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ABSTRACT: The guanine nucleotide-binding protein Ras occurs in solution in two different states, state 1
and state 2, when the GTP analogue GppNHp is bound to the active center as dete¥Rd\MR
spectroscopy. Here we show that Ras(g2"-GppCHp also exists in two conformational states in
dynamic equilibrium. The activation enthalgyH*;, and the activation entropxS;, for the transition

from state 1 to state 2 are 70 kJ mbhnd 102 J moi* K1, within the limits of error identical to those
determined for the Ras(wiYlg?*-GppNHp complex. The same is true for the equilibrium constKnis

= [2)/[1] of 2.0 and the correspondingGi, of —1.7 kJ mot? at 278 K. This excludes a suggested
specific effect of the NH group of GppNHp on the equilibrium. The assignment of the phosphorus resonance
lines of the bound analogues has been done by two-dimensittat’P NOESY experiments which

lead to a correction of the already reported assignments of bound GppNHp. Mutation of Thr35 in Ras
Mg?"-GppCHp to serine leads to a shift of the conformational equilibrium toward state 1. Interaction of
the Ras binding domain (RBD) of Raf kinase or RalGDS with Ras(wt) or Ras(T35S) shifts the equilibrium
completely to state 2. THBP NMR experiments suggest that, besides the type of the side chain of residue
35, a main contribution to the conformational equilibrium in Ras complexes with GTP and GTP analogues
is the effective acidity of the-phosphate group of the bound nucleotide. A reaction scheme for the
Ras-effector interaction is presented which includes the existence of two conformations of the effector
loop and a weak binding state.

The members of the superfamily of Raslated guanine  with the GTP analogue GppNHpL) These two states
nucleotide-binding proteins function as molecular switches interconvert with rate constants in the millisecond time scale.
using a common principle: they cycle between an inactive The two states are characterized by typié# NMR
GDP-bound and an active GTP-bound state. An estimatedchemical shifts. In state 1 the resonances assigned to the
60—100 different proteins belonging to different subfamilies phosphate groups are shifted downfield relative to those of
such as Ras, Rho, Rab, and Ran have been identified andtate 2. NMR structural studies have shown that this dynamic
shown to regulate a diverse array of signal transduction or equilibrium comprises mainly two regions of the protein
transport processes. It is an important question how this called switch | and switch [13—3). Solid-state NMR shows
switching can be performed effectively and at the same time that surprisingly even in single crystals of Rg?*:
selectively for a specific subset of proteins interacting with GppNHp the two conformational states can be observed
a distinct small GTPase. The answer is to be found in the which are in dynamic equilibrium at ambient temperatures
dynamic behavior of the structural elements involved in the (4).

protein—protein interaction. Furthermore, EPR studies of the Rcpinding site of Ras

3 i
:,3 NMR splectroscopy revialec(ij tzhat rll?as.o'ccurs ml tWOdindicated that the coordination of Thr35 to thephosphate
conformational states (states 1 and 2) when it is complexe might be transient in solution, suggesting a high flexibility
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Raf, Raf kinase; RalGDS, guanine nucleotide dissociation stimulator Ran (10). In its complex with GTP two different conforma

of the small GTPase Ral; Ras, protein product of human H-Ras; wt, ional states can be detected 3 NMR spectroscopy. In
wild type. state 1 the resonance of thyephosphate group is shifted
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downfield by 1.74 ppm relative to state 2 whereas the coli and purified as described beford6f. Nucleotide
resonances af- andf-phosphate groups cannot be separated exchange to GppNHp and Gpp@ivas done using alkaline
at the magnetic field strength used. In contrast to Ras thephosphatase treatment in the presence of excess GTP
equilibrium constanKy, is strongly dependent on temper- analogue as described by John et al)( Free nucleotides
ature and varies between 0.67 and 2.33 in the range fromand phosphates were removed by gel filtration. The final
278 and 303 K. The interconversion between the two statespurity of the protein was>95% as judged from sodium
in Ran is probably somewhat slower than in Ras; however, dodecyl sulfate-polyacrylamide gel electrophoresis. Ras
the rate constant could not be quantified by NMR spectros- binding domains of human RalGDS (RalGDS-RBD, amino
copy. Again, state 2 corresponds to the interaction state withacids 11-97) and human Raf-1 (Raf-RBD, amino acids51
the effector protein, in this case with the nuclear pore protein 131) were expressed iB. coli and purified as described
RanBP1. before (@8, 19).

A threonine residue located in the effector loop (Thr35in  Sample PreparatiorTypically 1 mM RasMg?*-GppNHp
Ras and Thr42 in Ran) is totally conserved in Ras and Ranor RasMg®*-GppCHp was dissolved in 40 mM HEPES/
and seems to play a pivotal role in the conformational NaOH, pH 7.4, 10 mM MgGl 150 mM NaCl, 2 mM DTE,
equilibrium. It is involved via its side chain hydroxyl in the ~and 0.1 mM DSS in 5% ED/95% HO. For binding studies
coordination of the crucial metal ion and, via its main chain highly concentrated (57 mM) Raf-RBD or RalGDS-RBD
NH, in contacting the/-phosphate of the nucleotide when contained in the same buffer was added in appropriate
complexed to the effectorl(—13) and most probably also ~amounts to the samples. When not stated otherwise, full-
in state 2 of uncomplexed Ras and Ran. Replacing this|ength Ras(+189) was used for the studies.
threonine by an alanine or serine residue leads to a complete NMR Spectroscopy'P NMR spectra were recorded with
shift of the equilibrium toward state 1 in solutiod, (10, a Bruker DRX-500 NMR spectrometer operating at 202
14). These mutants, previously used as partial loss-of- MHz. Measurements were performed at various temperatures
function mutations in cell-based assays, have a reducedin a 10 mm probe using 8 mm Shigemi sample tubes. Protons
affinity to Ras effector proteins without Thr35 being involved Were decoupled during data acquisition by a GARP sequence
in any interaction. The structure of Ras(T35\3g2+- (20) with a Strength of the Bfield of 830 Hz. A=-value of
GppNHp was determined by X-ray crystallograpHy) 0.4048073561 reported by Maurer and Kalbitz2t) (was
Whereas the overall structure is very similar to wild type, used which corresponds to 85% external phosphoric acid
residues 3137 and 64-67 from switch | and switch Il are  contained in a spherical bulb. Temperature was controlled
completely invisible, indicating that these parts of the by using the line separation (methylertgydroxyl) of
structure are either disordered or mob#® NMR data had ~ external ethylene glycol2@). Thus, the absolute accuracy
indicated an equilibrium between two rapidly interconverting Of the temperatures given in this study is better theh5
conformations, one of which (state 2) corresponds to the K.
structure found in the complex with the effectof® NMR %P |ongitudinal relaxation time§; were measured at 278
spectra of Ras mutants (T35S and T35A) in the GppNHp K with an inversion recovery sequence using a repetition
form show that the equilibrium is shifted such that they occur time of 22 s. The obtained signal integrals were fitted by a
predominantly in the nonbinding conformation (state 1). three-parameter fit to the equation
Upon addition of Ras effectors, Ras(T35S) but not Ras-

(T35A) shifts to positions corresponding to the strong binding M,(t) = My + (M0) — l\/lo)e_thl 1)
conformation.

