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The RAS gene family is frequently mutated in human cancers, and
the quest for compounds that bind to mutant RAS remains a major
goal, as it also does for inhibitors of protein–protein interactions.
We have refined crystallization conditions for KRAS169

Q61H-yield-
ing crystals suitable for soaking with compounds and exploited
this to assess new RAS-binding compounds selected by screening
a protein–protein interaction-focused compound library using sur-
face plasmon resonance. Two compounds, referred to as PPIN-1 and
PPIN-2, with related structures from 30 initial RAS binders showed
binding to a pocket where compounds had been previously devel-
oped, including RAS effector protein–protein interaction inhibitors
selected using an intracellular antibody fragment (called Abd com-
pounds). Unlike the Abd series of RAS binders, PPIN-1 and PPIN-2
compounds were not competed by the inhibitory anti-RAS intracel-
lular antibody fragment and did not show any RAS-effector inhibi-
tion properties. By fusing the common, anchoring part from the two
new compounds with the inhibitory substituents of the Abd series,
we have created a set of compounds that inhibit RAS-effector inter-
actions with increased potency. These fused compounds add to the
growing catalog of RAS protein–protein inhibitors and show that
building a chemical series by crossing over two chemical series is a
strategy to create RAS-binding small molecules.
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The oncogenic family of RAS genes is of significant interest in
the fight against cancer because of the frequency of activating

mutations (1). Their presence in almost all major cancers makes
them a highly valued therapeutic target, in particular the KRAS
gene, since it has been identified as one of the most frequently
mutated oncogenes (2, 3). RAS proteins are linked to the plasma
membrane by COOH-terminal prenylation mediated by farnesyl
transferases (4). All family members function by signal trans-
duction to the nucleus of cells via interaction with effectors (such as
RAF, RALGDS, and PI3K) that catalyze phosphorylation of
downstream proteins (5). When KRAS is bound to GDP, the
protein is in the inactive state and becomes activated by nucleotide
exchange from GDP to GTP. Normally, the activation/deactivation
cycle is catalyzed by guanine nucleotide exchange factors and
GTPase-activating proteins (GAPs) (6, 7). Mutant RAS proteins
remain in the active state and hydrolyze GTP at a much slower rate
than wild-type (WT) RAS (8). Mutations reduce GAP activity
leading to constitutive activation of RAS effector pathways (2),
constantly generating a signaling cascade that activates cell func-
tions such as division, survival, and invasion (9).
Despite its great potential as a cancer target, KRAS has

proved to be very difficult to inhibit in a therapeutic setting.
KRAS signaling works via protein–protein interactions (PPI)
that can be very difficult to disrupt (10). In addition, the nucle-
otides that regulate KRAS function (GTP and GDP) bind to the
protein with picomolar affinity, making them problematic to
displace (11). Attempts at targeting RAS function using farnesyl

transferase inhibitors also proved to be ineffective, failing to
demonstrate antitumor activity in KRAS-driven cancers (12). As
an alternative to compounds, various macromolecules [called
macrodrugs (13)] have been developed that can bind to RAS and
prevent PPI with the RAS effectors, such as has been shown with
intracellular antibody fragments (14, 15). The possible clinical
use of these macrodrugs has not been implemented thus far due
to difficulties in their delivery into cells, although methods are
becoming available that may solve this problem (16).
Although there are a large number of mutant RAS protein

isoforms, their structural conformation is highly conserved (17)
because of the invariant N-terminal domain up to amino acid
166. The interest in inhibition of RAS proteins by small mole-
cules has increased again recently (18), and several compounds
have been described that bind to RAS (19–27). Recently, we
have defined a chemical series based on an intracellular antibody-
binding domain (28) that interact with a hydrophobic pocket
(designated pocket I, SI Appendix, Fig. S1A), previously identified
in silico (29) and confirmed as the binding site for 4,6-dichloro-2-
methyl-3-aminoethyl-indole (DCAI) near the switch I region of
KRAS (23).
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A critical step in drug development programs for progressing
small molecules is the use of X-ray crystallography with compounds
after crystal soaking or cocrystallization to identify where such mol-
ecules bind to the target protein. We have optimized KRAS169

Q61H

crystallization and applied crystal soaking to assess a set of RAS-
binding compounds selected from an initial diverse PPI-net l com-
pound library (kindly provided by Andrew Wilson, University of
Leeds, Leeds, UK), of which two bind in pocket I. However, unlike
our previous Abd compounds, their binding was not impaired by
binding of an inhibitory anti-RAS intracellular antibody fragment nor
did they interfere with RAS-effector interactions. Comparison of the
structures of these two PPI-net RAS-binding compounds and the
lead compound Abd-7 allowed us to synthesize chimeric cross-over
compounds that bind to RAS with improved potency and inhibit
RAS-effector interactions whereas the PPI-net did not.

Results
Crystallography Conditions for KRAS169

Q61H GppNHp, Suitable for
Crystal Soaking. Initially, we wanted to establish crystallization
conditions to obtain a crystal form that would allow free move-
ment of RAS-binding compounds through the lattice for crystal
soaking. We reproduced the KRAS169

Q61H crystal structure
found in the database (PDB ID code 3GFT) but with optimized
crystallization conditions, using sparse matrix crystallization
screening with a protein spanning residues 1–169. This produced
diffraction quality crystals that showed similar packing to PBD
ID code 3GFT with six chains in the asymmetric unit (Fig. 1A

and SI Appendix, Table S1). All six crystallographically indepen-
dent chains (identified as chains A–F) have the same fold. Non-
crystallographic symmetry averaging of the electron density maps
allowed the assignment of all of the polypeptide backbone for
switch I (in all six chains). Switch II is more flexible in this crystal
form and a complete model could only be built in three or four
copies of RAS per asymmetric unit. Further evidence for the
flexibility of switch II is that chain A adopted a different confor-
mation in this region owing to interactions with a symmetry-
related molecule (Fig. 1B). The six chains are less sterically hin-
dered than in other published RAS crystal structures, such as
KRAS188

G13D (21) PDB ID code 4DST. The solvent channels are
also much larger, facilitating compound diffusion; consequently,
bound compounds have more freedom to be accommodated
within KRAS169

Q61H crystals, and the structures are more likely to
represent the interaction in solution. In addition, six independent
protein chains are available for binding of compounds within the
asymmetric unit, making this crystal form particularly suitable for
compound-soaking experiments.
As a comparison with the KRAS169

Q61H crystals, we also de-
termined crystal structures of WTKRAS188, mutant KRAS188

G12V

(SI Appendix, Fig. S2 and Table S2), and KRAS188
G12D (all iso-

form 4B) (SI Appendix, Fig. S3 and Table S2) with a GTP analog
(GppNHp), using crystallization conditions similar to those de-
scribed previously for full-length KRAS188

G12D (23). When the
crystal packings of KRAS169

Q61H and KRAS188
G12D mutant pro-

teins are compared, the switch regions are more solvent-accessible
and less sterically hindered for the Q61H crystal. A further com-
parison was carried out between the switch regions of the two full-
length KRAS structures (G12V and G12D) with our new
KRAS169

Q61H structure (amino acids 1–169, Fig. 1 C and D). Both
KRAS169

Q61H and KRAS188
G12V lack stabilization in the switch II

region, and this instability could be attributed to the lack of a Mg
ion binding to the switch II. All of the comparisons and obser-
vations between different crystal forms and mutants led us to
conclude that the KRAS169

Q61H crystals were the best option for
crystal-soaking experiments.

PPI-Net Fragment Screen with KRAS166
G12V.We previously identified

a compound series that binds to RAS in pocket I using a high-
affinity anti-RAS intracellular antibody fragment in competition
surface plasmon resonance (SPR) (28). In the present paper, we
used direct screening of KRAS with a compound library using
SPR. The library used was triaged for possible PPI inhibitors and
comprised 1,534 compounds (the PP1-net screening collection).
To identify specific KRAS binders, the library was simultaneously
negatively screened against two control proteins, namely the LIM-
only protein 2 (LMO2) and a fusion protein consisting of LMO2
bound by an intracellular antibody VH fragment (LMO2-VH fu-
sion) (30). Responses were referenced by subtracting those mea-
sured against the control protein LMO2 from the responses
measured against KRAS (Rref). Compounds were selected as hits
if Rref was over 10 RU and if compounds did not bind the LMO2-
VH fusion protein. Thirty compounds bound to KRAS166

G12V (SI
Appendix, Fig. S4A) of which 7 showed RAS specificity. Four of
these compounds were available in sufficient quantities (with
identities confirmed by mass spectroscopy) to allow waterLOGSY
NMR to be carried out showing that PPIN-1 and PPIN-2 (the
chemical structures are shown in Fig. 2 A and B) have good in-
teraction properties with KRAS166

G12V-GppNHp (SI Appendix,
Fig. S4 A–C). Furthermore, the two PPIN compounds still bind to
KRAS in waterLOGSY experiments in the presence of the RAS-
inhibitory single-chain variable region antibody fragment (scFv) as
a competitor. Thus, in this orthogonal assay, PPIN-1 and -2 were
confirmed to bind to KRAS166

G12V, but neither compound was
prevented from binding to KRAS by the anti-RAS scFv in-
tracellular antibody fragment as shown using Bioluminescence
Resonance Energy Transfer (BRET)-based RAS biosensors (31)
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Fig. 1. KRAS169
Q61H structure analysis using new crystallization conditions.

