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The prevalent view on whether Ras is druggable has gradually
changed in the recent decade with the discovery of effective
inhibitors binding to cryptic sites unseen in the native structures.
Despite the promising advances, therapeutics development to-
ward higher potency and specificity is challenged by the elusive
nature of these binding pockets. Here we derive a conformational
ensemble of guanosine diphosphate (GDP)-bound inactive Ras by
integrating spin relaxation-validated atomistic simulation with
NMR chemical shifts and residual dipolar couplings, which pro-
vides a quantitative delineation of the intrinsic dynamics up to
the microsecond timescale. The experimentally informed ensemble
unequivocally demonstrates the preformation of both surface-
exposed and buried cryptic sites in RaseGDP, advocating design
of inhibition by targeting the transient druggable conformers that
are invisible to conventional experimental methods. The viability
of the ensemble-based rational design has been established by
retrospective testing of the ability of the RaseGDP ensemble to
identify known ligands from decoys in virtual screening.

conformational ensemble | spin relaxation | residual dipolar coupling |
chemical shift | virtual screening

Situated in a central position of the complex intracellular
signaling network, Ras proteins play critical roles in regu-
lating cell growth, differentiation, migration and apoptosis
through cycling between the guanosine diphosphate (GDP)-
bound inactive and guanosine triphosphate (GTP)-bound active
forms (1, 2). Aberrant signaling caused by oncogenic mutations
in Ras that break this physiological balance can result in un-
controlled cell proliferation and ultimately the development of
human malignancies (3, 4). Despite its well-established role in
tumorigenesis and the extensive efforts to target this oncoprotein
in past decades, clinically approved therapies remain unavail-
able. One obstacle to the development of anti-Ras drugs lies in
the native structures of active and inactive Ras that lack appar-
ently druggable pockets for high-affinity interactions with
inhibitory compounds (5-7).

Both the active and inactive forms of Ras, however, are in-
herently flexible, populating rare conformers distinct from the
native structures and presenting alternative opportunities for
drug discovery (8-11). For example, in GTP-bound active Ras, a
major and minor state (termed states 2 and 1, respectively) co-
exist in solution and exchange on a millisecond timescale, with
state 1 showing surface roughness unobserved in the major state
(12-18). The direct visibility of state 1 in the one-dimensional *'P
NMR spectra of active Ras largely facilitated its early discovery
and characterization (12, 19). And the available mutants of
H-Ras (e.g., T35A), or the homolog M-Ras, which predomi-
nantly assume the state 1 conformation, further promoted the
atomic-resolution studies of its structure and internal dynamics,
as well as the concomitant drug discovery efforts targeting this
low-populated conformer (17, 18, 20).

In comparison to the intensive studies on active Ras, research
on the dynamics of GDP-bound inactive Ras has lagged far be-
hind, presumably due to its high degree of spectral homogeneity
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with little sign of resonance splitting or exchange broadening at
room temperature (21). The previously reported cryptic pockets
for covalent and noncovalent inhibitors of RaseGDP (22-24),
which are unseen in the compound-free structure, nevertheless
indicate that the inactive form is also structurally plastic. The
recent relaxation-based NMR experiments carried out at low
temperature successfully captured the intrinsic microsecond
timescale motions in RaseGDP, which map to regions that
overlap with those rearranged on the binding of inhibitors (11).
However, the structural information of the transiently formed
excited state, in the form of chemical shifts, is not available from
the relaxation measurements, owing to the fast exchange rate on
the chemical shift timescale. Moreover, unlike the case of active
Ras, there are no known mutations that can stabilize the excited
state of RaseGDP for investigations using conventional bio-
physical techniques. Thus far, the sparsely populated confor-
mations of inactive Ras derived from its microsecond dynamics
remain poorly understood, precluding structure-based rational
drug discovery.

To address these challenges, in this work we constructed a
solution ensemble of RaseGDP by integrating atomistic com-
puter simulation with diverse NMR experimental parameters
containing complementary information about the intrinsic pro-
tein motions on timescales from picoseconds to microseconds.
This NMR-based ensemble well covers the slow dynamics as
probed by spin relaxation and provides an atomic-resolution
delineation of thermally accessible conformations, including
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those bearing surface or buried pockets similar to the cryptic
pockets previously observed in the inhibitor-bound forms. The
utility of the RaseGDP ensemble in the development of inhibi-
tors is demonstrated by ensemble-based virtual screening, which
achieves an impressive level of enrichment of known binders.