The structural data were correlated with kinetic experi- With MAt) thezzmagnetization (signal integral) at timend
ments that show a two-step b|nd|ng reaction of wild type Mo the magnetization in thermal equilibrium. Protons were
and (T35S)Ras with effectors, which requires the existence decoupled during magnetization recovery by a GARB) (
of a rate-limiting isomerization step for strong binding. This Sequence.
isomerization is not observed with T35A. The results indicate  *'P—%'P NOESY @3) spectra were recorded with mixing
that minor changes in the switch region such as removing times of 0.2, 0.8, and 2.5 s. Protons were decoupled during
the side chain methyl group of Thr35 drastically affect ti evolution by a proton 180 deg pulse and durtady a
dynamic behavior and in turn interaction with effectatd)( GARP (20) sequence. The total repetition time was 8.5 s;

A conformational equilibrium in the interaction site with (€ total recording time was typically 4&2 h.

effectors seems to be a general property of small GTPases, Calculation of the Exchange Rates and Thermodynamic
In the present study we will investigate if and how the ParametersThe exchange rates were calculated by a line

equilibrium states can be influenced and selected by specificSaPe analysis using the density matrix formali2d) pased

chemical properties of the nucleotide analogue bound to the®" & Program described by Geyer et d) &nd modified
protein and what is the biological importance of the later. TheT, values given are the relaxation times in absence

experimentally found equilibrium. In addition, the assignment ©f chemical exchange. As a first-order correction for the

of the resonance lines of the bound GppNHp is reinvesti- [€Mperature effects on the transversal relaxation figtbe

gated, which was originally done on the basis of chemical 4éPendence of the rotational correlation time on the

shifts only (L5). viscosityn(T) and on the temperatuiieis used. As long as
the tumbling is approximately isotropic,: is given by

MATERIALS AND METHODS
Tt = TVHIKT (2)
Protein Purification. Wild type and mutants of human

H-Ras (1-189) or (1-166) were expressed scherichia with fs a shape factor (equal to 1 for a sphere) adhthe
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effective volume of the molecule. The temperature depen- N 10PHPK
dence of the viscosity of the solvent (95%® 5% D,O) 0=0p+ YO, =06 )—— (6)
was calculated with a routine described by Scheil®&) ( = 1+ 10PHPKi

which is implemented in the program AUREMOR26). From ) ) . .

these data the viscosity-dependent changesT.ofvere This equation assumes that all protonation/deprotonation

approximated. steps occur independently and that the chemical shift changes
Care was taken that the spin systems were completely@ssigned to each individual protonation/deprotonation step

relaxed in the experiments by using a repetition time of 6 s are uncoupled. The more general fo28)(used here is given

together with 70 deg pulses. Before the fit of the data the by

noise level was decreased by multiplying the FID with an N i

exponential filter leading to an additional line broadening FRNIR ot 1de_Zij

of 5 Hz. The difference in the free activation enery@*, 0 Z i =

the activation enthalpAH*, and the activation entropyS* S = = 7)

were obtained by fitting the temperature dependence of the N :
exchange rates to the Eyring equation with 1+ 5i1de‘ZpKJ

Ty, =k + K , 3) '

Note that in eq 7 the ¢ values are the macroscopi&p
For the fit of the data the two-bond phosphorphosphorus  values of two ionization states of the molecule when one
coupling constants were taken from proton-decoupled spectraproton is added or removed, whereas in eq 6 the microscopic
of free GppNHp and GppCig measured at 278 K in the  pKj, of an individual group is concerned.
same buffer used for the experiments with Ras. For GppNHp
the coupling constanfd,s of 20.74 0.2 Hz anctJ;, of 7.8 RESULTS
+ 0.2 Hz were obtained. For GppGbl the phosphorus
coupling constantdl,s and2J;, are 26.1+ 0.2 and 8.9+
0.1 Hz, respectively. Thélys and 23y, constants between
the protons of the Cgroup and theg- andy-phosphorus
are 20.8+ 0.2 and 19.9+ 0.2 Hz, respectively. Since protons
were decoupled during data acquisition, they could be
neglected in the simulation. Small temperature-dependent
population shifts expected but not accessible directly ex-
perimentally were corrected by assuming that the equilibrium
constantK,5(T) at temperaturd can be approximated by

Chemical Shifts of the Nucleotide Analogues GppNHp and
GppCHyp in the Absence and Presence of Magnesium lons.
For an interpretation of the chemical shifts of protein-bound
nucleotide analogues, it is necessary to have reliable data of
the nucleotides in the absence of proteins. The situation is
rather complex since the nucleotide analogues under con-
sideration have at high pH four negatively charged oxygens
which can be protonated by decreasing the pH. In addition,
the nucleotides are complexed with Rigin the protein,
which requires the recording of the data also in the presence
T of this divalent ion. For ATP a wealth of NMR data exists
In K,(T) = OIn Kio(To) (4) which describes the state of ATP in the presence of'Mg

T ions, although the interpretation of the data is rather
complicated since in solution a mixture of different states
exists, that is, tridentate complexes with ¥Mdpound to the
three phosphate groups, bidentate complexes witli™Mg
bound to thea- and p-phosphate group or thg- and
y-phosphate group, and monodentate complexes with Mg

with Ty set to 278 K.

Calculation of DistancesThe NOESY cross-peak volumes
V; and Vi between spin pairsi,{) and k) are related to
their distances; andry in the initial slope approximation

by bound to one of the negatively charged oxygens of the
RV phosphate group.
K (5) Recording the titration data in the absence of the divalent
M Vijll6 ion is straightforward. However, in the presence of magne-

sium it is not easy to record data of a well-defined complex

pH Dependence of Chemical Shiffthe pH dependence since a mixture of different complexes is present in solution
of chemical shifts was measured in samples containing 1(see above). At least, the magnesium concentration was
mM nucleotide and 0.1 mM DSS in 5%,0/95% HO. For optimized in such a way that the chemical shifts correspond
estimating the optimal magnesium concentration, the MIgCl predominantly to the nucleotide in complex with one g
concentration was varied in the range from 0 to 40 mM. At ion. The rate of exchange of nucleoside triphosphates is slow
3 mM MgCl, a plateau in the magnesium-induced chemical enough for observing the resonances of the metal-free form
shifts was observed for the nucleoside triphosphates at pHseparately from the metal-complexed form at lower temper-
2 and 9. Therefore, this concentration was used for the studyatures 29). Therefore, the experiments were performed at
of the nucleotide-metal complexes. The pH of the solutions 278 K to ensure that over the whole pH range a significant
was adjusted by adding HCI or NaOH, respectively, and was contribution of metal-free nucleotide could be detected by
determined with a calibrated glass electrode. The dependencadditional resonance lines. TH® resonances were assigned
of chemical shifts on the pH is usually described by a by selective'H and3'P decoupling experiments.
modified HendersonHasselbach equation. In case that more  Figure 1 shows the titration curves for GppgHn the
than one K value is relevant for the dependence of the absence and presence of M@btained at 1 mM nucleotide
chemical shifto on the pH, often a form generalized fir and 3 mM MgC} in the pH range from 3 to 13. The most
pK values K; is given by (see, e.g., réf7) prominent feature is a cross-over of teandy-phosphate
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FiGURE 1: Titration curves of free and Mg-bound GppChp. (A) 2.5 mL of a 1 mMGppCHyp solution in 95% HO and 5% RO
containing 0.1 mM DSS for indirect referencing. (B) For measurements of thie btgmplexes 3 mM MgGlwas added. The pH was

varied by adding small amounts of HCI or NaOH to the solutions. The dependence of chemical shifts on the pH values was fitted to eq 7.
Measurements were performed in a 10 mm sample tube at 278 K.