KRAS169
Q61H protein was crystallized with bound GTP-analog GppNHp. (A) Sur-

face representation of the asymmetric unit containing the six KRAS169
Q61H

proteins in different colors with different chains, labeled A–F. (B) Ribbon repre-
sentation of KRAS169

Q61H showing an overlay of the six chains, of the asymmetric
unit. The switch regions of five proteins (B–F) are identical (depicted in dark gray),
and one (chain A) has a stabilized switch I and switch II (depicted in blue) due to
interactions with neighboring protein molecules in the crystal lattice. Residue
H61 and GppNHp are indicated and one Mg atom (shown as a magenta sphere)
was identified per chain. C and D show ribbon representation overlays of the
KRAS169

Q61H (chain A) structure with KRAS188
G12V (C, switch I and switch II depicted

in green) and KRAS188
G12D (D, switch I and switch II depicted in brown), high-

lighting structural conservation across RAS mutations.
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to assess intracellular RAS-protein interactions. As predicted
from the waterLOGSY data using the intracellular antibody
fragment, the PPIN compounds did not disrupt the interaction of
KRAS166

G12D with the anti-RAS iDAb (VHY6) with a dematured
version of the iDAb (VHY6dm) or with full-length CRAF
(CRAFFL) (SI Appendix, Fig. S4D). This discrepancy between
in vitro affinity and in cell potency could be attributed to targets
with high conformational variability (like RAS switch regions)
interacting with allosteric binders (32, 33).

Crystal Soaking of KRAS169Q61H with PPIN-1 and -2. We determined
the RAS-binding sites of PPIN-1 and PPIN-2 by soaking
KRAS169

Q61H crystals. Crystals of KRAS soaked with PPIN-1
diffracted to 1.63 Å (Fig. 2 C and E and SI Appendix, Table S3).
Good electron density was observed for the ligand in one chain of
the asymmetric unit (chain A, in which the switch regions are
stabilized due to additional interactions on the opposite face with
residues Arg102 and Lys101 from chain B in a neighboring
asymmetric unit) and located adjacent to the C-terminal end of
the switch I and switch II regions in pocket I. PPIN-1 primarily
contacts KRAS169

Q61H with the biphenyl head group via van der
Waals interactions. No hydrogen bonds are formed with the
protein. Crystals soaked with PPIN-2 diffracted to 1.7 Å. For this
compound, clear electron density corresponding to the methoxy-
biphenyl anchor group was observed in four of the six chains (Fig.
2 D and F). Weaker electron density was observed around the
linker and tail groups, suggesting that the rest of the compound
remains flexible when bound to the protein. It was noteworthy that
both PPIN compounds have the same biphenyl anchoring group

but different tail functional groups, suggesting that the biphenyl-
type groups of PPIN-1 and -2 are key in targeting these com-
pounds to the pocket I-binding site.

Design and Characterization of RAS-Binding Cross-Over Compounds.
Our data show that PPIN-1 and PPIN-2 bind to KRAS at the
same pocket I as several previously identified compounds (23),
but they do not disrupt RAS function. To understand the lack of
RAS inhibition of the PPIN compounds, we selected one of our
RAS-binding intracellular antibody-derived compounds (Abd-7)
able to interfere with RAS PPI in cells (28). We used the com-
putational chemistry suite FORGE (https://www.cresset-group.
com/forge/; ref. 34) that employs a ligand comparison method to
align and score molecules independently using their shape and
electrostatic properties, aiding the understanding of structure–
activity relationships. FORGE was used to compare the structures
of PPIN-1 and -2 with Abd-7 by performing an alignment based on
the surfaces of the compounds only and detected similarities in the
lower half of the molecules (Fig. 3 A and B). The aromatic ring of
the benzodioxane moiety in Abd-7 aligned with the terminal bi-
phenyl aryl ring in both PPIN compounds, and the pyridine ring of
Abd-7 aligned with the middle aromatic ring of both PPIN com-
pounds. This suggested that the PPIN biphenyl system might act as
the anchor to the RAS protein. The alignment with the functional
groups on the upper half of the molecules was poor. We used
these analyses to design of cross-over compounds linking the
common diphenyl-anchoring moiety of PPIN-1 and PPIN-2 to the
Abd-7 aniline fragment.
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Fig. 2. Crystal structure of PPIN-1 and PPIN-2 bound to KRAS169
Q61H-

GppNHp. The crystal structure of KRAS169
Q61H with PPIN-1 and PPIN-2 was

derived by crystal soaking with the compounds (their structures are shown in
A and B, respectively). (C and D) Surface representations of the binding of
PPIN-1 and PPIN-2 into pocket I close to the switch regions I (red) and II
(blue). Good 2mFo-DFc electron density (green mesh) was found for the
whole of PPIN-1 and for the biphenyl head group of PPIN-2 (green mesh) but
less contiguous for the rest of the molecule. (E and F) Expanded views of the
interactions of PPIN-1 and PPIN-2 with KRAS with the following residues in
contact: K5, L6, V7, S39, Y40, R41, D54, I55, L56, Y71, and T74.
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Fig. 3. Abd and PPI-net compound alignment and cross-over compound
crystallography. Alignments were carried out with the computational chem-
istry suite FORGE. (A) Abd-7 and PPIN-1 with alignments. (B) Abd-7 and PPIN-2.
Three cross-over compounds were synthesized after the alignments, which are
shown in C (Left, Ch-1; Middle, Ch-2; Right Ch-3). These compounds were
soaked into KRAS169

Q61H-GppNHp crystals. (D) A surface representation of the
binding of Ch-1 (Left), Ch-2 (Middle), and Ch-3 (Right) in KRAS pocket I, close
to the switch regions I (red) and II (blue). Full electron density (2Fo-Fc) was
found for the three compounds, all depicted as a greenmesh. (E) An expanded
view of the interaction of the compounds with KRAS with the following res-
idues in contact: K5, L6, V7, S39, R41, R41, D54, I55, L56, Y71, and T74.
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Three cross-over compounds (Fig. 3C: Ch-1, Ch-2, and Ch-3)
were synthesized and their binding geometries were determined
by X-ray crystallography using KRAS169

Q61H crystal soaking
(Fig. 3 D and E and SI Appendix, Table S4). All three compounds
showed very similar binding modes to Abd-7 with van der Waals
contacts to K5, L6, V7, S39, Y40, R41, D54, I55, L56, G70, Y71,
T74, and G75. Ch-1 was found in four of the six KRAS169

Q61H

chains (A, B, C, and F); Ch-2 was again found in three of the six
chains (A, B, and C) and Ch-3 was found in four of the six chains
(A, B, C, and D). Thus, by combining the anchor constituent of
the PPIN compounds with the aniline fragment of Abd-7, we
generated a compound series showing good electron density for
the entire molecule when bound to KRAS pocket 1.

The RAS-Binding Cross-Over Compounds Are PPI Inhibitors in Cells.
The purpose of the compounds was to generate inhibitors of RAS
PPI. The ability of the compounds to interfere with RAS-associated
PPI was analyzed with our BRET-based RAS biosensor toolbox
(31). The interaction of full-length KRASG12D and either the anti-
RAS iDAb VHY6, a dematured version of this iDAb (VHY6dm),
or the natural RAS partner CRAFFL was assessed as a dose–re-
sponse with the three compounds (respectively, Fig. 4 A–C). While

the interaction of the high-affinity WT iDAb with RAS was mini-
mally affected, even at the highest dose of compound (i.e., 20 μM),
both the lower-affinity–dematured iDAb and CRAF binding to
RAS were progressively impaired, starting at the lowest dose of
5 μM. No alteration in the BRET signal for the PPI of a non-
relevant protein pair (LMO2-VH576dm) was observed (Fig. 4D),
confirming that the dose–response effects of the Ch compounds was
not due to loss of cell viability.
We also tested the effect of compound Ch-3 in the BRET

assay using five different full-length KRASG12 mutations inter-
acting with full-length CRAF (Fig. 4E: G12A, G12C, G12R, and
G12V) or CRAF RAS-binding domain (RBD) (Fig. 4G: G12D).
Each of these PPIs was inhibited by the Ch-3 compound in a dose–
response assay. Furthermore, the BRET interaction signal between
KRASG12D and either PI3K (α or γ) or RALGDS was inhibited by
Ch-3 (Fig. 4G), demonstrating that the BRET data are not re-
stricted to KRAS-CRAF interaction. Finally, we show that Ch-3
interferes with NRAS and HRAS isoforms using the BRET bio-
sensor assay. Interactions between full-length NRASQ61H or
HRASG12V and full-length CRAF (Fig. 4F), between NRASQ61H

and RBD for PI3K (α or γ), CRAF, and RALGDS (Fig. 4H), or
between HRASG12V and RBD for PI3K (α or γ), CRAF, and
RALGDS (Fig. 4I) are inhibited in the BRET assay by Ch-3.
These BRET data show that the three cross-over compounds

can enter cells and reach their target protein (RAS) in the cy-
toplasmic environment. The BRET assay relies on cotransfected
donor and acceptor expression plasmids, and we confirmed this
inhibitory capability by testing the effect of the compounds on
biomarker phosphorylation in DLD-1 colorectal cancer cells.
The cells were incubated with our previously described antibody-
derived compounds Abd-2 and Abd-7, the original PPIN-2
compound, or the three cross-over compounds Ch-1, -2, and
-3. Phosphorylation of AKT (downstream of RAS-PI3K signal-
ing) or phosphorylation of ERK (downstream of RAS-RAF
signaling) was determined following EGF stimulation (Fig. 5 A–
C). The PPIN-2 (and control Abd-2) had no effect on the levels
of phospho-AKT or phospho-ERK even at 20 μM (addressed
using Western blotting, Fig. 5 A–C), but we found that the three
cross-over compounds caused loss of phospho-AKT or phospho-
ERK, as did the previously described compound Abd-7. The
most potent compound appears to be Ch-3, which invokes an
almost complete reduction of phospho-AKT at a concentration
of 10 μM while not affecting AKT protein levels (Fig. 5C).
The biomarker Western blotting assay was carried out 2.5 h after

addition of the compounds, at which time no loss of viability was
observed. The survival of DLD-1 cells was determined over 48- and
72-h periods using a dose–response (0–20 μM) (Fig. 5D; data
shown at 72 h), allowing a calculation of IC50 for each compound
(SI Appendix, Table S5). The previously characterized low-affinity
Abd-2 compound does not affect DLD-1 viability over the range of
concentrations nor does the PPIN-2 compound. Conversely, the
intracellular antibody-derived compound Abd-7 causes loss of vi-
ability with IC50 of 10.8 μM at 48 h and 8.2 μM at 72 h. The po-
tency of the two of the cross-over compounds (Ch-1 and Ch-3) is
improved, relative to Abd-7, as these show IC50 at 72 h of 5.3 and
4.5 μM, respectively (SI Appendix, Table S5). This increased effi-
cacy of Ch-3 in the challenge of DLD-1 viability matches the most
efficacious compound in the signaling biomarker assay.

