data for each titration were normalized to an intensity of at jnjtial concentrations of 1, 5, and M. The emission

1 in the absence of RRGDS. The solid lines show the best global
fit to Scheme 3 as described in the text.

1 uM Rho-mantGDP with 10«M GDP at 30°C was well-

intensity at 440 nm was recorded on excitation of the mant
fluorophore at 366 nm. In this set of experiments, mantGDP
was incorporated in the RAGDS stocks to prevent dilution

described by a single exponential, yielding a dissociation rate of the nucleotide. The observed increase in mant fluorescence

constant of (2.0t 0.2) x 10“ s (data not shown). For
comparison, the intrinsic rate of dissociation of GDP from
Rho was measured by mixing Ri@&GDP (2.5uM) with a
large excess of mantGDP (250/). Excitation by energy
transfer fex = 295 nm) allowed mantGDP binding to Rho
to be followed, the rate of which is limited by the slow

intensity is consistent with the formation of protein-bound
mantGDP, either as a binary complex with Rho or in the
ternary complex Rh@&sDS mantGDP (Scheme 1). A quan-
titative analysis of the data in Figure 1 is described
subsequently in light of the kinetic results.

To confirm that the decrease in mant fluorescence when

dissociation of GDP. The observed fluorescence intensity GDS interacts with RhanantGDP (Figure 1a) is associated

increased exponentially at a rate of (120.3) x 104 s™%.

with nucleotide dissociation, an ultrafiltration method was

The similarity of these dissociation rate constants supportsused to demonstrate that free nucleotide is formed when GDS

the use of mantGDP as an analogue in these studies.
Interaction of GDS with RhdMantGDP at Equilibrium.

interacts with Rhg*H]GDP (Figure 2). Mixtures of Rho
[*H]GDP (5uM) and GDS (6-15uM) were allowed to reach

Figure la shows data from a series of titrations where equilibrium, and the freeHJGDP concentration present in

increasing concentrations of GDS were added to ‘Rho

each was determined by filtering a small proportion of the

mantGDP present at initial concentrations of 1, 5, 10, and mixture over a Centricon 10 kDa concentration membrane.

20uM. After each addition, the system was allowed to reach
equilibrium (5 min) and the emission intensity at 430 nm

After correction for membrane depletion, the concentration
of [3H]GDP in the filtrate provides a measure ofH]-

was recorded on excitation of the mant fluorophore at 366 GDP}.cin the retentate. As shown in Figure 2, the interaction

nm. The cumulative added volume wad0% of the total
volume, and dilution of the total concentration of Rho

of GDS with Rho[*H]GDP results in the displacement of
[H]GDP. Furthermore, a proportion ofH]GDP remains
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Ficure 4: Anisotropy of mant fluorescence on mixing Rho
5 mantGDP with an excess of GDS. RhwantGDP (0.5uM) was
mixed with GDS (5Q:M), and the anisotropy of mant fluorescence
' ‘ was followed on excitation at 366 nm. Data from a control
¢ * experiment where RhmantGDP (0.5M) was mixed with buffer
¢ are shown.

at high GDS concentrations, and time courses obtained at
] >40 uM GDS were fitted to a double-exponential function
1 1 with amplitude terms with opposite signs. The observed rate
constants describing the lag phase were independent of GDS
0 — ' concentration at a value of3.5 s (Figure 3b). The
0 30 100 150 observed rate constants of the decay phase exhibited a
[GDS] (uM) nonlinear dependence on GDS concentration (Figure 3c). The
apparent second-order rate constant at low GDS concentra-
084 ¢ tions calculated from the slope of the linear region of Figure
3cis 1x 10* M~1s1 Asdiscussed above, the fluorescence
0.6 decay phase is related to mantGDP dissociation from the
ternary complex. The presence of a lag in the decay is
0.4 consistent with this interpretation if the relative fluorescence
of RhomantGDP is the same as that of the ternary complex
0.2 1 RhoGDSmantGDP, i.e., if the binding of GDS to Rho
mantGDP (step 1 in Scheme 1) is spectroscopically silent.
0 ‘ ' ‘ The experiment was repeated, but the fluorescence anisotropy
0 50 100 150 was measured. Figure 4 shows the time dependence of the
[GDS] (uM) anisotropy of mant fluorescence when M Rho-mantGDP
FiIGURE 3: Kinetics of the interaction of excess GDS with Rho was mixed with 50uM GDS. A transient increase in
mantGDP in the absence of exogenous GDP. (a)-RhotGDP anisotropy was seen, followed by a slower decay. The

