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ABSTRACT. Individual rate constants have been determined for each step of th&Rasydrolysis
mechanism, activated by neurofibromin. Fluorescence intensity and anisotropy stopped-flow measurements
used the fluorescent GTP analogue, mantGTE'(j20-(N-methylanthraniloyl)GTP), to determine rate
constants for binding and release of neurofibromin. Quenched flow measurements provided the kinetics
of the hydrolytic cleavage step. The fluorescent phosphate sensor, MDCC-PBP was used to measure
phosphate release kinetics. Phosphatater oxygen exchange, usifD-substituted GTP and inorganic
phosphate (ff, was used to determine the extent of reversal of the hydrolysis step antiofiidg. The

data show that neurofibromin angd#ssociate from the NFRasGDP-P, complex with identical kinetics,

which are 3-fold slower than the preceding cleavage step. A model is presented in whighrdlease

is associated with the change of Ras from “GTP” to “GDP” conformation. In this model, the conformation
change on Prelease causes the large change in affinity of neurofibromin, which then dissociates rapidly.

Small G proteins act as molecular switches within cells, These share sequence motifs that define a GAP-related
particularly as part of signaling pathways. They have a tightly domain, but most have other domains that are probably
bound guanine nucleotide, with a significant conformational involved in controlling the GAP activity. For example, in
difference depending on whether GTP or GDP is bodnd ( addition to the catalytic domain, p120GAP has domains that
3). This difference in conformational state determines the are thought to interact with other signaling molecules.
activity of the protein with respect to interaction with Examples are SH2, SH3, Pleckstrin homology domains, and
effectors. When bound to GDP, small G proteins are inactive, calcium-dependent phospholipid binding domain. Neuro-
but binding to GTP allows it interact with downstream fibromin, on the other hand, does not appear to have well-
effectors. Several families of small G proteins have been defined functional domains and may be solely a negative
identified, with the first and most studied being the Ras regulator. Crystal structures of a GAP complexed with Ras
family. The Ras proteins themselves a2l kDa and have  showed that conserved arginines, in what is now called an
a regulatory role in essential functions related to cell growth arginine finger motif, are intimately located in the Ras
and differentiation. There are three main mammalian Ras catalytic site 8, 9). One arginine takes part in the catalytic
proteins, N-Ras, Kirsten Ras, and Harvey Ras. These areprocess, helping generate a nucleophilic water oxygen to
apparently present in all cells, localized to the plasma attack the terminal phosphate as well as interacting with the
membrane after post-translational modification adds lipids phosphates. It is also apparent that the interaction of this
to the C-terminal region. arginine finger stabilizes the effector loop of Ras.

The active state of small G proteins and therefore the In this current study, we investigate neurofibromin (NF1),
control of downstream processes are regulated in vivo by which has a 360 amino acid domain that catalyzes GTPase
two types of protein. Exchange factors (GEFsjtalyze the  activity in Ras and is homologous to the catalytic domain
exchange of the tightly bound GDP for GTP and hence causefound in other GAPs1(0). A major difference from p120GAP,
activation. Small G proteins have a slow basal GTPasein terms of biochemistry, is that NF1 binds more than 10-
activity, but this is accelerated up to*ld by GTPase  fold tighter to RasGTP, making maximum activation more
activating proteins (GAPs), thereby inactivating the small attainable experimentally. Here, we use the C-terminal

G protein @). fragment of NF1, containing the complete domain that
A number of GAPs that act on Ras have been isolated, interacts with Ras.
including p120GAP%, 6) and neurofibromin from mammals  This work investigates the cleavage step of Ras-bound

(7), as well as related proteins froBrosophilaand yeast. ~ GTP and subsequent dissociation of the NEdSGDP-P,
complex, by determining the rate constants for elementary
" This work was supported by the Medical Research Council, U.K. processes in the mechanism. An aim is to understand how

* To whom correspondence should be addressed. Tel: (44) 20 8816stryctural changes are involved in the GTPase cycle. A
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! Abbreviations: GAP, GTPase activating protein; GEF, GTPase working scheme for the NF1-catalyzed hydrolysis of Ras-

exchange factor; NF1, the C-terminal domain of neurofibromin; MDCC- bound GTP is shown in Scheme 1. The scheme does not
PBP, A197C mutant of phosphate binding protein frincoli labeled include conformation changes as separate processes, although

with N-[2-(1-maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carbox- ; iynifi .
amide; mantGTP,'23')-O-(N-methylanthraniloyl)GTP; SH, src homol- there is a significant change between the ‘Bas* and

ogy domain; GMPPNP, guanosiné(By-imido)triphosphate; DTT, ~ R@3GDP structure, as shown in the crystal structued {,
dithiothreitol. 12) and exhibited in the differing affinities of the GDP and
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Scheme 1
NF1 P, NF1

