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Chemistry
General. All the reagents were commercially available and used without further purification unless indicated otherwise. All solvents were anhydrous grade unless indicated otherwise. When dry conditions were required, the reactions were carried out in oven-dried glassware under a slight pressure of argon.  Reaction were magnetically stirred and monitored by thin-layer chromatography (TLC) on silica gel. TLC was performed on Silica Gel 60 F254 plates (Merck) with UV detection, or using a developing solution of conc. H2SO4/EtOH/H2O (5:45:45), followed by heating at 180°C. Flash column chromatography was performed on silica gel 230–400 mesh (Merck). The petroleum ether used as eluent in chromatography has boiling range of 40–60°C. 1H and 13C NMR spectra were recorded on a Varian 400 MHz MERCURY instrument at 300 K. Chemical shifts are reported in ppm downfield from TMS as internal standard. Mass spectra were recorded on ESI-MS triple quadrupole (model API2000 QTrap™, Applied Biosystems). High resolution mass spectra were recorded on QSTAR Elite® LC/MS/MS system (Applied Biosystems) that is a hybrid quadrupole/TOF instrument, equipped with the Analyst® QS 2.0 software. 

3,4-dihydroxybenzaldehyde-O-benzyloxime (2). A solution of O-benzylhydroxylamine hydrochloride (1,15 g, 7.24 mmol) and 3,4-dihydroxybenzaldehyde (1 g, 7.24 mmol) in anhydrous pyridine (10 mL) was stirred at room temperature overnight. The solvent was evaporated in vacuo and the residue was dissolved in ethyl acetate (200 mL), washed with saturated NaHCO3 (50 mL) and brine (50 mL), dried over sodium sulphate and solvent evaporated to give 3,4-dihydroxybenzaldehyde-O-benzyloxime as dark yellow oil in 98% yield. 1H NMR (400 MHz, CD3OD) δ 7.95 (s, 1H), 7.39 – 7.21 (m, 5H), 7.05 (d, J = 1.8, 1H), 6.83 (dd, J = 1.8, 8.2, 1H), 6.71 (d, J = 8.1, 1H), 5.07 (s, 2H).13C NMR (100 MHz, CD3OD) δ 150.66, 148.94, 146.83, 139.52, 129.46, 129.43, 128.92, 125.58, 121.66, 116.34, 113.99, 77.02. HRMS (FT-ICR): calcd for C14H14NO3: 244,0974, found 245.2125 [MH]+.
4-[(benzyloxyamino)methyl]benzene-1,2-diol (3). To a stirred solution of 3,4-dihydroxybenzaldehyde-O-benzyloxime (1.8 g, 7.24 mmol) in glacial acetic acid (15 mL) was added slowly NaCNBH3 (910 mg, 14.48 mmol). The reaction mixture was stirred at room temperature overnight until the reaction was complete. The solvent was evaporated and the residue was dissolved in ethyl acetate (250 mL), washed with NaHCO3 (30 mL) and brine (30 mL), dried over sodium sulphate and evaporated. The crude was finally purified by flash chromatography (ETP:AcOEt:MeOH:AcOH 10:2:1:0.1 rf=0.23) obtaining the 4-[(benzyloxyamino)methyl]benzene-1,2-diol as a green oil (1.4 g, yield 80%). 1H NMR (400 MHz, CD3OD) δ 7.32 – 7.16 (m, 5H), 6.77 (d, J = 1.7, 1H), 6.68 (d, J = 8.0, 1H), 6.62 (dd, J = 1.8, 8.0, 1H), 4.57 (s, 2H), 3.80 (s, 2H).13C NMR (100 MHz, CD3OD) δ 146.27, 145.93, 139.24, 130.29, 129.63, 129.41, 128.91, 121.99, 117.68, 116.24, 77.00, 56.91. HRMS (FT-ICR): calcd for C14H15NO3: 245,1052, found 246.3042 [MH]+.
