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ABSTRACT: Mutated, tumorigenic Ras is present in a variety of human tumors. Compounds that inhibit
tumorigenic Ras function may be useful in the treatment of Ras-related tumors. The interaction of a
novel GDP exchange inhibitor (SCH-54292) with the R&DP protein was studied by NMR spectroscopy.

The binding of the inhibitor to the Ras protein was enhanced at lo#" Mgncentrations, which enabled

the preparation of a stable complex for NMR study. To understand the enhanced inhibitor binding and
the increased GDP dissociation rates of the Ras protein, the conformational changes of the Ras protein at
low Mg?* concentrations was investigated using two-dimensiéidal!®N HSQC experiments. The Ras
protein existed in two conformations in slow exchange on the NMR time scale under such conditions.
The conformational changes mainly occurred in the GDP binding pocket, in the switch | and the switch

Il regions, and were reversible. The Ras protein resumed its regular conformation after an excess amount
of Mg?* was added. A model of the inhibitor in complex with the R&DP protein was derived from

intra- and intermolecular NOE distance constraints, and revealed that the inhibitor bound to the critical
switch Il region of the Ras protein.

The Ras proteins play an important role in cell mitogenesis EXPERIMENTAL PROCEDURES
by the Ras activationdeactivation cyclel—4). To induce
mitogenesis, the Ras protein must be converted to the activ
or “turned-on” state by exchanging its bound GDP for GTP, .
known as the Ras nucleotide exchange process. The-GDP synthetic Ras ghglneRundgrDtge 1501%250' of bmp_f{;m dd ftaq
GTP nucleotide exchange process is one of the key activation?error?eogteorrs_Q)r;)\xn' EIBPT?BSjin ducef q cell $2l)wa'?hpeugclﬁvit r%rp
steps regulating Ras function, and is an attractive target forthiS roteingin G|5P binding assavs and. GTPase as>s/a < was
therapeutic intervention for treatment of Ras-related tumors. P ble t blish dgd ta Y 12). Uniforml 15Ny
The discovery of potent, non-nucleotide inhibitors of the Ras lcobmlpa(tjra € 1o pu 6I§ ed da X-12). Uni or(rjnél I
nucleotide exchange process has been described recgntly ( aveled H'RQS (Iil d) protein was ?xpressea : hcm /
6), which included a preliminary NMR analysis of a novel grEV\llQN'EI r(r:lllnlmg 5r8e 'U/T (L\’/I\I9) supp em?_?]te RW'tG[l)FEng
inhibitor, SCH-54292. Here, we describe the interaction of g]rotein V\;las F?Srified frrr:)g:n an Legsgtlglcg seqjent?; chroma-
SCH-54292 (Figure 1A) with the RassDP protein as
studied by NMR spectroscopy. The binding of the inhibitor tog_raphy on Fast Flow DEAE Sephadex and Sephadex G-100
to the Ras protein was enhanced at low’Mgoncentrations, refbms. . f the Inhibitor Ras C lexTh .
which enables the preparation of a stable complex sample f Srce:&a_lgztéognzolt e_no '7 It(l\}/IF as dOTp ex. de' actl\étgp
for NMR measurements. Numerous efforts to cocrystallize 0 (.@0 =L ) was determined in a
the potent nucleotide exchange inhibitor SCH-54292,(1C exchange assay in which the extent of the_exchang@l@]ﬁ[
= 0.7 uM) with the Ras protein were unsuccessful. The GD.P by unlabeled GDP was measured in the presence of
bound conformation and the binding site of SCH-54292 in an inhibitor (8. The Ras protein Sa”_‘p'es were loaded onto
complex with the Ras protein were eventually derived from 2)(%?}225126; (ihz?\lﬁﬂog{u?gﬁgha{_wscm\hg pt?jf?é?'c%\zte;ﬁg()j to
NMR experimental analysis in combination with the crystal 20 mMgTrisd and 40 mM NaCI in DO at pH 6.5. The
structure of the Ras proteir); molecular modeling, and  © . . L PR ©.5.
mass spectrometrg). The information presented here may inhibitor—protein complex was prepared by dissolving 12

provide insight into the nucleotide exchange process as well M9 of the Ra}shprotem in 8 mL of le|§1;1 buffer previously
as help in the design of anti-Ras drugs. saturated with SCH-54292 (solubility- 0.3 mM) and

