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phosphoinositide 3-kinase (KRAS-PI3K) pathway signaling for
the survival of human KRAS mutant colorectal, pancreatic, and
lung tumor cells.29,30 Moreover, in vitro data suggest that
SOS2 can compensate for a decrease in SOS1 activity. In a
recent study, Hofmann and colleagues observed more
pronounced decreases in RAS-GTP and pERK levels and
enhanced antiproliferative effect in KRAS G12C mutant cells
harboring a SOS2 knockout when compared to the parental
cell line following treatment with the SOS1 inhibitor BI-
3406.26 Thus, inhibition of SOS2:KRAS PPI could be
beneficial in downregulating aberrant KRAS-dependent signal-
ing implicated in both cancer and RASopathies.

To date, no inhibitors of SOS2:KRAS PPI have been
reported; therefore, we initiated a lead discovery program to
identify chemical starting points that bound to SOS2 and also
provided accompanying SOS2 X-ray cocrystal structural data
that suggested the potential for the hit to be optimized into
potent SOS2:KRAS PPI inhibitors.

Several reports have detailed the discovery of SOS1:KRAS
PPI activators (1)31 and SOS1:KRAS PPI inhibitors (2−
6),25−27,32,33 as shown in Figure 1. Compounds 1−6 bind to

SOS1 in the binding site known as “site-A”34 adjacent to the
Switch II region of KRAS. Compounds 2−6 share a closely
related binding mode and make several productive interactions
with the protein: �-stacking with His905, an H bond between
the ligand’s aromatic N−H and Asn879, and the chiral �-
methyl substituent fills a lipophilic cavity adjacent to Leu901,
as seen in Figure 2A. The structures of compounds 2−6 can
each be divided into two components, with one component
represented by the bolded bonds and atoms and the other by
the nonbolded bonds and atoms shown in Figure 1. The
nonbolded bonds and atoms drive the binding affinity to
SOS1, while the bolded components are responsible for the
PPI disruption at the SOS1:KRAS interface. An overlay of the
SOS1 X-ray cocrystal structure of MRTX0902 (6, PDB 7UKR)
superimposed with the KRAS−SOS1 complex (PDB 6EPL)
visualizes the disruption of the interaction between SOS1Tyr884

and KRASArg73 caused by the location of the morpholino group
of MRTX0902 (6) protruding into the KRAS binding

interface, while the remainder of MRTX0902 (6) is
surrounded by the gray surface of the SOS1 binding pocket
making productive binding interactions (Figure 2B).

BAY-293 (2), BI-3406 (3), and MRTX0902 (6) are
reported to be highly selective for SOS1 over SOS2. The
scientists at Bayer also reported an apo crystal structure of the
catalytic domain of SOS2.25 The authors attributed the SOS1
selectivity over SOS2 of BAY-293 (2) to a nonconserved
residue, SOS1His905, which is a valine in SOS2 (SOS2Val903),
that resulted in removing the productive �-stacking interaction

Figure 1. Summary of the structures of the SOS1:KRAS PPI
activators and inhibitors. Bolded atoms and bonds indicate the
substituents that prevent the binding of KRAS to SOS1.

Figure 2. (A) SOS1 X-ray cocrystal structure of MRTX0902 (PDB
7UKR) bound in site-A. (B) SOS1 X-ray crystal structure of
MRTX0902 (PDB 7UKR) superimposed with the KRAS−SOS1
complex (PDB 6EPL). (C) Overlay of SOS1/BAY-293 X-ray
cocrystal structure (magenta, PDB 5OVI) with apo SOS2 X-ray
crystal structure (green, PDB 6EIE).

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.3c02140
J. Med. Chem. 2024, 67, 774−781

775



between SOS1His905 and the quinazoline scaffold of BAY-293
(2), shown in Figure 2C. We also reasoned that a SOS2Val903

residue would produce a steric clash between compounds 2
and 6 and prevent binding to SOS2. Considering these
observations, we elected not to attempt the design of an SOS2
binder using the SOS1 scaffolds found in compounds 2−6.
Instead, we focused on screening libraries against SOS2 to
identify new compounds that bound to SOS2 and elected to
initiate a SOS2 fragment-based lead discovery (FBLD)
program to discover SOS2 fragment hits and characterize the
hits using SOS2 X-ray cocrystallography.