(0.54M) was mixed with 15:M GDS, and the mant fluorescence  ppserved rate constant of the transient increase in anisotropy

gwtzgzlé¥ewgiggrfg;czg?ﬂk§zi 16%%?';{ f'f(o?)z Zhi tl(r)r?glc%ul;s?sto (kobs = 2.5 s1) is similar to the observed rate constant

superimposed. (b) Dependence of the observed rate constanfl€SCribing the lag phase seen in the intensity data. If there
describing the lag in the intensity decay illustrated above on GDS are no significant changes in the local motion of the mant
concentration. (c) Dependence of the observed rate constant of thefluorophore on binding of GDS to RhmantGDP, the
intensity decrease illustrated above on GDS concentration. transient increase in fluorescence anisotropy is consistent
bound at saturating GDS concentrations, indicating that underwith ternary complex formation. The subsequent decay in
the conditions of this experiment the ternary complex is anisotropy is in accord with the formation of free mantGDP,
significantly populated. which has a fluorescence anisotropy-e8.025.

Kinetics of the Interaction of Excess GDS with Rho Kinetics of the Interaction of GDS with RifdantGDP
MantGDP. Stopped-flow experiments were performed to inthe Presence of Exogenous GDMe interaction of GDS
investigate the kinetics of the decrease in mant fluorescencewith RhomantGDP in the presence of exogenous GDP was
observed when GDS interacts with RinantGDP. An excess  also investigated. RhmantGDP (0.5:M) was mixed with
of GDS (2.5-150uM) was mixed with RhemantGDP (0.5 GDS (2.5-150uM) which contained a large excess of GDP
uM), and the mant emission intensity was monitored on (100uM) over RhomantGDP. The intensity of mant fluo-
excitation of the mant fluorophore at 366 nm. The time rescence was observed to decay (Figure 5a) in a manner sim-
course obtained at 150M GDS is shown in Figure 3a. The ilar to that found in the experiments performed in the absence
interaction of GDS with RhanantGDP was characterized of exogenous GDP. Time courses obtained between 2.5 and
by a decrease in intensity which is correlated to the release1l0uM GDS were adequately fitted by a single exponential,
of bound mantGDP as discussed above. Time courseswhereas data obtained a0 uM GDS required a double
obtained at GDS concentrations between 2.5 and\8@vere exponential to accommodate a lag in the intensity decay
adequately fitted by a single exponential, although a small which became more pronounced at higher GDS concentra-
systematic deviation of the residuals could be seen. However tions. The observed rate constant describing the lag phase
a lag phase in the intensity decay became more pronouncedncreased from 1.5¢ at 20uM GDS to 3 s at 150uM

kobs (S‘l)

kobs (SAI)
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Ficure 6: Kinetics of mantGDP displacement from a pre-
b equilibrated mixture of RhanantGDP and GDS. A mixture of Rho

3 + mantGDP (0.5¢M) and GDS (5«M) which had been incubated at

W 30 °C for 20 min was mixed with a large excess of GDP (100
$ uM). Mant fluorescence was recorded on excitation at 366 nm.
2 1 $ The time course has been normalized relative to an intensity of
6%6 o0 one for the same experiment performed in the absence of GDS. A
fit of the data to a double exponentidghs 1= 0.96 s andkgps 2
11 = 0.051 s?) is shown.

kobs (S'])

GDP. Figure 6 shows data from an experiment where-Rho
0 o 5'0 1(’)0 15'0 mantGDP (0.5:M) was pre-equilibrated with GDS (&M)
for 20 min before mixing with an excess of GDP (1001)
(GDS] (uM) in the stopped-flow apparatus. Mant fluorescence decayed
| biexponentially with the following observed rate constants:
¢ Kobs,1 = 0.96 st andkops 2= 0.051 s'. This observation is
0.8 1 consistent with Scheme 1 Frhomanteor = Frhocbsmantcop
] 2 > Fmantcpp Where the fast phase represents dissociation of
9 mantGDP from the ternary complex. The slow phase of the
041 mant intensity decrease is a consequence of the slow binding
of GDS to RhemantGDP.
0.2 A Kinetics of the Interaction of MantGDP with Rt&DS
The availability of the RhasDS binary complex allowed
the kinetics of the reverse reaction shown in Scheme 1 to
be investigated. Sedimentation velocity and equilibrium
[GDS] (uM) experiments had previously confirmed the 1:1 stoichiometry
FIGURE 5 Kinetics of the interaction of GDS with RhmantGDP of this complex 26). RhoGDS (0.54M) was mixed with
in the presence of exogenous GDP. (a) RiantGDP (0.5uM) increasing concentrations of mantGDP, and mant fluores-
was mixed with GDS (7%M) containing a large excess of GDP  cence was recorded following excitation by energy transfer

100 M), and mant fluorescence was recorded on excitation at . . g
(366 #m.)A fit of the time course to a double exponentiaids = from tryptophan. There was a biphasic increase in fluores-