N-benzyloxy-N-(3,4-dihydroxybenzyl)-D-glucosylamine (1). A solution of 4-[(benzyloxyamino)methyl]benzene-1,2-diol (80 mg, 0.32 mmol) and D-glucose (40 mg, 0.22 mmol) in a mixture of DMF/AcOH/aqueous acetate buffer at pH 4.5 (1:1:1, total volume 3 mL) was stirred at 50°C for 24 h. The solvents were evaporated in vacuo and purified by flash chromatography (AcOEt:MeOH:H2O 11:1:0.3) obtaining 1 as light green powder (104 mg, 80% yield). 1H NMR (400 MHz, CD3OD, 25°C, TMS) δ=7.3– 7.2 (m, 5H), 6.93 – 6.69 (m, 3H), 4.6, 4.4 (qAB, 2H), 4.03, 3.92 (qAB, 2H), 3.9 (d, 3J(H,H) = 9 Hz, 1H, H-1), 3.84 (dd, 3J(H,H) = 12, 2 Hz, 1H, H-6a), 3.68 (dd, 3J(H,H) = 12, 5 Hz, 1H, H-6b), 3.6 (m, 1H), 3.4–3.2 (m, 2H), 3.1 (m, 1H). 13C NMR (100 MHz, CD3OD, 25°C, TMS) δ=146.3, 146.1, 138, 131, 129.8, 129.5, 129.4, 123, 118, 116, 93, 79.7, 79.6, 78, 71.7, 71.2, 62, 58. HRMS (FT-ICR): calcd for C20H25NO8: [M+H]+ 408.1658, found 408.1649 [M+H]+.
ITC experiments
ITC experiments were performed using a VP-ITC (MicroCal) instrument at 15 oC.  Fixed aliquots (8 L) of compound 1 (1 mM) suspended in ITC buffer (20 mM HEPES, pH 7.2, 150 mM NaCl, 5 mM EDTA, 2 mM DTT, 2% glycerol, and 0.5% non ionic detergent) were injected sequentially into a calorimeter cell containing 1.43 mL of H-Ras and its mutants (100 M) suspended in the identical ITC buffer, and the heats of binding were recorded. Prior to ITC experiments all protein solutions were suspended in dialysis membrane bags and allowed to equilibrate in appropriate buffers overnight at 40C. As control experiments 8 L aliquots of ITC buffers were injected into the calorimeter cell containing 1.43 mL proteins to measure the heats of protein dilution. Similarly 8 L aliquots of compounds in appropriate ITC buffers were injected into 1.43 mL of buffer containing no proteins to measure the heats of compound dilution. All derived values are a statistical average of three independent experiments done with different batches of proteins purified from a single plate containing bacterial transformants. 
Wild type H-Ras (1-166), H-Ras mutants Q61L and G13D were purified as untagged proteins as described earlier.[1s] Briefly pET21 vectors encoding these plasmids were transformed into Bl21 De3 E.coli cells and were grown in LB media containing ampicillin (120 mg/L) at 37oC. The protein expression was induced by addition of 500 M of IPTG and the cells were grown for a further four hours at 30 oC. The cells were suspended in lysis buffer (50 mM Tris, pH 8.0 containing 10 mM NaCl, 2 mM DTT, 5% glycerol and 2 mM PMSF) and sonicated to release the cell contents. The clarified cell lysate was loaded on a Fast Flow Q matrix, extensively washed to remove unbound proteins and eluted using a NaCl gradient. Fractions containing the H-Ras proteins were pooled and dialyzed to remove excess salt. The samples were concentrated and subjected to gel filtration on a tandem Sephadex 200/G200 tandem matrix equilibrated in gel filtration buffer (50 mM Tris, pH 8.0 containing 150 mM NaCl, 2 mM DTT, 5% glycerol). Purified H-Ras or the mutants were pooled, concentrated to about 20mg/ml, snap frozen in liquid nitrogen and stored at -80oC for further use.
Compound 1 was solubilized in buffer (20 mM HEPES, pH 7.2, 150 mM NaCl, 5 mM EDTA, 2 mM DTT, 2% glycerol and 0.5% C12E10) to a calculated concentration of 0.41 mg/ml. The solution was incubated with gentle agitation at room temperature for one hour. The solution was later centrifuged to remove any particulate matter. The effective calculated concentrations under these conditions were close to 1 mM. 

