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ABSTRACT: Mutations on the Ras-family of small GTPases are among the most o,
common molecular oncogenic drivers, with the HRas isoform being primarily

associated with head-and-neck and genito-urinary cancers. Although once considered 0
“undruggable,” recent efforts have identified a structurally conserved surface pocket in

the Ras family, designated the SI/II pocket, situated near the binding site of the ﬁ% g
guanidine exchange factor (GEF) SOS1. The SI/II pocket may represent a potential l

target site for a pan-Ras drug. A crystal structure representing the native state of ”
GDP-bound HRas%'* was generated to characterize the topology of the SI/II pocket. outy ©
This native-state structure was employed, together with the published structure of - @%;
GppNHp-bound HRas®'?V in state 1 (PDB ID: 4EFM), as a base for further ~"\|, . °®
molecular dynamics simulations exploring the conformational dynamics of the SI/II

pocket via four generated synthetic HRas model structures. Our results show that the Moleculardynamics simulations

SI/II pocket is natively inaccessible in GDP-bound HRas yet becomes accessible in

state 1 GppNHp-bound HRas systems, an effect that seems to be more evident in the mutated enzyme. This points to the GTP-
bound state as a most promising target for Ras inhibitors directed at the SI/II pocket. Occlusion of the SI/II pocket is dictated by
the spatial position of the a2 a helix in relation to the protein core, with @2 residue Y71 acting as a “tyrosine toggle” capable of
restricting the pocket access.
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LS Ras-GTP
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state 1

The rat sarcoma (Ras) subfamily of small GTPases is a group of
molecular switches responsible for regulating signal trans-
duction in pathways involved in cell proliferation and growth,
metabolism, and apoptosis.” Clinically observed Ras mutants
involve gain-of-function mutations, which induce the break-

down of tight regulation in cellular pathways due to abnormal £k D

rates of Ras-mediated signaling, promoting tumorigenesis.2 Ras HRASGDP'OFF " LRASGTPON'

mutations are frequently observed in tumors and are estimated

to be present in approximately 19% of all cancers presenting in Dg;’;gz’lm}m
the clinic.” Classical human Ras GTPases are divided into three

isoforms: KRas, NRas, and HRas, with each isoform Figure 1. Functional overview of Ras signaling. A simple mechanistic
predominantly associated with distinct cancer types when overview of the switching behavior of HRas, alternating between the
mutated.* HRas is the less common (and less studied) isoform biologically active GTP-bound state (“on”) and the inactive GDP-

bound state (“off”). RasGEF (SOS1) and RasGAP assisting nucleotide
exchange and hydrolysis are depicted. Relative nucleotide hydrolysis
and exchange rates are represented, connecting either state of Ras.

observed in cancers. However, it represents the most common
mutated isoform identified in Ras-associated head-and-neck and
genito-urinary cancers.” It is, for this reason, the primary target
of our research efforts toward discovering new anticancer drugs

All classical Ras isoforms display intrinsic hydrolase activity,
switching between the “active” GTP-bound state, capable of
activating downstream signaling effectors, and the inert
“inactive” GDP-bound state (Figure 1).° All known oncogenic
point mutations within Ras disrupt normal switching kinetics by
directly impacting intrinsic hydrolase activity or disrupting
interactions with proteins involved in assisting nucleotide
hydrolysis and exchange (RasGAP/RasGEF).” Mutations in
Ras disrupting intrinsic hydrolase activity are primarily observed

at residues G12, G13 and Q61;* mutations within the functional
P-loop region of Ras (residues G10-S17), such as GI2V in
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HRas, unsettle GTPase activity by sterically inhibiting transition
state geometry during hydrolysis.”” Additionally, glycine
substitution at residue 12 for an amino acid residue containing
a bulkier side chain (such as valine) disrupts interactions with
RasGAP , decreasing GTPase activity.g’10 Ras point mutations
may have functional effects on both the GDP-bound and GTP-
bound forms of Ras."'

GTP-bound Ras is found in one of two interconverting
conformational states (Figure 1), with state 1 demonstrating a
low intrinsic hydrolysis rate as well as reduced interactions with
downstream effectors, and state 2 demonstrating higher intrinsic
hydrolysis rates and an increased affinity for downstream
effectors.’”” Common Ras point mutations can skew the
population of GTP-bound Ras toward either of these states.
The G12V mutation heavily favors state 1 over state 2 with
respect to kinetic parameters.13