1.91 s, kops ,= 0.69 s1) is superimposed. (b) Dependence of the C€NCe intensity comprising a fast phase which was complete
observed rate constant describing the lag in the intensity decayWithin 200 ms and a slow phase which was complete within
illustrated above on GDS concentration. (c) Dependence of the 100 s (Figure 7a). Both phases could be well fitted to a single
observed rate constant of the intensity decay on GDS concentration exponential. The observed rate constant of the fast phase
;Il'qr;etgr)w(f through the points is the best fit to eq 3, as described in increased linearly with mantGDP concentration up ta:50
(Figure 7b) with an ordinate intercept of3 s ' and an
GDS (Figure 5b). The observed rate constant of the decayapparent second-order rate constant at low mantGDP con-
phase exhibited a nonlinear dependency on GDS concentracentrations of 5< 1® M~1 s™1. However, at higher mantGDP
tion (Figure 5c¢). An apparent second-order rate constant of concentrations, the observed rate constant of the fast phase
1.2x 10*M~1stis given by the slope at low GDS concen- reached a saturating value of 30%.sThe observed rate
trations. A maximum value for the observed rate constant constant of the slow phase of the intensity increase exhibited
of the decay phase at saturating GDS concentrationslof a hyperbolic dependency on mantGDP concentration (Figure
s ! was estimated from a fit of the data in Figure 5c to a 7c). This plot was fitted to eq 3 with a non-zero intercept to
simple hyperbola with an ordinate intercept of zero (eq 3). give the observed rate constant at saturation of 0.0%8 s
The amplitude of the decay phase was independent of GDSwith an ordinate intercept of 0.034%sand aKg app Of 26
concentration which is consistent with Scheme 1 since in 3 uM. Consideration of the amplitude terms of the observed
the presence of a large excess of unlabeled GDP completeprocesses is complicated by the large background signal and
displacement of mantGDP is expected at equilibrium. attenuation of the excitation light by mantGDP absorption.
Displacement of MantGDP from RidantGDP/GDS at However, at each mantGDP concentration, the amplitudes
Equilibrium. To gain further information about the kinetics of the two phases were approximately the same as each other.
of mantGDP dissociation, an equilibrium mixture of Rho  The possibility that the use of excitation by energy transfer
mantGDP and GDS was rapidly mixed with an excess of was contributing an extra signal was investigated in a control

0.6 1

kobs (S‘l)
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i Ficure 8: Kinetics of the interaction of RhmantdGDP with
b ¢ excess GDS. RhmantdGDP (0.54M) was mixed with GDS (50
30 00 ¢ 0 } $ uM), and the fluorescence intensity was recordig € 366 nm).
. ¢ The time course was fitted to a double exponentiglst = 2.0
A 204 o S, Kobs2 = 0.68 s1) incorporating a slope to account for
~ photobleaching. Data from a control experiment where ‘Rho
~ 1 mantdGDP (0.5u4M) was mixed with buffer are shown.
10
. of mantADP at pH 7.5, extrapolated to the temperature of
0+ the experiments reported here, occurs at a rate@D16
0 50 100 150 200 250 s 1(35). To test whether the biphasic kinetics observed when
mantGDP was mixed with RRG@DS (Figure 7) were a
[mantGDP] (uM) . f .
consequence of the two isomers, the mant derivative-of 2
0.08 T2 deoxyGDP was synthesized in which isomerization cannot
1 + occur. Energy transfer between tryptophan in Rho and the
0.06 - . mant fluorophore in the RhmantdGDP complex was
~ observed (data not shown). However, in contrast to the
2 0.04 - ] situation with mantGDP, the emission spectra of Rho-bound
& and free mamGDP on excitation at 366 nm were very
002 1 ) similar, suggesting that the large intensity enhancement seen
on binding of mantGDP to Rho originated from the bound
0 S isomer with the mant group attached at thep@sition. The
0 20 40 60 80 100 120 rate constant for dissociation of md@®DP from Rho was
measured by displacement with a large excess of GDP. In
[mantGDP] (M) the absence of a significant intensity difference between the
FIGURE 7: Kinetics of the interaction of mantGDP with RIGDS. bound and free forms of the nucleotide, the anisotropy of
(a) RhoGDS (0.54M) was mixed with mantGDP (108M), and mant fluorescence was used to monitor dissociation. The

mant fluorescence was recorded on excitation at 280 nm. Data for decrease in anisotropy frorr0.170 to~0.020 observed after

the first 250 ms of the reaction were fitted to a single exponential _.:_: ; o
(koss = 31 S%) with a slope to accommodate the early part of the ' ><d 1 uM Rho-mandGDP with 100uM GDP at 30°C