Discussion
The RAS family of genes is among the most frequently mutated
in human cancer (e.g., up to 96% in pancreatic cancer) and
therefore an important target for drug development. Targeting
the RAS-effector PPI is one possible route to RAS inhibitors.
Screening chemical compound libraries per se does not guarantee
selection of compounds that will act as PPI inhibitors unless there
is a method to guide the screen to functionally specific locations.
Strategies are needed that will allow protein-binding compounds
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Fig. 4. Compound Ch-3 disrupts RAS-effector interactions. Assessment of
the inhibition of RAS protein–protein interactions in cells by the chemical
series compounds Ch-1, Ch-2, and Ch-3 using different BRET-based RAS
biosensor expression vectors. (A–C) Data from BRET assays using RLuc8-
KRASG12D with either anti-RAS VHY6-GFP2 (A) with dematured anti-RAS
VHY6dm-GFP2 (B) or with full-length CRAFFL-GFP2 (C). (D) Data from BRET
assay using a negative control BRET-based biosensor LMO2/VH576dm. The
VH576dm is a dematured anti-LMO2 VH. The data are computed relative to
cells treated with DMSO vehicle only (open bar) or with Ch-1, Ch-2, or Ch-3
(shaded bars). (E and F) The effect of the Ch-3 compound on mutant
KRASG12X (E) and NRASQ61H and HRASG12V (F) interactions with CRAFFL. (G–I)
The effect of Ch-3 on the interaction of KRASG12D (G), NRASQ61H (H), and
HRASG12V (I) with various RAS effector domains (PI3Kα, PI3Kγ, CRAF, and
RALGDS). The range of concentration of the compounds was 5, 10, and
20 μM. Each experiment was repeated at least twice (biological replicates).
Statistical analyses were performed using a one-way ANOVA followed by
Dunnett’s posttests (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
Error bars correspond to mean values ± SD of biological repeats. RLuc8-
KRAS, NRAS, and HRAS all comprised full-length RAS components.
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to be selected and improved in their properties related to the
functional mechanism to be disrupted. In particular, X-ray crys-
tallography of RAS proteins is a key method to determine the
location and geometry of bound compounds. We optimized pro-
duction of KRAS169

Q61H crystals for soaking of compounds for
this purpose. It should be noted that these conditions, in principle,
could be used to produce crystals of other RAS mutants suitable
for compound-soaking experiments. Surface analysis of KRAS
(using the CASTp server: sts.bioe.uic.edu/castp/) confirmed three
pockets with internal volumes greater than 80 Å3 (SI Appendix,
Fig. S1A: pockets I, III, and IV) and a less deep, more like a
shallow groove, pocket (SI Appendix, Fig. S1A: pocket II). Pocket I
was previously identified in silico (29) and was also the site where
DCAI was first selected (23). In addition, this pocket is close to
the switch region and could act as a point of inhibition for PPI.
Furthermore, we have focused on the identification and optimi-
zation of compounds inhibiting RAS-effector interactions and not
other RAS modulation effects, such as DCAI has shown. Struc-
tural comparison of the six chains in the asymmetric unit show that
compound binding has a minimal effect on the conformation of
the switch regions in RAS protein. Any observed differences are
no more than twice the coordinate error (35) and therefore can-
not be considered significant. Comparison of the temperature
factors between RAS molecules with compound bound and 3GFT
(where no compound is present) show no evidence that compound

binding results in significant reduction in flexibility of switch II
relative to the rest of the molecule, suggesting that any stabiliza-
tion of the switch regions by compound binding is, at most, slight.
Therefore, we conclude that any inhibitory effect observed is due
to a disruption of RAS-effector PPI rather than any other mod-
ulation of the RAS protein.
We have screened a chemical library that yielded two RAS-

binding compounds (the PPINs) and have shown, by crystallog-
raphy, that they bind to pocket I near to the effector binding
sites. However, when these were tested in an orthogonal NMR
waterLOGSY binding assay, their binding to KRAS166

G12V was
not impaired by the presence of the anti-RAS intracellular an-
tibody fragment, nor did they interfere with PPI using a cell-
based BRET assay (SI Appendix, Fig. S4). Crystallography and
medicinal chemistry was undertaken to improve the initial PPIN
hits using structure-based design combining the crystal in-
formation and molecular fragments from two different chemical
series, namely PPIN and the Abd series (28). The resulting cross-
over compounds illustrate that this strategy guided the conver-
sion of the PPIN RAS-binding compounds to RAS PPI inhibitors
in a series (compounds designated Ch-1–3). These compounds
have a low molecular weight suitable for further medicinal
chemistry to improve drug-like properties and with better ligand
efficiencies than their progenitors (SI Appendix, Table S5).
Furthermore, the compounds have also shown better cell via-
bility results than their progenitors. Their low molecular weight
makes them a better starting point for the development of RAS
inhibitors based on this promising chemical series.
We have previously shown that the Abd chemical series af-

fected RAF, RAL, and PI3K interactions with RAS (28) and,
due to the similarities in binding mode and orientation of the Ch
series with the Abd series, we expect the Ch compounds to have
a similar range of profiles with other KRAS mutants and also
with NRAS and HRAS isoforms. This was confirmed using
various KRASG12 mutants and the NRASQ61H and HRASG12V

mutants with four effector molecules in BRET assays.
This approach shows that compounds binding in pocket I are

not necessarily able to inhibit RAS PPI, but synthetically link-
ing components of two classes of RAS-binding compounds can
generate new active molecules that inhibit PPI. It should also
be noted that the presence of pocket I in nonmutated forms of
RAS as well as in mutant RAS (SI Appendix, Fig. S1 B–G)
presents a technical challenge for the development of anti-RAS
drugs since these will bind to the pocket in WT-activated RAS
as well as in mutant RAS. Development of methodologies for
specific drug delivery could avoid drug interference with non-
mutated RAS. Approaches such as Antibody-Drug Conjugates
(ADC) offer one route to avoid drugs entering normal cells
(reviewed in ref. 36) by targeting antigens expressed on tumors.
While this, in turn, has difficulties, since few surface antigens are
tumor-specific, surfaceome studies of tumors (37, 38) can find
possible markers or pairs of markers that may be useful for mono-
or bispecific ADCs. An alternative approach, based on structure–
activity relationships, could be the development of compounds
anchoring at pocket I and moving toward the nucleotide-binding
region of RAS or perhaps linking the “unselective” but potent
compounds identified in pocket I to those binding in pocket II.
In conclusion, our approach demonstrates the importance in

drug development of combining assays for PPI with the identi-
fication of compounds that bind at important locations but not
necessarily with PPI properties. Thus, compounds binding with
good potency to the target but not showing any effect on PPI
could be utilized in combination chemistry to create new
chemical series. A combination of high-resolution crystallogra-
phy from different chemical series with biophysical competition
assays, such as using high-affinity antibody fragments, is thus a
powerful way to identify hit compounds of interest in analogous

A

B

C

D

Fig. 5. Activity of compounds in a mutant KRAS human cancer cell. The new
chemical series compounds Ch-1, -2, and -3 were assessed in two cell-based
assays. (A–C) Western blot analysis of EGF-stimulated DLD-1 cells treated
with 5, 10, and 20 μM of Abd-2 or Abd-7 (A), PPIN-2 or Ch-1 (B), and Ch-2 or
Ch-3 (C). Cell extracts were fractionated by SDS/PAGE and transferred to
PVDF membranes that were incubated with antibodies detecting the in-
dicated proteins. These data are quantitated in SI Appendix, Fig. S5. (D) DLD-
1 cell viability 72 h after treatment with a single application of compound at
the indicated concentrations. Viability was determined using the CellTi-
treGlo method and carried out in triplicate. The data are plotted as nor-
malized cell viability mean with error bars showing SDs.
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settings. It is also useful in the development of new chemical
series, even when initial compounds are inactive, and should
allow directed medicinal chemistry for drug development.