containing 0.32 mM EDTA in BO with no MgC}, added.
Under these conditions, the ratio of the compound to the
* To whom correspodence should be addressed. Ras protein was 3.8. The mixture was incubated at room
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e Protein Expression.The C-terminally truncated human
H-Ras (1-166) was expressed iBscherichia colifrom a
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Ficure 1: (A) Chemical structure and numbering of SCH-54292. (B) Expanded regions of proton spectra of SCH-54292 alone (top), the
15N-labeled Ras GDP protein (middle), and SCH-54292 in complex with thd-labeled Ras GDP protein (bottom). The cross-hatched
areas represent signals of the bound SCH-54292 in the bottom spectrum. The latter two spectra were acquired Witk ttheignals
suppressed.

temperature for 20 min, and MgCWas then added to a  distance was used with boundaries-£0.6 A. To define
concentration of 5 mM. The sample was concentrated andthe binding site, the four intermolecular NOEs were used.
further equilibrated with the buffer solution containing 20 To resolve the ambiguity in the assignments of the NOEs
mM Tris-d;;-DCI, 40 mM NaCl, and 5 mM MgGlin D,O associated with the Ras proton signals, a geometric analysis
(pH 6.5) using Centricon-10 microconcentrators (Amicon, of the intermolecular NOEs was performed using a program
Beverly, MA). The final Ras concentration was 1.3 mM developed in-house. Energy minimization of the Ras
when it was complexed with SCH-54292. For the two- inhibitor complex was carried out using DISCOVER (Mo-

dimensionatH—1*N HSQC experiments, the uniformtyN- lecular Simulations, Inc.) with the cvff and AMBER force
labeled Ras protein was used following the same procedurefields.
as above.

NMR SpectroscopyProton NMR experiments carried out RESULTS AND DISCUSSION

on the complex sample were performed at 500 MHZFbr Enhanced Inhibitor Binding of the Ras Protein at Low
on an Omega GN500 NMR spectrometer. DQF-COSY),( Mg?" Concentrations.Sample preparation is critical to the
TOSCY (14), and NOESY 15) spectra were recorded at 25.0 success of the experiment. In an attempt to prepare the
°C. An MLEV-17 spin lock sequence of 45 ms was complex, an excess amount of SCH-54292 was added into
employed in the TOCSY experiment. The NOESY spectrum a Ras-GDP protein sample and the mixture was shaken
was collected with a mixing time of 125 ms. NMR data overnight at 5°C. Comparison of the NMR spectrum of
were also collected for the Ras protein alone, as well as for the mixture with that of the Ras protein alone revealed that
the inhibitor under identical experimental conditions for the signals of SCH-54292 were weak and broad. In an
comparison. The proton carrier was positioned on the waterimproved procedure, a mixture of the R&SDP protein and
resonance, with spectral widths of 6515 Hz. Each set of SCH-54292 was incubated in the presence of EDTA. The
experimental data was acquired with 2048 complex points removal of Mgt by EDTA partially unfolded the protein
and 512 FIDs, with 64 scans per FID. Quadrature detection and induced an open conformation as suggeted by Hall and
was achieved via the method of Statd®)( The two- Self (18), thereby enhancing the binding of SCH-54292.
dimensionalH—'N HSQC spectra for the uniformIl§?N- Immediately after incubation, an excess amount of MgCl
labeled Ras protein and its complex with SCH-54292 were was added to refold the Ras protein so that the inhibitor was
acquired on a Varian Unity-plus 600 MHz NMR spectrom- “locked” in the protein. Using this procedure, the signal
eter. The transmitter was centered on the water signal forintensities of the bound SCH-54292 were enhanced (Figure
H and at 117.25 ppm in th®N dimension. The proton  1B). Excess inhibitor was present at the incubation stage to
spectra of the!®N-labeled Ras and its complex with the ensure the complete complexation of the protein, and was
inhibitor in Figure 1 were recorded using the isotope-filtered removed after incubation by ultrafiltration. The formation
method (7). NMR data were exported to a Sun Sparc of a stable complex of SCH-54292 with the Ras protein was
station and processed using the program Felix version 950evident from the line broadening of the signals of SCH-54292
software (Molecular Simulations, Inc., San Diego, CA). in the presence of the Ras protein (Figure 1B). Comparison
Structural Calculation. To determine the bound confor-  of the integrals of the Phe-28¢f the Ras protein with the
mation, a Monte Carlo conformational search was performed resonance associated with SCH-54292 at 7.4 ppm suggested
(Macromodel 4.0, AMBER potentials) from 5000 starting the formation of a 0.9:1 inhibitefprotein complex.
conformations (iteration limit= 1000, 1.03 &3 kJ molt A1 Conformational Changes of the Ra&DP Protein at Low
convergence criteria). The intramolecular NOE-derived Mg?" Concentrations.The dissociation of the bound GDP
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FIGURE 2: 'H—1N HSQC spectra of the Ra$GDP protein. (A) The sample was 1 m¥N-labeled Ras protein in 20 mM Trign-DCL