1 2 3 4
Ras.GTP-¥ NF1.Ras.GTP === NF1.Ras.GDP.P; é- NFLRas.GDP:é Ras.GDP

GTP state for NF143, 14). In this scheme, the forward and equivalent 20). The GDPP, state can then undergo two fates.
reverse rate constants and equilibrium constant for any stepFirst, the Pcan be released from the catalytic site @8©4)P,
i are given byky, ki, andK;, respectively. that has undergone no exchange. Because of the weak
Step 1 describes the initial binding of NF1 to RaspP. binding of R to the protein, as elucidated later in this work,
This is followed by the hydrolysis itself, the cleavage of the this released Rakes no further part on the time scale used
terminal phosphate from the GTP. In this schemegRase for the intermediate exchange measurement.
is shown as occurring before dissociation of the Nis Second, apart from releasing Ehe protein-bound GDP
complex, and the data presented here are analyzed in term& complex can re-form bound GTP, with loss of one oxygen
of this model. However, the order of release is not establishedatom from Pas water is formed. Because of the free rotation
at this stage, and this point is discussed along with alternativeof P,, one-quarter of the time, ¥O is lost and the initial
mechanisms in the Discussion. In practice, the order of (y-%03)GTP is re-formed; three-quarters of the time 1D
release is probably related to the stage in the mechanism ais lost and {-1%0,)GTP is formed. In both cases, this GTP
which the conformation goes from “GTP-like”, to which NF1 must eventually be hydrolyzed. Further reversals of the
binds tightly, to “GDP-like”, which binds NF1 weakly. hydrolysis step can in principle lead to a mixture 85)P,,
Previous work on the kinetic mechanism has looked at (}%0,)P;, (:%0,)P; and unlabeledPreleased from the protein.
several processes in this mechanism. Eccleston ei8). ( The product Pis isolated and the distribution of isotope is
and Ahmadian et al.16) both used fluorescent mant determined by mass spectrometry. The extent of exchange
nucleotides to examine the rate of NF1 binding. This binding depends on the partitioning of the GEPcomplex between
is accompanied by a rapid increase in mant fluorescence. AGTP re-formation and;fPelease and, so, depends on the ratio
subsequent, slow fluorescence change could not be assignedf k-> andk.s. The quantitative treatment of these data, as
unequivocally to a particular process but was assumed to bewell as the main analytical procedures by mass spectrometry
associated with the hydrolysis step. The rate pfeRease  to obtain the proportions of differeAtO-labeled Pspecies,
was measured independently and shown to be very similarhas been describe@@ 25). Here we can obtain a separate
to the slow phase of the mant fluorescence transigit (  assessment ok.3 by direct measurement of; Pelease
The effect of arginine mutations on these fluorescence kinetics, so that the intermediate oxygen exchange data can
changes was also determinedB); There is little effect on ~ be used to assess,.
binding due to these mutations but a very large effect on In medium exchange measurement$OQP in the
subsequent steps. Time-resolved FTIR studies suggested thanedium is incubated with the protein-bound GDP complex.
P, release is rate limiting, at least for the low-temperature If some of this Pbinds, then the GD#P complex is formed,
conditions used1(9). The work here extends these measure- and this can partition between the two processes as described
ments by using anisotropy to obtain a more direct measureabove, namely, formingy{'803)GTP with loss of one€®O
of complex formation and breakdown, and quenched-flow to water, or simple release of®Q,)P; with %0 unaltered
to measure the cleavage rate directly. (Figure 1b). The extent of exchange to tHéOu)P once
Phosphatewater oxygen exchange measurements are bound depends otk sk, as above. But the extent of
used to assess the reversibility of the protein-bound hydroly- exchange to the'{O,)P, in the medium also depends on the
sis step and subsequent release jofSRch measurements rate of binding of this Pto the GDP complexk(s), and so
have been applied to a variety of ATPases and GTPases, to
obtain rates of elementary steps and to elucidate the chemical(® !ntermediate exchange
[ ]

. . . o o +H,0 (Ks2) o o Kea -
mechanism of the enzyme®(—24). This is especially useful G-0--0-F-0-F-& 20 () o o-b-o 0~P:,o cops o:P:,o
—— == e

in systems such as the actomyosin or mitochondrial ATPases & & @  -H0 (kof4) & & ¢ e

in which the protein-bound hydrolysis step is highly revers- ]
: . H2® k04
ible. Two types of oxygen exchange reactions are used here 5 o 2 o o .
. . n I I ] n o, @ o @
and are shown in Figure 1. G-0-P-0-P-0-P-@ G-0-p-o-p-o" R === cop+ K
Intermediate exchange measurements ysé€@;)GTP, in o9 o o o
which the three nonbridging oxygens of the terminal Further exchande /
phosphate are substituted with close to 100% of the stable 9
isotope!®O. During hydrolysis by Ras and NF1, the isotope  (b) Medium exchange
exchanges with water oxygens: i.880 is lost from the o0 K3 2 9 o8
phosphate to water. The extent of this exchange is measured®® *. &, e COT O % e e
by comparison of the isotopic enrichment in the substrate : K> it

GTP and the product FDuring the hydrolysis step¥0s)P; ) ]
is formed together with unlabeled GDP, initially as the epp+ s® === c-0-F-0-f-0-H® = G-o-f-o-B-0-E
-9 o ' o\, R i R

\ h-0-R-0-F-¢
protein-bound GDFP; state (Figure 1a). Apart from the o b o o e
possibility of small isotope effects, tH€O and'O are the
same chemically and biochemically. Previous work on other Further exchange

systems suggests that the tetrahedrala rotate freely in - Figure 1: Reaction schemes, showing the mechanism of oxygen
the binding site so that all four oxygens are essentially exchange. Oxygen-18 is shown by filled Os.
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this measurement allows assessmerktgfgiven the values  obtained for incubations containing no protein, NF1 only,
already obtained fok_, andkys. The quantitative treatment and RasmantGDP only.
of medium exchange data has been described previdgly ( Intermediate exchange measurements were performed by
27). _ mixing 100uM Ras (y-*03)GTP with 10uM NF1 for 30 s

Much of the work here uses mantGTP to provide fluo- using the solution conditions above. The enrichment of the
rescence signals for determination of rate constants. Previousstarting -180s)GTP was determined by transferring the
work suggests that the ribose modification to obtain this terminal phosphate first to ADP, using nucleosidediphosphate
analogue has only minor effects on the interactions of kinase, and then hydrolyzing the resulting ATP in a reaction
nucleotide with Ras and the complex with NF1. Generally known to produce no exchange, to givéds)P: (38).
for small G proteins, rates and equilibrium constants with P, was analyzed for distribution of differeAtO-labeled