Methods
Detailedmethods on protein expression and purification, SPR screening, NMR
analysis, crystallography experiments, cell-based assays, and chemical ex-
periments can be found in SI Appendix, Methods. The atomic coordinates
have been deposited in the Protein Data Bank (39–47).
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METHODS  
Recombinant protein expression for crystallography 
KRAS169

Q61H, and KRAS188
G12D cDNAs were cloned into the pRK-172 vector using NdeI 

and BamHI restriction sites. Genes were placed in-frame with an N-terminal 6 x his-tag 
and the TEV protease recognition site. KRAS188

WT and KRAS188
G12V constructs were 

generated using QuikChange Site-Directed Mutagenesis kit (Agilent Technologies, USA) 
using pRK-172-KRAS188

G12D vector as a template. Plasmids containing pRK-172-6xHis-
TEV-KRAS169

Q61H, KRAS188
G12D, KRAS188

WT or KRAS188
G12V sequences were transformed 

individually into B834(DE3)pLysS cells, which were grown in 25 ml LB medium with 50 
μg/ml Carbenicillin and 34 μg/ml Chloramphenicol for 16 hours, before adding to 1L LB 
medium containing the same antibiotics. Protein expression was induced when cells 
reached an OD600 of 0.6 by addition of 1-thio-β-D-galactopyranoside (IPTG) to a final 
concentration of 0.5 mM followed by overnight incubation at 16°C. Bacteria were 
harvested by centrifugation (5180g, 30 mins, 4 °C )  resuspended in 60 ml of 50 mM Tris-
HCl, pH 7.5, 500 mM NaCl, 5 mM MgCl2 and 10 mM imidazole also containing one EDTA-
free protease inhibitor cocktail table (Roche Diagnostics, Mannheim, Germany). Cells 
were then lysed by sonication using five 30s pulses on power setting 16 with 1 min pauses 
on ice between pulses and insoluble debris removed by centrifugation (75,600g, 20 mins, 
and 4 °C). Supernatant was applied to nickel agarose beads (Invitrogen) by gravity, beads 
were then washed twice using same lysis buffer containing 50 mM imidazole and bound 
proteins were eluted in 50 mM  Tris-HCl, pH 7.5, 500 mM NaCl, 5 mM MgCl2 and 300 mM 
imidazole. For KRAS188

G12D,KRAS188
WT and KRAS188

G12V HIS-tagged TEV protease 
(1.4mg/ml) was added at a ratio of 1:100 to the eluate and the sample dialysed against 50 
mM Tris-HCl, pH 7.5, 500 mM NaCl, 5 mM MgCl2, overnight at 4°C. His-tagged TEV 
protease and cleaved HIS-tag were removed by reapplication of the digestion to nickel 
agarose beads (Invitrogen). Samples containing RAS protein were concentrated using 
Vivapore 10/20 mL concentrator (7.5 kDa molecular weight cut-off; Sartorius Vivapore). 
The proteins were further purified by gel filtration using a Superdex 75 Increase 10/300 
GL column (GE Healthcare, Uppsala, Sweden) equilibrated with 20 mM HEPES pH 8.0, 
150 mM NaCl , 5 mM MgCl2 and 1 mM DTT at a flow rate of 0.5 ml/min. Fractions 
corresponding to  RAS were pooled and concentrated to 45-75 mg/ml for crystallization 
trials. Protein concentration was determined from a theoretical  extinction coefficient at 
280 nm calculated using ProtParam tool (https://web.expasy.org/protparam/). Protein 
purity was analyzed by SDS-PAGE stained with Instant Blue (Expedeon). The purification 
procedure of KRAS188

G12D, KRAS188
WT or KRAS188

G12V proteins were the same as for the 
KRAS166

G12V and KRAS169
Q61H described above, except gel filtration used the following 

buffer (25 mM TrisCl, pH 8.0, 100 mM NaCl, 5 mM MgCl2 and 1 mM TCEP). Nucleotide 
exchange for crystallographic samples was carried out following published procedures (1).  
 
Protein crystallization and structure determination  
KRAS169

Q61H crystals were grown at 4 °C by mixing 1.5 ul of protein (75 mg/ml) with an 
equal volume of crystallization buffer before equilibrating against 0.5 ml of crystallization 
buffer using sitting drop vapor diffusion. Crystal of this variant appeared in drops 
containing 8-15% w/v Polyethylene Glycol 3350 and 0.2 M lithium citrate pH 5.5.  For 
KRAS188

G12D crystals, drops were prepared by mixing 1.5 µl of protein at 45 mg/ml with 1.5 
µl of reservoir consisting of 0.1 M TrisCl pH 8.0, 0.2 M NaOAc and 30-35 % PEG 4000 in 
24-well Cryschem sitting-drop plates. Crystals of KRAS188

WT and KRAS188
G12V mutants 

were obtained in a sitting-drop setup experiment using micro-seeding. KRAS188
WT protein 

and precipitant were mixed in a 1:1 ratio in an initial volume of 2 ul and 0.5 ul of 
KRAS188

G12D micro-crystals were added. KRAS188
G12D seed stocks were prepared by 

mechanical homogenization of crystals using the Seed Bead Kit (Hampton Research) as 



described by Luft & DeTitta (2). Micro-crystals were suspended in 50µl reservoir solution 
containing the seed bead followed by mixing for 3min using a laboratory vortex. The seed-
stock solutions were stored at −20°C The same procedure was followed for the generation 
of KRAS188

G12Vcrystals. KRAS188
G12V and KRAS166

WT crystals were obtained in a 
crystallization solution of 0.1 M Tris pH 8.0, M NaOAc, 31.4% PEG 4000. 
Prior to data collection, crystals were cryo-protected by addition of 20% glycerol to the 
crystallization buffer, then flash-cooled in liquid nitrogen. For crystal soaking experiments, 
compounds were added individually (25-50mM of compound in 100%DMSO, with a final 
DMSO concentration of 6-12% v/v) to the crystallization buffer. Crystals were then 
transferred to solution containing compound for a minimum of 5 mins. Soaked crystals 
were also cryo-protected with 20% glycerol and flash-cooled in liquid nitrogen for data 
collection. X-ray diffraction data were collected at either Diamond Light Source (DLS, 
Oxfordshire, UK) or European Synchrotron Radiation Facility (ESRF, Grenoble, France). 
The structure of KRAS169

Q61H GPPNHP and KRAS188
G12D GPPNHP were solved by 

molecular replacement using Protein Data Bank (PDB) codes 3GFT and 4DSU, 
respectively as a search models, within the program Phaser (3). KRAS188

WT, KRAS166
G12V 

and KRAS188
G12V structures were again solved by molecular replacement using the 

KRAS188
G12D GPPNHP solved in this study as a search model. Structures were refined 

using REFMAC5 (4) and manually corrected using COOT (5). The refined models were 
validated using MOLPROBITY (6) and Phenix software packages (7) (8). Figures were 
created using PyMOL (DeLano, 2002). Data collection and refinement statistics are shown 
in Supplementary Tables 1-4. 
 
Protein expression and purification for SPR fragment screen 
The DNA sequence encoding human KRAS166

G12V (Uniprot P01116, isoform 4B, residues 
1-166) was cloned into the vector pRK, modified to encode an N-terminal hexahistidine 
tag, TEV cleavage site and AviTag. The LMO2 and the LMO2-VH fusion cDNA were 
cloned into the vector pOPINS, modified to encode an N-terminal hexahistidine tag, SUMO 
tag and AviTag. Proteins were expressed in C41(DE3) or Lemo21 cells (NEB) using 
0.5mM isopropyl 1-thio-β-D-galactopyranoside (IPTG) for overnight induction at 15ºC. 
Cells expressing LMO2 were supplemented with 0.1mM ZnCl2. Harvested cells were re-
suspended in binding buffer (50mM HEPES pH 7.5, 500mM NaCl, 5% glycerol, 10mM 
imidazole, 2mM 2-mercaptoethanol) supplemented with Complete Protease Inhibitors 
(Roche) and disrupted using a cell disruptor (Constant Systems) at 25kPSI, 5ºC.  Proteins 
were partially purified by nickel affinity chromatography, eluting in 500mM imidazole. 
KRAS166

G12V protein was loaded with GppNHp as previously described (1). The N-terminal 
AviTags on all proteins were biotinylated by treatment with biotin ligase enzyme (BirA) 
overnight at 4ºC in the presence of ATP, MgCl2 and D-biotin. The hexahistidine and SUMO 
tags were also cleaved from the LMO2 proteins using SUMO protease. The proteins were 
further purified by size-exclusion chromatography using either a HiLoad S200 16/600 
column or HiLoad S75 16/600 column equilibrated in gel filtration buffer (10mM HEPES 
pH 7.5, 150mM NaCl, 1mM 2-mercaptoethanol) or PBS on an Akta Avant FPLC system 
(GE Healthcare).  
GST-tagged KRAS166

G12V was expressed and purified as previously described REF.  
 
SPR screening 
Biotinylated LMO2, KRAS and LMO2-VH fusion were immobilized on a streptavidin chip 
(GE Healthcare) and the PPI-Net library compounds were passed over the three proteins 
at 150μM concentration. SPR experiments were carried out using a Biacore T200 
instrument (GE Healthcare) at 10 °C to preserve the protein immobilised on the sensor 
surface. Biotinylated proteins were immobilised on a streptavidin-coated sensor chip (chip 



SA, GE Healthcare). The surface was washed with 1M NaCl, 50mM NaOH before 
immobilising ~4000 response units (RU) of 1μM GppNHp-loaded KRAS166

G12V using the 
‘aim for’ program. Control proteins were immobilized at RU level corresponding to an equal 
number of moles of protein on the sensor surface as 4000 RU of KRAS166

G12V. In practice 
this equated to ~4000 RU of LMO2 as the molecular weight (MW) of LMO2 is very close 
to KRAS166

G12V. Flow cell 1 was blocked by injecting 10mM biocytin over the surface for 5 
minutes at 10μl/min and used as the reference channel. Immobilisation was carried out in 
HEPES running buffer (10mM HEPES pH 7.4, 150mM NaCl, 0.005% P20, 5mM MgCl2, 
10µM ZnCl2). Compound solutions were prepared by transferring 1.5μl PPI-Net stock 
compounds at 10mM in 100% DMSO into 96-well plates (Greiner) using a multichannel 
pipette. 98.5μl running buffer with 3.5% DMSO was added to yield a solution of 150μM 
compound in running buffer with 5% DMSO. Compound solutions were injected over all 4 
flow channels for 30 seconds at 30μl/min and dissociation monitored for 60 seconds. A 
negative control of running buffer with 5% DMSO was run after every 24 cycles. Between 
injections the flow system was washed with a solution of 50% DMSO. A solvent correction 
curve was used to correct for the effects of DMSO. Data were referenced, solvent 
corrected and processed using the T200 evaluation software. Single-point binding levels 
were exported to Excel. Data were baseline-corrected using the negative control binding 
levels as a reference and then binding levels measured against KRAS166

G12V plotted 
against binding levels measured against the control proteins. Hit compounds were tested 
using X-ray crystallography. PPIN-1 and PPNI-2 gave clear electron density in X-ray 
crystallography. 
 