Results

Spin-Relaxation Active Slow Motions Sampled by Extended Molecular
Dynamics Simulation. Slow molecular motions on the microsecond
timescale that stochastically modulate isotropic chemical shifts
can contribute to detectable spin relaxation, based on which the
exchange correlation time (te) of RaseGDP was previously
determined to be 34 ps at 5 °C (11). To further probe the tem-
perature influence on the slow dynamics, in this work we mea-
sured the relaxation rates of four bilinear coherences—2H,N,,
2H,N,, 2H,N,, and 2H,N,—for RaseGDP at 22 °C, from which
the '°N relaxation rates (R.y) contributed by microsecond mo-
tions were quantified (details in SI Appendix). As shown in
Fig. 14, the increase in temperature markedly reduced the
magnitudes of R.x and thereby significantly accelerated the
protein motions (as Tex scales with R., in the fast-exchange
time regime).

To computationally capture the relaxation-active slow dy-
namics, a 10-ps all-atom simulation of Rase GDP was carried out
using the Amber ff14SB force field (25) and explicit solvent
model at 300 K (27 °C). From the extended molecular dynamics
(MD) trajectory, the R rates contributed by fast exchange were
back-calculated using the autocorrelation function of time-
dependent chemical shift variations (26, 27),
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Fig. 1. Transverse relaxation rates (R.,) of >N contributed by microsecond
timescale dynamics. (A) The experimental Rex values for RaseGDP at 5 °C
(red) and 22 °C (blue) were determined by measuring the relaxation rates of
2H,N_, 2H,N_, 2H.N,, and 2H,N, with spin lock fields (details in S/ Appendix).
The data at 5 °C are taken from our previous work (11). The shaded areas
highlight the regions with significant exchange-induced relaxation. (B) Rex
rates back-calculated from the 10-us MD trajectory at 27 °C.
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R = (ryBo) [ {(8(05( + ) — (8)*Jde [1]

where yx is the N gyromagnetic ratio, By is the static field
strength, and the angular bracket denotes ensemble averaging.
The chemical shifts, §(¢), for each snapshot were predicted using
SPARTA+ (28). As shown in Fig. 1B, the exchange-induced
relaxation in regions including switch I and II (residues 30 to
38 and 60 to 76) is well reproduced by the in silico simulation,
while the back-calculated R, values (<2 s™') are smaller than the
experimental values, which is attributable in part to the higher
temperature used for the simulation. It is interesting to note that
the residues around loops L7 and L10 also showed relatively
large Ry in the simulation. These residues do not have quanti-
fiable R, from the NMR relaxation measurements; however, the
small increase in the crystallographic B-factors in these regions is
consistent with their flexibility (Fig. 2G). As Ry values are highly
sensitive to the motional timescales, this result indicates that the
energy barriers (kinetics) for these residues are overestimated in
ff14SB. The actual correlation times for these residues are
expected to be faster than microseconds, which diminishes the
integral in Eq. 1. Yet the large structural pool generated by the
extended simulation provides a favorable starting point for sub-
sequent experimentally guided ensemble construction.

The Ensemble of Inactive Ras Determined with NMR Chemical Shifts
and RDCs. Chemical shifts and residual dipolar couplings (RDCs)
are both sensitive to protein motions on microsecond and faster
timescales and reflect complementary information on structural
fluctuations. While RDCs report on bond vector orientations,
chemical shifts correlate with a set of structural factors, including
torsion angles, hydrogen bonds, electric fields, ring-current ef-
fects, et cetera. To accurately describe the thermally accessible
conformational space of RaseGDP in solution, the experimental
13Cq, 13Cp, 3C’, and N chemical shifts and one-bond 'H-1°N
RDCs in three alignment media were used conjointly for
selecting an ensemble of RaseGDP from the 10-us MD pool
using a genetic-algorithm based approach (details in SI Appen-
dix). The resulting ensemble, Exmr,ys, comprising 128 con-
formers, achieves excellent agreement with the experimental
data, with chemical shift root mean square deviations of 0.85
ppm (**Car), 0.99 ppm (**Cp), 0.93 ppm (**C’), and 2.39 ppm
(*°N) and the average RDC Q value of 0.139 (Fig. 2 A-E). To
assess the robustness of the numerical optimization, a 10-fold
cross-validation, in which 10% of the experimental data were left
out as the testing data set in each of the 10 iterations, was per-
formed. The highly comparable results obtained for the training
and testing datasets (SI Appendix, Fig. S8) attest to the robust-
ness of the ensemble refinement; details of the validation are
provided in SI Appendix.