. . . . I

mant nucleotld_es are within 2-fold of those fou.nd with the species as described previousd), but with the following
natural nucleotidel(s, 28). The structure of Ras withamant- . jisications. All solutions were made with deionized
nucleotide bound is almost identical to that with the natural distilled water. The Pwas purified on Q-Sepharose (250,

nucleotid_e 29). Esser_wtially the mant is on the surface of uL), prewashed with 3 mM HCI (5 mL; Aristar, VWR
the protein, as the ribose oxygens are exposed from thelnternational), water (5 mL), then 5 mM Tr<4CI, pH 7.5

binding.site in bOth.GDP an(_j GTP complexeg. There are (2.5 mL; made using Aristar Tris, VWR International). The
some direct comparisons available for GAPs with mantGTP columns were not reused. The $amples were loaded as

and GTP. Theke values for GTPase activation by p120- diluted solutions, and the column was washed with water
GAP are similar with RasnantGTP and Ra& TP, although (5004L), then 1 ’mM HCI (2 mL). The Pwas eluted with

theKn, is 2-fold smaller with the analoguéT). A measure- M HCI D). P f 1 TP h VS
ment of the overall GTPase activity at saturating NF1 showed gertT;:ctedbe(ga(;Tjit)ibnl o:‘O'Prqaé}éZS%)Gpri or tgdlgoa)é?% vtvr?es

that the k.ot values are within 10% of each other for : : ;

o column. Rfrom the mediumfO,)P; incubation was detected
Raéssrg/la:[c;]TPfang %‘?I;r E] Sptﬁmtflfcalg/ the iF:gl_?gs?_rzate using the phosphate sensor, MDCC-PBR)( Aliquots of
IS 2570 higherfor Ra anthatior Ramants 1. 1NUS, — yhe elyate (1uL) were added to tM MDCC-PBP in 10

we consider_it _u_nlikely that the presence of the mant mM PIPES pH 7.0 (20@L) and the change in fluorescence
fluorophore significantly affects the NF1-activated mecha- measured (excitation 430 nm, emission 465 nm). The other

nism. change from the published procedure was that analyses were
EXPERIMENTAL PROCEDURES performed using_ a Hev_vlett-Packard gas chromatograph
model 5890, equipped with a mass selective detector model
Materials. N-Ras and Ha-Ras (Q61L) (residues 1I66) 5971.
were prepared using dscherichia coliexpression system Data were corrected for the starting enrichment as
(30, 31). Except as indicated, “Ras” in this work refers to described 25, 39). For the exchange using/{80;)GTP
wild-type N-Ras, which is isolated as the GDP complex. (Figure 1a), the equations have been defined elsewhere for
Because it has very slow intrinsic GTPase activity, Ha-Ras the proportions of differentéO-labeled P species as a
(Q61L) was purified as its GTP complex. A neurofibromin  function of the ratio of rate constants,s/k_» (25). The best-
fragment containing the GAP-related domain and comprising fit values for this ratio were determined using an iterative
residues 11951528 @2) was prepared using aB. coli procedure. For the medium exchange measurements, the
expression systeni®). This fragment is referred to as NF1  starting enrichment was calculated from #@-distribution
in this work. The Psensor, MDCC-PBP was prepared as determined from the control incubation in the absence of
described §3). Proteins and protetnucleotide complexes  protein. In practice, there was almost no exchange in this

were stored at-80 °C. control, and so this distribution was extremely close to that
(8O4)P, and (-803)GTP were synthesized from from analysis of the starting%0,)P.. The data were fitted
(*®O)water (97% enriched) as describe2D), MantGTP, to a simulation of the time course of the scheme in Figure

mantGDP, and mantGMPPNP were synthesized and puri-1b using Scientist software (Micromath, St Louis, MO) to
fied using described methods34 35). Complexes of  obtain global best fits for the rate of exchange.

RasmantGTP, RasnantGDP, and Ra§-'*0;)GTP were Other MeasurementsStopped flow experiments were
formed as described by Newcombe et &6)(RasGMPPNP carried out in a HiTech SF61MX apparatus with a mereury
and RasmantGMPPNP complexes were prepared as de- yenon light source and HiTech 1S-2 software. For MDCC-
scribed by Hirshberg et al37) and analyzed by HPLC using  pgp fluorescence, the excitation wavelength used was 436
a Whatman Partisphere SAX column (1&3.45cm)ina  nm and a 455 nm cutoff filter (Schott glass) was used to
mobile phase (at 1.5 mL mir) of 75% (v/v) 0.5 M (NH,).- collect emitted light. For mant, 366 nm was used to excite,
HPQ,, adjusted to pH 4.0 with concentrated HCI, with 25% anq a 400 nm cutoff filter (Schott glass) was used to collect
methanol. Typically, mantGTP complexes were 95% tri- |ight. Anisotropy was measured with the instrument in the

phosphate. “T” format, allowing simultaneous acquisition of horizontal
All kinetic measurements were done in 20 mM THEI, (Iy) and perpendicularl{) components. This enabled ani-
pH 7.6, 1 mM MgC} at 30°C. sotropy, (y — Io)/(Iy + 21p), and intensity I + 2Ip) to be
180 Exchange Measurementdedium exchange experi-  calculated from the same reaction proféd); In experiments
ments were performed by incubating 0.5 mMQy)KH»- described, the quoted concentrations are those in the mixing

PO, solution with 10uM RasmantGDP and 1M NF1 in chamber except where stated. Data were fitted to theoretical
20 mM TrisHCI, pH 7.6, 1 mM MgC} at 30°C. Incubations  curves using the HiTech software or Grafitlf and are
were carried out for 7 and 24 h. Control measurements werepresented here as averages e#2individual traces.
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Ficure 2: Fluorescence intensity changes following mixing
RasmantGTP with excess NF1. (a) The profile obtained when 1
uM RasmantGTP or RasnantGMPPNP was mixed with 1aM
NF1. The reaction conditions are described in the text. The curve using mant fluorescencé®). Under the conditions used here,
for mantGTP was fitted to a double exponential. The trace for the rate of the fast rise also has a hyperbolic dependence on

mantGMPPNP is offset by 10% for clarity. (b) Dependence on NF1 N
concentration of the rate constants of the two phases. Circles are.
the slow phase, squares the fast phase. The best-fit hyperbolas ar

shown.
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Scheme 2
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(a) Ras.GTP¥ NF1.Ras.GTP === NF1.Ras.GTP*
P
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(b) NF1.Ras.GDP.P, === NF1.Ras.GDP'==== NF1.Ras.GDP
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1
3b
(¢) NF1.Ras.GDP.P; NF1.Ras.GDP.P; ;4— NF1.Ras.GDP

