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Abstract

GTP-bound forms of Ras proteins (Ras*GTP) assume two interconverting conformations,
“Inactive” state 1 and “active” state 2. Our previous study on the crystal structure of the state 1
conformation of H-Ras in complex with guanosine 5’-(, y-imido)triphosphate (GppNHp)
indicated that state 1 is stabilized by intramolecular hydrogen-bonding interactions formed by
GIn6l1. Since Ras are constitutively activated by substitution mutations of GIn61, here we
determine crystal structures of the state 1 conformation of H-RassGppNHp carrying
representative mutations Q61L and Q61H to observe the effect of the mutations. The results show
that these mutations alter the mode of hydrogen-bonding interactions of the residue 61 with
Switch Il residues and induce conformational destabilization of the neighboring regions. In
particular, Q61L mutation results in acquirement of state 2-like structural features. Moreover, the
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mutations are likely to impair an intramolecular structural communication between Switch | and
Switch 1I. Molecular dynamics simulations starting from these structures support the above
observations. These findings may give a new insight into the molecular mechanism underlying
the aberrant activation of the GIn61 mutants.

Keywords: Ras, oncogenic mutant, state transition, X-ray crystallography, molecular dynamics
simulation

Introduction

The small GTPases H-Ras, K-Ras and N-Ras, collectively called Ras, are the products of the
ras proto-oncogenes and function as on-off binary switches in diverse signaling pathways
controlling cell proliferation and survival by cycling between GTP-bound active and GDP-bound
inactive forms [1]. Substitution mutations predominantly involving Gly12, Gly13 and GIn61 of
Ras are found in about 20% of human cancers and known to cause constitutive activation of the
signaling activity mainly through impairment of their intrinsic GTPase activity [1]. Ras*GTP
interact with and activate downstream effectors, such as Raf kinases and phosphoinositide 3-
kinases, through two flexible regions, Switch I (residues 32—38) and Switch |1 (residues 60—75)
[1,2]. Ras in complex with GTP or its non-hydrolyzable analogue GppNHp exhibit dynamic
equilibrium between at least two interconverting conformations, termed state 1 and state 2, which
were characterized by *'P-NMR studies showing that either the y- or a-phosphate group of
GTP/GppNHp exhibited two resonance peaks with different chemical shift values [3,4]. Because
association with c-Raf-1 induced a shift of the equilibrium toward state 2, state 1 and state 2 are
regarded as “inactive” and “active” conformations, respectively. Although the crystal structure of
state 2 was solved with H-Ras alone or in complex with the effectors, that of state 1 remained
unsolved until we have recently succeeded in its determination for wild-type H-Ras (H-RasWT)
[5] by using the humid air and glue-coating (HAG) mounting method, in which the diffraction
data were acquired by regulating the surrounding humidity of crystals [6]. State 1 assumes an
open structure distinguishable from state 2 by the loss of the direct and Mg?*-coordinated indirect
hydrogen-bonding interactions of Thr35, located in Switch I, with the y-phosphate of GppNHp,
which causes marked deviation of Switch | away from the guanine nucleotide and conformational
instability of the Switch I loop (Fig. S1A). Switch Il is stabilized by multiple hydrogen-bonding
interactions of its GIn61 with Glu63, Tyr96 and GIn99 (Fig. S1B). Moreover, Switch Il
structurally communicates with Switch | through hydrogen-bonding interaction formed between
Tyr71 in Switch Il and Asp38 in Switch I, which plays a crucial role in effector recognition by
state 2 (Fig. S1C). Intriguingly, GIn61 is one of the three mutational hotspots of Ras; mutations
of GIn61 occupy about 36%, 1.3% and 60% of all the activating mutations of H-Ras, K-Ras and



N-Ras, respectively, among which Q61L and Q61H mutations occupy major populations for H-
Ras and K-Ras [7]. This leads us to examine the effects of the GIn61 mutations on the tertiary
structure of state 1.