buffer at pH 6.5. (B) EDTA was added to sample A to a concentration of 4 mM. (C) Ma&$ added to sample B to a concentration of

5 mM. In panel B, resonances from residues in the phosphate-binding loop (G12 and G15), in the switch Il region (G60, T74, and G75),
and near the base recognition regions (T148) were split, while G138 which does not belong to a binding site was unchanged. In panel C,
after an excess amount of ®fgwas added, the correlation peaks returned to the same position as in panel A.

was investigated by a numer of research grodjgs-@1). It

was discovered that the dissociation rate of bound GDP of
the Ras protein was greatly increased at low?Mgpncen-
trations. However, no structural studies were conducted
under such conditions. To understand the increased dis-
sociation rate of GDP and the enhanced inhibitor binding
reported here, the conformational changes of the Ras protein

1.0

under such low-Mg" concentration conditions were moni- >
tored by 'H—N HSQC experiments. ThéH and >N o &
chemical shift changes in'&—1°N HSQC spectra provide [\
evidence of structural changes. Figure 2 shows two- ~

Q

dimensionatH—*N HSQC spectra of the Ras protein under
various conditions. At low Mg concentrations (Figure 2B),
manyH—1N correlation peaks were split into two peaks.
While one set of peaks had the same chemical shifts of the
folded active Ras protein as in Figure 2A, a new set of peaks
had different chemical shifts, indicating the existence of a
new conformation of the Ras protein. Thus, the Ras protein
existed in two conformations in slow exchange on the NMR
time scale at low Mg concentrations. Careful examination 2
revealed that these conformation changes were associatec 7.2
with residues in the GDP binding pocket, in the switch | D1 (ppm) DI (ppm)
and switch Il regions. Upon addition of excess¥ghese Ficure 3: Two expanded regions of the two-dimensional NOESY
split peaks returned to their original positions (Figure 2C), spectrum of SCH-54292 complexed with the R@DP protein
suggesting that the conformational changes were reversible.g?é'ses"tsga‘livs'tgfat‘hizgomsd Qgﬂ.‘%i'zr%ez' ;geingitéggglgsurlgétyngﬁlar
These local Conf_ormat'onal Ch"_inges oran open Corncorr‘n""t'onboxes. The intermolecular NOE cross-peaks between SCH-54292
of the Ras prOteln].(B) may facilitate the fast GDP EXChange and the Ras protein are represented by diamonds.
(18—21) and enhance the binding of the inhibitor. These
results provided a structural basis for the understanding of parison of the two-dimensional NOESY spectrum (Figure
the GDP exchange process as well as for the understanding) of the complex with that of the Ras protein alone revealed
of inhibitor binding. The effect of Mg on the interaction  a number of new NOE cross-peaks. A total of 29 interproton
of EF-Ts with EF-Tu by reducing the affinity of EF-Tu for  distances (Table 1) calculated from intramolecular NOEs was
guanine nucleotide was recently report@@)( used to determine the conformation of SCH-54292. A Monte
Conformation of the Inhibitor Bound to the Ras Protein. Carlo conformational analysis of these NOE-derived dis-
The proton resonances of the bound SCH-54292 weretances was performed, resulting in a bound conformation
assigned from the two-dimensional DQF-COSY and two- Which satisfied the experimentally determined distance
dimensional TOCSY spectra. The principal source of constraints (Figure 4).
structural information was derived from the two-dimensional ~ Chemical Shift Assignments of the Ras Protein Complexed
NOESY data of the inhibiterRas complex. Careful com-  with the Inhibitor. The backbonéH and*®N chemical shifts

3.0

4.0
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Ficure 4: Interaction of SCH-54292 with the Ra&DP protein. (A) The bound conformation of SCH-54292 and the overall structure of

the ternary complex between the Ras protein (blue ribbon), GDP (green and purple), SCH-54292 (green), and the magnesium ion (purple).
The switch | region is burgundy and the switch Il region orange. (B) Closeup of the interaction of SCH-54292 (green) with the Ras protein
(brown).