slower phase. Data between 0.5 and 100 s were fitted to a singleWas Well described by a single exponential, giving a
exponential Kous = 0.069 s1). (b) Dependence of the observed dissociation rate constant of (3220.03) x 104 s™%. This
rate constant of the fast phase of mant intensity increase onrate constant is similar to those measured for RiamtGDP
mantGDP concentration. Data between 5 ang/@mantGDP have (Kgiss = 2.0 x 107* s71) and RheGDP (jiss = 1.2 x 1074

been fitted to a straight line, with an intercept of-3 and a slope _ . Lo ..
of 5 x 1®PM~1s1, (g) Dependence of the o%served rate coﬁstant s™!). The two phases of the intensity increase on mixing

of the slow phase of mant intensity increase on mantGDP concen-MantGDP with RheGDS (Figure 7) were not a consequence
tration. The solid line is the best fit to eq 3 as described in the text. of using mixed isomer mantGDP since two phases of the

intensity increase of similar observed rates were also seen

experiment where mantGDP (Q/M) was mixed with excess  in corresponding experiments with md@DP (data not
RhoGDS complex (5¢M) with excitation at 366 nm. Again,  shown). However, the accessible concentration range with
two phases of the intensity increase were seen (data nothis nucleotide was more restricted due to the weaker signals.
shown), of observed rate constants 3.0 and 0.033 s In an experiment analogous to that illustrated for Rho
irrespective of whether the sample was excited at 366 or mantGDP in Figure 3, RhmantdGDP was mixed with a
280 nm. These values compare well with those measuredlarge excess of GDS (50M). The observed time course
under conditions of excess mantGDP shown in Figure 7 (5.3 comprised a transient increase in intensity followed by a
and 0.041 st at 5uM mantGDP). slower decay in the fluorescence to approximately the value

Isomerization of MantGDPNucleotides modified at the  at the start of the reaction (Figure 8). This is consistent with
ribose ring with the mant fluorophore exist as a mixture of Scheme 1 ifFrhocpsmanticor > (Frhomantdepp ~ Fmantcbr)-
2'-0 and 3-O isomers which interconvert within minutes at  The time course was described well by a double-exponential
physiological pH 24, 34, 35). The equilibrium ratio of 20 function, incorporating a slope to account for photobleaching,
isomer to 3-O isomer for mantADP has been determined to with a koys 0f 2.0 s for the transient increase andkgs of
be 35:65 86). The interconversion of the 2nd 3 isomers 0.68 s for the decay. These observed rate constants are
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comparable to those describing the lag phase and intensitywhere a transient increase in concentration of an intermediate
decay, respectively, seen when RinantGDP was mixed  formed after calcium binding to the protein, followed by a

with 50 uM GDS (Kobsjag= 3.4 S'* andkops gecay= 0.39 sS4, slow decay of this intermediate, is characterized by a slower

Figure 3). The results obtained with RheandGDP there- rate constant for formation of the intermediate than for its

fore reinforce the interpretation of the lag phase observed decay. At low GDS concentrations, the observed rate constant

when RhemantGDP interacts with GDS. of the decay phase is limited by slow association of GDS
Kinetics of the Interaction of GDP with RieDS.To pro- with RhomantGDP occurring with a second-order rate

vide further support for the use of mantGDP as an analogueconstant of 1x 10* M~! s™1. As the GDS concentration is

of the native ligand, the interaction of GDP with REDS increased, the kinetics of the decay in mant fluorescence

was also investigated. This could be followed using the become increasingly limited by mantGDP dissociation (step
fluorescence of the extrinsic dye ANS, which acts as a probe 2). For the experiments performed in the presence of excess
for the extent of exposure of hydrophobic regions in proteins GDP (Figure 5), where mantGDP rebinding after dissociation
(37). When RheGDS (0.5u4M) containing ANS (10uM) is negligible, the decay phase at saturating GDS concentra-
was mixed with excess GDP, a biphasic decrease in the intentions is expected to occur at an observed rate constant of 1
sity of ANS fluorescence was observed (data not shown). s™%, in accord with the fast phase of the mant intensity
The observed rate constants of the slow phase exhibited adecrease seen when a pre-equilibrated mixture of-Rho
hyperbolic dependency on GDP concentration in the rangemantGDP and GDS was mixed with excess GDP (Figure
of 2.5-375uM. These data were fitted to eq 3 with a non- 6). These saturating concentrations of GDS were not achieved
zero intercept to give &qapp Of 22.5uM, an intercept of in practice. Since the observed rate constants of the two
0.005 s, and an observed rate constant at saturation of 0.042processes (lag and decay) illustrated in Figures 3 and 5 are
s L. A full concentration dependency of the fast phase of of similar magnitude, the two steps reported will be coupled
the ANS fluorescence decrease was not obtained. A»N60  to some extent at intermediate GDS concentrations and the
GDP, the observed rate constant of this phase was48 s rate constants of the observed processes will be a complex

which compares to an observed rate constant of 2% function of individual rate constants.
the fast phase of the mant intensity increase seen when Rho Binding of MantGDP to Rh&DS. In the analysis
GDS was mixed with 5«M mantGDP. described above, a change in mant fluorescence is assumed