In this study, we solved the state 1 crystal structures of H-RasQ61L-GppNHp and H-
RasQ61H+GppNHp (H-RasQ61L%* ! and H-RasQ61H™* ! respectively) by using the HAG
method. Comparison of their structures with that of the state 1 crystal structure of H-
RasWT+GppNHp (H-RasWTst 1) reveals that the mutations alter intramolecular interactions of
the residue 61 with Switch 1 residues and perturb the neighboring region conformation. Moreover,
the structural communication between Switch Il and Switch | mediated by a hydrogen bond
between Tyr71 and Asp38 in H-RaswWTs* ! is likely to be impaired in H-RasQ61L ! and H-
RasQ61H2¢ 1 These findings are well supported by MD simulations on the basis of the present
crystal structures. These results may provide a new understanding of the molecular mechanism
for the aberrant activation of the GIn61 mutants.

Materials and Methods
Protein preparation and purification

The catalytic domain (residues 1-166) of human H-Ras carrying Q61L or Q61H mutation
was expressed as an N-terminal fusion with glutathione S-transferase in Escherichia coli BL21
(DE3) using pGEX-6P-1 vector (GE Healthcare), immobilized on glutathione-Sepharose 4B resin
(GE Healthcare) and eluted by on-column cleavage with Turbo3C protease (Accelagen, California,
USA) as described before [5]. It was further purified on HiTrap Q HP column (GE Healthcare),
loaded with GppNHp and used for crystallization.
Crystallization and data collection

The crystals of the state 2 conformations of H-RasQ61L.GppNHp and H-
RasQ61H-GppNHp were formed by using the hanging-drop vapor diffusion method at 293 K as
described [5]. Subsequently, the HAG method was applied to the crystals to induce transition of
state 2 to state 1 in crystals. The state 1 crystals were flash-cooled under nitrogen stream, and
diffraction data were collected on beamline BL38B1 at SPring-8 and processed with the
HKL2000 program [8] and the CCP4 program suite [9]. Structural refinement was proceeded by
using the PHENIX program [10] and COOT [11]. Crystallographic and X-ray data statistics are
summarized in Table 1. Atomic coordinates and structure factors for H-RasQ61L%*¢ ! and H-
RasQ61H* 1 were deposited in the Protein Data Bank (PDB; http://www.rcsb.org) under
accession codes 7DPJ and 7DPH, respectively.
Molecular dynamics simulations

The initial coordinates of H-RaswT@ ! were derived from PDB (entry: 5B30). The
disordered region of Switch Il in H-RasQ61H 1 was modeled from the atomic models of H-



RasQ61L ! or H-RasWT** ! by using the Molecular Operating Environment (MOE, Chemical
Computing Group, Montreal, Canada), version 2016.08. The data obtained from the model with
Q61L-derived Switch Il were mainly used unless otherwise stated. Addition of the hydrogen
atoms and generation of the topology files were carried out by using a pdb2gmx module in the
GROMACS package 2016 [12]. The electrostatic potential for GppNHp was calculated using the
General Atomic and Molecular Electronic Structure System (GAMESS) program [13] at the
RHF/6-31G* level, and thereby the atomic partial charges were assigned by the restrained
electrostatic potential (RESP) approach [14]. Other parameters for GppNHp were determined by
the general Amber force field (GAFF) using the antechamber module of AMBER Tools [15,16].
Approximately 6,300 water molecules were placed around the complex model with an
encompassing distance of 10 A to form a 65.9 x 62.1 x 53.8 A® periodic boxes. Flat-bottom
potentials with force constants of 10 kJ/mol/A? were applied to restrain the distances between
Mg?* ions and their coordinating atoms during the simulation. Other simulation parameters were
identical with those used before [17] and two-hundred nanosecond production runs with five
different initial velocities were carried out for each protein system by using the GROMACS
2016.5 on High Performance Computing Infrastructure equipped with NVIDIA GeForce GTX
1080Ti GPGPUs. The MD trajectories were analyzed by the GROMACS package, PyMOL
(DeLano Scientific, LLC) and High Throughput Molecular Dynamics (HTMD) environment
1.14.0. [18].

Results
Overall structures of H-RasQ61L %! and H-RasQ61Hst® !