Two flexible loop regions situated within the effector G-
domain (residues M1-H166) of HRas have been identified as
interaction sites for accessory proteins and downstream effectors
alike: switch I (residues Y32—Y40) and switch II (residues DS7-
G75)."" Both switch regions collectively comprise a surface
critical to downstream signal transduction initiated through
protein—protein interactions, assuming various spatial orienta-
tions based on the nucleotide bound and the subsequent
conformational state of the protein.'” Notably, the first 86
residues of the protein are highly conserved across all classical
Ras isoforms, a section within which both switch regions are
found.'® These 86 N-terminal conserved residues form a protein
region referred to as “lobe 1”.'” A structurally conserved pocket,
designated as the SI/II pocket, has been identified on the surface
of the protein within lobe 1; this pocket is lined by lipophilic
residues comprising both switch regions (S39, Q70, Y71, T74),
as well as several other surface and core residues found within
lobe 1 (K5, D54, L56)."® The namesake for the SI/II pocket is
derived from its proximity to the RasGEF-type protein Son of
Sevenless (SOS1) binding site, located near the interface of both
switch regions.'” As the SI/II pocket is comprised uniquely of
amino acid residues found within lobe 1, it is present in all
classical isoforms of Ras and maintains its relative geometry,
rendering it an attractive site for the design of a potential pan
mutant and pan-isoform Ras drug which has yet to be reported
in the literature.”® Native accessibility of the SI/II pocket to a
small-molecule binding directly depends on the orientation of
a2, aright-hand o helix motif located near the C-terminal end of
the switch II region. The orientation of Y71, a critical residue
within a2, is directly related to the native accessibility of the SI/
II pocket; Y71 functions as a “tyrosine toggle”, a gate barrier arm
controlling access to the interior surface of the SI/II pocket.

Several crystal structures have been submitted to the
worldwide Protein Databank (PDB) (www.rcsb.org) depicting
small-molecule compounds binding to the SI/II pocket across
all classical Ras isoforms (e.g., PDB IDs 4DSO, 6ZL3, 4EPY,
6GJ8), suggesting that this pocket can indeed be targeted by a
small molecule drug.'®*°~** These concept drugs share
common core structural features: an indole ring or benzimida-
zole at their core, which functions as an anchor lodging the
compound to the inside surface of the SI/II pocket via
hydrophobic interactions.”® Previous results in the literature
suggest that rational drug design targeting the SI/II pocket is
possible for both the GDP and GTP-bound forms of Ras.*”

Here, we present a complete crystal structure of the GDP-
bound mutant HRas%'?¥ G-domain (PDB ID: 7TAM) with both
switch regions fully modeled. Using this structure, the
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experimental structure of GppNHp-bound (GNP) mutant
HRas%'?Y (PDB ID: 4EFM), as well as four synthetic HRas
models generated in-house, we also present molecular dynamics
(MD) simulations detailing the behavior of the SI/II pocket,
resulting from conformational changes occurring in the
transition between the “inactive” and “active” states of Ras.
These simulations provide insight into the behavior of the SI/II
pocket in both the GDP and simulated GppNHp forms of
HRas®"?Y and HRas", Due to the conserved nature of the SI/II
pocket, the results of our simulations can contribute to a better
understanding of the behavior of the SI/II pocket. By
characterizing the conformational dynamics of the SI/II pocket,
we aim to supplement general understanding of this target to
assist structure-based drug design efforts in a protein of
sustained oncologic interest.

B METHODOLOGY

Protein Purification. The G-domain of HRas®'?V (residues
1-166) was expressed witha poly-histidine tag in Escherichia coli
BL21(DE3) competent cells (Thermo Fischer Scientific,
EC0114) from a pET28a(+) (RRID: Addgene 26094) plasmid
vector transfected via heat shock. Transformed E. coli cells were
grown to saturation for 18 h overnight in LB media with 1%
Kanamycin added (350 rpm, 37 °C) in a 250 mL ultra-yield flask
(Thomson Scientific, 50-996-059). The overnight E. coli culture
was diluted into fresh LB + 1% Kanamycin in 1.5 L Ultra-Yield
flasks at a 1:10 volume ratio. Four Ultra-Yield flasks containing a
total of 2 L of LB + 1% KanamycinE. coli bacterial culture were
incubated with shaking (300 rpm, 37 °C) until the cultures
reached an optical density at 600 nm of 3.5 . One mM IPTG was
added toE. coli cell cultures to induce protein production for 18 h
in an incubator with shaking (180 rpm, 25 °C). Cells were
sedimented via centrifugation (20,000 ¢30 min, 4 °C),
resuspended in buffer (50 mM Tris—HC, 500 mM NaCl and
1 mM TCEP at pH 8) and lysed via sonication. Cell lysate was
centrifuged and filtered using a 0.4S ym PVDF filter membrane
(EMD Millipore, HVLP04700). Expressed HRas®'?' was
separated from cellular proteins via immobilization on a S mL
HisTrap FF histidine affinity column (Cytiva, 17525501), then
eluted with increasing concentrations of imidazole. HRas%'?Y
eluate was cleaved overnight via exposition to recombinant TEV
protease in buffer solution +2 mM TCEP at a 10:1 TEV/HRas
molar ratio, and then processed through reversed immobilized
metal affinity chromatography (IMAC). Endogenous nucleotide
was exchanged for GDP (Sigma-Aldrich, G7127) via a Ras
nucleotide exchange protocol interpreted from Maurer et al.”!
The resulting HRas%'*Y-GDP product was further purified via
size-exclusion chromatography using a HiLoad 26/600 Super-
dex 75 pg column (Cytiva, 28989334); purified HRas%'*Y-GDP
in solution was concentrated to 14 mg/mL by centrifugation
using a 3.000 MWCO Ultra-15 filter unit (EMD Millipore,
UFC900324, 20,000 g, 30 min, 4 °C).