To further evaluate the quality of the chemical shifts and
RDCs-derived model, we cross-checked Enmr s against the
nuclear Overhauser effects (NOEs) (29) and isotropic crystal-
lographic B-factors (30) of RaseGDP that were not included as
restraints for generating the ensemble. Remarkably, quantitative
agreement with the experimental NOEs is achieved with no
distance violations larger than 1 A (SI Appendix, Table S1), and a
consistent pattern found between the back-calculated and ex-
perimental B-factors with Pearson correlation coefficients of
0.62 and 0.92 including and excluding the switch I region (resi-
dues 25 to 40), respectively (Fig. 2G). The different B-factor
patterns in the switch I region are likely caused by the crystal
contact effects (31, 32), which are known to significantly affect
the motion of flexible residues. The overall smaller magnitudes
of experimental than predicted B-factors throughout the entire
protein sequence are attributed to the cryogenic temperature
(100 K) for the data collection (33, 34).
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Fig. 2. The NMR-derived RaseGDP ensemble. (A-E) The experimental RDCs
(A) and "3Ca (B), *Cp (C), "*C’ (D), and "*N (E) chemical shifts vs. those back-
calculated from Enmr,s- (F) The sausage representation of the Enwg,.s €n-
semble with radii showing the average deviations of Ca atoms from the
mean structure. The a-helices and p-sheet are colored orange and purple,

respectively. (G) Comparison of the crystallographic B-factors of RaseGDP
(PDB ID code 5W22; orange) with those back-calculated from Eynwg,s (blue).

Preformed Cryptic Pockets in the Unbound Protein Revealed by
Enmryss Recent efforts to directly inhibit Ras (22-24) led to
identification of cryptic sites that are barely visible in the un-
bound structures. The binding pocket located beneath the switch
II region (hereinafter referred to as SII-P) accommodates the
G12C mutant-specific covalent inhibitors, while a set of non-
covalent inhibitors can bind to another site between the a2 helix
and central p-sheet (hereinafter referred to as SI/II-P). The
hidden nature of these pockets, however, presents signifi-
cant challenges for inhibitor design through analysis of target
conformations.
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Two classical models, “conformational selection” and “in-
duced fit” in which bound conformations exist prior to or are
induced by the binding event, respectively (35-39), can provide
potential explanations for binding at cryptic sites. To elucidate
the mechanism of inhibitor recognition, the thermally accessible
conformations of RaseGDP manifested by Exmrg s Were exam-
ined in detail, revealing that both SI/II-P and SII-P are pre-
formed in the compound free protein (Fig. 3). This result is
particularly unanticipated for SII-P that is structurally buried
beneath the switch II region and widely assumed to be induced
by the covalent bonding (40-43). Instead, Enmr s shows that
SII-P is readily preformed without any compounds and is highly
flexible, with volumes fluctuating from 0 to ~1,100 A3 and sur-
face areas ranging from 0 to ~600 A2, which can be significantly
larger than SI/II-P. For the latter, the volumes and surface areas
are up to ~800 A® and ~300 A2 respectively. Fig. 3 C—F com-
pares the distributions of different pocket descriptors for SI/II-P
and SII-P in Enmgr,s With the experimental structures of
RaseGDP complexed with SI/II-P or SII-P inhibitors. Notably,
the conformational heterogeneities of both pockets in Exmr s
suffice to explain those observed in the complexed forms,
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Fig. 3. Characterizations of preformed SI/ll-P and SII-P in Enwg,,s- (A and B)
Representative structures from Eywg s With preformed SI/II-P and SII-P that
are indicated by yellow (A4) and purple (B) semitransparent surfaces, re-
spectively. The switch | and Il regions are colored in blue and green, re-
spectively. (C-F) Distributions of pocket volumes, proportions of apolar «
spheres (Dapolar « spheres): density of the cavity, and accessible surface areas
(ASA) of SIII-P (C and E) and SII-P (D and F) in Enur,s (red triangles). The
corresponding descriptors for experimentally solved RaseGDP structures
(blue circles; PDB codes in S/ Appendix) complexed with SI/II-P or SII-P in-
hibitors are shown in panels C, E and D, F, respectively, for comparison. The
pocket descriptors for the SI/I-P (SlI-P) displayed in A (B) are denoted by the
filled red triangles in C and E (D and F) and indicated by black arrows.
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supporting the conformational selection mechanism for the li-
gand recognition processes. The central idea of conformational
selection that bound structures are captured by ligands from the
preformed ensemble signifies the feasibility of Enwmr s-based
drug discovery.