ITC experiments were performed using a VP-ITC (MicroCal) instrument at 15oC. Fixed aliquots (8 l) of compound MC143-37 (1 mM) suspended in ITC buffer (20 mM HEPES, pH 7.2, 150 mM NaCl, 5 mM EDTA, 2 mM DTT, 2% glycerol, 15% MeoH and 0.5% C12E10) were injected sequentially into a calorimeter cell containing 1.43 ml of H-Ras and its mutants (100 M) suspended in the identical ITC buffer, and the heats of binding were recorded. 

Prior to ITC experiments all protein solutions were suspended in dialysis membrane bags and allowed to equilibrate in appropriate buffers overnight at 4 °C. 
As control experiments 8 l aliquots of ITC buffers were injected into the calorimeter cell containing 1.43 ml proteins to measure the heats of protein dilution. Similarly 8 l aliquots of compounds in appropriate ITC buffers were injected into 1.43 ml of buffer containing no proteins to measure the heats of compound dilution. All derived values are statistical average of three independent experiments done with different batches of proteins purified from a single plate containing bacterial transformants. 
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Figure 1S. ITC data (upper) and fitted binding isotherms (lower) for thermodynamics of wt H-Ras binding to 1 (A) and 2 (B). Fixed aliquots of compound suspended in ITC buffer were injected into the calorimeter cell containing H-Ras in ITC buffer, and the heats of binding were recorded.
NMR binding experiments
All NMR spectra were acquired on a 600 MHz NMR spectrometer (Bruker) at 25˚C on H-Ras (300 M) in buffer composed of 50 mM Tris-Citrate (pH 6.5), 50 mM NaCl, 5 mM MgCl2, 10 mM -mercaptoethanol, and 10 M GDP. Compound 1 was dissolved in water to a final concentration of 49 mM. The chemical shift changes were measured for 1H and 15N, combined and normalized.
Protein expression and purification: The catalytic domain of H-Ras 1-166 cDNA was purchased from Invitrogen and cloned into the pDEST17 vector (Invitrogen) using polymerase chain reaction.  The hexa-histidine tag was added at the N-terminus to ease protein purification. The vector carrying the wild type H-ras gene was used to transform BL21DE3 E. coli cells. The transformed cells were grown to the optical density at 600 nm of 0.6 at 37º C. The cells were induced with 1 mM IPTG overnight.  The success of the expression induction was assessed by an SDS-PAGE gel. The cells were spun down at 4000 rpm for 30 min. The cell pellet was resuspended in lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl, 1 mM GDP, 1 mM EDTA, 5 mM MgCl2, and 1 mM DTT. The cell suspension was subjected to sonication for 5 min.  The cell debris was removed by centrifugation.  The protein solution was dialyzed against the loading buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM GDP, 5 mM MgCl2, and 1 mM DTT) and loaded onto a Ni2+ IMAC column. The column was washed with two column volumes of the loading buffer and two column volumes of the loading buffer containing 20 mM imidazole. The protein was eluted with a linear gradient of the loading buffer containing 200 mM imidazole.  The protein purity was assessed by a Coomassie Stained SDS-PAGE gel.  The protein identity and activity were verified by Western blot analysis and Raf1 binding activity assay.

NMR titration. 15N HSQC spectra were acquired for 15N H-Ras-GDP 1-166 in the absence and presence 1, 2, 5, 10, and 20 molar equivalents of the compound. The protein concentration was 300 mM in 50 mM Tris-Citrate (pH 6.5), 50 mM NaCl, 5 mM MgCl2, 10 mM BME, and 10 M GDP. Prior to the titration experiment the drug lead compound was dissolved in water to the final concentration of 49.14 mM. The spectra were acquired on a 600 MHz Bruker Avance NMR spectrometer at 25 °C. The data were processed and analyzed using NMRPipe software.[1s] The backbone chemical shift assignments were obtained from the BMRB database (accession number 10051).[2s] The 1H and 15N chemical shift perturbations were normalized and combined as a geometric average of the total chemical shift perturbation in ppm:
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Docking experiments

The three-dimensional structure of the ligand was first optimized by molecular mechanics, using the MMFF94 force field.[3s] Atomic charges were then recalculated within AutoDock 4.0, using the Gasteiger-Marsili algorithm,[4s] and, in order to obtain a reliable reference conformation for docking calculations, the ligand conformation was globally optimized in the subspace of torsional degrees of freedom using the AMBER force field.[5s] The X-ray structure of the human Ras-GDP complex was obtained from the Protein Data Bank (code 4Q21). 

Docking calculations were carried out using AutoDock 4.0.[6s]The torsional degrees of freedom of the ligands were explicitly considered, whereas the protein structure was kept frozen to X-ray atomic coordinates. The box dimension was set to 12.75x12.75x23.25 Å3 and centered on the cavity in close proximity to the Switch II region (Cx, Cy, Cz = 63.62, 80.73, 35.42; Figure 1S) 

Search for best poses was carried out using a Lamarckian genetic algorithm, using the following parameters; run: 100, population size: 200, maximum number of evaluations: 3500000.

Best poses from each run were clustered using an RMSD tolerance of 2.0 Angstrom.

Figure 2S. The grid box used in the docking experiments, superimposed to the three-dimensional structure of the Ras-GDP complex.
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Molecular dynamics

All optimizations and MD simulations were performed using the GROMOS96 force field, as included in version 3.3.3 of the GROMACS package and in the Dundee PRODRG2.5 Server (beta).[7s] Distance restraints between oxygen atoms of beta phosphate of GDP were imposed to provide for improper GROMOS96 parameterization of this particular group.

The protein structure, including crystallographic water molecules, the magnesium ion, GDP and DG4 molecules, was soaked in a dodecahedral box of SPC water molecules so that all protein atoms were at a distance equal or greater than 0.6 nm from the box edges.

Initially, solvent molecules were relaxed by molecular mechanics (Steepest Descent algorithm, 50000 steps) and equilibrated by 0.2 ns MD at 293.15 K (time step 0.002 ps) while restraining protein-GDP-DG4 atomic position.