Crystallization and Cryoprotection. GDP-bound
HRas“'? crystals were grown at ambient room temperature
(295.15 K) via the hanging drop vapor diffusion method; 2 uL
drops were exposed to a reservoir solution composed of 29%
PEG 3350, 0.2 M calcium chloride dihydrate and 0.1 M Tris
hydrochloride at pH 8. Hanging drops consisted of a 1:1 mixture
of purified GDP-bound HRas®'*Y and reservoir solution.
Crystals were recovered using 20 pm Mounted CryoLoops
(Hampton Research, HR4-955) and soaked in a cryoprotectant
solution (25% PEG 4000, 2 M calcium chloride dihydrate, 15%
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glycerol) before being expedited to the Canadian Light Source
complex (CLS).

Data Collection, Processing and PDB Deposition. Data
collection was performed at the CLS complex using the CMCEF-
BM (08B1) beamline. HRas%'*Y-GDP crystals were exposed to
the X-ray beamline at a wavelength of 1.5212 A at 100 K.
Diffraction maps were collected using a Pixel Dectris Pilatus3 S 6
M detector. Diffraction data were processed using autoPROC
(incl. XDS/XSCALE Staraniso, Pointless, Aimless) and
recovered through the CLS MxDc interface.”* Molecular
replacement was performed in PHENIX using a deposited
HRas'? GDP structure (PDB ID: 6MQT) as a starting
model.”® Refinement was performed at 1.87 A using the
phenix.refine module, with manual corrections performed in
CCP4 WinCoot.”® The refined crystal structure of HRas®'2
GDP was deposited in the RCSB PDB (www.rcsb.org) under
the accession code7TAM. Statistics for initial diffraction data
and refinement data for 7TAM were gathered using both
PHENIX and the MolProbity toolkit (RRID: SCR_014226)
(Table S1).**?” Ramachandran plots (Figure S1) were
generated using the Ramplot python module v.1.0.4. Polder
OMIT maps comprising all residues in Ras lobe 1 (residues 1—
86) were generated for GDP-bound HRas“?Y (PDB ID:
7TAM) and GppNHp-bound HRas®'*V (PDB ID: 4EFM)
(Figure S6) using PHENIX. Per-residue polder OMIT maps for
7TAM SI/SII pocket residues were generated using PHENIX.

Molecular Dynamics Simulations. MD simulations were
performed using the crystal structures of GDP-bound HRas%'2"
(PDB ID: 7TAM) and GppNHp-bound HRas'*¥ (PDB ID:
4EFM) plus four synthetic models derived from these
experimental structures, constructed using the builder module
of the Molecular Operational Environment [MOE (https://
www.chemcomp.com/Products.htm)] software. Model 1 was
generated by replacing one of the —O atoms of the f-PO, group
of GDP in 7TAM with a —NPOj; group to create a simulated
structure of GppNHp-bound HRas%'?Y with an occluded SI/II
pocket. Model 2 was generated by replacing the —NPO; group
of GppNHp in 4EFM with a —O atom to create a simulated
structure of GDP-bound HRas®'?V without SI/II pocket
occlusion. Models 3 and 4 represent HRas*™ in the GTP and
GDP-bound forms and were created by reversing the mutation
G12V and changing GppNHp to GTP.

Table 1. Energy Thresholds Used to Generate the
Fingerprints

Type of interaction Weak (kcal.mol™) Strong (kcal.mol™)
Side chain H-donor 0.5 1.5
H-acceptor 0.5 LS
Backbone H-donor 0.5 1.5
H-acceptor 0.5 15
Solvent H-donor 0.5 1.5
H-acceptor 0.5 15
ITonic attraction 0.5 3.5
Metal ligation 0.5 3.5
Arene attraction 0.5 1.0

The .pdb files of 7TAM,4EFM and the synthetic models were
first opened in the main window of MOE (https://www.
chemcomp.com/Products.htm) and optimized with the quick-
prep tool to achieve the proper bond lengths, angles and charges
compatible with the physiological environment. Each file was
then prepared for simulation using the compute/simulations/
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- $I/51l pocket surface
(GppNHp)

[ Ras GDP residues

Ras GppNHp residues

Figure 2. Spatial orientation of amino acid residues comprising the SI/
1I pocket in the GDP-bound (cyan - PDB ID: 7TAM) and GppNHp-
bound (yellow - PDB ID: 4EFM) forms of HRas®'?". The accessible
pocket surface, as observed in the GppNHp-bound form, is highlighted
(magenta). In the GDP-bound form the pocket surface is occluded by
residues KS, D54 and Y71 (cyan).

