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ABSTRACT Point mutations in p21ras are associated with �30% of human tumors by disrupting its GTP hydrolysis cycle,
which is critical to its molecular switch function in cellular signaling pathways. In this work, we investigate the impact of
Gln 61 substitutions in the structure of the p21N-ras active site and particularly focus on water reorganization around GTP, which
appears to be crucial to evaluate favorable and unfavorable hydration sites for hydrolysis. The NRas-GTP complex is analyzed
using a hybrid quantum mechanics/molecular mechanics approach, treating for the first time to our knowledge transient water
molecules at the ab initio level and leading to results that account for the electrostatic coupling between the protein complex and
the solvent. We show that for the wild-type protein, water molecules are found around the GTP g-phosphate group, forming an
arch extended from residues 12 to 35. Two density peaks are observed, supporting previous results that suggest the presence of
two water molecules in the active site, one in the vicinity of residue 35 and a second one stabilized by hydrogen bonds formed
with nitrogen backbone atoms of residues 12 and 60. The structural changes observed in NRas Gln 61 mutants result in the
drastic delocalization of water molecules that we discuss. In mutants Q61H and Q61K, for which water distribution is overlocal-
ized next to residue 60, the second density peak supports the hypothesis of a second water molecule. We also conclude that
Gly 60 indirectly participates in GTP hydrolysis by correctly positioning transient water molecules in the protein complex and
that Gln 61 has an indirect steric effect in stabilizing the preorganized catalytic site.
INTRODUCTION
p21ras is a small GTPase protein known for its central role in
cellular signal transduction (1). It functions as a molecular
switch that, in the active GTP-bound conformation,
enables the transmission of signals of cell proliferation
that are subsequently switched off by the hydrolysis reac-
tion, leading to the inactive guanosine diphosphate (GDP)-
bound state. Although p21ras (referred to as Ras in this
article) presents low GTPase activity and catalytic effi-
ciency (2), the reaction rate is accelerated up to five orders
of magnitude by GTPase-activating proteins (GAPs) (3,4)
that supply an arginine residue (Arg 789) to the protein com-
plex active site.

Specific Ras mutations (5) found in �30% of human tu-
mors have been shown to reduce its intrinsic GTPase capa-
bility (6,7) and make it insensitive to GAPs (8,9). Such
mutations induce a hydrolysis rate drop that keeps the Ras
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molecular switch constitutively active, leading to abnormal
cell proliferation.

These oncogenic mutations mainly consist in the
substitution of highly conserved residues (namely Gly 12,
Gly 13, and Gln 61) found in the three Ras isoforms
p21H-ras, p21N-ras, and p21K-ras. In this study, we focus on
the p21 N-ras isoform (referred to as NRas), which harbors
activating mutations at position 61 in �60% of NRas tu-
mors, mostly found in melanomas (10). According to the
Catalogue of Somatic Mutations in Cancer (COSMIC)
(11), Gln 61 can be replaced by arginine (�45% Q61R),
lysine (�36% Q61K), leucine (�10% Q61L), histidine
(�7% Q61H), proline (�1% Q61P), and glutamic acid
(<1% Q61E).

Because of Ras’s potential for the development of
targeted therapeutic strategies, numerous experimental
(12–24) and theoretical (15,25–38) studies have been car-
ried out during the last 40 years to understand Ras’s intrinsic
GTPase mechanism and its enhancement by GAPs. Despite
such efforts, the reaction pathway remains unclear, as results
support both associative (12,14–17,19,21,25–29,34,36,38)
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and dissociative (20,22,23,30,32,33) mechanisms for the
GTP hydrolysis reaction within the protein complex.

Because Gln 61 substitutions, by any other residue, dras-
tically decrease both the intrinsic and GAP-enhanced GTP
hydrolysis rate, this residue is expected to have a crucial
role in the enzymatic catalysis of the reaction. The most
recurrent mechanisms proposed in previous studies notably
involve 1) a direct role of Gln 61 in proton transfers
(12,13,15,32,33,38), 2) a stabilizing effect of the transition
state by Gln 61 in a substrate-assisted catalysis in which
GTP itself acts as the general base of the reaction
(14–17,19,21,25,34), 3) a role of accurate positioning of
water molecules in the substrate assisted catalysis
(27,28,30), and 4) an indirect steric effect of Gln 61 in sta-
bilizing the preorganized catalytic configuration of the
active site (26,29).

In addition to this, although few studies focus on the
role of water molecules present in the protein complex
active site (31,36,37), it also remains controversial whether
a single water molecule (12–16,26,27,30–32) or two water
molecules take part in the enzymatic catalysis of the GTP
hydrolysis reaction (21,25,28,33,34,38).

Concerning the theoretical approaches, molecular dy-
namics simulations have been carried out to study Ras
(15,28) and Ras-GAP complex (27) conformations and
to determine their structural catalyzing effect. Hybrid
quantum mechanics/molecular mechanics (QM/MM) ap-
proaches have also been used to treat the protein complex
active site at the ab initio level and therefore elucidate
the reaction pathway (30,32–35,38). These simulation
methods have also been used to study water molecules
within the Ras active site and have brought insight
into 1) water molecules that are proton-transfer competent
(31), 2) energy barriers associated to one- and two-water-
molecule mechanisms (38), and 3) the number of water
molecules in the vicinity of the GTP g-phosphate group
(37). Nevertheless, both the role of these water molecules
and their accurate positioning in the active site remain to
be elucidated.