The interaction of GDP with Rh&DS could also be  to occur at step 2 in Scheme 1. This predicts that on mixing
followed using tryptophan fluorescence. An increase in RhoGDS with excess mantGDP there would be an expo-
intensity was observed which was described well by a single nential increase in fluorescence, the observed rate constant
exponential. The observed rate constants also exhibited aof which would be linearly dependent on mantGDP con-
hyperbolic dependency on GDP concentration (data not centration. However, as shown in Figure 7, two phases of
shown). These data were fitted to eq 3 with a non-zero intensity increase were seen and the observed rate constants
intercept to give &Kgapp Of 11 uM, an intercept of 0.005  of both reached saturating values. The simplest interpretation
s1, and an observed rate constant at saturation of 0.040 s of this behavior is that the association of mantGDP with Rho
A rapid phase of the tryptophan intensity decrease of very GDS occurs in a two-step process where initial complex
small amplitude was detected at high GDP concentrationsformation, which is spectroscopically silent, is followed by
but could not be characterized further. The processes reported conformational change within the ternary complex. Thus,
by ANS and tryptophan fluorescence are very similar to each the reaction sequence was extended as shown in Scheme 2,
other and bear a quantitative similarity to both phases of

mant fluorescence increase seen when-RRS was mixed ~ Scheme 2
with mantGDP (Figure 7). ky ka
Rho.mantGDP + GDS = Rho.GDS.mantGDP f
ANALYSIS AND SIMULATIONS ko k *
3

Rho*.GDS.mantGDP = Rho*.GDS + mantGDP

-3

A full understanding of the mechanism by which GDS
accelerates nucleotide release from Rho requires the char-
acterization of intermediates in the mechanism and an assignwhere the fluorescence change occurs at step 2, Fghe (
ment of individual rate constants to the proposed steps. All mantebP = Frnocpsmantepd > (Frho+cbsmantebr = Fmantcpd-
steps must be treated as reversible since nucleotide exchange At low mantGDP concentrations, the observed rate con-
requires the reaction to proceed readily in both directions. stant of the fast fluorescence change when excess mantGDP

Binding of GDS to Rhd/antGDP. The observed rate  was mixed with RheGDS (Figure 7) is limited by slow
constant of the lag in the mant intensity decay when excessbinding of mantGDP to Rh&DS with a second-order rate
GDS was mixed with RhanantGDP 3.5 s%, Figure 3b) constant of 5x 10° M~! s1 (k_3) given by the slope of the
was independent of GDS concentration in the range studiedline shown in Figure 7b. Thg-axis intercept of~3 st
and is proposed to characterize the dissociation of mantGDPprovides an estimate of; in Scheme 2. This value is
from RhoGDS mantGDP (step 2 in Scheme 1, whéig, consistent with the observed rate constant describing the lag
mantGDP = Frhocpsmantcop > Fmantcpd. The observed rate  phase seen on interaction of GDS with RinantGDP (3.5
constants of the decay phase exhibited a strong dependencg ) which was proposed to characterize mantGDP dissocia-
on GDS concentration (Figure 3c) and are therefore proposedtiion from the ternary complex. The observed rate constant
to characterize the association of GDS with RhantGDP of the fast phase of the intensity increase at high mantGDP
(step 1 in Scheme 1). A similar situation has been describedconcentrations (3078, Figure 7b) thus represents the sum
for the calcium-dependent bioluminescence of aequ@8p ( of the forward and reverse rate constants for ternary complex
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isomerization K, + k-,). The observed rate constants of the
two phases shown in Figure 7 are sufficiently different to
assume that the two steps are not highly coupled; i.e., the
initial equilibration of step 2 is essentially independent of
the subsequent equilibration of step 1. The slow phase of
intensity increase (Figure 7c) is a consequence of the
dissociation of GDS from the ternary complex. This inter-
pretation was confirmed in a control experiment where
mantGDP (0.5M) was mixed with a solution of Rh@&DS

(5 uM) which contained a large excess of GDS (&¥). 0 20 30
Only a single phase of the mant intensity increase was .

observed Kus = 3.0 s1), which originates from the Time (s)

equilibration of step 2 (data not shown). The absence of a Ficure 9: Numerical analysis of the kinetic data for the interaction

; ; f GDS with RhemantGDP in the presence of exogenous GDP.
slower phase of increase is a result of the large excess Of‘?’ime courses of mant fluorescence obtained on mixing -Rho