NF1
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e
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(d) NF1.Ras.GDP;4—-‘= Ras.GDP' Ras.GDP

followed by a slower large decrease (8:3)s The starting
and final fluorescence intensities are identical in this time
course, as expected because the species arenRat&S TP
and RasmantGDP, which have similar fluorescence intensi-
ties when not complexed with another prote28)(

The rate constant for association (step 1) has been
determined previously over a range of NF1 concentrations

F1 concentration (Figure 2b). This suggests that the binding
Is in fact two steps (Scheme 2a), bimolecular binding per se
followed by a conformation change. The latter is ac-

companied by the fluorescence change and is rate limiting

Quenched flow measurements were carried out in a HiTechat high NF1 concentration. The best-fit hyperbola gaka.l/
apparatus using different length loops and flow rates to ageas 5.4uM andk1, + k-1, as 418 st, assuming that step la
reactions before quenching. Reactions (in a total volume of is rapid and reversible.

300uL) were quenched using 10% perchloric acid (149
and then partially neutralized to pH4 usirg 4 M sodium
acetate (5@L). Samples were then analyzed by HPLC using
a Whatman SAX-10 Partisil column (04 25 cm) at 1.5
mL min~! in a mobile phase of 75% (v/v) 0.5 M (N3-
HPQO,, adjusted to pH 4.0 by HCI, and 25% methanol. Mant

The slow phase of mant fluorescence on mixing NF1 with
RasmantGTP also has an approximately hyperbolic depen-
dence on NF1 concentration. Analysis in terms of two
consecutive processes @nd 2) gives a hyperbolic best fit
of 1/Ky as 1.3uM andk,» + k_» as 10.7 s*. The meaning
of this analysis is described in the discussion.

fluorescence was monitored on a Hitachi F-1050 fluorescence Various measurements were done to determine the rate
spectrophotometer, connected to the HPLC column, usingconstants for other specific processes described by the
an excitation wavelength of 366 nm and detecting emission mechanism in Scheme 1. They were performed aul¥0

at 440 nm. Peaks for mantGDP and mantGTP were integratedNF1 and 1M Ras unless otherwise stated. Figure 2b

using a Hewlett-Packard 3390A integrator.

indicates that the choice of these concentrations ensure close

Steady-state fluorescence was measured using a PerkintO Saturation of binding, and so errors are minimized due to

Elmer LS50B fluorometer with a xenon light source.

slight variations in activity and concentration of different

Absorbance spectroscopy was carried out using a BeckmarpProtein preparations. The measureme_nts are presented in the
DU640 spectrophotometer. Anisotropy titrations were carried Order as they relate to forward steps in the sequence shown
out using an ISS PC1 photon counting spectrofluorimeter in in Scheme 1. Oxygen exchange measurements are then
the “T” format, exciting the mant fluorophore at 366 nm described that monitor reverse steps in this Scheme.

and using a 400 nm cutoff (Schott glass) filter. Kinetics of NF1 Binding to RasantGTP.Two types of
RESULTS measurements were used to clarify the interpretation of the

two phases in Figure 2a.

The Effect of NF1 on Mant Fluorescence: Binding  On mixing RasmantGMPPNP with saturating NF1, the
Kinetics. When RasmantGTP was mixed with NF1, a time course for mant fluorescence intensity shows a single
biphasic trace was observed over the time course of therapid phase, similar to the rapid phase with mantGTP but
fluorescence intensity (Figure 2a). An initial fast increase not the slow second phase (Figure 2a). This is consistent
was followed by a slower decrease. The first phase has beerwith the rapid phase being due to binding of NF1, but
interpreted as due to NF1 binding to RasintGTP (step 1  no slow phase occurs since there is no hydrolysis of
in Scheme 1) 15). The second phase is due to either mantGMPPNP. Similar results were obtained using the Q61L
subsequent mantGTP hydrolysis or dissociation of the mutant of Ras that has very slow hydrolysis with NF1,

NF1-RasGDP-P, complex, i.e., a step in the mechanism of insignificant over the time course of the binding measurement

Scheme 1 after NFRasGTP formation. At 10uM NF1
and 1uM RasGTP, the biphasic trace (Figure 2a) shows a
large, very rapid initial increase in intensity (236%s

(data not shown).
Fluorescence anisotropy measured on mixing NF1 with
RasmantGTP showed a similar reaction profile to mant
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Ficure 3: The anisotropy time course following mixing /M with a trap of excess Ras in a non-hydrolyzable triphosphate form.
RasmantGTP with 1quM NF1. The data were fitted to a double  The preformed complex was made by mixing(®1 NF1 and 2
exponential to obtain rate constants for binding (fast phase, 185,M RasmantGMPPNP (syringe concentrations). The trapping Ras
s 1) and dissociation (slow phase, 7.5%s0f NF1 and Ras. See  was 10uM RasGMPPNP (mixing chamber concentration). For
text for details. the diphosphate, high concentrations were required to obtain a signal
due to weak NF1 binding. 40M NF1 and 20uM RasmantGDP
(syringe concentrations) were mixed, and the trapping Ras was 200
uM Q61L RasGTP (mixing chamber concentration).