Table 1: pH Dependence of Chemical Shifts of Different GTP Analdjues

phosphate
nucleotide group 2/ppm Kas d3/ppm Kaa d4/ppm
GppCHp o (—10.86) 3.2:0.15 —10.93 8.96+ 0.02 —10.82
B (7.14) 8.74 13.22
y (17.85) 14.63 11.23
Mg?"-GppCHp o (—10.83) 23t15 —-10.47 6.57+ 0.02 —10.33
p (9.50) 9.93 14.93
y (16.98) 14.29 11.46
GppNHp o (—10.95) 3.4+ 0.04 —10.80 8.79+ 0.02 —10.55
B (—12.27) —-10.91 —-7.76
y (0.20) —1.64 —0.91
Mg?"-GppNHp o (—11.17) 2.0+ 0.8 -10.34 6.56+ 0.02 —10.01
p (—9.36) —8.95 —5.46
y (—1.38) —2.16 —1.02

aData were recorded at 278 K of a solution containing 1 mM nucleotide in the absence or presence of 3 mNhNMECD,0/95% HO. In
a first approximation,, ds, andd, correspond to the chemical shifts of 2-, 3-, and 4-fold negatively charged nucleotideKayahd [Ks4 are the
corresponding g, values of the three phosphates of the nucleotide@alues are given in parentheses because the titration up to pH 2.5 only allows
an estimation obtained by the fit. Fog andd, the estimated error i&0.05 ppm.

resonances at ambient pH values; that is, the pattern of
resonance lines observed is pH-dependent. Clearly, &vo p
values are necessary for describing the observed chemical )
shift changes in the pH range studied. The corresponding

pKa values and chemical shifts are summarized in Table 1. .«J
As expected, the apparerpvalues decrease in the presence

of the metal ion. By far the largest effect on the chemical

shifts is observed for thg-phosphate group whereas also J

T35S

the other two resonances undergo minor shifts. This would
suggest a mixture of different metal complexes in solution
as observed for ATP 20) with a high population of 20 10 0 -0  ppm
complexes |nvoIV||_’lg thg-phosphate of GppCis. Ficure 2: Effect of mutation of Thr35 on th&P NMR spectra of
The corresponding data were also recorded for GppNHp RasMg?*-GppCHp. The samples contained 1.3 mM Raséwt)
and analyzed in an analogous manner (Table 1). Again, aMg?t-GppCHp (bottom) and 1.4 mM Ras(T358)g2"-GppCHp
strong decrease ofKg is observable in the presence of (top) in 40 mM HEPES/NaOH, pH 7.4, 10 mM MgCl50 mM
MgCl,. At high pH only small chemical shift changes after NaCl. 2 “?M DDTE’ and 0.1 (T'\é' DS; |r}1< 5% D/95% HO,
addition of Mg are observed for the resonance of the respectively. Data were recorded at 278 K.
y-phosphate group, suggesting that the equilibrium is shifted chemical shifts since they deviate strongly from those
toward complexes which do not involve thephosphate  observed in free Mg -GppCHp. In addition, the resonance
group (data not shown). positions are strongly pH-dependent in the free nucleotide.
Conformational States of Ras Complexed with GpgCH  The3'P chemical shifts of the-, -, andy-phosphate group
Figure 2 shows thé'P NMR spectra of wild-type and in free Mg"-GppCHp are—10.5, 9.9, and 14.3 ppm at pH
(T35S)Ras complexed with the GTP analogue GpgiCIAt 5 and —10.3, 14.9, and 11.4 ppm at pH 9 (Table 1),
low temperature for mutant Ras(T35S) we can observe threerespectively. The assignment of thephosphate resonance
phosphorus resonance lines-ai2.4, 8.4, and 19.5 ppm at—12.8 ppm for bound nucleotide appears to be rather safe;
whereas for Ras wild type two signals are split into two lines however, the assignments of the two other resonances are
as we have shown previously for Ras if bound to the GTP not clear. Therefore, we have recorded a proton-decoupled
analogue GppNHp. The resonance lines of the bound NOESY spectrum of Ras(T358)g?"-GppCHp at 278 K.
nucleotide cannot be assigned simply on the basis of theirRas(T35S) was used because it exists in only one confor-
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the resonance frequencies of free g ppNHp (Table 1)
1254 at pH 9 @-phosphate;-10.0 ppm;5-phosphate-5.5 ppm;
o y-phosphate,—1.0 ppm) are compared with the values
obtained in the Ras-bound state, the assignments ai-the
p-, andy-phosphate resonances on the basis of their chemical
shifts, for example, for Ras(T35S)atl1.1,—2.6, and—0.3
ppm, seem to be rather unambiguous. A proton-decoupled
NOESY spectrum (Figure 3) of Ras(T358g?"-GppNHp,
recorded at 278 K, reveals a distance pattern, where the spin
with a resonance frequency-a0.3 ppm is close to the spins
8 @« ¥ o at —11.1 and—2.6 ppm. This allows an assignment of the
resonance at-0.3 ppm to thes-phosphate group and the
B o resonance at2.6 ppm to they-phosphate group (Table 2).
e In first order the initial slope approximation can be used for
S NN s U e Lo I the determination of the relative distancedVith the above
ppm assignments one obtains a distance rafjgrs, of 1.06 +
FiGURE 3: Proton-decoupled NOESY spectrum of Ras(T35s) 0-01 compared to the value of 1.0 found in the X-ray
Mg2*-GppNHp. Data were recorded at 278 K on 0.9 mL of a structure of Ras(wtMg?"-GppNHp @2) and 0.98 found for
sample containing 1.8 mM in 40 mM HEPES/NaOH, pH 7.4, 10 Ras(T353Mg?"-GppNHp @4). From theB-factors of the
T S 075 200 0 T D5 1 S DI 1y XY STucures an eror of 02 for he disance aios
acquisition time 78 h. 4096{ 128 time domain data boints were ©@" be estimated. In conclusion, the aS_S|gnment _reported
sampled. earlier (L5) has to be corrected by exchanging the assignment
of the S-phosphate group with that of thephosphate group.
mational state (see below); therefore, one obtains a better Dynamics of the Conformational States of Ras Bound to
signal-to-noise ratio as well as a better separation of thethe Analogues GppCid and GppNHpAs observed earlier
resonances. It reveals a distance pattern, where the spin wittfor the Ras(wt)Mg?"-GppNHp complex 1), at low tem-
a resonance frequency atl2.8 ppm is close to that at 19.5 perature the resonances of tikeandy-phosphate group are
ppm and the spin at 19.5 ppm is close to the spinskt.8 split into two lines indicating the existence of two confor-
and 8.4 ppm. This allows an assignment of the resonance atmational states. Raising the temperature leads first to a
19.5 ppm to theg-phosphate group and the resonance at 8.4 broadening of these resonances which coalesce then at higher
ppm to they-phosphate group. In a first estimation the initial temperatures to single lines. This is the typical behavior
slope approximation can be used for the determination of expected for two conformational states in a dynamic equi-
the relative distancess One obtains a distance ratigs/rg, librium which is slow on the NMR time scale at low
of 0.99+ 0.01, which agrees within the limits of error with  temperatures and fast at high temperatures. The chemical
the values of 0.971.07 for the different molecules found shift differences reporting the conformational differences are
in the X-ray-structures of Ras(wilg?"-GppCHp (30) and within 0.89 ppm for thea-phosphate group and 0.39 ppm
the mutant Ras(G12MIg?-GppCHp (31). for the y-phosphate group, comparable to 0.50 and 0.73 ppm
Reassignment of the Resonance Lines of GppNHp Boundound for GppNHp (Table 2). This suggests that also the
to Ras.As can be seen from results of Gppgpithere are  conformers reported by th8P NMR shifts are similar but
strong differences in the chemical shift values for the not identical for the two GTP analogues.
phosphates of the free or Ras-bound nucleotides. Therefore, Thr35 is known to be hydrogen-bonded by its backbone
we have examined the resonance assignments of boundimide to they-phosphate group of GppNHp and by its
GppNHp which were done earlier only on the basis of their hydroxyl group to the magnesium ion in the Rasfector
chemical shifts15) and accepted in later publications. When complexes 11—13). Replacing this crucial residue by a

