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            Abstract
Somatic mutations in the small GTPase K-Ras are the most common activating lesions found in human cancer, and are generally associated with poor response to standard therapies1,2,3. Efforts to target this oncogene directly have faced difficulties owing to its picomolar affinity for GTP/GDP4 and the absence of known allosteric regulatory sites. Oncogenic mutations result in functional activation of Ras family proteins by impairing GTP hydrolysis5,6. With diminished regulation by GTPase activity, the nucleotide state of Ras becomes more dependent on relative nucleotide affinity and concentration. This gives GTP an advantage over GDP7 and increases the proportion of active GTP-bound Ras. Here we report the development of small molecules that irreversibly bind to a common oncogenic mutant, K-Ras(G12C). These compounds rely on the mutant cysteine for binding and therefore do not affect the wild-type protein. Crystallographic studies reveal the formation of a new pocket that is not apparent in previous structures of Ras, beneath the effector binding switch-II region. Binding of these inhibitors to K-Ras(G12C) disrupts both switch-I and switch-II, subverting the native nucleotide preference to favour GDP over GTP and impairing binding to Raf. Our data provide structure-based validation of a new allosteric regulatory site on Ras that is targetable in a mutant-specific manner.
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                    Figure 1: Tethering compounds selectively bind to oncogenic K-Ras(G12C).[image: ]


Figure 2: Electrophilic compounds bind to S-IIP of K-Ras(G12C) and disrupt switch-I and switch-II.[image: ]


Figure 3: Compound binding to S-IIP changes nucleotide preference of K-Ras from GTP to GDP.[image: ]


Figure 4: Compounds block K-Ras(G12C) interactions, decrease viability and increase apoptosis of G12C-containing lung cancer cell lines.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Comparison of co-crystal structure of 6 with K-Ras(G12C) to known structures of Ras.
a, Compound 6 (cyan) bound in the S-IIP of K-Ras(G12C). b, Compound 6 (aligned and overlayed) with GDP-bound wild-type H-Ras showing groove near S-IIP (PDB accession 4Q21)13. c, Clash of compound 6 (aligned and overlayed) with GTPÎ³S-bound K-Ras(G12D), which shows glycerol molecule adjacent to S-IIP (PDB accession 4DSO)27.


Extended Data Figure 2 Additional insights into Ras-compound binding and its biochemical effects.
a, Compound 6 (cyan) is attached to Cysâ€‰12 of K-Ras(G12C) and extends into an allosteric binding pocket beneath switch-II (blue), the S-IIP. The binding pocket in K-Ras (surface representation of the protein shown) fits 6 tightly and includes hydrophobic sub-pockets (dashed lines). An extension of the pocket is occupied by water molecules (red spheres) and might provide space for modified compound analogues. bâ€“d, X-ray crystallographic studies of K-Ras(G12C) bound to several additional electrophilic analogues (14, 15 and 16, respectively) reveal a similar overall binding mode. All compounds follow a similar trajectory from Cysâ€‰12 into S-IIP but show some variability in the region of the piperidine/piperazine. The respective switch-I regions of the protein can be disordered. e, Overlay of the two different crystal forms of K-Ras(G12C) bound to 9 (space group C2 (grey) and P212121 (cyan)) is shown. The ligand orientation and conformation shows minimal changes, whereas switch-II of the protein appears disordered in the C2 form and atypical in the P212121 form. f, An overlay for several compounds including the disulphide 6 is shown (16-green, 6-yellow, 7-orange, 9-cyan). Key hydrophobic residues are labelled and hydrophobic interaction between the compounds and the (p-) or (o-) sub-pockets are indicated by dashed lines.


Extended Data Figure 3 Analysis of compound labelling rate and in vitro specificity.
a, Percentage modification of K-Ras(G12C) by compounds 9 and 12 over time (n = 3, error bars denote s.d.). b, Selective single labelling of K-Ras(G12C) by compound 12 in the presence of BSA. c, Quantitative single labelling of BSA and multiple labelling of K-Ras(G12C) by DTNB. d, Comparison of modification of K-Ras(G12C) and wild-type by 12 (n = 3, error bars denote s.d.).


Extended Data Figure 4 Comparison of active conformation and compound bound form of Ras.
a, X-ray crystal structure of the active conformation of H-Ras(G12C) with GMPPNP shows interactions of the Î³-phosphate with key residues (Tyrâ€‰32, Thrâ€‰35 and Glyâ€‰60) that hold switch-I (red) and switch-II (blue) in place. The inactive GDP-bound structure of H-Ras(G12C) reveals the absence of these key interactions and increased distances between these residues and the position of the Î³-phosphate (positions from GMPPNP structure indicated by spheres) coinciding with large conformational changes in both switch regions. In the P212121 crystal form of 9 bound to K-Ras(G12C) GDP switch-I is ordered (often disordered by compounds, see Extended Data Table 4), but the structure shows displacement of the Î³-phosphate-binding residues beyond their positions in the inactive state. b, As indicated by the X-ray structures, removal of the Î³-phosphate leads to relaxation of the â€˜spring-loadedâ€™ Ras-GTP back to the GDP state, with opening of switch-II. Compound binding moves switch-II even further away and interferes with GTP binding itself.


Extended Data Figure 5 Inhibitor sensitivity, K-Ras GTP levels and K-Ras dependency of lung cancer cell lines.
a, Percentage viability after treatment for 72â€‰h with 12 relative to DMSO (n = 3 biological replicates, error bars denote s.e.m.). b, K-Ras GTP levels determined by incubating lysates with glutathione S-transferase (GST)-tagged RBD (Ras-binding domain of C-Raf) immobilized on glutathione beads (n = 3 biological replicates). c, Viability of cell lines evaluated 72â€‰h after transfection with KRAS siRNA (n = 3 biological replicates). d, K-Ras immunoblot showing knockdown after KRAS siRNA (n = 3 biological replicates).


Extended Data Table 1 Hit fragments and percentage modification from the primary tethering screenFull size table


Extended Data Table 2 Overview of obtained and previously published co-crystal structures and their respective compoundâ€“protein binding interfacesFull size table


Extended Data Table 3 Extent of labelling after 24â€‰h at 10â€‰Î¼M inhibitorFull size table


Extended Data Table 4 Increased distance (Ã…) between position-12 CÎ± and Glyâ€‰60 CÎ± correlates with disordering of switch-IFull size table
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        Editorial Summary
Drug-targeting strategy for Ras protein
Mutations in the oncogenic small GTPase K-Ras are common in cancer making the enzyme an obvious drug target, but directly inhibiting K-Ras function with small molecules has proved difficult. Here, Shokat and colleagues report the development of small molecules that irreversibly bind to the common G12C mutant of K-Ras but not to the wild-type protein. Crystallographic studies reveal the formation of an allosteric pocket that is not apparent in previous structures of Ras, and the small molecules shift the affinity of K-Ras to favour GDP over GTP. These findings should provide a starting point for drug-discovery efforts targeting this mutant Ras protein.
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