dynamics module of MOE (https://www.chemcomp.com/
Products.htm). The simulations were performed in triplicate,
at 310 K, using the AMBER10:EHT?® force field and the
NAMD software”” with cutoff = 10 for electrostatics and
between 8 and 10 for VAW interactions. This force field has been
successfully used by our research group to simulate biological
systems in prior studies;*" it is well-characterized in the literature
and is thus the standard force field used by MOE (https://www.
chemcomp.com/Products.htm) for this purpose.’’ Each protein
was centered in a cubic box containing between 8,000 and
10,000 water molecules neutralized with Na* ions. Before the 1
ps simulation production step, each system was submitted to a
10 ps energy minimization followed by 100 ps of NPT and 200
ps of NVT under Langevin dynamics parameters.’” The
trajectories obtained were analyzed using the md_analysis tool
and the database viewer (DBV) menu of MOE (https://www.
chemcomp.com/Products.htm), while plots of MD results were
created using GraphPad PRISM (RRID: SCR_002798)
(https://www.graphpad.com). Movies of the MD simulations
were generated using the Visual Molecular Dynamics (VMD)
software® and the H-bonds were calculated following the
standard VMD™ distance/angle criteria of 3.5 A and 20°,
respectively. The initial volume of the SI/II pocket was
determined using the PyVOL™ plugin of PyMOL® and
monitored through plots of Solvent Accessible Surface Area
(SASA) from the md_analysis tool of MOE (https://www.
chemcomp.com/Products.htm).
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Figure 3. Conformational dynamics of the Ras switch regions and residue Y71 in the GDP-bound (cyan, PDB ID: 7TAM) and GppNHp-bound forms
(yellow, —PDB ID: 4EFM) of HRas®'?". (A) Relative orientation of D54 and Y71 . H-bond interactions and the Euclidean distances between the
terminal hydroxyl of Y71 and the terminal carbonyl of D54, are evidenced. (B) The relative orientation of switches I and I regions . The position of the

terminal a2 helix within switch II is evidenced.

Fingerprint Analysis. In order to contribute for the design
of a potential pan-Ras binder to the SI/II pocket, the protein
ligand interaction fingerprint (PLIF) application of MOE
(https://www.chemcomp.com/indexhtm) was used to map
the most relevant residues for pan-Ras activity. All the
experimental structures of Ras bearing ligands in the SI/II
pocket available in the PDB (www.rcsb.org) were downloaded
into a databank. This Ras-ligand structure databank was further
used to prepare and generate the fingerprints using the PLIF
setup panel with weak and strong energy thresholds for the nine
types of protein—ligand interactions normally observed in
fingerprints, set as indicated in Table 1. The resulting
fingerprints were compiled in a barcode plot.

B RESULTS

Crystallographic Structures. The GDP-bound form of
HRas®'?V (PDB ID: 7TAM) presents a glycine-to-valine
substitution at residue 12, adopting a unique conformation
within the P-loop (residues 10—17) impacting nucleotide
binding without altering the overall GTPase fold. Consistent
with other GDP-bound forms of Ras, the switch I and switch IT
regions are in an inactive conformation, held in proximity by
hydrogen bonds (H-bonds) and van der Waals interactions
between residues T35-Y40 and DS57-G60 respectively.

In the GDP-bound form of HRas®?V (PDB ID: 7TAM),
residue Y71 occupies a central position in the SI/II pocket,
bordered by residues KS, $37, DS54, LS6, Q70 and T74 (Figure
2), while in the GppNHp-bound form in state 1 (PDB ID:
4EFM) Y71 is resigned to the border of the SI/II pocket (Figure
2). The experimental structure of HRas"'* GppNHp-bound in
state 2 (PDB ID: SB2Z) also presents Y71 in the same
configuration as 4EFM. The native conformation of residue Y71
in the GDP-bound form of HRas%'?" shields the hydrophobic
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interior of the SI/II pocket, impeding access to the pocket. This
native conformation is maintained via 2.5 and 3.1 A H-bond
interactions between residues D54 and Y71 (Figure 3A). Our
study of MD simulations on the GDP-bound form of HRas also
revealed the possibility of a rare, transient H-bond interaction
between Y71—OH and the protein backbone carbonyl of D54
(D54-0).