GDS preventing GDS dissociation at step 1. In Figure 7¢, nantGpp (0.5:M) with GDS (10-1504M) containing exogenous
the net dissociation rate of GDS at saturating mantGDP GDP (100xM) were normalized and scaled as described in the
concentrations K = 0.078 s%), neglecting the small text. Data were globally analyzed according to Scheme 2 using
contribution from association at step 1, is approximated by the rate constants given in the text. Data (circles) and fitted curves
the relationky = k_1k_o/(kz + k_»), provided k; + k_5) > are shown for four representative GDS concentrations.

k-g. — -
B f he displ . t wh Table 1: Rate Constants for the Proposed Minimal Mechanism of
ata from the displacement experiment where a pre- GDS-Stimulated MantGDP Dissociation from Rho (Schentfe 2)

equilibrated mixture of RhanantGDP (0.5«M) and GDS

10 uM

Normalized intensity

. . . kl 1.6x 10°M1g1b kfz 239¢stc
(5 ﬂM)_Was mixed W|th excess GDI_D (Figure 6) can be used K, 0.098 sl¢ ks 5oglb
to achieve an approximate resolutionlef+ k_,. The fast ko 6.1s1b K s 5% 106 M-1g1d

. . - PR
phase of mant intensity decreasgs(= 0.96 s*, Figure 6) 2 Rate constants were obtained by a combination of traditional and

is re|ateq to the individual rate Constants in Scheme 2 by giopal kinetic analysis of stopped-flow data for the interaction of GDS
the relationkos = koks/(ke + k-), provided k; + k_2) > ks. with RhemantGDP and mantGDP with RH®DS as described in the

Fromk, + k-, = 30 st andks; ~ 3.5 s'1, we estimatek, ~ text. b Frqm a global fit.c Constrained in a global fit as described.
9 s1and thusk_, ~ 21 .. The slow phase of the intensity ~“From Figure 7b.
decrease shown in Figure 6 = 0.051 s is a
consequence of the slow binding of GDS to RhantGDP of 100 uM GDP were fitted to Scheme 2, where the
and occurs at an observed rate auB GDS which is spectroscopic change is assumed to occur at step 2. In this
consistent with an apparent second-order rate constgnt ( analysis, the values & , andk_; were constrained by the
of 1 x 10 M 1st relationshipsk, + k-, = 30 andk-;k_»/(k, + k-5) = 0.078.
Analysis of GDS Binding to RRdantGDP by Numerical  Since rebinding of mantGDP is in effect abolished by the
Methods.Refined estimates d, k;, andks were obtained  large excess of GDR_3; was assigned a value of zero. The
by a global numerical analysis of the kinetic data obtained best-fit values for the three variable parameters in this
for the interaction of GDS with RhmantGDP in the  analysis were as followsk; = 1.6 x 10 M~1s ! k, = 6.1
presence of excess exogenous GDP shown in Figure 5. In+ 0.1 s, andks = 5.2 + 0.1 s'*. As shown in Figure 9,
this approach, sets of kinetic data obtained under differentthe simulated time courses faithfully reproduce the lag and
concentration conditions are simultaneously fitted using decay observed in the experimental data. Although slight
differential equations describing the proposed mechanism,systematic deviations were observed in the fit, particularly
in this case Scheme 2. The use of global methods has beemt low GDS concentrations, the overall quality of the fit was
discussed elsewher89, 40), and when applied to kinetic  good considering that kinetic data obtained over a 15-fold
data, they have the advantage that the amplitude informationrange of GDS concentrations were simultaneously analyzed.
is explicitly included in the analysis. However, slight The rate constants obtained from the combined analysis of
variations in the amplitudes of processes measured in thethe data by Scheme 2 are summarized in Table 1. These
stopped-flow apparatus, due to either instrumental drift or rate constants were used to simulate time courses of mant
experimental artifacts, can be a limitation. This problem fluorescence for the interaction of mantGDP with RBBS,
could be addressed in the experiments where GDS was mixedaccording to Scheme 2 where the spectroscopic change
with RhomantGDP in the presence of excess GDP (Figure occurs at step 2. The simulated data showed a biphasic
5), since the dissociation of mantGDP proceeds to completionincrease in signal, in accord with the experimental data
at all GDS concentrations. Thus, the time courses at each(Figure 7a). The simulated time courses were fitted to two
GDS concentration were individually normalized to give an exponentials to give “observed” rate constants which showed
intensity change of 1 by dividing by the total amplitude of a dependency on mantGDP concentration similar to that of
the change obtained from the exponential analysis. Time the experimental observed rate constants (Figure 7b,c) and
courses were then scaled to a starting intensity of 1. This were within 30% of the respective experimental values.
treatment preserves the relative amplitude of the two phases Quantitative Analysis of Equilibrium Titration Datalhe
of the mant fluorescence change seen at each GDS concenminimal mechanism developed above (Scheme 2) was used
tration. to make a quantitative analysis of the titration data in Figure
Normalized time courses obtained for the reaction of 0.5 1 by global numerical methods. A similar approach has been
uM Rho-mantGDP with GDS (18150uM) in the presence  used for analyzing the binding of the exchange factor GrpE
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Scheme 3 equilibrium constants) obtained from the kinetic data. The
Ky, K, relative fluorescence of RNG and RNG* could not be treated
as variable parameters in the equilibrium analysis since their
RN + G = RNG = RNG* values are too highly correlated to those of the equilibrium
constants.
Kos N Ky DISCUSSION
N N The availability of high concentrations of soluble GDS

and a well-characterized RI®DS complex has allowed the
interaction of GDS with RhanantGDP to be studied under

