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Abstract K-Ras is a well-validated cancer target but is

considered to be ‘‘undruggable’’ due to the lack of suitable

binding pockets. We previously discovered small mole-

cules that bind weakly to K-Ras but wanted to improve

their binding affinities by identifying ligands that bind near

our initial hits that we could link together. Here we

describe an approach for identifying second site ligands

that uses a cysteine residue to covalently attach a com-

pound for tight binding to the first site pocket followed by a

fragment screen for binding to a second site. This approach

could be very useful for targeting Ras and other chal-

lenging drug targets.
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K-Ras is a highly validated cancer target (Pylayeva-Gupta

et al. 2011). It is mutated in 90 % of pancreatic cancers,

50 % of colon cancers, and 30 % of lung cancers (Laghi

et al. 2002; Lau and Haigis 2009; Riely et al. 2009; Bos

1989; Yen et al. 2010), and tumors that contain Ras acti-

vating mutations are usually resistant to chemotherapy and

radiotherapy (Bernhard et al. 2000). In addition, inhibition

of K-Ras activity in established tumors or cancer cell lines

has been shown to result in the reversal of the malignant

phenotype and suppression of tumorigenicity in human

cancer cells (Chin et al. 1999; Podsypanina et al. 2008).

However, it is extremely difficult to target Ras due to the

lack of suitable small molecule binding sites on its surface.

Although K-Ras is thought to be ‘‘undruggable’’, a great

deal of effort has been expended by major pharmaceutical

companies as well as academic labs to identify lead mol-

ecules to inhibit this protein over the past decade. How-

ever, to date, no potent lead molecules have yet been

discovered.

One possible approach for targeting challenging proteins

such as K-Ras is to use fragment-based methods. Frag-

ment-based drug design (FBDD) has emerged as a popular

and productive route for discovering lead compounds for

therapeutically important targets, including those that have

been considered to be ‘‘undruggable’’ (Oltersdorf et al.

2005; Bollag et al. 2010). Compared to traditional high-

throughput screening, FBDD covers more chemical space.

Also, FBDD approaches often result in small molecules

that have better ligand efficiencies than molecules identi-

fied through conventional methods (Erlanson 2006).

Although the initial hits identified from a fragment-

based screen generally have low affinities due to their small

size, the potency of the initial hits could be dramatically

improved by linking them to other fragments that bind to

nearby pockets using the ‘‘SAR by NMR’’ paradigm

(Shuker et al. 1996). The general method used to identify

second-site ligands, involves a screen carried out in the

presence of saturating amounts of the first-site ligand. The

second-site ligands can be discovered using multiple

methods, such as monitoring chemical shift perturbations

of the protein (Hajduk et al. 2000), observing intermolec-

ular NOEs between bound ligands (Li et al. 1999) or by
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attaching a spin-label to the first-site ligand and following

the paramagnetic relaxation enhancement of the bound

second-site ligands (Wolfgang et al. 2000). However, in

some cases, the results of a second-site screen can be dif-

ficult or impossible to interpret if the first-site ligand does

not bind tight enough to saturate the primary binding

pocket.

Previously, we conducted a fragment-based screen

against GDP-bound K-Ras using NMR (Sun et al. 2012).

The hits identified in the screen occupied a hydrophobic

pocket between the switch II helix and a central beta sheet.

We were able to improve the affinity of these compounds

using structure-based design and demonstrated that they

inhibit Sos-catalyzed nucleotide exchange of K-Ras.

However, when we attempted to conduct a second-site

screen to further improve their binding affinities, we

encountered a problem. We were unable to find a suitable

first-site ligand that could fully saturate the first-site pocket

due to its weak binding and poor aqueous solubility. As a

result, many of the compounds in the second-site screen

competed for binding to the first-site pocket.

Inspired by the ‘‘cysteine tethering’’ strategy of Erlanson

et al. (2004), we developed an approach that involved the

preparation of cysteine mutants of K-Ras that could be

used to covalently attach a first-site ligand. This approach

would enable us to saturate the first-site pocket so that any

newly identified hits from the screen would bind to a dis-

tinct site and the modification would lock K-Ras in a state

that mimics the conformation when the primary pocket is

occupied by our previously identified inhibitors. To

accomplish this, we designed a panel of six cysteine

mutants (Fig. 1), targeting the region surrounding the pri-

mary binding site. Each mutant K-Ras protein was

expressed and purified. The 1H/15N HMQC spectra of the

proteins showed that all of the mutants were folded prop-

erly. Purified proteins were then mixed with thiol-reactive

compounds to covalently modify the protein.