In the GppNHp-bound form of HRas®'?¥ (PDB ID: 4EFM),
supplemental contacts between the y-phosphate of GppNHp
create additional steric interactions with residues preceding the
switch II region; these interactions consequently displace switch
II and deviate the position of the a2 helix harboring residue Y71
by 3.3 A at its N-terminal base (Figure 3B). Structural
differences within the @2 helix region (residues 67—75) are
central to changes in the accessibility of the SI/II pocket
between the GppNHp and GDP-bound forms of HRas%'?, In
the GppNHp-bound form, deviation of a2 affects the position of
the a carbon of Y71, which is now situated 2.0 A further relative
to the a carbon of D54. This 2.0 A deviation causes the side
chain of Y71 to “flip” its orientation via a clockwise rotation
relative to the backbone (Figure 3A). As a result, the H-bond
interactions between Y71 and D54 are impeded. The loss of
these H-bond interactions leads Y71 to stabilize in the “flipped”
orientation (Figure 3A); the side chain of Y71 then interacts
with side chain carbons in residue M67, a spatial neighbor
situated one preceding turn in the a2 helix at position i-4. In the
“flipped” orientation, Y71 no longer occupies a central position
in the SI/II pocket, exposing its hydrophobic interior to the
solvent (Figure 2); this phenomenon is observable in both states
1 and 2 of GppNHp-bound Ras (see PDB IDs: 4EFM and
SB2Z).

MD Simulations. Long MD simulations (1 us) were first
performed on the crystallographic structures of GDP-bound
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Figure 4. Plots of RMSF after 1 us of MD simulations. (A) 7TAM and 4EFM (B) Models 1 and 2 (C) Models 3 and 4.

HRas®'?Y (PDB ID: 7TAM—SI/II pocket occluded) and
GppNHp-bound HRas®'?¥ (PDB ID: 4EFM—SI/II pocket
accessible) to verify the accessibility of the SI/II pocket over
time. These simulations were also performed to validate the
general conformational state of both experimental structures.
Additionally, four synthetic models were constructed from both
experimental crystal structures (7TAM, 4EFM) with the
following modifications: (1) GDP-bound HRas®"?" (7TAM)
modified to GppNHp-bound (referred to as “Model 17); (2)
GppNHp-bound HRas®'? (4EFM) modified to GDP-bound
HRas%'?V (referred to as “Model 2”); 3) GppNHp-bound
HRas®'?V (4EFM) mutated to GTP-bound HRas"¢ (referred
to as “Model 3”); (4) GDP-bound HRas%'?¥ (7TAM) mutated
to GDP-bound HRas" (referred to as “Model 4”). Models 1—
4 were also submitted to 1 ps-long MD simulations. All
simulations were performed to investigate the conformational
behavior of the SI/II pocket relative to the type of nucleotide
bound to the protein (GDP or GppNHp/GTP). Using data
inferred from MD simulations, plots were generated to represent
the variation of total system energy (Figure S1), Root Mean
Square Deviation (RMSD) (Figure S2) and Root Mean Square
Fluctuation (RMSF) for all MD simulations (Figure 4). The
dynamic behavior of residues D54 and Y71 are evidenced in
Supplementary Movies S1—S6 and in Euclidean distance
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variation violin plots between the terminal hydroxyl of Y71
and the Cy atom of D54 (Figure S). The initial volume of the SI/
II pocket was determined to be 102 A; the plots of SASA
variation during the MD simulations are shown in Figure S3.
The small variations in SASA over time point to a preservation of
the pocket geometry for the duration of the simulation in all
systems. Tables 2 and 3 present, respectively, the prevalence of
H-bonds formed over time between the bound nucleotide (GDP
or GppNHp/GTP) and HRas nucleotide pocket residues, as
well as between Tyr71 and other HRas residues. H-bond
prevalence is listed as a percentage.

Fingerprint Analysis. The bar code plot in Figure 6 shows
that the most frequent interactions with residues of the SI/II
pocket happen with DS4 (H-bonds and ionic) followed by $S39
(H-bonds), KS (H-bond and arene), LS6 (only arene), T74 (H-
bonds and arene) and Q70 (H-bonds). Among residues that do
not belong to the SI/II pocket the most frequent were E37 (H-
bonds and arene), E3 (H-bond and ionic) and D38 (H-bond
and ionic).

B DISCUSSION

The crystallographic data collected indicates that the GTP-
bound form of Ras (state 1) may be the ideal drug target over the
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Figure 5. Violin plots of the Euclidian distance variation between residues D54 and Y71 over the duration of each MD simulation. The initial state of
the SI/II pocket accessibility (“open” or “closed”) is reported for each system.

GDP-bound form for any given small molecule compound
designed to bind the SI/II pocket. While the SI/II pocket is
natively accessible in the GppNHp-bound form HRas model, it
is occluded by pocket amino acid residues forming H-bond
interactions in the GDP-bound form of the protein, as shown in
Figure 2. A compound designed to bind the “state 1”7 of GTP-
bound Ras isoforms may act physiologically by decreasing
mutation-amplified signal transduction, achieved by blocking
the transition toward the more signal transduction-competent
GTP-bound “state 2”.*° Due to the proximity of the SI/II pocket
to the binding interfaces of downstream effector proteins, a SI/
II-targeted compound may also double as a contact inhibitor
between Ras and downstream effectors.’”