Recombinant protein expression for NMR 
KRAS166

G12V was cloned and isolated the same way as described in the recombinant 
protein expression for crystallization. KRAS166

G12V cDNA was cloned into the pGEX vector 
in-frame with an N-terminal Glutathione-S transferase (GST) tag. pGEX-GST-KRASG12V 
was transformed into E.coli BL21 (DE3) cells. Bacterial cells were cultured at 37°C to an 
OD600 of 0.5 and induced with IPTG (isopropyl 1-thio-beta-D-galactopyranoside, final 
concentration 0.1mM) at 16°C overnight. The bacteria cultures were harvested by 
centrifugation and the cell pellets re-suspended in 50 mM Tris-HCl pH8.0, 140 mM NaCl, 
1 mM mercaptoethanol supplemented with complete protease inhibitor (Roche). The GST-
fusion proteins were purified by glutathione-sepharose column chromatography (GE 
Healthcare) and eluted with 50 mM Tris-HCl pH8.0, 10 mM reduced glutathione, 1 mM 
mercaptoethanol, 5 mM MgCl2.  
KRAS166

G12V protein samples were concentrated using Vivapore 10/20 mL concentrator 
(7.5 kDa molecular weight cut-off; Sartorius Vivapore) to a final volume of approximately 
2 mL. RAS proteins were further purified by gel filtration on a HiLoad Superdex 75 
10/300GL column (GE Healthcare) in a buffer containing 10 mM PBS pH 7.4, 5 mM MgCl2 
at a flow rate of 0.5 mL/min. Protein concentration was determined by extinction coefficient 
(ε280 = 54780 M-1cm-1). Protein purity was analysed by SDS-PAGE stained with Coomassie 
Brilliant Blue. Nucleotide exchange for crystallographic samples was carried out following 
published procedures (1) 
 
NMR spectroscopy 
NMR spectra were recorded on Bruker Avance spectrometers (AVII400 or AVIII400) in the 
deuterated solvent stated. The field was locked by external referencing to the relevant 
deuteron resonance. Chemical shifts (d) are reported in parts per million (ppm) referenced 
to the solvent peak. The multiplicity of each signal is indicated by: s (singlet); br. s (broad 
singlet); d (doublet); t (triplet); dd (doublet of doublets); tt (triplet of triplets); or m (multiplet). 



The number of protons (n) for a given resonance signal is indicated by nH. Coupling 
constants (J) are quoted in Hz and are reported to the nearest 0.1 Hz.  
 
WaterLOGSY experiments 
WaterLOGSY experiments (9) were conducted at a 1H frequency of 600 MHz using a 
Bruker Avance spectrometer equipped with a BBI probe. All experiments were conducted 
at 298 K. 3 mm diameter NMR tubes with a sample volume of 200 µL were used in all 
experiments. Solutions were buffered using an H2O PBS buffer corrected to pH 7.4 and 
5mM MgCl2. The sample preparation is exemplified as follows, the compound (10 µL of a 
10 nM solution in DMSO-d6) was added to an eppendorf before sequential addition of the 
H2O PBS buffer (163.6 µL), D2O (20 µL), and His-KRAS166

G12V-GppNHP loaded protein 
(6.4 µL, 311.8 µM). The resulting solution was spun to ensure full mixing and transferred 
to a 3 mm NMR tube before the run. For a competition experiment using Y6-ScFv VH, the 
preparation was carried out in a similar manner; the compound (10 µL of a 10 nM solution 
in DMSO-d6) was added to an eppendorf before sequential addition of the H2O PBS buffer 
(146.4 µL), D2O (20 µL), protein (6.4 µL, 311.8 µM) and Y6-ScFv (17.2 µL, 116.6 µM). The 
resulting solution was spun and transferred to a 3 mm NMR tube before the run. Negative 
controls (compound alone, without the protein) were prepared in a similar manner, in order 
to obtain an end volume of 200 µL. 
 
FORGE Analysis 
Alignments of the selected compounds were performed following the wizard menu in 
FORGE (http://www.cresset-group.com/forge/ (10)). Mol2 files of the Abd7 file was 
uploaded as the reference molecule. The protonation state for each molecule was 
selected by FORGE. Mol2 files for the selected molecules to be aligned were uploaded in 
the program (PPIN-1 and PPIN2). No other parameters were uploaded in the program 
until the selection for the results quality window appeared. For simplicity, no field 
alignments were used, only alignments from the compounds surfaces were selected from 
the highest score solutions to illustrate the results. 
 
Chemical synthesis and characterization 
All solvents and reagents were used as supplied (analytical or HPLC grade) without prior 
purification. Water was purified by an Elix® UV-10 system. Brine refers to a sat. aq. 
solution of sodium chloride. In vacuo refers to the use of a rotary evaporator attached to 
a diaphragm pump. Thin layer chromatography was performed on aluminium plates 
coated with 60 F254 silica. Plates were visualised using UV light (254 nm) or 1% aq. 
KMnO4. Flash column chromatography was performed on Kieselgel 60M silica in a glass 
column. NMR spectra were recorded on Bruker Avance spectrometers (AVII400, AVIII 
400, AVIIIHD 600 or AVIII 700) in the deuterated solvent stated. The field was locked by 
external referencing to the relevant deuteron resonance. Chemical shifts (d) are reported 
in parts per million (ppm) referenced to the solvent peak. 1H spectra reported to two 
decimal places, and 13C spectra reported to one decimal place, and coupling constants 
(J) are quoted in Hz (reported to one decimal place). The multiplicity of each signal is 
indicated by: s (singlet); br. s (broad singlet); d (doublet); t (triplet); q (quartet); dd (doublet 
of doublets); td (triplet of doublets); qt (quartet of triplets); or m (multiplet). Low-resolution 
mass spectra were recorded on an Agilent 6120 spectrometer from solutions of MeOH. 
Accurate mass measurements were run on either a Bruker MicroTOF internally calibrated 
with polyalanine, or a Micromass GCT instrument fitted with a Scientific Glass Instruments 
BPX5 column (15 m x 0.25 mm) using amyl acetate as a lock mass, by the mass 
spectrometry department of the Chemistry Research Laboratory, University of Oxford, 
UK.; m/z values are reported in Daltons.  



NMR spectra for the compounds are shown in Figure S6. 
 
General procedure A 
The requisite halogen (600 mg, 2.79 mmol, 1.0 eq.), K2CO3 (1.16 g, 8.37 mmol, 3.0 eq.), 
the requisite boronic acid (572 mg, 3.07 mmol, 1.1 eq.), and Pd(dppf)Cl2 (100 mg, 0.140 
mmol, 5 mol%) were added sequentially to a microwave vial equipped with a magnetic 
stirrer bar. The reaction vessel was fitted with a rubber septum and purged with N2 for 5 
min, before addition of a degassed solution of 1,4-dioxane/water (5:1, 8 mL) via syringe. 
The vial was then sealed and the reaction heated to 100 °C for 18 h. The mixture was 
cooled down, diluted with EtOAc (30 mL), and washed with a 50/50 solution of water and 
brine (2 x 30 mL). The organic phase was dried (Na2SO4) and concentrated in vacuo. 
Purification by column chromatography on silica gel (solvents as stated) afforded the 
desired product. 
 
General procedure B 
The requisite halogen (75 mg, 0.272 mmol, 1.0 eq.), Cs2CO3 (266 mg, 0.866 mmol, 3.0 
eq.), the requisite amine (53 mg, 0.354 mmol, 1.3 eq.), XPhos (13 mg, 0.027 mmol, 10 
mol%) and Pd(OAc)2 (3 mg, 0.014 mmol, 5 mol%) were added sequentially to a microwave 
vial equipped with a magnetic stirrer bar. The reaction vessel was fitted with a rubber 
septum and purged with N2 for 5 min, before addition of a degassed solution of 1,4-dioxane 
(3 mL) via syringe. The vial was then sealed and the reaction heated to 100 °C for 24 h. 
The mixture was cooled down, diluted with EtOAc (30 mL), and washed with a 50/50 
solution of water and brine (2 x 30 mL). The organic phase was dried (Na2SO4) and 
concentrated in vacuo. Purification by column chromatography on silica gel (solvents as 
stated) afforded the desired product. 
 
4'-chloro-3-methoxy-1,1'-biphenyl (1) 

 
Following General Procedure A, 3-bromoanisole (200 mg, 1.07 mmol) and 4-
chlorobenzylboronic acid (185 mg, 1.18 mmol) afforded the title product 1 (231 mg, 99%) 
as a clear oil that solidified on standing after purification on silica gel (EtOAc:pentane 
(1:99)). 
1H NMR (400 MHz, CDCl3) δ = 7.52 (2H, dd, J 8.8, 0.7), 7.41 (2H, dd, J 8.8, 0.7), 7.36 
(1H, dd, J 7.6, 0.7), 7.15 (1H, dquin, J 7.6, 0.7), 7.09 (1H, dt, J 2.6, 1.4), 6.92 (1H, ddt, J 
8.3, 2.4, 1.0), 3.88 (3H, s); 13C NMR (75 MHz, CDCl3) δ = 160.0, 141.5, 139.5, 133.5, 
129.9, 128.9, 128.4, 119.5, 112.9, 112.8, 55.3; LRMS (ESI+) 219.1 (M+H)+. 
 