751

ppm

-5.01

Table 2: 3P Chemical Shifts and Conformational States of Ras Complexed with Different GTP Anaogues

o-phosphate [-phosphate y-phosphate

Ras complex d1/ppm d2/ppm d1/ppm Jd2/ppm d1/ppm O2/ppm K1z
Ras(wt)Mg?*+GppCHp —12.37 —13.26 19.54 8.59 8.20 2.0
Ras(T355Mg?"-GppCHp —12.23 19.47 8.48 <0.05
Ras(wt)Mg?"-GppNHp —11.20 —11.70 —-0.25 —2.59 -3.32 1.9
c'Ras(wt)Mg?"-GppNHpP —-11.15 -11.71 -0.27 —2.54 —3.36 1.7
Ras(T355Mg?"-GppNHpP -11.13 —-0.26 -2.57 <0.1
Ras(T35A)Mg?"-GppNHP —11.09 -0.33 —2.49 <0.05
Ras(G12ViMg2+-GppNHp —11.24 —11.55 —-0.01 -2.36 —4.08 0.9

a Data were recorded at various temperatures; the shifts actually given were taken from spectra recorded at 278 K. The equilibriuky constant
between state 1 and state 2 is calculated from integrals gftheonances defined 1> = ki/ko; = [2])/[1]. State 1 and state 2 are two conformational
states of the Rasnucleotide complexes with different chemical shifts. In the Rasfdd}-GppNHp complex state 1 is defined as the state where
the y-resonance is shifted downfield relative to state 2. For the complexes with Gpp@eéllabeling of the two states visible by chemical shift
differences is selected in a similar way. The state with chemical shifts close to those observed in Ras(T35S) is designated as state 1. For the
chemical shift values shown the estimated errai-@05 ppm; for theK;, values it is£0.1, respectively? Data were recorded at 278 K and pH
7.4. The data from Spoerner et al4) were reanalyzed and reassigned. The chemical shifts are slightly different from those reported by Geyer et
al. (1) due to differences in the referencing method. The truncated variant of Ras with amino a6 & designated asRas.
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Ficure 4: Proton-decouple#’P NMR spectra of Ras(wiylg?"-GppCHp at different temperatures. (A) Experimental spectra. (B) Simulated
spectra. The sample contained 1.3 mM Ré&g -GppCHp in 40 MM HEPES/NaOH, pH 7.4, 10 mM Mgg£l2 mM DTE, and 0.1 mM

DSS in 5% BO/95% HO. The absolute temperature was controlled by immersing a capillary with ethylene glycol and measuring the
hydroxyl—methylene shift difference2@). The experimental data were filtered by an exponential filter leading to an additional line broadening
of 5 Hz. The total number of scans per spectrum was +EA00. The data were simulated as described in Materials and Methods. The
transverse relaxation ratesTiat 278 K (in the absence of exchange) obtained from the line shape analysis aré #88re o-phosphate

group of bound GppChp in state 1 and 2507$ for state 2, 156 & for the f-phosphate group in state 1 and state 2, and 263os state

1 and 192 s! for state 2 of they-phosphate group.

serine residue leads to the disappearance offAeNMR

lines assigned to state 2 (Figure 2), which is assumed to be 1000 -
the effector binding state of Ra, (L4). The populations of :
the different states (state 1 and state 2) in the Rad{igd'-

GppCHp complex can be obtained from the integration of

the resonance lines at low temperature and from the line & 100 4
positions at high temperature. We will show below that the ~ :

effector binding state 2 is related here again to a high-field 0 wt-GppNHp
shift of the resonances of the andy-phosphate group. The 1 ® wt-GppCH,p
equilibrium constantk;, = [2]/[1] calculated from these 10 A G12V-GppNHp

populations is 2.04 (Table 2) and in a first approximation is
independent of the temperature. This is again very similar
to the case found in GppNHp.

g T v T y T T
3.2 33 34 3.5 3.6

A line shape analysis of the temperature-dependent data o
(Figure 4) gives the exchange rate constants. Using the 1T/T[0K™]
Eyring equation differences in the free activation enekgy Ficure 5: Eyring plot of the exchange rates vs the absolute

(Figure 5, Table 4) can be obtained from the rate constantsgercli\ﬁégf%fpnéﬁgaggg E;&?{%ﬁggﬁﬁ;eﬁ r\]f\gt?;':ﬁe@c%pn’\;tHa%tS
asa fgnctlon of temperature. The dlfferences. in the actlvatl_on k1> were derived from NMR data and fitted to the Eyring equation
energies correspond to the enthalpies required for breakingyith the activation enthalppH*,» and activation entropAS', as
a few hydrogen bonds and are within the limits of error free parameters. The parameters obtained are summarized in Table
almost equal to the GppNHp complex. The errorsAdf 4.
andAS are rather large; however, within the limits of error
AH* and AS values in the complexes with the two GTP the energy necessary to switch between the two states is equal
analogues are the same (Table 4). Note that in Table 4 newwithin the limits of error.
values for Ras(3189) for these parameters are given which  Importance of the Two Conformational States for Effector
differ somewhat from the values reported earligx. They Binding.Addition of effectors to the Ras(wi)lg?t-GppNHp
include the new assignment and were recorded under equatomplex leads to the disappearance of & NMR lines
conditions like the Ras(wi/g?"-GppCHp experiments. corresponding to state 1 and appearance of state72-9).
Mutations of Ras in the P-loop, in switch I, and in switch Figure 6A shows that this is also observed for Ras(wt) in
I (1) all lead to a shift of the conformational equilibrium complex with the GTP analogue Gppg with increasing
toward state 1, however to a different extent. For the complex concentration of the Ras binding domain of Raf kinase the
of GppNHp with the oncogenic mutant Ras(G12V) a line S-phosphate line becomes broader due to the increased molar
shape analysis was performed (Table 4). At 278 K the Gibbs mass of the complex. Theg-phosphate resonance assigned
free energy of activatioAG* is equal within the limits of to state 2 appears to grow with addition of the effector, and
error to that of the wild-type protein. That is, although for the a-phosphate resonance in the complex is shifted to a
the oncogenic mutant the difference in free energy betweenposition between the pair of resonances found for free Ras-
state 2 and state AG;, is 0.24 kJ mot! and is rather (wt)-Mg?*-GppCHp. In Table 3 the chemical shift changes
different from—1.48 kJ mot* found in the wild-type protein,  after binding of various Ras binding domains to R&g>"-
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Table 3: 3P Chemical Shifts in Ras Complexed with Different GTP Analogues and Efféctors