+ +
a wide range of conditions. Both equilibrium and kinetic
+ G — RG measurements could be made on the reaction in either
Kas direction. Most studies were performed with the fluorescent

GDP analogue, mantGDP, either by direct excitation of its
to the DnakADP complex 1) and the exchange factor  fjyorescence at 366 nm or by energy transfer from tryptophan
Cdc23' to H-RasGDP @22). For this treatment, Scheme 2 excited at 280 nm. MantGDP exists as an equilibrium
was extended into the thermodynamic cycle of coupled mixture of the 2-O- and 3-O-substituted nucleotides which
equilibria_shown in Scheme 3, where R is Rho, N is may complicate the analysis, whereas rd@mP exists as
mantGDP, and G is GDS. _ a single species. MantGDP was chosen for most experiments

The equilibrium constants are defined as follows; = because it gave much larger fluorescence changes in the
[RNJ[GJ[RNG], Kz = [RNG*J/[RNG], Kys = [RG][N}/ mechanism. However, some experiments were performed
[RNG*], Kas = [R][G]/[RG], and Kgs = [R][N]/[RN]. Since with mantiGDP which showed that the biphasic fluorescence
the equilibria are coupled, any one equilibrium constant can processes seen with mantGDP were not due to the presence
be expressed in terms of the other four. The analySiS modelof two isomers. Furthermore, experiments in which GDP
was constructed from the above definitionsiaf, Kz, Kqs, itself was used and either intrinsic tryptophan fluorescence
andKys whereKqs = (KaiKas)/(K2Kqz). Conservation of mass  or extrinsic ANS fluorescence was monitored, where ap-
equations related the known total concentrations to those ofprgpriate, showed that mantGDP behaved very much like
the individual species. The observed fluorescence wasgpp in this system.
expressed as the sum of the concentration of each species The main conclusion of this study is that the mechanism
multiplied by a parameter defining its relative fluorescence. of release of mantGDP from Rho catalyzed by GDS is a
For the titrations of GDS into RhmantGDP, where the  gypstituted enzyme mechanism which involves a conforma-
emission intensity was monitored at 430 rifay = Frne = tional change within the RhG&DSmantGDP ternary com-
3.66Frnc = 3.66Rn. For the titrations of RR@GDS into plex (Scheme 2). Strong support for the proposed mechanism
mantGDP, where emission intensity was monitored at 440 js given by the fact that using the rate constants determined
nm, Feny = Frng = 3.2Fgrne: = 3.2 . Due to the very  for Scheme 2 (Table 1) and the step assigned as giving a
high affinity of Rho for mantGDP, the free Rho concentration change in fluorescence, simulations of the experiments in
is negligible under the conditions of the fitrations reported which the reaction is initiated in both directions show a close
here and thu&gs is not constrained. An experimental value correlation to the concentration dependency of the experi-
for Kgs is not available due to the instability of the nucleotide- mentally observed rate constants. Furthermore, valukg,pf
free protein. However, a second-order association ratek, andKgy;determined by equilibrium titration were in close

constant of 2.5« 10’ M~* s™* at 30°C for the binding of  agreement with the kinetic data. The equilibrium constant
GDP to N-Ras can be estimated by extrapolation from low- (k) for the overall reaction

temperature measuremend&). If a similar value is assumed

for the binding of mantGDP to Rho, a dissociation constant RhomantGDP+ GDS= RhoGDS+ mantGDP

of ~10 pM for RhomantGDP can be estimated on the basis

of the measured dissociation rate constant o204 s, whereK, = ([Rho-GDS][mantGDP])/([RhemantGDP][GDS])
Kgs was thus held constant during the analysis at 10 pM. obtained from the equilibrium titration data has a value of
However, fixingKgys at values up to 1 nM had a negligible 0.58. The overall equilibrium constant derived from the

effect on the fitted values dfy;, Kz, andKgs. elementary rate constants shown in Table 1, wh&ye=
The best-fit values of the three variable parameters in this kjkoks/k_1k_ok_3, is 0.43.
analysis, as defined above, were as followg; = 5.8 + This value ofK, can be compared to that for other guanine