N-(4-((dimethylamino)methyl)phenyl)-3'-methoxy-[1,1'-biphenyl]-4-amine (Ch-1) 

 
Following General Procedure B, A (155 mg, 0.711 mmol) and 4-amino-N,N-
dimethylbenzylamine (128 mg, 0.853 mmol) afforded the title product Ch-1 (209 mg, 88%) 



as a yellow oil that solidified on standing after purification on silica gel (MeOH:CH2Cl2 
(1:9)). 
1H NMR (600 MHz, MeOD) δ = 7.50 (2H, d, J 8.4), 7.30 (1H, t, J 8.0), 7.20 (2H, d, J 8.3), 
7.16 (2H, d, J 8.4), 7.15 (2H, d, J 8.8), 7.11 (2H, d, J 8.3), 6.83 (1H, dd, J 8.3, 2.4), 3.84 
(3H, s), 3.51 (2H, s), 2.32 (6H, s), NH was not observed; 13C NMR (125 MHz, MeOD) δ = 
161.7, 145.0, 144.7, 134.3, 132.1, 130.9, 129.1, 128.8, 119.8, 118.7, 118.3, 113.1, 113.0, 
64.3, 55.8, 44.8; LRMS (ESI+) 333.1 (M+H)+; HRMS (ESI+) [C22H25N2O] requires 
333.4550, found 333.4538;  
4-chloro-3,3'-dimethoxy-1,1'-biphenyl (2) 

 
Following General Procedure A, 3-bromoanisole (200 mg, 1.07 mmol) and 4-chloro-3-
methoxyphenyl boronic acid (220 mg, 1.18 mmol) afforded the title product 2 (232 mg, 
99%) as a beige solid after purification on silica gel (EtOAc:pentane (1:99)). 
1H NMR (600 MHz, CDCl3) δ = 7.42 (1H, dd, J 7.7, 0.7), 7.37 (1H, t, J 7.9), 7.16 (1H, dt, J 
7.6, 0.9), 7.13 (1H, s), 7.11 (1H,ddd, J 11.4, 9.5, 2.0), 7.10 (1H, t, J 2.4), 6.93 (1H, dd, J 
8.3, 2.6), 3.98 (3H, s), 3.88 (3H, s); 13C NMR (125 MHz, CDCl3) δ = 160.0, 155.1, 141.9, 
141.2, 130.3, 129.9, 121.8, 120.1, 119.8, 113.1, 112.8, 111.1, 56.2, 55.4; LRMS (ESI+) 
249.7 (M+H)+. 
N-(4-((dimethylamino)methyl)phenyl)-3,3'-dimethoxy-[1,1'-biphenyl]-4-amine (Ch-2) 

 
Following General Procedure B, 2 (185 mg, 0.746 mmol) and 4-amino-N,N-
dimethylbenzylamine (134 mg, 0.895 mmol) afforded the title product Ch-2 (226 mg, 91%) 
as a yellow oil  after purification on silica gel (MeOH:CH2Cl2 (1:9)). 
1H NMR (600 MHz, MeOD) δ = 7.30 (1H, t, J 7.9) 7.29 (1H, d, J 7.9), 7.20 (2H, d, J 8.4), 
7.18 (1H, d, J 2.0), 7.17 (1H, ddd, J 7.7, 1.7, 0.9), 7.14-7.12 (4H, m), 6.84 (1H, ddd, J 8.3, 
2.6, 0.9), 3.94 (3H, s), 3.83 (3H, s), 3.47 (2H, s), 2.29 (6H, s), NH was not observed; 13C 
NMR (125 MHz, MeOD) δ = 161.7, 151.0, 144.6, 144.2, 134.9, 133.8, 132.0, 130.9, 129.7, 
120.4, 120.1, 118.9, 117.1, 113.4, 113.0, 110.9, 64.4, 58.4, 55.9, 44.9; LRMS (ESI+) 333.1 
(M+H)+; HRMS (ESI+) [C23H27N2O2] requires 363.4810, found 363.4821.  
4-chloro-2-fluoro-3,3'-dimethoxy-1,1'-biphenyl (3) 

 
Following General Procedure A, 3-bromoanisole (200 mg, 1.07 mmol) and 4-chloro-2-
fluoro-3-methoxyphenylboronic acid (241 mg, 1.18 mmol) afforded the title product 3 (272 
mg, 96%) as a yellow oil after purification on silica gel (EtOAc:pentane (1:99)). 
1H NMR (600 MHz, CDCl3) δ = 7.38 (1H, t, J 7.8), 7.22 (1H, dd, J 8.4, 1.8), 7.10 (1H, dd, 
J 8.6, 7.6), 710-7.09 (1H, m), 7.06 (1H, dd, J 2.7, 1.5), 6.95 (1H, ddd, J 8.3, 2.4, 1.0), 4.01 
(3H, d, J 1.0), 3.86 (3H, s); 19F NMR (565 MHz, CDCl3) δ = -132.4 (d, J 8.0); 13C NMR 
(125 MHz, CDCl3) δ =159.6, 154.4, 152.7, 144.8 (d, J 14.3), 136.0, 129.5, 129.3 9d, J 



13.2), 127.5 (d, J 2.2), 125.1 (d, J 3.3), 124.8 (d, J 3.3), 121.3 (d, J 2.2), 114.6 (d, J 2.2), 
113.6, 61.6 (d, J 4.4), 55.3; LRMS (ESI+) 267.7 (M+H)+. 
N-(4-((dimethylamino)methyl)phenyl)-2-fluoro-3,3'-dimethoxy-[1,1'-biphenyl]-4-
amine (Ch-3) 

 
Following General Procedure B, 3 (110 mg, 0.414 mmol) and 4-amino-N,N-
dimethylbenzylamine (75 mg, 0.497 mmol) afforded the title product Ch-3 (226 mg, 91%) 
as a yellow oil  after purification on silica gel (MeOH:CH2Cl2 (1:9)). 
1H NMR (600 MHz, MeOD) δ = 7.31 (1H, t, J 8.0), 7.24 (2H, d, J 8.3), 7.17 (2H, d, J 8.3), 
7.08 (2H, td, J 8.6, 1.1), 7.05-7.03 (2H, m), 6.88 (1H, ddd, J 8.3, 2.6, 0.8), 3.91 (3H, d, J 
0.9), 3.82 (3H, s), 3.49 (2H, s), 2.29 (6H, s), NH was not observed; 19F NMR (565 MHz, 
MeOD) δ = -137.7 (d, J 8.2); 13C NMR (125 MHz, MeOD) δ = 161.3, 155.1 (d, J 243.2), 
143.7, 139.4 9d, J 4.4), 138.8, 138.6 (d, J 14.3), 132.0, 131.0, 130.5, 125.6 (d, J 4.4), 
122.6 (d, 12.1), 122.3 (d, J 3.3), 120.1, 115.6 (d, J 3.3), 113.6, 112.3 (d, J 2.2), 64.4, 61.8 
(d, J 4.4), 55.9, 45.0; LRMS (ESI+) 381.3 (M+H)+; HRMS (ESI+) [C23H26FN2O2] requires 
381.4714, found 381.4702.  
 
Tissue culture  
HEK293T and DLD-1 cells and were grown in DMEM, high glucose, GlutaMaxÔ medium 
(Life Technologies) supplemented with 10% FBS (Sigma) and 1% Penicillin/Streptomycin 
(Life Technologies). Cells were grown at 37°C with 5% CO2. The KRAS genotype in DLD-
1 cells (heterozygous for KRASG13D/KRAS wild type) was confirmed by RNA analysis and 
sequencing (11). 
 
BRET bioassay 
The BRET-based RAS biosensors are built by fusing a donor molecule, a variant of the 
Renilla Luciferase (RLuc8), to full-length mutant RAS (KRASG12A, KRASG12C, KRASG12D, 
KRASG12V, KRASG12R, NRASQ61H and HRASG12V mutants) and an acceptor molecule, GFP2, 
to RAS binders (iDAb RAS) or RAS effectors (full-length CRAF; PI3Ka, PI3Kg, CRAF 
RBDs and RALGDS RA) (11). A BRET signal (or BRET ratio) occurs only when the donor 
(e.g. RLuc8-KRASG12D) and acceptor (e.g. GFP2-CRAFFL) molecules are in close proximity 
(≤ 10 nm). A competition assay involves the addition of a competitor (i.e. anti-RAS 
compounds) and is used to determine whether an inhibitor can interfere with RAS protein-
protein interactions (PPIs). If the compounds impede RAS PPIs, a BRET signal decreased 
is monitored; otherwise the BRET signal is unchanged.  
The BRET assay was performed as described in detail elsewhere (11). Briefly, 650,000 
HEK293T cells were transfected with donor plasmid (RLuc8-mutant RAS) and acceptor 
plasmids (fusions of RAS binders/effectors with GFP2) to allow the assessment of 
inhibitors of RAS-effector interaction. The transfection was carried out using Lipofectamine 
2000 transfection reagent (Thermo-Fisher). Cells were detached 24 hours later and 
washed with PBS and seeded in a white 96 well plate (clear bottom, PerkinElmer, 
cat#6005181) in OptiMEM no phenol red medium (Life Technologies) supplemented with 
4% FBS. Cells were left for 4 hours at 37 °C before adding compounds. 10 mM stock 
compounds in 100% DMSO were diluted in OptiMEM no red phenol + 4% FBS to reach 
10X the final concentration (2% DMSO for each concentration). The final concentrations 
in the cells were 0, 5, 10 and 20 µM (with final 0.2% DMSO each). Quadruplicates were 



performed for each point. Cells were left for an additional 20 hours at 37 °C before the 
BRET2 signal reading directly after addition of Coelenterazine 400a substrate (10 µM final) 
to cells (Cayman Chemicals, cat#16157). BRET2 reading was done on an Envision 
instrument (2103 Multilabel Reader, PerkinElmer) with the BRET2 Dual Emission optical 
module (515 nm ± 30 and 410 nm ± 80; PerkinElmer) or with a CLARIOstar instrument. 
The BRET ratio corresponds to the light emitted by the GFP2 acceptor constructs (515 nm 
± 30) upon addition of Coelenterazine 400a divided by the light emitted by the RLuc8 
donor constructs (410 nm ± 80) with subtraction of the background (same ratio but with 
RLuc8 construct alone transfected in cells). The normalized BRET ratio is the BRET ratio 
normalized to the DMSO negative control and calculated as follows: (BRETcompound / 
BRETDMSO) x 100, where BRETcompound correspond to the BRET ratio for the compound-
treated cells, BRETDMSO to the DMSO-treated cells. Each experiment was repeated at 
least twice. 
 