Several Ras drug candidates in the literature contradict this
conclusion: numerous crystal structures in the PDB database
(www.rcsb.org) present evidence for several small molecule
compounds binding to the SI/II pocket in the GDP-bound form
of Ras. This suggests a possible induced fit of the ligand into the
SI/II pocket. However, in several cases, these Ras-ligand crystal
structures must be interpreted with caution: instances are
present in published structures across the PDB (www.rcsb.org)
where the target compound is not bound within the SI/II pocket
strictly via ligand-target monomer protein interactions. Instead,
the compounds presented appear dependent on crystal contacts
from another Ras molecule instance in a neighboring asym-
metrical unit (ASU) to “trap” these compounds within the SI/II
pocket during crystallization (e.g, PDB IDs: 4DSU, 4EPY,
6GJ8, 6ZL3). These structures presenting “trapped” compounds
do not discredit the status of the presented compounds as true
binders of Ras, as several studies argue that Ras does dimerize in
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vivo; thus, targeting Ras as a dimer rather than as a monomer
may constitute a valid but not yet thoroughly explored
mechanism. Compounds designed to bind Ras dimers have
already been reported in the literature.”® Additional study is
required to substantiate the biological significance of these
findings, given the controversial nature of the Ras dimer
hypothesis.”” We recommend concurrently using complemen-
tary techniques, such as MD simulations and HSQC NMR, to
confirm the binding mode and behavior for a small molecules
within the SI/II pocket and to further investigate binding to
potential Ras dimers. X-ray crystallography experimentation
remains relevant in Ras SI/II-pocket targeted drug design, as
crystallographic data can assist development by generating a
protein—ligand structure to be used as a starting point for
modeling or as cross-validation for other methods.

The nucleotide analog GppNHp was initially chosen for prior
crystallographic experimentation due to its widespread presence
in published Ras structures (e.g, PDB IDs: 1XCM, 4GON,
6GOD, 6E6H) and relative availability. Using GppNHp or
another nonhydrolyzable nucleotide analog are paramount in
obtaining an “active” Ras crystal structure, as the combination of
the self-hydrolyzing activity of Ras and the long timeframes
required for crystal formation render the use of GTP untenable
within the crystallographic pipeline. As our work seeks to inform
future structure-based drug design efforts linking multiple
methodological strategies, often including X-ray crystallography,
GppNHp use was extended to MD simulations as a consistent
reference for dynamic analysis.

The plots of variation of total energy point toward immediate
system stabilization near the first nanosecond of simulation in all

https://doi.org/10.1021/acsomega.4c10493
ACS Omega 2025, 10, 9463—-9473


www.rcsb.org
www.rcsb.org
https://pubs.acs.org/doi/10.1021/acsomega.4c10493?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10493?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10493?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10493?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. H-Bonds Formed between GDP or GppNHp/GTP and HRas during the MD Simulations®

Interacting protein residues

Donor
G15 (23.88%), K16 (112.94%), S17 (28.36%), A18 (44.78%), K147 (21.89%)
G13 (57.21%), K16 (97.51%), S17 (30.35%), A18 (24.88%), K147 (48.26%)

G13 (58.71%), G15 (15.92%), K16 (125.37%), S17 (48.76%),A18 (41.79%), N116 (11.94%),K147 (41.80%)

Acceptor
V29 (35.82%), D30 (75.13%), D119 (157.21%)

System

7TAM (GDP)
4EFM (GppNHp)

G13 (38.81%), D30 (19.90%), D119 (157.21%)
G13 (29.85%), V29 (30.35%), D30 (27.36%), D119 (158.71%)

Model 1 (GppNHp)

K16 (102.98%), S17 (71.74%), K147 (34.33%)
G13 (43.78%), G15 (20.40%), K16 (103.98%), S17 (36.82%), A18 (39.30%), K147 (35.32%)

D33 (78.61%), D119 (136.82%)
G13 (11.44%), D30 (21.39%), E31 (22.89%), D119 (154.23%)

Model 2 (GDP)
Model 3 (GTP)

Model 4 (GDP)

G13 (29.35%), G15 (25.37%), K16 (114.43%), S17 (32.84%), A18 (41.79%), K147 (33.33%)

“Only the residues forming H-bonds with the ligand for over 10% of the simulated time are shown. Values above 100% indicate that the ligand has formed more than one H-bond with that residue.

V29 (26.87%), D30 (51.24%), D119 (171.14%)
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systems, with an average slightly above —80,000 kcal.mol ™" for
systems with an occluded SI/II pocket and below this value for
the systems with an accessible SI/II pocket (Figure S1). The
RMSD plots do not present spatial position deviations over 1.50
and 4.50 A for ligand and protein, respectively (Figure S2).
Additionally, the RMSF plots demonstrate that the 3D spatial
position of most amino acids in the protein fluctuate by less than
4.00 A, with no individual fluctuations over 6.00 A for the entire
duration of the 1 ys MD simulation in both the crystal structures
and their derivative models (Figure 4). The above results
suggest a controlled dynamic behavior in all systems, validating
the native conformations observed in the experimental crystallo-
graphic structures.