This step was followed by 0.2 ns MD at 293.15 K (time step 0.002 ps) while restraining only protein backbone atomic position. Then 11.0 ns MD simulation was performed in the NPT ensemble at 293.15 K, applying periodic boundary conditions and using an external bath with a coupling constant of 0.1 ps. Pressure was kept constant (1.01325 bar) by scaling the box vectors and the time-constant for pressure coupling was set to 1.0 ps (Berendsen et al. (1984)). The LINCS algorithm (Hess et al. (1997)) was used to constrain bond lengths, allowing the use of a 0.002 ps time step. Electrostatic interactions were calculated using Particle-mesh-Ewald (PME) summation scheme (Darden et al. (1993)), with a cutoff of 0.12 nm for the separation of the direct and reciprocal space sum cutoffs. Van der Waals and Coulomb interactions were truncated at 1.4 nm. Conformations were stored every 5 ps. The whole procedure was repeated three times, starting from the same conformational structure of the system, but using different initial velocities Maxwell distributions; trajectories were collected starting from 5.0 ns, totalizing 18.0 ns of equilibrated trajectories (Figure 3S).

The most representative protein site conformation was selected and used for structural analysis.

Table 1S. H-Ras binding interfaces resulting from ligand’s best docking poses A and B. H = hydrogen bonds, >> = aromatic-aromatic interactions, * = hydrophobic interactions.
	
	Residue
	Interaction type

	Pose A
	Gly
10
	H

	
	Thr
58[a]
	*

	
	Ala
59
	*

	
	Gly
60
	*

	
	Glu
62
	H *

	
	Tyr
64
	>> *

	
	Arg
68
	*

	
	Met
72
	*

	
	Gln
95
	*

	
	Tyr
96
	>> *

	Pose B
	Gly
10
	H

	
	Thr
58
	H *

	
	Gln
61
	*

	
	Tyr
64
	H *

	
	Arg
68
	H *

	
	Met
72
	*

	
	Tyr
96
	*


[a]Underlined residues also showed significant chemical shift perturbations in NMR titration experiments with compound 1.

Figure 3S. RMSD (root mean square deviation) of all protein atoms as a function of time used to evaluate convergence and stability of the MD trajectories: in all cases they were collected starting from 5.0 ns (green lines). The graphs refer to MD simulations used to refine the best docking poses of cluster 1 (a) and cluster 2 (b) respectively.
A
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B
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Biochemistry
Recombinant protein expression and nucleotide exchange assay –Recombinant N-terminal His-tagged H-Ras proteins were purified from E.coli M15 [pREP4] strain expressing a pQETM-derived plasmid (Qiagen, Valencia, CA) according to manufacturer instructions. The glutathione S-Transferase (GST) tagged RasGRF1 Ras-GEF domain (residues 976-1262 of the mature protein) was purified from E.coli BL21pLysE expressing a pGEX2T-derived plasmid using standard glutathione-Sepharose chromatography (Amersham Biosciences). MANT-guanine nucleotides (Molecular Probes; Invitrogen) exchange assays were performed essentially as previously described.[15] The fluorescence measurements were carried out at 25°C in 40 mM Hepes  pH 7.5, 5 mM DTE, 10 mM MgCl2 buffer using a Perkin-Elmer LS45 luminescence spectrometer with an excitation wavelength of 366 nm and emission wavelength of 442 nm. Stimulation of the GDP to MANT-GDP exchange reaction on H-Ras was performed by adding to 0.25 μM H-Ras·GDP, a 5-fold excess of mant-GDP (1.25 μM) in presence of catalytic amounts of exchange factor (0.0625 μM). The exchange reaction was monitored for 1500 s. Data were fitted to a non linear “growth-sigmoidal Hill” curve, (Hill coefficient=1) using the OriginPro 8 software (OriginLab Corporation, MA USA). The initial exchange rate for each reaction (initial slope) was determined computing the first derivative at time zero of the corresponding Hill-fitted curve.
Cell biology
NIH3T3 mouse fibroblasts (from ATCC) were routinely grown at 37°C in a humidified atmosphere containing 5% CO2, in Dulbecco’s modified Eagle’s medium (D-MEM) supplemented with 10% fetal calf serum, 2 mM glutamine, 100 units/ml penicillin and 100 mg/ml streptomycin (Invitrogen). Cells were passaged using trypsin–ethylenediaminetetraacetic acid (EDTA) (Invitrogen) and maintained in culture for 96 h before experimental manipulation. For proliferation analysis, cells were plated into six-well flat-bottomed culture plates at the density of 3000 cells/cm2. At 18 h after seeding, predetermined concentrations of compound of interest (or buffer) was added to the cell culture. Cells were harvested at different time points (24, 48, and 72 h from compound addition) and counted by Coulter Counter. 
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