Time (s)

100

80 |
NF1, there was a lag phase, followed by an increase in

fluorescence intensity with a rate of 7.8'§Figure 4). The

lag phase is approximately the size expected for binding and

cleavage (steps 1 and 2) to occur. The sensor then gives a
direct measure of subsequent dissociation ofrém the

60

40 r

% change

20

0 complex, showing that this is approximately 3-fold slower
0.0 0z 0.4 0.6 than the cleavage step.
Time (s) Kinetics of NF1 DissociatiolVhen NF1 was mixed with

FIGURE 4: MantGTP cleavage and subsequentdfease during  RasmantGTP, the slow phase of mant fluorescence intensity
NF1l-mediated hydrolysis of ReamantGTP. The cleavage of  anq anjsotropy (Figures 2 and 3) had similar kinetics. The

mantGTP (circles) was measured by quenched flow and analyzed_ . . -
for mantG'(I'P and)mantGDP Comer% gy HPLC. In the quenchyed- anisotropy probably represents the dissociation of NF1 from

flow measurement, kM RasmantGTP was rapidly mixed with ~RasmantGDP, as rationalized above, hence suggesting that
10uM NF1, and the reaction was quenched at defined times with the intensity change also monitors this step. However, this
acid as described in the Experimental Procedures. HPLC analysisrate constant (7.573) is similar to that of Prelease (7.8
was used to determine the percentage of mantGDP formed at eaclgl) so the Pand NF1 dissociate concomitantly. It is not

time point. The line is the best fit exponential, feélease was ; . . . . L
measured by MDCC-PBP fluorescence, usindvbof the R sensor. possm_le to determine directly if thesg two d|ssoc_|at|orjs are
The latter is shown as percent change of the maximum signal in truly simultaneous or whether there is ordered dissociation.
order to get both sets of data on the same scale. In the latter case, the first species would be released with
slow kinetics, and this rate then would determine the
fluorescence intensity (Figure 3). Anisotropy is dependent observed kinetics of the second dissociation. We discuss this
on the rate of rotational tumbling of the fluorophore, in turn point later.
related to the size of the complex assuming there is little To measure the rate constant of NF1 dissociation
local motion. So the size of anisotropy can be related morefor RasmantGDP (step 4) directly, preformed
directly to NF1 association to and dissociation from NF1-RasmantGDP was mixed into a large excess of Q61L
RasmantGTP. Anisotropy data for RasantGMPPNP and  Ha-RasGTP, and the fluorescence followed with time
Q61L RasGTP showed a similar kinetics to intensity, i.e., (Figure 5). This Ras mutant hydrolyzes GTP very slowly
a single fast phase (data not shown). These experiments argvith an intrinsic rate of 1.6« 1075 s7%, which is accelerated
consistent with previous conclusions: binding of NF1 to Ras only 6-fold in the presence of saturating NF14), The
in the triphosphate state occurring in two steps, associationHa-RasGTP forms a tight complex with NF1 with iy of
itself followed by a conformation change. In the case of 0.1 uM and so traps NF1 as it dissociates from the
NF1-RasmantGTP, the fluorescence trace then shows a slowRagsmantGDP complex, preventing reassociation with
decrease. RasmantGDP. The fluorescence decrease monitors the
Kinetics of the Hydrolysis Steuenched-flow measure-  dissociation of NFIRasmantGDP. The rate was 46's
ments were performed to determine the rate of the hydrolytic severalfold faster than that measured in a single turnover
cleavage step (step 2 from Scheme 1). The extent ofstarting from NFIRasmantGTP (Figure 2). Note that it was
conversion of protein-bound mantGTP to protein-bound not feasible to increase the protein concentrations signifi-
mantGDP was measured at individual time points, by HPLC cantly in order to check that the dissociation was cleanly
analysis of acid-quenched reaction mixture (Figure 4). The rate limiting in this “chase” measurement. However, accord-
data gave a best fit of 19.5for the cleavage rate. ing to assessment of the likely rate constant for -Bd$
Kinetics of R ReleaseP, release during mantGTP hy- binding to NF1 under the conditions used, this is at least
drolysis was measured using the fluorescent phosphate5-fold faster than the measured rate, hence validating that
sensor, MDCC-PBP4Q). On mixing RasmantGTP with the measured rate was due to dissociation.
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Table 1: Distribution of Oxygens in;from (y-*%03)GTP Table 2: Distribution of Oxygens in;Following Incubation of
Hydrolysigt Medium (80,)P; with RasmantGDP and NFL
10 per R (%) best fit [Ras] [NF1] time _Oxygensexchanged per(®) rate
0 1 2 3 kis/k—2 M) (uM) (h) 0 1 2 3 (™%
expt 1 0 1.4 1.5 97.1 10 0 24 87.0 11.9 1.0 0.1
best fit 0 0 2.2 97.8 33.1 bestfit 87.1 12.2 0.7 0 0.0060
expt 2 0 14 1.2 97.4 0 10 24 95.1 3.8 0.8 0.3
best fit 0 0 1.9 98.1 39.1 best fit  95.6 4.3 0.1 0 0.0019
10 0 7 81.9 15.8 2.0 0.3

aData are corrected for the enrichment!®® in the starting GTP
(92.5%) to give what would be for 100%. The best fits are determined
as described2b, 39).

bestfit 82.4 16.4 12 0 0.0278
10 10 24 55.0 33.0 9.8 2.2
bestfif 555 35.1 8.5 0.9 0.0247

L . . . aData are corrected for the enrichment 80 in the starting P
Kinetics of NF1 Dissociation from a Triphosphate Com- (96.3%) to give what would be for 100%. The percentwih four

plex of RasIn addition to all the forward rate constants of exchanged oxygens could not be assessed accurately, as; tkis P
Scheme 1, most of the reverse rate constants were alsainlabeled and so is indistinguishable from the small amount of
measured, at least to give approximate values. It is not contaminant Palways present in this type of solution. Each distribution

. . o . is the average of two independent experimersise noted. P This rate
possible to measure the dissociation rate with GTP complexegS defined a§,3k,2[NF1-RaSmantGDP]l?kﬁ + K_). When one protein

and wild-type proteins because of the rapid hydrolysis. is omitted, the total protein concentration was used. Seech6t&he
Dissociation of NF1 from RamantGMPPNP was deter- best fit was calculated as described in the téfor this measurement,

mined by mixing preformed NFRasmantGMPPNP with the calculation is described to obtains. The two individual measure-
a large excess of R&BMPPNP to prevent reassociation with ments gave distributions 81.3, 16.2, 2.1, 0.4 and 82.5, 15.3, 1.9, 0.3.