Supplementary Movie S1 (crystal structure, 7TAM) illus-
trates that the conformation of the Y71 side chain remains stable,
staying within H-bond distance from D54 for the entire duration
of the simulations, thus keeping the SI/II pocket occluded; this
occlusion is corroborated by the violin plots in Figure 5, which
demonstrates a relatively fixed distance between DS54-Y71,
approximately equal to 3.1 A for most of the simulated time in
the three MD simulations of 7TAM. Supplementary Movie S2
(crystal structure, 4EFM) demonstrates that the side chain of
Y71 tends to remain in the “flipped” conformation, never
approaching D54 sufficiently to form an H-bond and keeping
the distance over 7.0 A to D54 (see MD_1 and MD_2 in Figure
5) most of the time; consequently, the SI/II pocket remains
accessible. Supplementary Movie S3 (Model 1) and S4 (Model
2) demonstrate a conformational change in the Y71 side chain
within the initial 250 ns of simulation. In Model 1, Y71 flips away
from D54, increasing the mean distance between residues from
the initial H-bond distance to approximately 12 A, thus opening
the SI/II pocket (MD_1 of Model 1 in Figure 5). In Model 2, an
opposite conformational change is observed: Y71 flips toward
D54, reducing the mean distance between atoms from
approximately 13 A down to 3 A (a behavior more evident in
MD_3 of Model 2 in Figure S but also a trend in MD_1 and
MD 2) allowing the formation of an H-bond and thus
occluding native accessibility of the SI/II pocket. Supplementary
Movies S5 (Model 3 - HRas"-GDP-bound) and S6 (Model 4 -
HRas"!“-GTP-bound) show results similar to 7TAM and 4EFM
(Figure 5). However, the increased mobility of Switches I and II
is reflected by an alternation of the SI/II pocket between the
occluded and accessible forms (Figure S and Movie SS). This
result suggests that the mutation tends to “freeze” the SI/II
pocket in the accessible form since a similar alternating behavior
was not observed for GppNHp-bound HRas“'?" (Model 1),
supporting prior findings which have shown that common Ras
mutations can maintain the protein in a continuously active
state.””

The conformational behavior of HRas observed for the
duration of the MD simulations (Supplementary Movies S1—
S6) suggests that the movement of the Y71 side chain toward
D54 is correlated to the conformational state of the SI region
upon GDP binding to HRas. In contrast, the “flipped”
conformation of Y71 is observed upon GppNHp binding to
HRas, where Y71 adopts a recessed position away from D54.
The SI region gains conformational flexibility in the GppNHp-
bound form of HRas yet remains relatively stable in the GDP-
bound form of HRas. These conformational dynamics are
reflected in the RMSF plots shown in Figure 4, which highlight
the deviation of the SI region’s position within 3D space over the
duration of the MD simulations. In the case of experimental
structure 7TAM, the maximum spatial deviation of SI was below
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Table 3. H-Bonds Formed between Tyr71 and other HRas Residues during the MD Simulations®

System Interacting protein residues
MD_1 MD_2 MD_3
7TAM (GDP) Y715c—DS4sc (80.60%) Y715c—DS4sc (61.69%) Y715c—DS4sc (79.10%)

4EFM (GppNHp)

Model 1 (GppNHp)

Model 2 (GDP)

Model 3 (GTP)

Model 4 (GDP)

Y71pc—M67c (43.28%)
Y71yc—M67yc (23.38%)

Y713c—D54gc (87.06%)
Y71yc—M67yc (42.79%)
Y71yic—M67yc (21.50%)
Y71gc—L6yc (47.50%)
Y715c—D54c (10.50%)
Y715c—D544c(65.67%)
Y71c—M673,(40.30%)
Y715c—D544:(80.60%)

Y71pe—M67yc(43.28%)

Y71y c—M67c (87.06%)
Y71pyc—M67yc (34.33%)
Y715c—E375c (21.39%)
Y71yc—M67yc (51.74%)
Y715c—D38gc (53.73%)
Y71pc—M67yc (17.91%)
Y715c—S39c (11.44%)

Y715c—D54(69.65%)
Y7 Lyic—M67yc(41.29%)
Y715c—DS54c(61.69%)
Y71pc—M675c(87.06%)

Y71pc—M67c (60.20%)
Y71pc—M67yc (32.84%)
Y715c—L6yc (52.74%)
Y713c—D54c (83.08%
Y71pc—M67yc (71.64%)
Y71y c—M67yc (37.81%)

Y715c—D54c(65.67%)
Y71y c—M67(34.33%)
Y715c—DS4c(79.10%)
Y71pc—M673,c(60.20%)

“Only the residues capable of forming H-bonds with Tyr71 for over 10% of the simulated time are shown. SC = Side Chain; MC = Main Chain.
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Figure 6. Fingerprints of the strong interactions on the SI/II pocket of the Ras experimental structures available in the PDB (www.rcsb.org). Color bars
code: Red = backbone H-bond acceptor; blue = backbone H-bond donor; purple = ionic attraction; orange = arene attraction.