FBLD has been extensively reviewed.35−37 In summary,
FBLD is the screening of low-molecular-weight compounds
(roughly 150−300 Da) in small libraries of approximately
300−15,000 compounds at high concentrations, typically in
the range 10 �M−1 mM. After fragment hits are identified,
potency is enhanced through fragment-growing strategies to
create additional interactions with the protein supported by
structure-based drug design (SBDD). AstraZeneca reported a
fragment SOS1:HRas X-ray crystallographic screen of 1160
fragments in cocktails of four at 5 mM each. Three binding
sites were reported: site-A, the SOS1 binding site where the
SOS1 compounds 1−6 bind; site-B, a site on the SOS1:HRas
interface; and site-C, a binding site located on HRas.34

Here, we report the fragment-based discovery of five hits
with the accompanying SOS2 X-ray cocrystal structures. The
fragment hits bind SOS2 at site-1 where the SOS2 site-1 is
analogous to SOS1 site-A.

■ RESULTS AND DISCUSSION
We initiated a SOS2 FBLD screening cascade to identify
fragment hits with accompanying SOS2 X-ray cocrystal
structures. A workflow to discover both dual SOS1/2 binders
and selective SOS2 binders was created, and an SOS2 X-ray
crystallography platform was developed. To enhance the
probability of technical success, three biophysical screening
technologies were applied simultaneously into the workflow:
an SPR screen of 2187 fragments at 500 �M against SOS1 and
SOS2, a target-immobilized NMR screen (TINS)38,39 of 1,068
fragments against SOS1 and SOS2, and third, an X-ray
crystallographic screen of 300 fragments at 10 mM using a
SOS2 crystal soaking method. SPR and NMR are among the
most common screening technologies used for fragment
screening, but there are fewer reports using X-ray crystallog-
raphy screening due to technical challenges associated with the
method. Technical challenges include the requirement to have
high solubility, typically in the 10−200 mM range, the need for
a robust soaking protocol, and time-consuming processes, such
as crystal harvesting and data evaluation. Despite these
challenges, an X-ray crystallographic screen was included for
three reasons: (1) the feasibility of using the SOS family
protein in an X-ray crystallographic fragment screen, as
evidenced by the recent report from the team at
AstraZeneca,34 (2) X-ray crystallographic screening is reported
to produce high hit rates,40 and (3) the screening method was
potentially the fastest path to identify ligand-bound SOS2 X-
ray cocrystal structures and accelerate fragment growth and
further elaboration strategies. A summary of the workflow and
results is shown in Figure 3.

SPR and TINS Screen. For the SPR screen, SOS1, or
SOS2 was immobilized on a neutravidin-coated sensor chip,
and the binding of 2187 fragments was investigated at 500 �M.
A total of 113 hits were identified (5% hit rate), as defined by

the normalized occupancy ≥40% and visual inspection of
sensorgrams to select hits displaying fast-on/off kinetics.

The TINS screen was configured to select fragments that
preferentially bound to both SOS1 and SOS2. In TINS,38 a
Sepharose-based resin was loaded with SOS1 and SOS2
together and a reference protein loaded separately and placed
in a dual cell sample holder. Cocktails of 3−5 fragments were
injected into both samples simultaneously. Fragments that
bound to SOS1 and SOS2 became temporarily immobilized,
and the relaxation of the NMR signal was enhanced greater
than 3 orders of magnitude, which resulted in a diminution of
resonance peaks. Preferential binding to the target over the
reference was determined through an examination of the ratio
of peak amplitudes in each cell (T/R ratio). Fragments that
bound to both SOS1 and SOS2 experienced a twofold higher
concentration of protein and were therefore more completely
relaxed, resulting in the lowest T/R ratio. A total of 1068
fragments were assayed, and by the analysis of the T/R screen
profile (see Supporting Information), 133 fragments with the
smallest T/R ratio were selected as hits (12% hit rate).