We solved the crystal structures of H-RasQ61L*¢! and H-RasQ61H*¢? at the resolution of
1.97 Aland 1.54 A, respectively (Table S1). They both showed open conformations which lost the
hydrogen-bonding interactions of Thr35 with the y-phosphate of GppNHp resulting in marked
deviation of Switch | away from the guanine nucleotide, the hallmark of the state 1 conformation
(Fig. S2A). The backbone structures were very similar to that of H-RasWwT*¢* (PDB entry 5B30)
except for Switch 11 (Fig. 1A), whose electron densities became quite poor compared to the other
part suggesting high flexibility. Switch 1l of H-RasQ61L%*®* was positioned closer to GppNHp
in comparison with that of H-RasWT*¢! (Fig. 1A and Fig. S2 B and C). On the other hand, a
majority of Switch Il (residues 62—-69) of H-RasQ61H** ! was grossly disordered, providing less
structural information (Fig. 1A and Fig. S2D).

Mutation-induced structural perturbations in Switch Il and its neighboring regions

In the H-RaswW T structure, Switch Il is stabilized by three hydrogen bonds formed by
GIn61: one between the side chain nitrogen atom of GIn61 and the backbone oxygen atom of
Glu63, one between the backbone nitrogen atom of GIn61 and the side chain oxygen atom of



Tyr96 and the other between the side chain oxygen atom of GIn61 and the side chain nitrogen
atom of GIn99 (Fig. S1B). In the H-RasQ61L%%* ! structure, Leu61 formed not only a hydrogen
bond with Tyr96 but also a hydrophobic contact with the aromatic ring of Tyr96, thereby inducing
reorientation of the side chain conformation of Leu61 while it failed to form hydrogen bonds with
Glu63 and GIn99 (Fig. 1B). The reorientation of the side chain of Leu61 was accompanied by
large changes in the backbone dihedral angles (¢, v) from (-137.8, 115.1) to (-60.9, -25.9),
orienting the backbone oxygen atom toward a position partly overlapping with that occupied by
the backbone nitrogen atom of Glu63 in H-RasWT*#* ! (Fig. 2A). These local structural changes
were expected to induce a positional change of Glu63 toward GppNHp, impairing intramolecular
interactions formed by this residue. These conformational changes may account for the global
positional movement of Switch Il toward GppNHp observed for H-RasQ61L*¢ 1, In the H-
RasQ61Hs2 ! structure, the electron density of the side chain of His61 was not observed,
suggesting that the residue adopted variable conformations (Fig. 1C).

In the H-RasW T structure, the side chain of Tyr71 is stabilized by a hydrophobic contact
with Leu56 and a hydrogen bonding interaction with Asp38 in Switch | (Fig. S1C). In the H-
RasQ61L% ! structure, these interactions appeared to be disrupted because there were no
interpretable electron densities for the side chain of Tyr71 and Leu56 (Fig. S3A). Similarly, the
side chain of Tyr71 in the H-RasQ61H®* ! structure appeared to adopt variable conformations
because there was no interpretable electron density for the side chain of Tyr71 (Fig. S3B). These
structural changes found in the two mutants are likely to impair the Asp38-mediated
conformational communication between Switch | and Switch 1. Nevertheless, not only the
backbone structures of Switch I but also the side chain structure of Asp38 in the two mutants
looked nearly identical to that of H-RaswT®#¢ ! (Fig. 2B), prompting us to investigate the in-
solution conformations using molecular dynamics (MD) simulations.
Impact of the residue 61 mutations on the dynamic behaviors of Switch I and Switch 11

To investigate in-solution behaviors of H-RasQ61L%¢ ! and H-RasQ61H%¢, we performed
200 nsec-length MD simulations with five independent initial velocities using the solved state 1
crystal structures as initial models. The disordered region in H-RasQ61H"*** was modeled on the
basis of the atomic models of H-RasWTs ! or H-RasQ61L% 1 The MD-derived root-mean
square fluctuations (RMSF) representing the atomic fluctuations of the Ca atoms around the mean
structure showed that a part of Switch Il (Glu63-Met67) of H-RasQ61H* was found to be more
flexible for the both models than those of H-RaswT®#¢! or H-RasQ61L*¢?® (Fig. 3 and Fig. S4).
This in-solution behavior specific to H-RasQ61H agreed well with the crystallographic
observation that the electron density at the corresponding region was absent in H-RasQ61Hs®t !,
In addition, the flexibility of the C terminal regions of Switch | (GIlu37 and Asp38) was
significantly elevated although they are spatially distant from His61 (Fig. 3 and Fig. S4). Similar



conformational destabilization in the Switch | region was observed for H-RasQ61L%%* !, albeit
less obvious (Fig. 3).