Ensemble-Based Virtual Screening. As a proof-of-concept study, we
carried out ensemble-based virtual screening (EBVS) of com-
pound libraries comprising both known inhibitors of RaseGDP
and property-matched decoys against Exmr ;s for a retrospective
assessment of its ability to enrich the experimentally verified li-
gands. The protocol of the enhanced directory of useful decoys
(DUD-E) (44) was used to generate optimal decoy sets for the
computational testing, which are physicochemically similar to but
topologically distinct from the ligand sets. The experimental
structures of RaseGDP that were solved with inhibitors bound to
SI/II-P (or SII-P) were assembled as a benchmark ensemble,
Egmsyip (or Egmsip), for assessing the performance of
Enmr s, the former representing a “true” solution of the selected
conformations.

For EBVS against the SI/II-P, 17 experimentally verified li-
gands (SI Appendix, Fig. S9), including 4 for which the complex
structures are unavailable, and 850 DUD-E derived decoys were
docked to both Exmr s and Egmsiip- The ligand enrichment
levels are illustrated with the receiver operating characteristic
(ROC) curves that plot the true-positive rates (TPR) versus
false-positive rates (FPR) (Fig. 44), and the area under the ROC
curve (AUC) is used as a metric for evaluation, where an AUC
of 1 (<0.5) indicates perfect (no) enrichment of known binders.
Remarkably, the AUC for Exmr,s (0.719) reached a value
equivalent to or better than that of Egyspip (0.705), suggesting
that Exmr s attains the accuracy that can quantitatively support
drug discovery targeting this cryptic site.

The performance of Exwmr s in EBVS was further compared
to that of the crystal structure of RaseGDP (Protein Data Bank
[PDB] ID code 4Q21), as well as a 128-conformer ensemble,
E and, selected at random from the 10-us MD pool. This crystal
structure was used as the starting conformation for the MD
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Fig. 4. Enrichment of known inhibitors in ensemble-based virtual screen-
ings. (A) ROC curves showing enrichment of SI/II-P inhibitors in EBVS against
Enmr,s (red), Egmsie (blue), Erang (green), and the inhibitor-free crystal
structure E4q1 (black). (B) True-positive rates of SI/II-P ligands in EBVS against
individual ensembles when 4% of decoys were screened (FPR = 0.04). (C)
Average docking scores and SDs (indicated by the error bars) for known li-
gands (blue) and decoys (gray) in EBVS against the SI/II-P of individual en-
sembles. (D) ROC curves for EBVS against the SII-P of Eyyr s (red) and Egysip
(blue).
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simulation and represents the ground state without the cryptic
binding site. Serving as a negative control, it shows an AUC of
0.559 with essentially no selectivity of the ligands. On the other
hand, E,.,g, with an AUC of 0.671 that indicates enrichment,
represents the unweighted conformational space sampled by the
unrestrained MD trajectory (SI Appendix, Fig. S5). Its lower level
of enrichment than that of Exyrg s demonstrates the improved
accuracy of Exmr,s over the original MD ensemble.