The combined hits from the SPR and TINS screens totaled
213, with 100 hits from TINS, 80 hits from SPR, and 33
compounds that were hits in both assays. The 213 hits were
then submitted for KD determination by SPR; 57 hits were
confirmed, as defined by saturable binding to SOS1 or SOS2, a
reasonable occupancy in a 25−300% range and sensorgrams
displaying fast on/off kinetics. We were encouraged to see that
of the 57 confirmed hits, 40 were dual SOS1/SOS2 binders, 8
were SOS2-specific, and 9 were SOS1-specific.

Our experience at the early stage of the project indicated
that SOS2 X-ray crystallography was challenging and not
amenable to high-throughput methods; therefore, only five hits
(compounds 7−11 Table 1) were selected for SOS2 X-ray
crystallography. The compounds were selected based on a
combination of their structural diversity, solubility ≥500 �M,
and SOS2 binding potency. Compound 7 was the weakest
compound selected, with the SOS2 KD of approximately 2000
�M and nonsaturable binding against SOS1. Compound 8
demonstrated binding to SOS1 and SOS2, with KD values of
960 and 300 �M, respectively, and was the most potent SOS2
binder identified in the screen. Compounds 9 and 10 bound to
SOS2 with a KD of 330 and 730 �M, respectively, but
nonsaturable binding was detected in the SOS1 assay. SOS1
and SOS2 KDs were successfully determined for compound 11
and were found to be 490 and 430 �M, respectively. It was not

Figure 3. Flow scheme and summary results for the SPR, TINS, and
X-ray crystallographic fragment screens.
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clear what was causing the nonsaturable SOS1 binding for
compounds 7, 9, and 10 in the SOS1 assay. Therefore, to rule
out the compound quality control issues of samples originating
from screening libraries, HPLC, MS, and 1H NMR data were
collected on compounds 7−11. The compounds were found to
be ≥95% pure by HPLC, with the molecular mass and 1H
NMR consistent with the structure; thus, we speculated that
the SOS1 nonsaturable binding may be caused by nonspecific
binding to the immobilized protein. Despite the uncertainty
with the SOS1 binding data, the SOS2 sensorgrams looked

good; therefore, compounds 7−11 proceeded to SOS2
crystallography.

SOS2 X-Ray Crystallography. Fragment soaking and
fragment cocrystallizations with compounds 7−11 were
investigated across a range of conditions using the SOS2SB

protein construct described by Hillig and colleagues.25 This
resulted in the discovery of two SOS2 X-ray cocrystal
structures with compounds 9 and 10 (Figures 4A,B). Despite
multiple attempts, SOS2 X-ray cocrystal structures were not
identified for compounds 7, 8, and 11.

SOS2SB crystals grown in the space group P43, as described
by Hillig et al.,25 were soaked with 10 mM of 9 for 15 min to
obtain an X-ray cocrystal structure of 9 bound at site-1 (PDB
8UC9), as shown in Figure 4A. Compound 9 made a series of
productive interactions with the protein, including a bifurcated
H bond between the aromatic −NH2 and the side chain of
Asp885 plus the backbone carbonyl of Tyr882, a �-stacking
interaction between the aromatic bicyclic scaffold and Phe888,
and an H bond between the protonated quinoline aromatic
nitrogen and the Asp900 side chain.

An X-ray cocrystal structure of 10 bound at site-1 of SOS2
(PDB 8UH0, Figure 4B) was obtained by cocrystallizing
SOS2SB with compound 10 at 9 mM. These conditions
identified SOS2SB crystals in the P1 space group, a space group
not previously reported. Compound 10 made productive
interactions with SOS2, including a �-stacking interaction
between the aromatic bicyclic scaffold and Phe888 and a
productive H bond between the side chain of Asp900 and the
phenolic substituent of 10.

Table 1. SPR � D's for SPR and TINS Fragment Hits 7−14
Submitted for SOS2 X-Ray Crystallography

aKD is based on n ≥ 2 with SEM within 0.2 units. bNS: nonsaturable
binding. cSolubility measured by 1H NMR in DPBS buffer at pH 7.2.
dSolubility measured by total light and dynamic light scattering in 1×
PBS buffer at pH 7.4.