o-phosphate p-phosphate y-phosphate
Ras complex effector dlppm  Adi/ppm  Addppm  Slppm  Add/ppm  Addppm  Slppm  Ad/ppm  Ad/ppm

Ras(wt)yMg?*-GppCHp Raf-RBD —-13.07 -0.70 +0.19 19.60 +0.06 790 -0.69 -—0.30
Ras(wt)Mg?*-GppCHp RalGDS-RBD -12.87 —-0.50 +0.39 19.69 +0.15 8.06 —0.46 -—0.14
Ras(T35SMg?t-GppCHp Raf-RBD -12.97 -0.74 —¢ 1950 +0.03 -—¢ 783 -0.65 —¢
Ras(T355Mg?"-GppCHp RalGDS-RBD —12.87 -0.64 —© 1950 +0.03 -—*© 8.05 -043 -¢
Ras(wt)Mg2"-GppNHP¢  Raf-RBD -1155 -0.35 +0.15 —-0.22 +0.03 -3.50 -091 -—0.18
Ras(wt)yMg?*-GppNHp4 RalGDS-RBD —11.54 -0.34 +0.16 —0.37 —0.12 -3.40 -0.81 -0.08
Ras(T355Mg?"GppNHpF  Raf-RBD —-11.60 -—-0.47 —* -0.27 —0.01 -342 —-085 ¢
Ras(T355Mg?"-GppNHp  RalGDS-RBD —11.54 —-0.41 —© -0.29 —0.03 -331 -0.74 ¢
Ras(T35A)Mg2*-GppNHp  Raf-RBD -11.10 -0.01 -—¢ -0.31 +0.05 - -2.49 4007 -
Ras(T35A)Mg?"-GppNHF RalGDS-RBD —11.11 -0.02 —*© -031 +0.05 -¢ -249 +0.07 ¢
Ras(G12V)Mg2t-GppNHp  Raf-RBD -11.60 -0.36 —0.05 —0.23 —-0.22 —4.46 4205 +0.38

@ Data were recorded at different temperatures; the shiftstually given were taken from spectra recorded at 278 K. The chemical shift changes
A¢ upon binding of the effector are defined A8; = 6 — 61 andAd. = 6 — d, with d; andd, being the chemical shifts of states 1 and 2 in the
free Ras protein. Note that all data were reanalyzed and are expressed in the same reference system. For the chemical shift values shown the
estimated error is£0.05 ppm.° Data from Geyer et al.1j. ¢ Data from Spoerner et all4). ¢ Data from Geyer et al.7]. € 9, of these mutants is
not known; thereforeAd, cannot be calculated.

Table 4: Exchange Rates and Thermodynamic Parameters in Differenf\Rakeotide Complexés

exchange rate constant{s

protein complex temp (K) k12 ka1 AGH, (kJ morl) AH¥, (kJ morl) TAS 1, (kJ morl) AGy2 (kJ morl)
Ras(w)Mg?*~GppCHp 278 80 39 4% 5 63+ 3 29+ 2 —1.65+0.15
288 260 131
298 740 3901
Ras(wt)Mg2"-GppNHpP 278 80 42 42+ 5 70+ 3 28+ 2 ~1.48+0.15
288 250 135
298 700 387
Ras(G12ViMg?"-GppNHp 278 70 78 47 64+ 4 2243 0.24+ 0.25
288 210 232
298 540 596

a2 The rate constant, andk,; were calculated by a line shape analysis based on the density matrix formalism as described in Materials and
Methods. The free activation energie&*;,, the activation enthalpieSH*;,, and the activation entropigsS’;, were calculated from the temperature
dependence ok, on the basis of the Eyring equation with the errors derived from the fit. The states are defined as in TaBlg B. the
difference in free energy between state 2 and stafe\bte that the values given differ somewhat from those given by Geyer et)alince the
absolute temperature was controlled independently and the new assignment is considered.

A B RED 355 the f-phosphate group shifts in the interval 0.06 pgni\o
n H < 0.15 ppm, and for the>-phosphate group shifts in the
. 2.0 interval —0.30 ppm=< A6 = —0.14 ppm.
The observed chemical shift changes indicate that state 2
[defined by the chemical shifts in Ras(wW)g>"-GppCHp]
’J J l\ 05 05 corresponds to state 2 identified earlier in Ras(Mt?>*-
GppNHp. This leads to the conclusion that in the presence

of the two nucleotide analogues similar conformational states
coexist in solution and are characterized by similar chemical

@)

B ¥ o
M 0 shift changes upon binding. In complex with effect&BD
2+, i i
% 1 6 10 20 ppm 3 W 8 70 D0 ppm the mutant Ras(T359)1g%"-GppCHp seems to exist in a

. o ) _ conformational state similar to that found for the wild-type
FiGure 6: Interaction of the Ras binding domain of Raf kinase

with Ras(wt)Mg?*-GppCHyp. Initially, the sample contained 1.3 effector complex.
mM RasMg?™-GppCHp (A) and 1.3 mM Ras(T358ylg?*- Phosphorus Longitudinal Relaxation Timézhosphorus

GppChp (B) in 40 mM HEPES/NaOH, pH 7.4, 10 gﬂM MQ[;)S?' relaxation times of nucleotides bound to proteins are only
150 mM NaCl, 2 mM DTE, and 0.1 mM DSS in 5%;0/95% rarely described in the literature. Since the phosphorus atoms

H,0, respectively. A solution of 6.8 mM Raf-RBD dissolved in hat isolated by their shell of f
the same buffer was added in increasing amounts. The molar ratios2/€ Somewnhat isolated by their shell of oxygen atoms from

of Raf-RBD/Ras are indicated. All spectra were recorded at 278 other spins, rather lon@; times are to be expected. Thig
K. times of the resonances of the three phosphate groups of