. oo The best-fit rates were 0.0288 and 0.0268 hespectively. The main
RasmantGMPPNP (Figure 5). The observed rate, limited species catalyzing exchange is NRasmantGDP. To calculate the

by dissociation, was 5.5°& rate due to this species and correct for the slow exchange due to the
Kinetics of the Reerse of Phosphate Release and @lea  individual proteins, the concentration of each protein species must be

age.Two types of oxygen isotope exchange measurementscalculated using the dissociation constant of NteBmantGDP at these
were performed to assess the rate constants of the revers&2nditions, 38M (14). This gives 1.8.M N.Fl’fRaSL”amGEP’ 8.2

f steps 2 and 3. The rationale for these measurements waﬁjlvI NF1, and 8.2(M RasmantGDP. Correcting for the exchange due
0 p ¢ : . the individual proteins gives a 0.0215'average rate of exchange
described in the Introduction. due to the complex. Sk sk_o/(kis + k_p) is 0.0120u~1 h~%. Using

When Rag(y-1803)GTP was hydrolyzed in the presence the value ok sk » = 36 from the data in Table X, 5 is 123 M1 sL.
of NF1, the main Pspecies formed wag80s)P;, showing A global fit was done to the complete set of data for the time course
that there was very little exchange and thedRease is much (l’ggxl\j@f‘gﬂe' giving a rate of exchange of 0.0252 land sok-3 is
faster than GTP re-formation. The data are shown in Table -
1, and the best fit gives an average value of 36kfark_.. o )
kis was determined as 8'5(Figure 4), sok_, as 0.22 sL. Effect of R on Affinity of NF1 for Rasmant(IBDP.Anl-.
Because of the low extent of exchange, values for this ratio SOIropy measurements were done as described previously
up to 60 are consistent with the data, and so a value of during a titration of NF1 into RamantGDP {4), but in the
can be estimated only within a factor of 2. presence of 10 r_nMiI%r 20 mM KCI (data not shown_). The

During medium exchange, a slow exchange of oxygen K¢ values obtained were 48 and 46M, respectively,

atoms takes place betweéf,)P, in the medium and water, ~ Suggesting only a small effect of & most, as the value in
when incubated with NF1 and RasantGDP. To observe the absence of these additions is/34. _
significant exchange required incubations of several hours. _High lonic Strength ConditionsPrevious studies have
However, the proteins appear to remain active for the whole Shown that there may be a difference between the rate of
time as incubations for 7 and 24 h showed that exchangemMant fluorescence intensity change andrétease under
occurred at a constant rate over this time period. Table 2 conditions of high ionic strengtil, 17). However, those

summarizes the results, together with the best-fit simulations, Méasurements were done at different times with different
from which is extracted a value fdr s of 108 M~ sL. as protein preparations. In an attempt to differentiate between
described in Table 2. P release and NF1 dissociation, measurements were made

Effect of P in the Medium on Rate Constants.single at 100 mM NacCl using the same solutions, with only MDCC-

cycle of NF1 interaction with RamantGTP was carried out ~PBP added to the one to measurgdata not shown). This

in the presence of 10 mM phosphate to determine whetherionic strength had been shown previously to give the
high R concentration inhibited the NF1 release step, and Maximum rates. Although rates increased compared with
thereby changed the fluorescence intensity and anisotropythose at zero NaCl,iRelease at 13.87%, mant intensity
traces. A significant effect of fn this measurement would ~change at 15.1°3, and anisotropy change at 15.4 sio not
have implications for the mechanism (see Discussion). To differ significantly.

ensure t_ha_t any effect was due_ tp iBelf, rather than a DISCUSSION

change in ionic strength due to its presence, a control was

also performed using 20 mM KCI instead aof With both Rate Constants for a Minimal Reaction Scherbe

KCl and R, a similar small change in rate constant was kinetic mechanism for the hydrolysis of R&TP by NF1
observed to 9.8 (intensity with KCI), 9.0 (anisotropy with at 30 °C has been determined mainly using mantGTP to
KCI), 9.0 (intensity with B, and 10.0 st (anisotropy with provide fluorescence signals. The values of rate constants
P). There was no change in relative amplitudes of the two are summarized in Table 3. In terms of Scheme 1, rate
phases. constants can be put to each step, forward and reverse except
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rate is 3.4x 104 st and so is likely to bev1 x 104 s™!

Table 3: Values of Rate and Equilibrium Constants afG8®
at 30°C. Oxygen exchange data suggest that thelease

parameter value method kinetics are similar to that of the cleavage stdg)( Thus,
&’Kla 2-138@"1 N T gggmgmgg Ilﬂgﬁiiﬁiﬂﬁi both these steps are accelerated by the presence of NF1. The
+1b - .
Kot 55c1 NE1-RasmantGMPPNP fluorescence _struct_ural ratl_onale_: for GAP cata_IyS|s of the cleavage_ step
Kis 1955! quenched flow itself is described in the Introduction. At present there is no
ko, 0.22st intermediate oxygen exchange exact structural explanation as to how the NF1 might
'|:+3 16885’\;71 - 2 :gizfﬁfoxygen exchange facilitate R leaving the catalytic site.
. : o D
Kes 26551 NE1-RasmantGDP fluorescence Order of Dissociation Qf NF'Rr-:lsG'DP Pi. Thg data
K 4 1.2uM1s1  determined fromKs (14) presented here gives a fairly full kinetic description of the

mechanism in Scheme 1. Several questions arise concerning
this Scheme and we will deal with these in turn.

o As stated in the Introduction, there is no reason a priori
for k4. Because of the weak binding of R&DP to NF1, to assume that during dissociation of NRAsGDP-P; one

it would be difficult experimentally to get conditions that  gpecies in the complex necessarily leaves before another. Our
allow determination of this rate constant. However, a value gata suggest that the release pfa 7.8 s%) and dissociation

a2 The rate constants are as in Schemes 1 and 2.