Since a large number of our screening hits contain an

indole, we started with an indole-containing compound

(compound 2, Fig. 2). This compound was allowed to

react with the cysteine mutants, and mass spectrometry

was used to confirm that the reaction was complete. We

obtained crystal structures of tethered mutant proteins to

determine where the attached indole was bound. For the

T74C mutant, the indole moiety was found to point out of

the pocket (Fig. 2a), while in the S39C mutant, the indole

moiety occupies the pocket, but it does not bind in the

same conformation as the original ligand and is unable to

form a hydrogen bond with D54 (Fig. 2b). The Q70C

mutant attached to 2 was also not suitable for screening

since the indole moiety binds in a pocket of the neigh-

boring protein molecule in the unit cell, and induces the

formation of a crystallographic dimer (Fig. 2c). Full

occupancy of the first site pocket should block binding of

compound 1. However, when we added compound 1 and

recorded HMQC spectra, all of the 15N-labeled K-Ras

mutants that were covalently modified experienced

chemical shift changes indicating that the primary pocket

was not fully blocked.

Fig. 1 Six residues around the primary binding pocket were mutated

to cysteine. A previously identified K-Ras inhibitor (1) is depicted as

a stick figure to indicate the location of the primary binding pocket

Fig. 2 Crystal structures of various K-Ras mutants covalently

attached to compound 2 (cyan). a In mutant T74C, the covalently

attached compound 2 is pointing towards the solvent. b In the mutant

S39C, the linked compound is sitting inside of the primary pocket, but

the NH group of the indole is pointing in the opposite direction

compared to compound 1 (green). c The modified Q70C mutant

crystallized as a dimer with the indole portion of the compound

occupying the pocket of a neighboring molecule (PDB code 4PZY).

None of these modifications blocks the probe compound 1 from

binding to the first-site
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After these initial failures, we prepared a small library

of 32 thiol-reactive compounds (Supplementary Material

Fig. S1) to identify the desired combination of cysteine

mutants and thiol-reactive compounds. Each compound

was reacted with each of the cysteine mutants, and the

reaction was monitored using mass spectrometry and

NMR. To test whether the covalently attached molecule

could be displaced from the primary site, the probe

compound 1 was added, and 1H/15N HMQC spectra were

recorded.

Using this approach, we were able to identify four

suitable mutant/compound combinations in which the pri-

mary pocket was fully occupied and saturated (Fig. 3). As

confirmed by NMR, no further chemical shift changes were

observed upon addition of compound 1. Superposition of

the structure of K-Ras S39C/benzimidazolethiomethane (3)

covalent complex with that of an indole-containing com-

pound 1, showed a perfect overlap between the indole and

benzimidazole (Fig. 3a). The latter blocks the pocket

without interfering with potential nearby binding sites.

Thus, we chose the modified protein K-Ras S39C/3 to be

used in our second-site screen. Unlike the initial first-site

screen, which yielded over 140 hits, only 20 hits were

identified in a second-site screen from a library containing

*13,000 compounds. Figure 4 depicts an HMQC spec-

trum of the K-Ras S39C mutant covalently attached to

compound 3 in the presence (red) and absence (blue) of a

fragment hit. The second-site hits that we identified bind to

both modified and native K-Ras protein with affinities

ranging from 0.3 to 3 mM.

In summary, we have described a useful approach for

identifying small molecules that bind to a protein at a

second-site that differs from the primary binding pocket.

The method solves the problem of the need to saturate the

first-site pocket, which is a major issue when conducting a

second-site screen. The challenging step of this approach is

to identify an ideal combination between a cysteine

mutated protein and a thiol-reactive compound. The

covalently attached compounds must have the correct ori-

entation and linker length to fully saturate the first-site

pocket. For K-Ras, thiol-based compounds were generally

more successful than alkyl-halides because the disulfide

bond provides more flexibility to correctly position the

hydrophobic portion of the compounds in the pocket.

Based on our experience, the best way to find an optimum

covalently attached first-site ligand is to screen a small

library of well-designed thiol-reactive compounds in

combination with several cysteine mutant proteins. Once a

suitable combination of mutant/compound is found, the

modified protein can be used to screen for second-site

ligands using conventional methods. This differs from the

tethering approach using mass spectrometry that requires a

large library of reactive compounds (Erlanson et al. 2004).

Our approach may serve as a useful method for identifying

second-site hits of protein targets in which the first-site

screening hits bind only weakly and cannot saturate the

protein, which complicates the interpretation of the

screening results.
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