Quantification and statistical analysis 
Statistical analyses of the BRET assays were performed using a one-way ANOVA 
followed by Dunnett’s post-tests (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001) using 
GraphPad Prism 7 software.  
 
Biomarker Western blot assay 
DLD-1 cells were seeded at 4.5 x 105 cells per well in 6-well plates and incubated 
overnight. The media was aspirated and the cells were washed twice with PBS, before 
2ml of serum free DMEM was added to the cells, which were incubated for a further 24 
hours. The following day the media was replaced with compound containing media (0-
20uM compound, with 0.2% DMSO) and the cells were incubated under culture conditions 
for 2.5 hours. The cells were stimulated with 50 ng/ml EGF for 10 min at 37°C. The cells 
were washed with cold PBS and were lysed using RIPA buffer (50mM Tris, pH 8.0, 150 
mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) containing 1 mM DTT, 
CompleteÔ EDTA-free protease inhibitor and PhosSTOPÔ (Roche). Cell lysates were 
sonicated using a BioruptorÒ Pico Sonication System (Diagenode) and the protein 
concentration of each sample was quantified using the Pierce BCA Protein Assay Kit 
(Thermo Fisher Scientific). 10ug of protein was electrophoresed on a 12% Bis-Tris gel and 
bands were subsequently transferred to a AmershamÔ HybondÒ P 0.45 µm PVDF 
membranes (GE Healthcare). The membranes were blocked with 10%-BSA-TBST or 5%-
milk-TBST before being incubated overnight at 4°C with appropriate antibodies (anti-
phospho-p44/22 MAPK (ERK1/2) (1/5000, CST, 9101S), anti-p44/42 MAPK (total 
ERK1/2) (1/1000, CST, 9102S), anti-phospho-AKT S473 (1/2000, CST, 4058S), anti-AKT 
(1/2000, CST, 9272S), anti-cyclophilin B (1/1000, Abcam, 178397)). The membranes were 
washed with TBST and incubated with anti-rabbit IgG HRP-linked (1/2500, CST, 7074S) 
secondary antibody for 2 hours at room temperature.  Following thorough washing the 
membranes were developed using PierceÔ ECL Western Blotting Substrate (Thermo 
Fisher Scientific) and CL-XPosureÔ films (Thermo Fisher Scientific).  
 
Cell viability assays 
DLD-1 cells were seeded in culture media at 10,000 cells per well in ViewPlates-96 
microplates (PerkinElmer) and allowed to adhere overnight at 37 °C, 5% CO2. 10mM stock 
compounds, solubilised in DMSO, were diluted in culture media at final concentrations 
ranging from 0-20µM, each containing 0.2% DMSO. The media on the cells was removed 
and 100ul of the compound containing media was added. Quadruplicates were set up for 
each compound concentration. The cells were incubated under standard culture 



conditions for a further 72 hours. Cellular viability was assessed using the CellTiterGlo 
Luminescent Cell Viability Assay (Promega) according to the manufacturers’ instructions. 
CellTiterGlo was added (50% v/v) to the cells, and the plates incubated for 10 minutes 
prior to luminescent detection using an Envision 2103 Multilable Microplate Reader 
(PerkinElmer). The luminescence signals obtained from the compound treated cells were 
normalized against the signal obtained for the DMSO-only treated cells. The IC50 values 
were generated by non-linear regression using GraphPad Prism 7 software (GraphPad 
Inc).  
 
PDB files  
KRAS188

WT GppNHp   PDB ID: 6GOD 
KRAS188

G12V GppNHp   PDB ID: 6GOE 
KRAS188

G12D GppNHp   PDB ID: 6GOF 
KRAS169

Q61H GppNHp   PDB ID: 6GOG 
KRAS169

Q61H GppNHp-PPIN-1 PDB ID: 6GOM 
KRAS169

Q61H GppNHp-PPIN-2 PDB ID: 6GQT 
KRAS169

Q61H GppNHp-Ch-1  PDB ID: 6GQW 
KRAS169

Q61H GppNHp-Ch-2  PDB ID: 6GQX 
KRAS169

Q61H GppNHp-Ch-3  PDB ID: 6GQY 
  



Suplementary Figures 

 
 
Figure S1. Comparison of potential compound-binding pockets in RAS proteins (wild type 
and mutant forms) 
The structural data for the different RAS proteins and different length proteins has been analyzed 
to assess potential binding pockets. Four possible pockets exist in full length RAS proteins (Panel 
A). Pocket I is a hydrophobic pocket near the switch regions; pocket II is a shallow pocket; pocket 
III is the nucleotide binding pocket and pocket IV is found at the carboxy terminus (evident when 
full length Ras proteins were analyzed. Pocket I (Sun et al, 2012) is found in K, H and NRAS and 
different mutant and wild type proteins (Panels B-F) and the topology is very similar in all the 
proteins as shown by the multi-overlay in Panel G. The panels are B. full length KRAS188G12V (this 
paper), C. KRAS188G12D (Maurer et al., 2012) and this paper, D. HRAS166G12V (2VH5 KRAS166G12V-
scFv HRAS) (Tanaka et al., 2007), E. wild type (WT) KRAS188 (this paper) and F. full length, wild 
type NRAS172 PDB 3CON. Panel G is a super-imposition of the five structures. Switch I is shown 
in maroon, switch II in blue and pocket I in green.  



 
Figure S2. Structure of wild type KRAS188 and KRAS188

G12V isoforms 4B  
Panel A. Ribbon representation of wild type KRAS188-GppNHp with the switch regions 
shown in cyan illustrating the interaction of G60 (depicted in cyan) with the second 
magnesium ion and stabilizing switch II. Panel B. Ribbon representation of KRAS188

G12V-
GppNHp (switch regions in green). Residues 62 to 66 of switch II are not shown as they 
are disordered in the maps. 
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Figure S3. Comparison of the structures of the mutant forms of KRAS188

G12D and 
KRAS188

G12V 
The structures of KRAS188

G12D and KRAS188
G12V (isoform 4B) are compared in the switch 

regions with bound GTP-analogue GppNHp.  
PANEL A. KRAS188

G12D ribbon representation, with Switch I and II in orange, illustrating 
the interactions of a second Mg ion with G60 found in switch II which stabilize the switch 
II region. Mg are shown as large magenta spheres.  
PANEL B. KRAS188

G12V ribbon representation for the switch II region (in green). No second 
Mg ion was identified in these crystals consistent with an increase in the flexibility of the 
switch II region of the protein.  
PANEL C. Ribbon diagram of an alignment of the KRAS188

G12D and G12V. The difference 
between these structures is the flexibility of the switch II region. KRAS188

G12D (switch II 
shown in orange) has a stable switch II due to the presence of an extra Mg, KRAS188

G12V 
(switch shown in green) has an unstable switch II because of the lack of a second Mg ion 
around that region.  
PANEL D. Ribbon diagram of an alignment of the wild type KRAS188 and KRAS188

G12D. 
There are no clear differences between these structures, both contain two Mg atoms that 
gives a higher degree of stability to the switch II regions and the folding is almost identical. 
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Figure S4. Isolation and characterization of PPIN-1 and -2 
The PPI-net compound library (from Prof. Andy Wilson) was screened by SPR at a single 
concentration and hits PPIN-1 and PPIN-2 identified (panel A, x axis is arbitrary compound 
position) by binding to KRASG12V-GppNHp) but not to LMO2 proteins. PPIN-1 and 2 were 
subjected to waterLOGSY analysis (respectively panel B and C) with GST-KRAS (middle, 
red trace) or GST-KRAS + anti-RAS scFv (top, green trace). The lower trace (blue) is the 
proton NMR of the compound alone. Panel D show data from BRET assays using RLuc8-
KRASG12D with either anti-RAS VHY6-GFP2 (left), with de-matured anti-RAS VHY6-GFP2 
(middle) or with GFP2-CRAFFL (right). The data are computed relative to cells treated with 
DMSO vehicle only (open boxes) or PPIN-1 (light shaded boxes) and PPIN-2 (dark shaded 
boxes). The range of concentration of the compounds was 5, 10 and 20µM. 
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Western blot data were obtained as described in Figure 5. Data were obtained from three
independent experiments (biological replicates) and error bars are shown for standard deviations.
Images were scanned and quantified using ImageJ software, and the relative quantity of
phosphorylated protein was calculated with reference to unphosphorylated protein (eg.
pAKT/AKT). The ratios were normalised against the data for DMSO-only control levels.

Figure S5: Quantification of data from Western blot data shown in Figure 5
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9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

623314221

Methanol

Methanol

7.
32 7.

31
7.

30
7.

25
7.

24 7.
17

7.
16 7.
07 7.
04

6.
89

6.
89

6.
88

6.
87

3.
92

3.
82

3.
49

2.
29

200 180 160 140 120 100 80 60 40 20
Chemical Shift (ppm)

16
1.

3
15

5.
9

15
4.

3

14
3.

7
13

9.
3

13
8.

8
13

2.
0

13
1.

0
13

0.
5

12
2.

3 12
0.

1
11

5.
6

11
5.

6
11

3.
6

11
2.

3

64
.4

61
.7 55

.9 49
.6

49
.4

49
.3

49
.2

49
.0

48
.9

48
.7

45
.0



  
Figure S6. 1H NMR and 13C NMR spectra for all compounds and 19F NMR for 
compound 3 and Ch-3 
NMR spectra were recorded on Bruker Avance spectrometers (AVII400, AVIII400 
or AVIIIHD600) in the deuterated solvent stated. The field was locked by external 
referencing to the relevant deuteron resonance. Chemical shifts (d) are reported in 
parts per million (ppm) referenced to the solvent peak. 
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Table S1. Data processing and refinement statistics for KRAS variant Q61H with 
bound GTP analogue GPPNHP.  
 