Table 1: Intramolecular Distance Restraints and Interproton Binding Si.te Determinationin addition to intrarno]e_cular
Distances in the Model of SCH-54292 Bound to the Ras Protein NOEs, four intermolecular NOEs between the inhibitor and
the protein were unambiguously identified and assigned

assignment distance restraint distance in nfodel : ) -

Hel_Hd o5 2.5 (reference) (represented by diamonds in Figure 3). The four NOEs
Hel—Hf 25 o5 resonated at 7.792.06, 7.79-1.61, 7.79-0.04, and 7.75
Hc2—He 25 25 7.13 ppm D1 andD2 ppm), respectively. The first three
He3—Hg 25 2.5 intermolecular NOEs were assigned to Hcl or Hc3 of the
:z::]f‘ G oo naphthyl moiety of SCH-54292. The fourth NOE was
Hz—H1 3.0 3.0 assigned to Hz of the phenyl ring of the inhibitor. The
Hcl-Hijc 4.4 4.8 published chemical shift assignments for the R@®P
Hz—Hja 2.9 2.7 protein @3, 24) were used to assign the chemical shifts
Hz—Hib 34 3.3 corresponding to the protons of the Ras proteins. The
Hz—H5 35 3.8 ; A )

Hz—H6 39 42 chemical shift differences between this work and the
Hf—Hja 3.9 4.1 published work 24) were carefully examined by two-
Hf—Hjb 2.9 2.6 dimensionatH—5N HSQC experiments of a uniformkyN-
:;::JZC %évb 5225 labeled Ras GDP protein complexed with SCH-54292. The
Hd—He o5 55 differences of the'fN)—'H chemical shifts with respect to
Hjd—Hijb 2.9 3.0 the published chemical shift values are less than 0.05 ppm.
:}g::é 2'2 i'g A window of +0.05 ppm was applied to the four chemical
Hja—Hjb 22 18 shifts (2.06, 1.61, 0.04, and 7.13 ppm) of the Ras protein to
Hja—H6 3.9 4.3 cover possible variation in chemical shifts due to differences
H1-H2 3.4 31 in solution conditions and due to the formation of the
:iiﬂg 3'2 gi complex with the inhibitor. A search of the published
HE6—H4 292 27 chemical shift assignments of the Ras prote®8, (24)
H6—H6' 2.1 1.8 resulted in a number of possibilities at each chemical shift.
:2'7:55 gg gg To reduce the number of possibilities, the combinations of

these NOEs were screened on the basis of simple geometry.
) aFrom the model of SCH-54292 in complex with the Ras protein. \\hile many amino acid residues of the Ras protein have
VW denotes very weak. associated protons which resonated at these chemical shifts,
two protons of the Ras protein to simultaneously exhibit
of the Ras protein in complex with the inhibitor were NOEs with two protons of SCH-54292 must satisfy a
measured in a two-dimensiond#i—N HSQC spectrum.  maximal distance limit between the attached carbons de-
The assignments of the backbone resonances of the Rapending on the small size of the inhibitor. For example, for
protein in complex with the inhibitor are given in Table 2. two Ras protons simultaneously exhibiting NOEs with Hcl
Comparison of the chemical shifts of the complex with that and Hc3, the distance between the attached Ras carbon atoms
of the Ras protein alone revealed that the differences in theis defined byD(jj) < ZDnc1-+cz + 2Dc—n + Dnoegy + Dok,
IH and*N chemical shifts are small. The small differences whereDyc1-nesis the distance between Hcl and Hc3 of SCH-
in chemical shifts provided evidence that the backbone 54292 (5.52 A)Dc_y is a Ras carbonproton bond length
structure of the protein was not changed upon the binding (1.1 A), andDnogg + Dnogg) are the calculated distances
of the inhibitor. This is consistent with the observed from the interatomic NOEs observed between protons of the
intermolecular NOEs which showed that the interaction Ras protein and Hcl and Hc3 of SCH-54292, respectively.
occurred mainly between the small inhibitor and the side For instance, the maximum distances between the two carbon
chains of the amino acid residues of the protein. atoms of the Ras protein for the first two NOEs must be
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Table 2: Backbone AmidéH and'*N Chemical Shifts of the Ras Protein{166) in Complex with the Inhibitor SCH-54292