Figure 4. X-ray cocrystal structure of (A) 9 bound to SOS2 (PDB
8UC9) and (B) 10 bound to SOS2 (PDB 8UH0).
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SOS2 X-Ray Crystallography Fragment Screen.
Crystallographic fragment screening via crystal soaking
requires a large number of apo crystals that are stable under
the soaking conditions and that consistently diffract well. Initial
efforts to develop a robust soaking protocol with apo crystals in
the P43 space group, as described by Hillig et al.,25 were
hampered by the crystals either dissolving or cracking under a
range of soaking conditions. Fortunately, when crystallographic
conditions for compounds 7−11 were investigated, as
described earlier, a new apo SOS2SB crystal form was
discovered in the P1 space group. These apo SOS2SB crystals
in the P1 space group were found to be more robust under
soaking conditions than the previously reported P43 space
group crystals. After further optimization, a SOS2SB apo
structure was solved at 1.6 Å in the P1 space group (PDB
8UF2), and these crystals were selected for use in the SOS2 X-
ray crystallographic screen. A total of 300 fragments were
individually soaked at 10 mM for 18 h at 8 °C with a final
DMSO concentration of 10%. Data collection returned 252
data sets with resolutions in the range of 1.7−2.3 Å. Analysis of
the data sets, supported by PanDDA (Pan-Data set Density
Analysis),41 revealed three hits bound in the site-1 pocket. The
binding poses of the three hits, compounds 12−14, bound to
the SOS2SB site-1 pocket, are shown in Figure 5A−C. A
summary of the SOS1 and SOS2 KDs determined by SPR using
the same procedure previously described is shown in Table 1.

Compound 12 bound in a closely related binding mode to 9,
making a bifurcated H bond between the aromatic −NH2
substituent and the side chain of Asp885 and the backbone
carbonyl of Tyr882, a �-stacking interaction between the
aromatic bicyclic portion of the 1,2,3,4-tetrahydroacridine
scaffold and Phe888, and an H bond between the protonated
aromatic nitrogen of the tricyclic scaffold and the Asp900 side
chain, as shown in Figure 5A. Compound 12 also displayed
similar binding KD's to 9, with nonsaturable binding detected
for SOS1 and a KD of 550 �M for SOS2.

The SOS2 X-ray cocrystal structure with 13 revealed a
bifurcated H bond between the side chain of Asp885 and the
backbone carbonyl of Try882 with the basic primary amino
group of 13, as shown in Figure 5B. This bifurcated interaction
was also observed with compounds 9 and 12, but 13 made the
interactions through its basic −NH2 group rather than via an
aromatic −NH2 substituent, as observed with 9 and 12. The
primary amino sulfonamide group of 13 also made a
productive H bond interaction with the side chain of Asn877.
In the SPR assay, nonsaturable SOS1 binding was detected for
compound 13, and binding to SOS2 was weak with an
approximate SOS2 KD of 2000 �M.

Compound 14 made a series of productive interactions with
SOS2 including an aryl−aryl edge-to-face interaction with
Tyr882, a �-stacking interaction with Phe888, an ionic interaction
with Asp885, and an H bond between the protonated basic
secondary amine group and the backbone carbonyl of Tyr882

(Figure 5C). From the cohort of five SOS2 X-ray cocrystal
structures described herein, 14 made the greatest number of
interactions with the protein, and the geometry of the binding
mode is notable in that 14 wraps around the Tyr882 side chain.
However, nonsaturable binding was observed for 14 against
SOS1 and SOS2 in the SPR assay. This was a confounding
result, and therefore, to rule out questions of compound purity
and integrity, and as described previously for compounds 7−
11, HPLC, MS, and 1H NMR analyses were performed on
compounds 12−14. All were found to be ≥95% pure by

HPLC, with the molecular mass and 1H NMR consistent with
the structure. The electron density for 14 bound to SOS2 was
clear and unequivocal, thus demonstrating that 14 does indeed
bind to SOS2. However, because a binding KD could not be
determined in the SPR assay, this observation highlights a key
challenge in FBLD, that is, differences in the end points of
biophysical assays can generate nonoverlapping results. For
example, SPR is a kinetic assay, while the crystallographic assay
is a thermodynamic assay, and the top concentration used in
the SPR assay was 1 mM, while the concentration used in the
crystallographic assay was 10-fold higher at 10 mM. The
observations with compound 14 highlight a potential challenge
with crystallographic screening, in that a hit may be discovered