may be calculated using the value i, equivalent toK,, of NF1 (7.5 s?) have identical observed kinetics and that
as 38uM, previously reported¥4), and the value fokis  the observed rate constants remain the same under all
diterm|ned here, 46.5' This givesk-4 as 1.2x 10° M™* conditions studied. It is likely that there is ordered dissocia-
S tion: one species dissociates first, and the other species

As shown in previous work 16), NF1 binds to  cannot dissociate until after the first. So the second dissocia-
RasmantGTP in two steps. The simplest mechanism (Schemetion has an observed rate limited by that of the first species.
2) is bimolecular binding followed by a rapid conformation Qur data agree with time-resolved FTIR data that suggest P
change that is accompanied by the fluorescence change. Theelease is rate-limiting in the NF1-catalyzed GTPase reaction
intercept with they axis in Figure 2b should give a value of  (19). In Scheme 1 and throughout, we assume theglBase
k-1p for RasmantGTP. However, the intercept is too close s followed by NF1 dissociation; i.e., Release triggers that
to the origin to obtain an accurate value. A measurementof NE1. The measurement of NF1 dissociation from
equivalent tk-1, was done with RasmantGMPPNP because  RasmantGDP as 46.5$is consistent with this, as the rate
the measurement would not be possible with the GTP constant observed for NF1 dissociation from the putative
complex due to hydrolysis. This gave a value of 55's  NF1:-RasmantGDP is severalfold slower. A proviso is
which is consistent with the intercept in Figure 2b. The fit djscussed below: it is possible that the NRasmantGDP
in Figure 2b gives 41873 as the maximum rate, equivalent complex formed by addition of NF1 to R@santGDP is not
to Kyap, ask-1p is very low. the same as that formed via hydrolysis of NRasmantGTP.

This analysis suggests a conformation change associated We must also consider the possibility that NF1 dissociates
with NF1 binding. NF1 binds to Ras in the Switch | region first and that this triggers;Pelease. If this were the case, it
close to the nucleotide8), so the conformation change would be likely, but not absolutely required, that the presence
reported by mant fluorescence may simply be a movementof P, in the medium would have an effect on the strength of
of mant to accommodate the NF1. Also, NF1 inserts an NF1 binding to Ras5DP. That was not found to be the case,
arginine into the catalytic site of Ras to produce the complex, as shown by the titration of NF1 into RasantGDP in the
activated for hydrolysis as described in the Introduction. This presence of PFurthermore, this model would suggest that
insertion may be associated with step 1b. the transition from “GTP-like” to “GDP-like” structure of

The slow phase of mant fluorescence on mixing NF1 with Ras is associated with cleavage, resulting in weakened NF1
RasmantGTP also has an approximately hyperbolic depen- binding. Other evidence suggests that the conformation
dence on NF1 concentration. The rate of this phase is duechange may occur associated with elease 45). So
to P, release although the fluorescence change is likely to although the dissociation of NF1 beforg Pannot be
be associated with subsequent rapid NF1 release. Thus, the@xcluded, it seems less likely than the reverse order.
maximum rate (10.778) is strictly given bykis + k-3[P}]. Thermodynamic ConsideratioriEhe rest of this Discus-
However, k-sj[P;] is very low, so that this 10.7 8 is sion will focus on the mechanism in Scheme 1. In terms of
equivalent tdk;3 and is consistent with that obtained by direct the thermodynamics of the reaction, is the description
measurement using the Bensor (7.8 &). The best-fit complete, or are there any steps missing that have a large
hyperbola to the data gaveKl/ as 1.3uM, which is similar free energy change? We can approach this by considering
to the concentration of Ras used, so this valuekipiis not the overall equilibrium constant for the NF1-catalyzed
accurate. In fact, the shape of the curve of slow phase NF1hydrolysis and see if the rate and equilibrium constants that
dependence is dependent on a combination of rate constantgvere determined for individual steps are consistent with this
for steps l1a, 1b, and 2. Overall, these steps are not rapidoverall equilibrium constant. An example of a system where
and reversible relative to; Pelease. Interpretation of K{ an extra step was required, and indeed important for the
is therefore of limited use and is not pursued here. biological function, is given by the actomyosin ATPag6)(

Comparison of the NF1-Stimulated and the Intrinsic Ras An extra actomyositADP state was shown on the basis of
GTPase Actiity. Ras GAPs accelerate the overall rate of kinetic measurements and that this state could not be formed
GTP hydrolysis by some ®dold. A set of rate constants in significant amounts by mixing actomyosin with ADP.
has been determined for the intrinsic GTPase activity of Rather, it was formed transiently during ATP hydrolysis,
N-Ras at 37°C (43). Under these conditions, the cleavage following P, release. Consideration of these different ADP
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states was important for understanding the biochemical basisof P, binding, 108 M* s, which is several orders of
for force generation by different product states. magnitude less than that expected for a diffusion-controlled

The equilibrium constant for GTP hydrolysis at ap- Process.
proximately the conditions used here (low ionic strength, ~ This anomaly might be resolved in two ways by dividing
30 °C, pH 7.5, saturating Mg) can be calculated as step 3 (Prelease) into two steps. First, the rate constant
[GDP][PJ[GTP] = 2.2 x 10° M from figures in Alberty ~ determination for Pbinding assumed that all R&@DP is
and Goldberg47) for ATP, which are likely to apply closely ~ available for binding P As described above for actomyosin,
to GTP also. Note that this calculation uses the convention this may not be the case. As shown in Scheme 2b and
that reactant water concentration is dimensionless and thatconsidered in the reverse; (finding) direction, there could
the product H is removed from the equilibrium equation be a conformation change of NfRasGDP, resulting in a
by multiplying the “true” equilibrium constant by the proton very small concentration of NFRasGDP. This can then
concentration (107> M). bind R rapidly; however, because its concentration is small,
The equilibrium constant for hydrolysis of Ras-bound the effective, overall rate constants for step 3 would remain

nucleotides ([RaSDP][R)/[RasGTP]) can then be calcu-  as in Table 3. As an example, we could Cﬂo?fﬁ: 8s
lated, since the relative affinities of GDP and GTP for Ras (Observed by Psensork-za= 1.1 x 10° M~*s™*, andkiay/
are known, albeit at 37C. The relative affinity is represented K-s» = 10% Limits can be put on this model because

by [RasGTP][GDP}/[RasGDP][GTP], and the equilibrium ~ Simulations show that unlesss; is large (- 107), addition
constant is 1243). of millimolar P; would be expected to inhibit the GTPase

The equilibrium constant for the NF1-mediated hydrolysis activity. This is not observed.