1.2 uM, K, = 0.50+ 0.06, andKy3 = 6.7 £ 1.9 uM. As nucleotide exchange factors. Using rapid equilibrium isotope
shown in Figure 1, the overall quality of the fit was good exchange measurements, Chau et E3) pbtained a value
considering that data from seven different titrations per- of 2.8 for the EF-TU/EF-Ts system. Ecclestdd)( using a
formed on the exchange reaction in both directions were chromophoric analogue of GDP in the same system, calcu-
simultaneously analyzed. Furthermore, these values cor-lated a value of 95, although since the analogue bound to
respond well with those calculated from the kinetic data in EF-Tu approximately 80-fold weaker than GDP it was
Table 1 Kq1 = 6.1 uM, K; = 0.26,Kg3 = 10.4uM). The considered to be consistent with the results of Chau et al.
analysis of the titration data was based on Scheme 2, the(13). More recent work has concentrated on the Ras
minimal mechanism needed to explain the kinetic data, wheresuperfamily of proteins. Using techniques similar to those
the fluorescence change occurs at step 2. However, theused in this study, Klebe et ak1) determined the kinetic
analysis is independent of the rate constants (and henceparameters for RCC1-stimulated md@DP dissociation
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from Ran. A corresponding value fdf, of 2.6 can be occurring within the ternary complex from a state where
calculated from their data. In all of these systems, it therefore RCCL1 is weakly bound to a state where nucleotide is weakly
appears that the equilibrium between nucleotide-bound andbound @1). In the kinetic study of the Ras/Cdc?5system,
exchange factor-bound complexes with the G-protein is close Lenzen et al. 22) demonstrated two-step binding of man-
to unity so that the reaction can readily proceed in either tdGDP to the Ra<Cdc23'™ complex and concluded that the
direction, as determined by the local concentration of the second step constituted isomerization to a state with high
individual components. However, the situation is different nucleotide affinity. The forward and reverse rate constants
in the Ras/Cdc25 systerid), where a value foKg of 0.0015 determined for this conformational change were 21 and 3.9
can be calculated from the equilibrium constants determineds™?, which bear a striking similarity to the corresponding
from a combination of individual experiments and global rate constants determined in this stuty,(andk;, respec-
fitting. This results from Cdc25 binding much more weakly tively, in Scheme 2). These authors also suggested that the
to RasGDP than GDP binding to Re&Bdc25, favoring the  association of Cdc28" with RasmantiGDP could be a
RasGDP complex. The data presented here and thosemultistep process but due to the insolubility of the exchange
published for the interaction of other exchange factors with factor at high concentrations could not investigate this further.
the Ras superfamily of G-proteins are incompatible with the Ternary complex isomerization has been proposed for other
sequential mechanism proposed for elF22B) (vhich would exchange factors which operate by a substituted enzyme
require the presence of exogenous nucleotide for dissociationmechanism. Eccleston et al 7, using pressure relaxation
of mantGDP to be observed. experiments on the EF-Tu/EF-Ts system, found evidence for
The maximal rate of mantGDP dissociation from Rho in an isomerization of the EF-FTBEF-TSGDP ternary complex
the presence of exogenous GDP and saturating concentrationsccurring before the release of GDP, and Packschies et al.
of GDS is 1 s*. This represents a 5000-fold enhancement (41) concluded that a conformational change follows the
of the intrinsic rate of mantGDP dissociation from Rho. This weak association of the exchange factor GrpE with DnaK
can be compared to a maximum rate of 21 determined ADP.
for the dissociation of madGDP from Ran in the presence This study does not address whether GDS selectively
of a large excess of GDP and high concentrations of the stimulates the dissociation of Rho-bound GDP in preference
exchange factor RCC2Q), which constitutes an enhance- over GTP. Cdc25 has been shown to be more active against
ment of the intrinsic dissociation process by a factoraff. the GDP-bound state of Radq), whereas RCC1 causes a
Lenzen et al. Z2) determined a maximal rate constant of similar stimulation of nucleotide release from R@DP and
3.9 st for the release of Ras-bound mdBDP catalyzed  RanGTP 1). Work is underway to determine the corre-
by Cdc2%™ under multiple-turnover conditions, which sponding kinetic parameters for the interaction of GDS with
represents an enhancement of the intrinsic process Iy (2 RhomantGTP and the interaction of mantGTP with Rho
10°)-fold. However, under multiple-turnover conditions, the GDS. The unusual substrate specificity of GDS is being
steady-state rate of GDS-stimulated nucleotide dissociationaddressed in kinetic and structural studies of its interaction
from Rho will be limited by the slow dissociation rate with other Ras superfamily proteins.
constant of GDS from the ternary compléx{= 0.098 s?)
which only represents a 500-fold activation of the nucleotide ockNOWLEDGMENT
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