Figure 5. SOS2 X-ray cocrystal structures of (A) 12 (PDB 8T5G),
(B) 13 (PDB 8T5R), and (C) 14 (PDB 8T5M) bound to site-1.
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and its binding mode determined unequivocally, but its
binding KD may never be determined, and additional rounds
of follow-up and optimization must be pursued at the risk of
not being able to detect binding affinities to track the progress
and SAR. A summary of data collection statistics and
refinement for SOS2 X-ray cocrystal structure data of
compounds 9, 10, 12−14 is presented in Tables SI-1 and SI-2.

Higher hit rates are described in the literature for X-ray
crystallographic screening compared to other methods, and our
data support these observations.42 Two SOS2 X-ray structures
were obtained downstream of the SPR and TINS assays with
an approximate hit rate of 0.1%, while three X-ray cocrystal
structures were obtained from the X-ray crystallographic
screen, producing a hit rate of 1%.

■ CONCLUSIONS
Here, we report for the first time liganded SOS2 structures that
could form the basis of fragment growth and optimization
strategies to discover SOS2:KRAS PPI inhibitors. SOS2−/−

studies indicate that SOS2-dependent PI3K signaling plays an
important role in mediating KRAS-phosphoinositide 3-kinase
(KRAS-PI3K) pathway signaling for the survival of human
KRAS mutant colorectal, pancreatic, and lung tumor cells, and
in vitro data suggest that SOS2 can compensate for a decrease
in SOS1 activity. Thus, inhibitors of SOS2:KRAS PPI could be
beneficial in downregulating aberrant KRAS-dependent signal-
ing implicated in both cancer and RASopathies. SOS1:KRAS
PPI inhibitors are reported to be inactive against SOS2 due to
the differences between several key residues in the SOS2 ligand
binding site compared to SOS1. Therefore, we hypothesized
that SOS1 compounds 1−6 would not make good starting
points to initiate a SOS2 inhibitor program. Using a
combination of SPR, TINS, and X-ray crystallographic
fragment-based screens, five fragment hits with SOS2SB X-ray
cocrystal structures were obtained (9, 10, and 12−14). Four of
the hits (9, 10, 12, and 13) displayed SOS2 binding KDs in the
range 0.3−2 mM, while SOS2 binding affinity could not be
determined for compound 14. Subsequent optimization via X-
ray cocrystal structure-supported fragment-growing strategies
will be reported in due course.

■ EXPERIMENTAL SECTION
All test compounds were purchased from commercial suppliers and
used as received, unless otherwise indicated. The purity of test
compounds was determined to be ≥95% by high-performance liquid
chromatography, and the confirmation of structure was determined by
proton NMR and mass spectroscopy, as described below. Proton
nuclear magnetic resonance (1H NMR) spectra were recorded on
Bruker Avance 400 MHz spectrometers. Chemical shifts are expressed
in � ppm and are calibrated to the residual solvent peak: proton.
Coupling constants (J), when given, are reported in hertz.
Multiplicities are reported using the following abbreviations: s =
singlet, d = doublet, dd = doublet of doublets, t = triplet, q = quartet,
sxt = sextet, m = multiplet (range of multiplets is given), br = broad
signal, and dt = doublet of triplets. The mass spectra and purity were
obtained for all compounds by high-performance liquid chromatog-
raphy−mass spectrometry (LC−MS) on an Agilent 1260 Infinity II
instrument using electrospray ionization (ESI). HPLC conditions
were as follows: Gemini NX-C18 LC column 4.6 mm × 150 mm, 3
�m, 5−95% ACN (0.0375% TFA) in water (0.01875% TFA), 10 min
run, flow rate 1.5 mL/min, UV detection (� = 220, 254 nm) or
Agilent C18 LC column 4.6 mm × 150 mm, 3 �m, 70:30 ACN
(0.0375% TFA):water (0.01875% TFA), 20 min run, flow rate 1.5
mL/min, UV detection (� = 214 nm).

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02140.

The Supporting Information is available free of charge
on the ACS Publications Web site. NMR spectra and
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