GppNHp bound to Ras were measured by an inversion
GppCHp and RasVig?*-GppNHp are summarized. For state  recovery experiment at 278 K. Figure 7 shows the three-
2 of Ras(wt)Mg?"-GppCHp a similar pattern is found after  parameter fit of the data. Since nonselective pulses were used
binding of Raf-RBD or RalGDS-RBD (Table 3), although andre < Ty, for Ras(wt) the relaxation times of states 1
the chemical shift differences to state 2 of the free protein and 2 are averaged (Table 5). The values obtained for the
are larger. For the resonance of thighosphate group one  different phosphate groups of protein-bound GppNHp differ
finds shifts in the interval 0.19 ppa Ad < 0.39 ppm, for significantly in the case of Ras(T35A), with the highest
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FIGURE 7: T; relaxation in Ras(wtMg2™-GppNHp and Ras(T35AMg2"-GppNHp. The integrals of the resonance lines of Rasfg§'-

GppNHp (A) and Ras(T35AMg?"-GppNHp (B) are plotted as a function of the tirhé an inversion recovery experiment. The lines
corresponding to the two conformational states were averaged. dgytosphatel), S-phosphate&), andy-phosphate®). The samples
contained 1.2 mM RaMg?"-GppNHp in 40 mM HEPES/NaOH, pH 7.4, 10 mM Mgf2 mM DTE, and 0.1 mM DSS in 5% f0/95%

H,0. Experiments were performed at 278 K and fitted as described in Materials and Methods. Relaxation times obtained from the fit are

listed in Table 5.

Table 5: Phosphorus Relaxation Times in Rhkicleotide Complexes

relaxation timedy/s of the resonances of

Ras complex TIK o-phosphate B-phosphate y-phosphate
Ras(wtyMg?t-GppNHp 278 45+ 0.4 5.3+ 0.3 5.6+ 0.4
Ras(T35A)Mg?"-GppNHg 278 4.7+ 0.3 6.2+ 0.3 4.7+0.2

relaxation times»/ms of the resonances of
a-phosphate B-phosphate y-phosphate
Ras complex 1 2 1 2 1 2
Ras(wt)Mg?*-GppNHpP 278 5.8 3.9 4.8 4.8 4.1 7.1
Ras(wt)Mg?*-GppCHp® 278 4.2 4.0 6.4 6.4 3.8 5.2

aData are from a proton-decoupled, nonselective inversion recovery experiment at 202 MHz phosphorus resonance frégednosalues
were obtained from the line shape analysis. For the values shown the estimated #10d5 i®s.

relaxation rate found for thg-phosphate group. For Ras-
(wt)-GppNHp similarT; values for each phosphate were
found.

Since the principal values of the chemical shift tensor of
RasMg?"-GppNHp were determined earlier by solid-state
NMR spectroscopy4), the chemical shift anisotropyo can
be calculated from these values a480, —157.5, and
—137.5 ppm for thea-, -, and y-phosphate resonance.
Assuming that the rotational reorientation of the bound
nucleotide can be described sufficiently well by an isotropic
rigid body model, an estimate of the correlation time can be
approximated from the viscosity of the solvent and the
molecular mass as 15.1 ns at 278 K for Ras(89) and
13.6 ns for tRas(1-166) (see Materials and Methods). Using

DISCUSSION

Influence of the Nucleotide Bound on the Conformational
States of Ras*P NMR spectroscopy allows to probe the
conformational states of the Ras protein which are coupled
to the type of nucleotide present in the active center. In
principle, whenever chemical shift changes are visible, they
indicate that there is a change of the environment of the
observed phosphorus nucleus. For phosphorus resonance
spectroscopy on nucleotides it is known that two factors
determine mainly chemical shift changes, namely, a confor-
mational strain and electric field effects polarizing the
oxygens of the phosphate groups. In addition to these direct
effects, long-range effects may occur which can be caused
by a structure-dependent change of the anisotropy of the

these values the contribution of the chemical shift anisotropy magnetic susceptibility. Here, ring current effects may be

on the longitudinal relaxation rate would be 0.32, 0.24, and
0.19 s? for the a-, -, and y-phosphate resonances,

the most dominant contribution.
It is obvious that binding to the protein induces large

respectively. Applying the distances between the phosphatephosphorus chemical shift changes of the phosphate reso-

groups from the crystal structur82) with 2.91 A between
the a- and B-phosphate and 2.90 A between the and
y-phosphate of the nucleotide, the calculated contribution
of the dipole-dipole interaction is 0.% 1073, 1.4 x 1073,

and 0.7x 1073 s, respectively. The obtained values fit in
the limit of error well with the experimental data withT1/

of 0.22, 0.19, and 0.18 & for the a-, -, andy-phosphate
resonances and indicate that in the Rasgcleotide system

nances of the nucleotide. This is true not only for the
nucleotide binding to Ras but also for other small GTPases
such as RanlQ) and EF-Tu 83). Typically, large chemical

shift changes are observed when the nucleotide is bound to
the protein. For Ras-bound GTH)(and its analogues

GppCHp and GppNHp a common shift pattern is observed
compared to the free Mg—nucleotide complexes in solu-

tion: upfield shifts of thea- andy-phosphate resonances

already at 11.7 T (corresponding to a proton resonanceand a strong downfield shift of th@-phosphate resonances

frequency of 500 MHz) the maiftP relaxation mechanism
is the relaxation via chemical shift anisotropy.