The principal component analysis (PCA) of the Switch Il conformations emerging in the MD
simulations showed that the conformational states of H-RasQ61L ™! were significantly different
from those of H-RasWTs ! (Fig. 4A). The pairwise comparison of the MD-derived mean
structures for H-RasWTs?¢! and H-RasQ61L%* with several state 2 crystal structures showed
that the Switch Il configuration of H-RasQ61L*“* ! was similar to those of the H-
RasWT+GppNHp state 2 (H-RasW T 2) structure alone or the oncogenic mutants in complex
with the effectors, indicating that Q61L mutation induced conformational transition of Switch |1
toward state 2 (Fig. 4B). This MD-based observation agreed well with the present crystallographic
study on H-RasQ61L%* ! in which Switch Il came closer to GppNHp. In H-RasQ61Hs®® 1
although the simulated conformations were affected by the initial models to some extent, it looked
that they preferably sampled the conformations observed in H-RasQ61L®® ! rather than H-
RasWT*! (Fig. 4A and Fig. S5).

The Switch | conformations of H-RasQ61L%%* ! and H-RasQ61H™*1 in the crystal structures
looked not significantly different from that of H-RasWT=#¢! (Fig. 1A) even though the mutation-
induced conformational changes of their Switch Il are likely to impair the structural
communication between Switch 11 and Switch | mediated by a hydrogen bond between Tyr71 and
Asp38 in H-RasWT#¢ ! (Fig. 2B and Fig. S3). However, calculation of the root-mean square
deviations (RMSD) of MD-derived Asp38 from the initial structures showed that its deviated
conformations were observed in H-RasQ61L%®* ! and H-RasQ61H**¢ ! during the simulations
whereas those in H-RasW T ! were relatively stable during the simulations (Fig. 4C).

Discussion

In the present study, we show that an oncogenic mutant Q61L confers state 2-like
configurations upon Switch Il of the inactive conformational state, state 1, of H-Ras, which plays
a crucial role in effector recognition by state 2. Also, another mutation Q61H is likely to confer
increased structural flexibility to Switch 11 and result in acquisition of structural features similar
to H-RasQ61L%* ! although the structural information was rather limited. Moreover, the two
mutations result in disruption of the structural communication between Switch Il and Switch |
and conformational displacement of Asp38, which also plays a crucial role in effector recognition
by state 2 [19]. The displacement of Asp38 may exert a favorable effect for capturing the effector
molecules by freeing its side chain from restriction by way of a hydrogen-bonding interaction
with Tyr71. Recent MD and NMR studies on the structure of post-translationally modified K-
RasWT+GppNHp (PDB entry 2MSD) anchored on the lipid bilayer membranes indicated that the
orientation of the catalytic domain on the cellular membrane adopts at least two orientations: an



occluded orientation in which the switch regions are masked by the membrane surface and an
exposed orientation in which they are available for interaction with the effectors [20,21] (Fig. S6).
Thus, the dynamic changes in Switch Il of H-RasQ61H** ! may affect the orientations of Ras on
the cellular membranes; the elevation of the flexibility is likely to be entropically unfavorable for
adoption of the occluded orientation, thereby shifting the equilibrium toward the exposed
orientation. Taken together, the conformational changes occurred in H-RasQ61L and H-RasQ61H
are likely to enhance the signaling activity of Ras by facilitating the transition of inactive states
toward active states.