: An alternative division of step 3 into two is to have a
is also [RasGDP][R])/[RasGTP], as the Ras starts and . e
finishes dissociated from the NF1. This equilibrium constant conformation change occurring in the NRhsGDP-P

; (Scheme 2c). Again, considering the scheme in the reverse
:_Se(ffgz]x[ﬂllc[fwilz([zafgzpﬁ?AF_’]/[R“GDP][GTPD’ direction, P binds rapidly but this is followed by a

conformation change that results in the overall rate constants
for step 3 as in Table 3. Two examples of rate constants can
be postulated in order to predictifnding at~10f M1 s,

In terms of Schemes 1 and 2, this equilibrium constant is
given by KK ipkiokisKa/k-1pk—ok—3 Using the values in
Table 3 and the value é, found previously, this equilibrium In the first case, the conformation change is rate-limiting
constant is~3500, 5-fold less than the value calculated (. p release'k+3' =85! kag=11x 10 M-tst and
above. However, several of the individual parameters may k+3blll<733 _ 10'4_ Tahe obsérved raté of; Pelease wofJId be

be out by factors of up to 2. The oxygen exchange datalimited b ;
) o y the rate of the conformation change, step 2a. In
allows such a factor fok_,. The relative affinities of GDP this case no inhibition by;Rvould be observed, and this is

gnd GTP for Ras wetre .metﬂ_sured Et"({?ratréer than. t::]OC' i IfuIIy consistent with the data so far. In the second case, the
ome measurements in this work were done with natural . 5¢qmation change is rapid followed by slowrElease:

nucleotides some with mant nucleotides and small differences, _ g1 - =1 1% 16M st andk K 50— 10°

in rate constants may be due to this. The rate of NF1 > A ’ 38 % '

dissociation was measured using RaantGMPPNP, rather the medium should have a large effect on NF1 binding to

than GTP to circumvent problems due to hydrolysis. RasGDP-P, should also inhibit the GTPase activity. Neither
Thus, we can conclude that there is no need to include of these effects of Pis observed, so this model can be
extra steps in Scheme 1 purely on the basis of thermodynam-gycjuded.
ics. Scheme 1 and the rate constants found are a full  another possibility is that step 4 is subdivided (Scheme
description of the hydrolysis in these terms. 2d), so that two Ra§DP states exist, but only one is able
Active to Inactve Transition. Scheme 1 must be a to bind NF1 effectively. However, this model is not
simplification, as it is known that a major conformation consistent with the observéd, of 38 «M without imposing
change occurs during the conversion from the-RBa® state 3 very fast rate constant on NF1 binding, faster than likely
to the RasGDP state. The above analysis suggests that this|imitations of diffusion control. A final possibility to get a
conformation change is likely to occur during one of the true rate constant of;Binding close to diffusion control is
steps defined in Scheme 1. Step 1 probably represents twao consider if the form of Pthat binds is present as only a
processes (binding and some conformation change) on thefraction of the total P The obvious possibility is that only
basis of the measurement of binding kinetics, as in Schemegne protonated form binds (and by implication is released).
2a. Which other steps might include processes such asBut this model would require that active form to be present
conformation changes? The hydrolysis step is likely to be a at ~0.1% of the total, to give a rate constant forihding
single process, as it has been shown that for Ras alone thelose to diffusion limited. To be present in a very small
reaction occurs via an in-line displacement of GDP by water fraction, this active form of Pwould need to be FPO, or
(48). This is likely to hold in the presence of NF1 also, on PQ2-, neither of which are attractive candidates to be the
the basis of structural consideratioBs §). At presentthere  pound form, even transiently. So this possibility is readily
seems no need to implicate further conformation changes indismissed.
this step with NF149). Thus, to accommodate the slowdiding, either extension
The simplest interpretation would be that the of the model (Scheme 2a or b) is consistent with the data,
NF1-RasGDP-P, state maintains the Ras in the “GTP- although there is no direct evidence for such an extra division
like” conformation and the switch to the “GDP-like” of a step. Itis then possible to postulate that the conformation
conformation occurs during subsequent dissociation. A change introduced might be the transition from the GTP-
possible clue to the stage when this occurs is the slow ratelike (active) to GDP-like (inactive) state of Ras. The

This predicts a very lovKq for P;, so that addition of Fo
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NF1-RasGDP-P, state formed by step 2 is in the GTP-like
state. There is then a slow Release followed by rapid
conformation change to the GDP state. In this model, P
release might be considered as triggering the change in
conformation to the inactive state of Ras. This in turn has a
low affinity for NF1, which dissociates rapidly.

Alternatively, the NFIRasGDP-P, state formed on cleav-
age undergoes a slow (8% conformation change, followed
by rapid R release. In this model, it might be considered
that the cleavage step 2 triggers the formation of the inactive
state and the latter then triggersr®ease. In either case the
key transition from active to inactive Ras states is closely
linked with R release.

In conclusion, we have measured most rate constants in
the GTPase reaction mechanism of Ras activated by the
GTPase activating protein, NF1. In doing so we have shown
that the slowest biochemical processiisdfease, severalfold
slower than the preceding hydrolysis step. The changes in
mant fluorescence monitor NF1 association to and dissocia-
tion from Ras. The NF1 dissociation is probably rapid and
follows a Ras conformation change accompanyinglease.
This conformation change is likely to be that from the “GTP”
structure to the “GDP” structure observed in crystal struc-
tures.
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