residue H 15N residue Hf 15N residue H 15N

1 Met 57 Asp 8.48 127.68 113 Leu 8.86 127.36
2 Thr 8.97 123.51 58 Thr 6.78 108.67 114 Val 9.17 126.74
3Glu 8.35 125.29 59 Ala 9.10 119.96 115 Gly 8.06 112.81
4 Tyr 8.73 120.31 60 Gly 8.28 106.53 116 Asn 8.73 119.69
5Lys 9.14 122.98 61 GIn 8.58 117.56 117 Lys 7.34 110.58
6 Leu 9.45 124.71 62 Glu 8.76 119.15 118 Cys 8.77 112.74
7 Val 7.90 119.00 63 Glu 8.30 118.57 119 Asp 8.61 115.93
8 Val 8.93 127.44 64 Tyr 8.27 119.63 120 Leu 7.79 119.37
9 Vval 9.16 119.11 65 Ser 7.84 118.25 121 Ala 8.13 121.25
10 Gly 7.13 106.04 66 Ala 8.74 110.73 122 Ala 7.66 120.17
11 Ala 9.14 122.98 67 Met 8.23 116.16 123 Arg 7.99 118.54
12 Gly 8.61 104.77 68 Arg 7.84 119.36 124 Thr 9.09 112.46
13 Gly 10.57 113.57 69 Asp 8.10 116.92 125 Vval 7.62 122.99
14 val 7.67 111.99 70 GIn 7.82 116.01 126 Glu 8.71 125.64
15 Gly 8.59 108.13 71 Tyr 8.24 118.35 127 Ser 9.40 120.20
16 Lys 10.59 123.98 72 Met 8.53 117.41 128 Arg 8.64 116.34
17 Ser 9.34 119.07 73 Arg 7.97 114.02 129 GIn 6.78 115.34
18 Ala 9.52 123.88 74 Thr 7.89 106.41 130 Ala 7.01 121.96
19 Leu 9.08 119.18 75 Gly 7.98 109.49 131 GIn 8.58 116.42
20 Thr 7.69 115.41 76 Glu 9.00 120.76 132 Asp 8.18 118.57
21 lle 8.90 119.20 77 Gly 7.16 99.44 133 Leu 7.46 122.02
22 GIn 7.94 119.30 78 Phe 8.18 119.86 134 Ala 8.40 120.31
23 Leu 7.68 118.97 79 Leu 9.18 124.54 135 Arg 8.46 116.78
24 lle 8.12 112.68 80 Cys 8.67 122.73 136 Ser 7.92 116.23
25 GIn 8.99 114.33 81 Val 8.97 124.50 137 Tyr 7.59 118.55
26 Asn 7.95 115.06 82 Phe 9.26 122.32 138 Gly 8.30 109.44
27 His 6.80 119.64 83 Ala 8.67 119.53 139 lle 8.05 111.67
28 Phe 8.60 121.02 84 lle 8.46 111.73 140 Pro