compared to the data from the Rtgcomplexes of these
nucleotides (Tables 1 and 2). Part of the shifts can be
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explained by the complexation with magnesium since, in the complexes where in the X-ray structure of the RaRaf-
crystal structures of Raslg®™-GppNHp and Ra$ig>*- RBD complex (1) the center of the tyrosine ring is closer
GppCHp, Mg?t forms a well-defineg—y bidentate com-  than 0.52 nm to all phosphorus atoms. The calculated
plex. Since the Mg complexes of the free GTP analogues additional shifts should be-0.16,—0.10, and+0.19 ppm
represent a mixture of different complexes in solution, their for the a-, 5-, andy-phosphate groups, respectively).(
Mg?*-induced shifts can only be interpreted qualitatively. ~ Conformational Equilibria.As reported earlier for the
The maximum downfield shift is found in GppNHp with 2.4  complex of Ras with GppNHplj, Ras exists in more than
ppm by binding of the metal ion. This value is much smaller one conformational state in solution. The populations in the
than the downfield shifts of 7.5 and 6.4 ppm observed for different states change after mutation of Thr35 to alanine or
protein-bound GppNHp and GppGp] respectively. The  serine (4) and are also dependent on the type of nucleotide
strong downfield shift of the resonance of thghosphate used (Table 2).
group most probably results from a strong polarization of  The chemical difference between the nucleotide analogue
the phosphorusoxygen bonds. Such a bond polarization in GppNHp and GTP itself is the replacement of the oxygen
RasMg?"-GppNHp was already discussed by Allin et al. bridging thes- and y-phosphate group by an NH group.
(34) as an explanation of strong infrared shifts of the@® Concerning possible interactions with the protein, an oxygen,
vibrational bands after complexation. which potentially can accept a hydrogen bond, is replaced
Potential interactions of the phosphate groups can beby a group which can potentially donate a hydrogen bond.
derived from the X-ray structures published, although one In addition, it may also influence the polarity and partial
has to be aware that they show differences in details of thecharges of the phosphate groups. For the free nucleotides in
effector loop which may reflect the occurrence of different solution the K, of the y-phosphate group increases from
conformational states in solution. Since NMR data indicate 6.3/4.7 for GTP/Mg'-GTP to 8.9/6.3 for GppNHp/Mg -
that the interaction of Ras with the Ras binding domain of GppNHp (Table 1) §5).
Raf (Raf-RBD) stabilizes the effector loop in a well-defined ~ When the NH group in the GTP analogue GppNHp is
conformation, the X-ray structure of the Ras-like mutant of replaced by a CkHgroup in GppCHp, the polar group is
RaplA called Raps [Rap(E30D,K31E)] complexed with replaced by an apolar group with completely different
Mg?t-GppNHp and Raf-RBD X1) can serve as a model. properties. Nevertheless, th&pvalues of 9.0 and 6.6 for
When one looks for groups possibly interacting with the free nucleotide and Md-nucleotide are quite similar to that
oxygens of thes-phosphate group, the following picture of the GppNHp complex.
emerges: Thero-Rnonbridging oxygen of thg-phosphate Surprisingly, although chemically very different, the two
group is not only bound to the Mgion but may also interact  analogues bound to Ras are almost indistinguishable in terms
with the amide group and the hydroxyl group of Serl7 and of the conformational equilibria. The equilibrium constants
the amide group of Lys16 via a water molecule. Tne-S K12 are identical in the limits of error with values close to 2
nonbridging oxygen can interact with the amides of Vall4, (Table 2) and differ significantly from that observed with
Gly15, and Lys16. The amide of Glyl3 most probably GTP itself (=10) (1). The dynamic parameters for the
interacts with the oxygen positioned between fheand conformational transition are very similar: within the limits
y-phosphorus in GTP which is replaced in the structure by of error Gibb’s free energy of activatiodhG* and the
the NH group in GppNHp. An especially strong polarization activation enthalpy and entropy are identical (Table 4).
effect is to be expected from the positively charged side chain  Two factors may therefore explain the differences observed
of Lys16 whose amino group is only 0.29 nm distant from for GTP and its analogue: (1) a perturbation of an important
the pro-Soxygen of thes-phosphate group. interaction of oxygen bridging the andy-phosphate groups
From the X-ray structure thpro-S nonbridging oxygen and (2) an effect due to the changeld palues of the
of the a-phosphate group possibly interacts with the amide phosphate groups.
groups of Serl7 and Alal8 and th®o-R nonbridging One explanation is in line with the X-ray data, which
oxygen with the amide group of Asp33. One of the suggest that the bridgin§—y oxygen interacts with the
nonbridging oxygens of thg-phosphate is coordinated to amide group of Gly13 and/or the side chain amino group of
the main chain amides of Gly60 and Lys16, and the other Lys16. There is increasing evidence that GTP-bound Ras
nonbridging oxygen is interacting with the main chain amide occurs in a structural state corresponding to state 2; that is,
of Thr35 and the Mg ion. In principle, one would expect K, is greater than 10. Thus these interactions could stabilize
a deshielding (downfield shift) from these interactions, an state 2 in the GTP form and would be abolished in the
especially strong effect for thg-phosphate which is in  complexes with the two analogues.
contact with the Mg" ion. Experimentally, an upfield shift A second explanation would nicely link mutational data
is observed. This can be partly explained by the idea thatwith the differences in I§ values of the bound nucleotides.
the P-O bonds of these groups are less polarized by the An interesting mutation is the mutation of Thr35 to other
hydrogen bonds to peptide amides than by the hydrogentypes of amino acids. In the effector-bound staté, (12)
bonds to the water molecules in solution. In addition, the Thr35 is hydrogen-bonded by its main chain amide to the
polarization of the PO bonds of thes-phosphate group  y-phosphate moiety and is coordinated by its hydroxyl group
could contribute to the observed chemical shift changes sinceto the magnesium ion. If complexed with GppNHp, the
the whole system of phosphate groups is mutually coupled replacement of this residue by an alanine or serine in Ras
by the molecular orbitals. shifts the conformational equilibrium completely to state 1
Ring current effects of Tyr32 on théP resonance (14). The same is observed when Gpp#ls bound (Figure
positions may add up to the observed chemical shiffs (2, Table 2); only one state (state 1) can be observed where
This is likely in state 2 and most probably in effector the resonances of the- and y-phosphate groups are
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Ficure 8: Minimum scheme for the Ra%ffector interaction with the two conformational states of Ras. It is assumed that the nucleoside
triphosphates (GTP or GTP analogues) are always complexed witi¥aibty In the final complex (5) the environment of the nucleotide
is probably slightly different from state 2 of Ras [complex (4)], since small chemical shift changes can be observed (Tables 2 and 3).

downfield shifted relative to those representing state 2 with mGppNHp, and most probably also the other nucleoside
an equilibrium constari;, < 0.05. A likely structural model  triphosphates exist in the two main states Ras(1) and Ras(2)
for this population shift would be that in the mutants the in solution, the binding reaction to Ras binding domain
side chain of residue 35 is not stabilized by the coordination (RBD) thermodynamics requires a minimum scheme as
to the metal ion which leads to a destabilization of the main shown in Figure 8. The rate constamkis and ky; and the
chain amide hydrogen bond to thephosphate group of the  corresponding equilibrium constaii, for the isomerization
nucleotide. A similar effect may provide a population shift of the free Ras complexed with the analogues GpgCithd
when GTP is replaced by the analogues GppNHp and GppNHp are known froni*P NMR experiments (Table 2).
GppCHyp: the increase of thelf value of they-phosphate  The NMR chemical shifts of the complexes with the Ras
group by more than 2 units implies a significant decrease of binding domains (RBDs) of the effectors (Table 3) indicate
the associated free energy of hydrogen bonding for the Thr35that the final binding state (labeled by an asterisk) is similar
amide group and thus again a destabilization of state 2. Asbut not completely identical to state 2 since significant
already discussed, the replacement of the amide by a wateichemical shift deviations in the bound state from state 2 in
may contribute to the observed downfield shift. It is clear the free protein are experimentally observed.

that this cannot be the only factor influencing the chemical  However, kinetic stopped-flow experiments using a fluo-
shift difference between the two states since they vary rescent analogue mGppNHp bound to Ras showed that the
between 0.39 and 0.73 ppm (Table 2). More complex binding of effectors to Ras can be described sufficiently well
structural rearrangements are to be expected since the wholéy a two-step model. The data could be fitted satisfactorily
effector loop is involved in a structural changgd). A by assuming that an initial low-affinity encounter complex
spectroscopic indication is the observed downfield shift of isomerizes to the final high-affinity complex 4, 36) and

the o-phosphate resonance in state 1, which suggests againhat the Raseffector complex is highly dynamic, showing

a change of the coordination pattern of the phosphate group both fast association and dissociation kinetit4, 36, 37):
possibly again the replacement of an amide group by a water

molecule. A plausible candidate would be the switch | residue ki3

Asp33. Ras(1,2GTP+ RBD?