A wide variety of mutations of Ras were found in human cancer and the signaling and
oncogenic activities of the mutants were reported to be variable, suggesting that some differences
might exist in the molecular mechanisms for their activation. In general, the activation mechanism
of the Gly12 and GIn61 mutants is accounted for by impairment of their intrinsic GTPase activity,
which is known to depend on the location and orientation of the side chain of GIn61 and of two
water molecules (Wat-175 and Wat-189) activated by the side chain of GIn-61 to exert a
nucleophilic attack on the y-phosphate of GTP [22]. The bulky Val12 side chain of the G12V
mutant is thought to lower the GTPase activity through a steric interference over this catalytic
process. The present study suggests that another mechanism might play a role in activation of the
GIn61 mutants, whose significance must be further addressed by future studies.
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Fig. 1. Mutation-induced structural perturbation in Switch I1. (A) Superimposition of crystal
structures of H-RasWT#¢ ! (gray), H-RasQ61L%¢ ! (green), and H-RasQ61H* 1 (magenta).
GppNHp and a magnesium ion are represented by the stick and sphere models, respectively.
Switch Il region is indicated by an orange dashed circle. Enlarged views of the region proximal
to the residue 61 for H-RasQ61L*?! (B), and H-RasQ61H** (C). Hydrogen bonds formed by
Leu/His61 are indicated by yellow dashed lines. Switch Il regions are colored green. Residues
discussed in the main text are represented by the stick model. Disordered backbone region is
indicated by a dashed line.
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Fig. 2. Comparison of the key hydrogen bond interactions of the Q61L/Q61H mutants with
those of wild-type. H-RasWT*#! H-RasQ61L*! and H-RasQ61H*! are colored gray, green
and magenta, respectively. (A) Mutation-induced steric hindrance of Leu61 of H-RasQ61L5%¢?!
with Glu63 of H-RasWT#1 A region of Leu61 possibly overlapped with Glu63 is highlighted
by yellow. The reorientation of the backbone oxygen atom of Leu61 is indicated by a black arrow.
(B) Disruption of structural communication between Switch | and Switch I1. A hydrogen bond
formed between Tyr71 and Asp38 of H-RasWT**¢? js indicated by a yellow dashed line. The side
chains of Leu56 in H-RasQ61L°%** and Tyr71 in both H-RasQ61L*** and H-RasQ61H*¢?! are
disordered. The side chain of Asp38 in H-RasQ61H**¢ ! adopts an alternative conformation
exhibiting two distinct orientations, one of which (alternative conformation A) is nearly identical
to that of H-RasWT*®¢! and labeled as (A). The other one is oriented toward the bulk solvent and
labeled as (B).
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Fig. 3. Residual fluctuations of H-RaswTs® 1 H-RasQ61L%®*® ! and H-RasQ61H®* ! in
solution. The RMSF values are calculated for the Co atoms. The values for H-RaswTs® ! and
H-RasQ61L%# ! are indicated by black and green lines, respectively (upper panel). For H-
RasQ61H% 1 the value obtained for the model with the Q61L mutant-derived Switch Il is
indicated by a red line. The RMSF values are mapped onto the MD-derived mean structures by
gradual color changes (lower panels).
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Fig. 4. Impact of Q61L/Q61H mutations on the dynamic behavior of the switch regions. (A)
Conformational distribution of Switch Il in H-RaswT*¢! (gray), H-RasQ61L** (green) and H-
RasQ61H2 ! with the Q61L mutant-derived Switch Il on the PCA planes. PCA is carried out
using the Switch Il conformations emerging during the MD simulations. (B) Structural
comparison of the MD-derived mean structure of Switch 11 in H-RaswT®#¢! and H-RasQ61L 5
! with several state 2 structures. The crystal structures of H-Rasw T2 (3K8Y), H-RasQ61L 5
2 in complex with the Ras-binding domain of c-Raf-1 (4G3X), and H-RasG12V*®®2 in complex
with phosphoinositide 3-kinase (1HES8) are selected for the structural comparison. The RMSD
values of Switch Il are calculated for all pairs and indicated along with the values, i.e., blue color
denotes the similar structure. (C) Distribution of RMSD values of MD-derived Asp38
conformations against the initial structures. The distributions of H-RasWT®¢1 H-RasQ61Ls¢!
and H-RasQ61H* ! are colored gray, green and magenta, respectively. The distribution of H-
RasQ61H 1 whose initial model is constructed on the basis of the atomic structure of H-
RaswWT* 1 js colored blue. Larger values indicate occurrence of more significant conformational
displacements from the initial crystal structure. The alternative conformation A defined in Fig.
2B is used as the initial structure in H-RasQ61Hs® 1,
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