29 Val 7.68 124.53 85 Asn 7.86 115.60 141 Tyr 8.18 118.57
30 Asp 7.79 120.84 86 Asn 7.93 117.76 142 lle 8.48 128.60
31 Glu 7.69 117.59 87 Thr 143 Glu 7.80 123.14
32 Tyr 8.81 124.14 88 Lys 8.44 122.56 144 Thr 8.74 110.73
33 Asp 7.86 127.32 89 Ser 8.06 112.81 145 Ser 8.83 111.12
34 Pro 90 Phe 7.39 123.12 146 Ala 9.12 130.91
35 Thr 8.98 108.53 91 Glu 8.47 120.16 147 Lys 7.00 114.57
36 lle 6.85 119.42 92 Asp 8.45 115.76 148 Thr 7.70 104.84
37 Glu 8.41 130.38 93 lle 7.57 119.10 149 Arg 7.82 116.95
38 Asp 8.16 122.92 94 His 7.83 115.21 150 GIn 7.82 122.72
39 Ser 8.39 112.47 95 GIn 7.43 115.31 151 Gly 8.91 113.71
40 Tyr 9.10 119.96 96 Tyr 7.52 117.66 152 Val 7.07 119.03
41 Arg 8.39 118.71 97 Arg 8.35 117.18 153 Glu 8.23 115.14
42 Lys 8.67 120.43 98 Glu 7.95 115.91 154 Asp 8.11 114.93
43 GIn 8.80 127.43 99 GIn 7.84 118.25 155 Ala 8.57 122.57
44 Val 9.09 119.34 100 lle 7.77 118.42 156 Phe 7.19 110.89
45 Val 8.07 119.54 101 Lys 7.78 116.14 157 Tyr 9.60 117.71
46 lle 8.13 124.21 102 Arg 7.78 116.14 158 Thr 8.51 115.55
47 Asp 9.53 129.09 103 Vval 8.03 116.38 159 Leu 7.17 119.98
48 Gly 8.29 101.47 104 Lys 8.06 116.63 160 Val 7.51 117.33
49 Glu 7.69 120.90 105 Asp 7.99 119.10 161 Arg 8.13 117.67
50 Thr 8.89 124,51 106 Ser 7.47 107.52 162 Glu 8.13 116.69
51 Cys 9.45 122.53 107 Asp 8.35 120.54 163 lle 8.10 120.42
52 Leu 8.73 120.52 108 Asp 8.41 119.64 164 Arg 8.34 117.01
53 Leu 9.00 122.05 109 Vval 7.59 120.81 165 GIn 7.62 114.15
54 Asp 8.74 124.01 110 Pro 166 His 7.69 123.30
551lle 9.21 122.27 111 Met 8.13 121.25 lig GDP'H1 6.07

56 Leu 8.77 126.20 112 val 8.04 112.81

less than 18.1 A. This geometric considerations placed upperNOE was assigned to Met-72¢knd GIn-99 k8 of the Ras
limits on the allowed distances between these two protonsprotein. The second and third NOEs were assigned to lle-
of the Ras protein. All the possible assignments for the 100 Hy12 and lle-100 kt11 of the Ras protein, respectively.
protons of the Ras protein were examined against the boundThe fourth NOE was assigned to Tyr-9&H

conformation of SCH-54292, docked to the three-dimensional Interaction of SCH-54292 with the Ras Proteihe
structure of the protein, which was solved to 2.1 A resolution resulting model of SCH-54292 in complex with the Ras
(7). The structures of the Ra$sDP proteins have previ-  GDP protein is shown in Figure 4. The interatomic distances
ously been solved at high resolution by X-ray crystallography in the model were also included in Table 1. The binding
(25, 26) and by NMR spectroscopy24). It was demon- site of SCH-54292 is in the vicinity of the critical switch Il
strated that the NMR structures of the protein are very similar region. The switch | and the switch Il regions are the two
to the crystal structure24). Energy minimization of the  regions that change conformations when the Ras protein is
complex resulted in a model which satisfied the NOE converted from the inactive GDP bound state to the active
constraints and geometrical criteria. The first intermolecular GTP bound state26). The structural differences between
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Ras-GDP and RasGTP in aqueous solution were previ- previously unidentified binding pocket without displacing
ously investigated by NMR27—30). The conformational  the bound nucleotide. The structural information presented
differences were found mainly in switch | (loop L2 and part here should be useful for future anti-Ras drug design.

of the 2-strand) and switch Il region containing loop L4

and part of the helixx2 by X-ray crystallography2s, 31, ACKNOWLEDGMENT

32). A closeup of the interaction is shown in Figure 4B. We thank Drs. T. M. Chan. C. A. Evans. M. M. Senior

This structure places the naphthyl of SCH-54292 in a yn4 N H. vao for help and discussions during the course of
hydrophobic pocket formed by Met-72, GIn-99, lle-100, and he \ork and Soheil Rahmati for fermentation of the Ras
Val-103 of the protein. The phenylis in the vicinity of GIn- protein.
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