The apparent transversal relaxation times of thghos-
phate groups in the GppNHp complex as well as in the
GppCHp complex of Ras, obtained from the line shape
analysis, are longer in state 2 than in state 1 (Table 5). This|t explains the nonlinear dependence of the observed rate
may indicate an increased inhomogeneous line broadeningconstant on the concentration of the RBD which was
by either an increased structural inhomogeneity in state 1 orobserved experimentally for Rasg2t-GppNHp (@4, 36).

a real relaxation effect. The same pattern is observed for The isomerization reaction characterized kay becomes
the longitudinal relaxation when we assume that the value rate-limiting with increasing concentrations of Raf-RBD, the
found in the wild-type protein represents an average betweenrate calculated from this model being 415 st 283 K for
the two states but that the value found for Ras(T35A) is wild-type protein, which is not identical to but close to the
representative for state 1. Since the longitudinal relaxation rate of the interconversion of the two conformations of free
is not directly dependent on inhomogeneous broadening,RasMg2*-GppNHp measured by NMR under different
explanation 1 can be excluded as the main factor. Since weconditions. If the same reaction is performed with Ras(T35S),
have shown that the chemical anisotropy accounts for almostthe total dissociation constarp = (Ksi'kss)/(Kizkss)

all relaxation, only a structural change of the ligand sphere jncreases from 0.05 to 2,4M and the isomerization rate
of the y-phosphate group in state 1 with an increased constant calculated from this model drops down to 211 s
chemical shift anisotropy could explain the data. Ras(T35A) behaves differently from the T35S mutant. NMR

Kinetics of the RasEffector Interaction.Taking into shows it to be (within the limits of error) completely in the
account the fact that the complexes of Ras with?Mg  weak-bonding conformational state 1, but in contrast to Ras-
GppCHyp, Mg? -GppNHp, the fluorescent analogue g (T35S) it does not shift into conformation 2 on addition of

Ras(1,2GTP-RBD f«:z RasGTP-RBD* (8)
5.
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Raf-RBD, although the dissociation constant of #M to surface must be able to adapt to different interaction
Raf-RBD allows it to bind Raf-RBD under the conditions structures. In addition, it has to be switched fast from the
of this NMR experiment 14). This seems to indicate that active state with GTP bound to its inactive state with GDP
alanine in position 35, which cannot coordinate to the#Mg  bound and vice versa. These conditions require that the Gibbs
ion as shown for the threonine residue by the 3D structure free energy differencAG between the contributing confor-
(38, 39) and expected for serine, forms an effector binding mations should not be too large: in the Ras(g?"-
conformation different from the wild type and (T35S)Ras GppNHp and the Ras(wiylg?™-GppCHp complexesAG
which does not involve a conformational changd)( is close to 0 kJ maott (Table 4). Since the switching velocity
The simplified scheme (eq 8) would be a special case of depends on the difference of Gibbs free energy of activation
the more general equation (Figure 8) if the rate constantsAG* = AH*¥ — T AS, these should also be not too large.
ki, ka1, kss, andkss would be equal tdas, Kaz, Kss, andksa, For wild-type Ras complexed with Mt GppCHyp or Mg?*+
respectively. If these constants would be similar, they could GppNHp the activation enthalpiesH*;, are 63 and 69 kJ
be barely distinguished by kinetic methods. The equilibrium mol~* and the activation entropiesdS;, are 22 and 28 J
can then be described by the condensed equation for mosmol~* K1, respectively (Table 4), which correspond to the
cases. The dissociation constakp measured for the  energy necessary to break a few hydrogen bonds with typical
equilibrium between free Ras with the concentrattpr= energies of 20 kJ mol and are close to the activation
[Ras(1)Mg?T-GTP] + [Ras(2)Mg?"-GTP] and the effector  enthalpy of 90 kJ mot found for the GTP hydrolysis in
protein would be theikp = K;3K35. However, this is most  the absence of GAR(). For the GppNHp complex of the
probably not true (see below) sinkg andkg, differ most oncogenic mutant Ras(G12V) similar activation parameters
likely by more than 1 order of magnitude. are found, indicating that the structural changes involved in
Since the NMR data indicate that the two states of-Ras the structural transitions involve similar structural intermedi-
GppNHp and Ra&ppCHyp coexisting in solution are  ates.
structurally different in the effector loop, a region knownto  Because of the small energetic differences between the
be strongly involved in the proteirprotein interaction, the  two structural states already minor changes in the structure
simplified picture (eq 8) sufficient for a quantification of such as replacement of GTP by GppNHp or Thr35 by Ser
the binding reaction is incomplete and does not describe allor Ala can perturb the equilibrium of the structural states
structural facts known from NMR spectroscopy. With the significantly (Table 2). They influence only slightly the rate
scheme in Figure 8 and data published or presented hereof interconversion of these conformations and decrease the
one can give some estimates for the different equilibrium overall affinity to effector proteins. Thr35, being invariant
constants in wild-type Ra¥, has been determined experi- in all Ras-like GTP-binding proteins (and in elongation
mentally as 2. The T35A mutant shows no isomerization factors and @), is thus apparently conserved not for the
but stays in state 1. This means that the equilibrium constantstructural but rather for the dynamic properties of these
Kz can be approximated by the value ofu®1 given by switch molecules. Together with Tyr32, it seems to be the
Spoerner et al.14) for the Ras-Raf interaction and the  amino acid which determines the switching between the GTP
constantKsz must be larger than 10 (since experimentally and GDP state and the fine tuning in the recognition of
the final complex of species 5 cannot be observed). In the different effectors.
T35S mutant a main pathway-2—4—5 or 1-3—4-5 is Conclusion Ras exists in (at least) two conformational
likely. The reported value of 6&M for the encounter  states which can be identified by NMR spectroscopy. One
complex would lead with &5; of approximately 20 to a  of the states (state 2) represents the high-affinity binding state
K42 of about 3.4«M and aKz of 10. For the total dissociation ~ for effectors; the other state (state 1) represents a different
constant a value of 2,AM was reported, which would mean state (GDP-like?) of the protein with strongly reduced
thatKs, should be 0.03 anl{s3 0.3 in Ras(T35S). Applying  affinity. The equilibrium between the states can be shifted
the same values to the wild-type Ras complex but using theby using different GTP analogues or by specific Ras
experimentally determined equilibrium constéd@t of 0.5 mutations. The side and main chain interactions of Thr35
between state 1 and state 2 would lead to a value of with the Mg™—nucleotide complex play an important role
approximately 0.05:M for the total dissociation constant in the conformational equilibrium and are perturbed in state
of Raf from the wild-type protein, which is close to the 1. These interactions are also important sensors for the
experimentally determined value of 0.0GM (14). In nucleotide state of Ras since they are abolished in the GDP
summary, a complete consistent set of equilibrium constantscomplex of Ras. The transition velocity between the two
for the wild-type RasGppNHp interaction with Raf would  states and thus the energy of the transition state seem to be
be Kz, = 2.0,Kz; = 7 uM, Kyqp = 350 nM, Kzs = 3, Kzg = largely independent of these factors. State 1 could represent
0.1, andKys = 30. a new target for an anticancer drug development since its
Dynamical Processes in Ras and Ras-Related Prot#ins. stabilization would reduce the strength of the effector
is clear from the NMR data that the switch | region of Ras interaction considerably.
is in a dynamic equilibri_um in the miIIisec_:ond tir_n_e scale  ACKNOWLEDGMENT
between (at least) two different conformations. Millisecond
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