Structure KRAS169Q61H GppNHp 
Data Collection 
PDB ID 6GOG 
Diffraction source Beamline i04, DLS 
Temperature (K) 100 
Wavelength (Å) 0.9795 
Space group P 212121 
Molecules/asymmetric 
unit 

6 

Unit cell dimensions 
a, b, c (Å) 63.60,118.73,156.57 
α, β, γ (°) 90, 90, 90 
Resolution range (Å) 94.60  - 2.05 (2.09  - 2.05) 
Total No. of 
reflections 

805,732 (24,815) 

Unique reflections 74,311 (4,062) 
Completeness (%) 98.8 (89.7) 
Multiplicity 10.8 (6.1) 
Rmeas(I) ‡ (%) 18.1 (42.9) 
Rmerge† (%) 14.9 (33.8) 
Rpim(I) § (%) 7.0 (20.6) 
I/sigma 23.7 (4.3) 
CC1/2 0.994 (0.888) 

Refinement 
No. of reflections, 
working set 

70,508 (4,677) 

No. of reflections, test 
set 

3,728 (226) 

Rwork/Rfree (%) 17.1/19. 
No. of atoms 
Protein 8368 

Water 715 
Average B factors  (Å2) 
Protein 32.26 
Ligand 26.32 
Solvent 41.66 
RMSD 
Bond lengths (Å) 0.012 
Bond angles (°) 1.57 



Ramachandran plot 
Favoured regions (%) 97.5 

Additionally allowed 
(%) 

2.5 

Outliers 0.0 
MolProbity statistics 
Molprobity score 1.24 

Clash score 3.57 
Rotamer outliers (%) 0.56 

Values in parentheses are for data in the highest resolution shell. 



Table S2. Data processing and refinement statistics for full length KRAS 
structures 
 
Structure KRAS188G12V 

GppNHp 
KRAS188G12D 
GppNHp 

KRAS188WT 
GppNHp 

Data Collection  
PDB ID 6GOE 6GOF 6GOD 
Diffraction source  Beamline i04-1, 

DLS 
Beamline i02, 
DLS 

 ID30A-1, ESRF 

Temperature (K)    100 100 100 
Wavelength (Å)  0.928 0.979 0.966 
Space group H3 H3 H3 
Molecules/asymmetric 
unit 

1 1 1 

Unit cell dimensions  
a, b, c (Å) 79.88, 79.88, 

78.79 
78.63, 78.63, 
77.54 

78.76,78.76,77.18 

α, β, γ (°) 90, 90, 120 90, 90, 120 90, 90, 120 
Resolution range (Å) 39.94-1.60 (1.64-

1.60) 
39.31-1.98 
(2.03-1.98) 

51.11-1.70(1.73-
1.70) 

Total No. of 
reflections    

126628(9332) 126182 (8935) 57807(3104) 

Unique reflections  24651(1820) 12435 (900) 18963 (965) 
Completeness (%) 99.7 (99.8) 99.9 (100.0) 98.0 (99.6) 
Multiplicity 5.1 (5.1) 10.1 (9.9) 3.0 (3.2) 
Rmeas(I) ‡ (%) 0.098(1.196) 0.171 (1.480) 0.062(0.566) 
Rmerge† (%) 0.088(1.072) 0.152 (1.324) 0.051 (0.468) 
Rpim(I) § (%) 0.043 (0.526) 0.054 (0.468) 0.034 (0.311) 
I/sigma 9.4(1.5) 11.2 (1.7) 11.1 (2.3) 
CC1/2  0.996 (0.528) 0.997 (0.555) 0.998(0.704) 

Refinement  
No. of reflections, 
working set 

24651 (2450) 12434 (1225) 18914 (1899) 

No. of reflections, test 
set 

1188 (112) 584 (72) 988 (115) 

Rwork/Rfree (%) 0.183/0.220 0.181/ 0.249 0.181/ 0.236 
No. of atoms  
Protein 1332 1382 1384 

Water 112 117 101 
Average B factors  (Å2)  
Protein 31.27 38.54 34.07 
Ligand 21.44 26.90 26.91 



Solvent 38.14 39.86 42.11 
RMSD  
Bond lengths (Å) 0.023 0.013 0.020 
Bond angles (°) 2.09 1.56 2.02 
Ramachandran plot  
Favoured regions (%) 98.2 98.2 97.1 

Additionally allowed 
(%) 

1.8 1.8 2.9 

Outliers 0.00 0.00 0.00 
MolProbity statistics  
Molprobity score 1.09 1.08 1.51 

Clash score 0.37 2.15 2.49 
Rotamer outliers (%) 4.03 1.30 2.60 
Values in parentheses are for data in the highest resolution shell. 

  



Table S3. Data processing and refinement statistics for binding of compounds 
PPIN-1 and PPIN-2 to KRAS169Q61H 
 
Structure KRAS169Q61H + PPIN-1 KRAS169Q61H + 

PPIN2 

Data Collection 
PDB ID 6GOM 6GQT 
Diffraction source Beamline i04-1, DLS Beamline i04-1, 

DLS 
Wavelength (Å)  0.9282 0.9282 
Space group P212121 P212121 
Molecules/asymmetric unit 6 6 

Unit cell dimensions 
a, b, c (Å) 64.18, 119.84, 158.60 64.27, 119.55, 

158.59 
α, β, γ (°) 90, 90, 90 90, 90, 90 
Resolution range (Å) 66.13-1.63 (1.67-1.63) 59.8-1.69 (1.73-

1.69) 
Total No. of reflections    1,896,813 (67,739) 1,746,677 (70,866) 
Unique reflections  152,914 (7,534) 137,251 (6764) 
Completeness (%) 100 (99.3) 100 (100) 
Multiplicity 12.4 (9.0) 12.7 (10.5) 
Rmeas(I) ‡ (%) 8.8 (186) 11 (215) 
Rmerge† (%) 8.8 (176) 10.6 (204) 
Rpim(I) § (%) 2.5 (61.6) 3.1 (66.4) 
I/sigma 15.9 (1.1) 15.3 (1.2) 
CC1/2  1 (0.5) 1 (0.6) 
Refinement 
No.of reflections, working 
set 

145,381 130,344 

No. of reflections, test set 7428 6817 
Rwork/Rfree (%) 18.6/20.7 18.8/21.1 
No. of atoms 
Protein 8100 8144 
Water 776 814 
Average B factors  (Å2) 
Protein 34.9 36.127 
Ligand 38.2 98.2 
Water 42.2 43.2 
RMSD 
Bond lengths (Å) 0.02 0.02 
Bond angles (°) 1.98 1.91 
Ramachandran plot 



Favoured regions (%) 97.9 97.6 
Additionally allowed (%) 2.1 2.4 
Outliers 0 0 
MolProbity statistics 
Molprobity score 0.94 1.22  
Clash score 1.75  2.56 
Rotamer outliers (%) 0.94 1.4 

Values in parentheses are for data in the highest resolution shell. 

  



Table S4. Data processing and refinement statistics for binding of compounds 
Ch-1, Ch-2 and Ch-3 to KRASQ61H 

 

Structure KRAS169Q61H + Ch-1 KRAS169Q61H + Ch-2 KRAS169Q61H + Ch-3 

Data Collection 
PDB ID 6GQW 6GQX 6GQY 
Diffraction source Beamline P14, 

DESY 
Beamline P14, 
DESY 

Beamline P14, 
DESY 

Wavelength (Å)  0.9763 0.9763 0.9763 
Space group P212121 P212121 P212121 
Molecules/asymmetric 
unit 

6 6 6 

Unit cell dimensions 
a, b, c (Å) 63.48, 118.54, 

156.53 
63.19, 118.03, 
156.37 

63.53, 118.68, 
157.00 

α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 
Resolution range (Å) 94.5-2.8  

(2.95-2.8) 
156-2.2  
(2.26-2.20) 

118-2.75  
(2.88-2.75) 

Total No. of reflections    202,993 (29,729) 577,336 (38,536) 332,585 (45,297) 
Unique reflections  27,994 (4,121) 60,229 (4,369) 31,557 (4,134) 
Completeness (%) 92.9 (95.8) 100 (99.8) 99.8 (99.9) 
Multiplicity 7.3 (7.2) 9.6 (8.8) 10.5 (11.0) 
Rmeas(I) ‡ (%) 16.9 (96.1) 10.8 (93.9) 15.9 (59.1) 
Rmerge† (%) 14.6 (83.3) 9.7 (83.0) 14.3 (53.5) 
Rpim(I) § (%) 8.4(47.5) 4.7 (43.2) 6.7 (24.5) 
I/sigma 12.3 (3.7) 15.6 (3.3) 16.0 (4.2) 
CC1/2  0.99 (0.83) 0.998 (0.908) 0.997 (0.916) 
Refinement 
No.of reflections, 
working set 

26,537 57,101 29,946 

No. of reflections, test 
set 

1,403 3,016 1,561 

Rwork/Rfree (%) 18.9/22.4 20.3/23.0 20.5/24.7 
No. of atoms 
Protein 8319 8202 8289 
Water 36 95 33 
Average B factors  
Protein 54.6 43.6 46.3 
Ligand 33.6 47.5 60.0 
Water 78.5 31.7 33.5 
RMSD 
Bond lengths (Å) 0.01 0.01 0.01 
Bond angles (°) 1.36 1.45 1.5 
Ramachandran plot 



Favoured regions (%) 97.3 97.5 96.6 
Additionally allowed 
(%) 

2.7 2.5 3.4 

Outliers 0 0 0 
MolProbity statistics 
Molprobity score 1.37 1.24 1.42 
Clash score 2.77  2.95 2.34 
Rotamer outliers (%) 1.7 1.2 1.7 
Values in parentheses are for data in the highest resolution shell.  

  



Table S5. Compound properties for comparison 
 

 Abd-7 PPN-1 PPN-2 Ch-1 Ch-2 Ch-3 
L.E. 0.34 0.30 0.27 N/A 0.35 N/A 

Cell Viability (µM, 48 h)  10.8 Inactive Inactive 9.5 9.9 7.8 
Cell Viability (µM, 72 h) 8.2 Inactive Inactive 5.3 7.2 4.5 
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