In contrast to the case of SI/II-P, the binding energy to SII-P
was previously shown to be contributed primarily by the covalent
bonding, while noncovalent interactions are weak (41, 45). To
evaluate the noncovalent effects, we construct a compound li-
brary comprising the moieties of known ligands (SI Appendix,
Fig. S10), which fit into the pocket and exclude the electrophilic
warheads, and property-matched decoys generated with the
DUD-E procedure. Docking of this library to Egp sirp resulted
in an ROC curve with an AUC of 0.547 (Fig. 4D), showing that
the experimentally determined bound conformations are unable
to distinguish ligands from decoys. A similarly low AUC (0.534)
was also obtained for Enmr,s. This result confirms the insig-
nificant noncovalent effects for current SII-P inhibitors and
points out the potential to further enhance their potency and
specificity by optimizing these interactions.

Discussion

It has been shown by growing evidence that “invisible” excited
conformations of proteins, which deviate from native structures
and are accessed by thermal motions, are critical for recognition
of physiological ligands as well as drugs that can effectively
modulate protein activities. The high-resolution crystal struc-
tures of Ras have been available since the 1990s (6, 7, 46), but
did not reveal suitable sites for small-molecule binding, making
this oncoprotein long considered “undruggable.” Thus, exploring
alternative local energy minima, which transient druggable con-
formations could populate, for ligand design is of great interest.
Central to this approach, however, is the quantitative modeling
of the sparsely populated conformations at the atomic level,
which can afford subsequent computer-aided drug design. The
previously detected microsecond dynamics of RaseGDP by spin
relaxation (11) supports the idea of targeting the rare con-
formers. However, in a fast exchange system, as in the case of
inactive Ras, the site-specific chemical shift information cannot
be unambiguously determined, obstructing the structural un-
derstanding of the excited state.

To address this problem, we sought to complement NMR
experimental data with explicit computer simulation. The latter,
with the advancement of computer power, has now been able to
reach the microsecond-millisecond time window. However, in-
tegrative studies combining experimental and computational
tools to explore protein slow dynamics on this timescale remain
scarce. In this work, we demonstrate that the extended MD
simulation with the state-of-the-art force field can semiquanti-
tatively reproduce the exchange-broadening effects observed in
inactive Ras, thereby uncovering its accessible conformational
space, albeit imprecisely weighted (SI Appendix, Figs. S5 and S6).
Further optimization against a large set of RDCs and chemical
shifts, which are increasingly used as exclusive or complementary
restraints for determining protein structures and dynamics
(47-50), yields a highly accurate ensemble, Exmr ps, cOnsistent
with diverse types of experimental parameters (Fig. 2 and S/
Appendix, Table S1). The integrated ensemble modeling as
implemented in this work demonstrates a general approach
that can overcome the technical challenge of characterizing
relaxation-active microsecond timescale dynamics at atomic
resolution.

The mechanisms of how cryptic sites form would have im-
portant implications for the strategies for targeting them. For
SII-P, which is much more buried than SI/II-P and found to
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accommodate only allele-specific covalent inhibitors, the “in-
duced fit” model has been commonly assumed. Nevertheless, the
Enmr s ensemble of RaseGDP unequivocally shows that the
formation of both cryptic pockets, SI/II-P and SII-P, is inde-
pendent of the ligands, and that their conformational hetero-
geneity well accounts for the diverse pocket structures observed
in the complexes, supporting the conformational selection as the
primary mechanism for both pockets. In the scenario of con-
formational selection, the intrinsic dynamics of macromolecules
dictate the accessible conformations from which a ligand can
select, highlighting the predictability and designability of inhibi-
tory compounds based on the unbound protein ensembles. To
prove this feasibility, we conducted comparative virtual screen-
ings against different RaseGDP ensembles. For both SI/II-P and
SII-P, the performance of Exmg,us matches that of the bench-
mark ensembles, with equally high and low AUCs for SI/II-P and
SII-P, respectively, attesting to the overall accuracy of Exmr s
and pointing out that the potencies of SII-P inhibitors can be
further improved via optimization of noncovalent interactions. It
is noteworthy that the druggable conformations of RaseGDP
unveiled by Exmr s far exceed what have been known from the
Ras-inhibitor complex structures. Apart from retrospective
studies, Exmr s is expected to significantly expedite the pro-
spective discovery of novel inhibitors via both virtual screening
and de novo design.
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