4 A in all simulations (Figure 4A). In contrast, for experimental
structure 4EFM, the maximum spatial deviation of the SI region
was approximately 6 A (Figure 4A). The fluctuations observed
for SII were generally below or around 4 A for all systems except
4EFM, where a maximum fluctuation close to 6 A was observed.
The heightened fluctuations of SII in4EFM can be correlated to
the movement of the a2 helix and the subsequent deviation of
Y71. The plots for the synthetic models show average RMSF
fluctuations below 4 A for the entire duration of the MD
simulations (Figure 4B,C). In Models 1 and 3, the movement of
SI pushes Y71 away from DS54, rendering the SI/II pocket
occluded and accessible in an alternating fashion. In Models 2
and 4, an opposite motion for Y71 is observed: the side chain of
Y71 exits the “flipped” conformation and extends to create an H-
bond with D54, occluding the SI/II pocket. In the synthetic
models, the changes forced on the SI/II pocket region are
generally undone during the MD simulations, suggesting that
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native access to the SI/II pocket is stable in both the GDP and
GppNHp-bound forms of HRas. Typically, native access to the
SI/II pocket occurs only in the GppNHp/GTP-bound form of
the protein. This rule (Figure S4) is consistent with most HRas/
Ras structures published to the PDB and counteracts outlier
structures (e.g, PDB ID: 6MQT) where this observation does
not hold. To the best of our knowledge, most Ras-GppNHp-
bound protein structures available in the PDB present an
accessible SI/II pocket, while most Ras-GDP-bound structures
present an occluded pocket. A true inference of the biological
relevance of this rule would require a study of the conforma-
tional dynamics of the SI/II pocket on a time scale relevant to
ligand binding (several milliseconds to several seconds).
Although the orientations of Y71 and D54 appear consistent
throughout the millisecond time frame of the conducted MD
simulations, extended simulations are required to attain true
consensus regarding the rule established above, the likes of
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which are yet difficult to achieve using modern computing
resources.

Analysis of Table 2 reveals that, as expected, the same residues
appear to modulate nucleotide interactions in all systems
studied. A notable exception is G13, which creates supplemental
interactions with the bound GppNHp nucleotide, forming
multiple H-bonds as a donor and receptor. These supplemental
moderate—strength interactions are achieved through the
supplemental —NPO; group of GppNHp, which results in the
nucleotide occupying a larger volume of the HRas nucleotide
binding pocket. We believe this key G13—NPO; interaction
minimizes the separation between the p-loop and the bound
nucleotide, causing a downstream cascade effect that results in
the flipping of the Y71 side chain and thus bypassing SI/II
pocket occlusion. Additionally, Table 3 reveals that Y71, aside
from principally interacting with D54, most often creates H-
bond interactions with M67 in all systems, as observed in
experimental PDB structure 4EFM, as well as Model 1 and
Model 2. In these systems, Y71 also creates additional H-bonds
with L6, E37, D38, and S39. This result corroborates the flipping
of Y71 to interact with the side chain of M67 as discussed in the
crystallographic structure investigation above (see Results
section).

Analysis of the fingerprints in Figure 6 reveal that H-bonds,
ionic, and arene attractions with D54, S39 and LysS are the most
frequent among the SI/II pocket binders, while H-bonds and
arene attractions with L56, Q70 and T74 play a secondary role.
Notably, H-bonds and ionic attractions with the neighboring
residues E3, E37 and D38 appear relevant for ligand
stabilization. These results allow us to point to those residues
as key docking residues for the design of potential pan-Ras
ligands.

B CONCLUSION

Our study presents the first complete native structure of GDP-
bound HRas“'?V (PDB ID: 7TAM): this experimental structure
reveals an H-bond interaction between D54 and Y71, impeding
native access to the inside surface of the SI/II pocket. Further
MD simulations conducted using our published structure,
together with the use of an experimental structure of GppNHp-
bound HRas“'?" and four synthetic models derived from each
experimental structure, reveal that the association between D54
and Y71 is linked to the dynamic behavior of switches ST and SII,
which are in turn influenced by the binding of either GDP or
GTP to the nucleotide pocket. Upon GDP binding, it was
observed that the side chain of Y71 sits in-plane with D54,
leading to SI/II pocket occlusion. In contrast, GTP binding
causes Y71 to flip away from D54 toward a neighboring residue
in the a2 helix, M67, eliminating SI/II pocket occlusion. Our
MD simulations suggest that the G12V mutation tends to
“freeze” the SI/II pocket open relatively to HRas"™!d,
corroborating the statement that Ras mutations typically lock
the protein in an active signaling state.”” Our findings,
combined with other complementary studies focused on the
dynamics of Ras and potential drug suitability of the Ras
platform, can inform future structure-based drug design efforts
to unlock new therapeutic interventions for a target that has long
been of great interest to the scientific community.*’
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