In this article, we present new insights, to our knowl-
edge, into water molecule distribution within the active
site of wild-type (WT) NRas and Gln 61 mutants reported
in the COSMIC database. Hybrid QM/MM dynamics sim-
ulations are used to treat the complex active site, together
with the water molecules included in it, at the ab initio
level while accounting for the global dynamics of NRas
and the bulk solvent. It is the first time to our knowledge
that transient water molecules are treated quantum me-
chanically to account for the electrostatic coupling between
the protein complex and the solvent. Although the initial
sampling is short, we show that water molecules are pre-
cisely positioned within the WT protein, whereas this
localization is lost upon Gln 61 substitutions because of
the structural rearrangements undergone by the active site
residues.
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METHODS

Molecular structures

WT NRas initial structure was extracted from the Brookhaven Protein

Data Bank (PDB) entry 3CON (39) of p21N-ras in complex with GDP. This

structure was then carefully aligned to HRas-GTP (PDB: 1QRA (21)) using

PyMOL (40) to get the GTP coordinates together with two water molecules

positioned in the vicinity of its g-phosphate group. The magnesium cation

from 1QRA, with two coordinated water molecules, was also included in

the starting structure. Residues 61–71, which are missing in 3CON but

conserved in NRas and HRas, were also extracted from 1QRA to complete

the 3CON structure. To overcome a possible rearrangement of the protein

due to the difference in GDP/GTP binding, the resulting system was energy

minimized using the AMBER package (41) and a free molecular dynamic

simulation was subsequently run in the Born implicit solvent model (42)

for 1 ns, with a 1 fs time step, at a temperature of 300 K. This structure

was subsequently aligned to theRas-GAPcomplex (PDB: 1WQ1 (19)) to po-

sitionGAPwith respect toNRas. The alignmentwas done using PyMOLand

the ‘‘align’’ command,which performs a sequence alignment and a structural

superposition of the a-carbon atoms. 152 atomswere also used for the align-

ment (126 after refinement) with a final root mean square (RMS) equal to

0.527 Å. In our calculations, only residues 780–795 of GAP, corresponding

to the so-called ‘‘arginine finger loop’’ that binds Ras, were included. This

sequence contains the Arg 789 residue, the electrostatic effects of which

have been reported to be crucial (19,23,26–29,35)—aside from its steric ef-

fects—for enhancing the rate of GTP hydrolysis reaction (3,4) and that we

consequently need to account for. Six oncogenic mutant structures were pre-

pared from the WT structure, substituting Gln 61 with arginine (Q61R),

lysine (Q61K), leucine (Q61L), histidine (Q61H), proline (Q61P), and glu-

tamic acid (Q61E) using the PyMOL mutagenesis command (40). Indeed,

a previous x-ray structure analysis (13) concluded that the overall structural

changes between theWTand oncogenic mutant proteins are very small. The

only consistent changes appear in loopsL2 (residues 30–38) andL4 (residues

58–66), which have been reported to be very mobile by experimental studies

(12,43,44). Each mutant structurewas first minimized before adding the sol-

vent, using the AMBER package (41).
QM/MM molecular dynamics simulations

All QM/MM molecular dynamics simulations were carried out using the

AMBER package (45). Each molecular system was partitioned into a

QM and a MM region, the QM region consisting of critical residues

12–13, 32, 35, and 60–61 from Ras, Arg 789 from GAP, GTP, and a

Mg2þ ion with two coordinated water molecules, found in the crystallo-

graphic structures of Ras (12,21,39,46) (see Fig. 1). Water molecules found

within 5 Å of the GTP Pg atom (introduced from crystallographic data or

from the explicit solvation model, as described below) were also treated

quantum mechanically during the simulation. Because of diffusion, their

MM or QM identity was updated when they exited the active site and

when new water molecules reached the QM region.

The ab initio treatment of several residues from the active site leads to the

introduction of 10 link atoms, one per QM-MM bond that was sectioned to

define the QM region boundaries. These atoms were added following the

recommended settings in the AMBER molecular dynamics package.

The semiempirical parameterized model number 3 Hamiltonian (47) and

the classical ff99bsc0 force field (48) were used to treat the QM and the MM

regions, respectively. This quantum potential is sufficient to observe the

structural rearrangement of the protein complex active site upon Gln 61

substitution. Its approximation consists in using the core approximation

and neglecting all integrals involving differential overlap (except for the

one-electron core resonance and the one-center exchange integrals). The

electron repulsion integrals are subsequently determined by empirical pa-

rameters so that the potential fits experimental heats of formation, dipole

moments, ionization potentials, and geometries. Naþ ions were added to



FIGURE 1 View of the quantum region consisting of (a) residues 12–13,

32, 35, and 60–61 from Ras, GTP, and Mg2þ ion with two coordinated

water molecules and (b) GAPArg 789 and GTP. To see this figure in color,

go online.
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neutralize the total charge of the system, which was solvated in a periodic

box of transferable intermolecular potential with 3 points (49) water ex-

tending up to a minimal cutoff of 8 Å from the protein boundary. To get

rid of possible vacuum bubbles created during the solvation of the protein

complex, 10,000 cycles of minimization were performed with a 500 kcal ,
mol�1 , Å�2 restraint applied to the solute. QM/MM minimization runs

were subsequently carried out to remove bad contacts and relax the struc-

ture, applying a 5 kcal , mol�1 , Å�2 restraint on residues 780 and 795

from GAP only to avoid its undocking. As many runs were performed as

needed to reach values of 10�2 Å for the RMS. The entire system was

then gently heated from 0 to 300 K using the Langevin thermostat with a

collision frequency of 2 ps, at constant volume, with weak restraints of

5 kcal , mol�1 , Å�2 applied to the entire protein-ligand complex.

Finally, the production setup was implemented in the constant number

of particles, constant pressure, and constant temperature ensemble under

periodic boundary conditions with 1 atm target pressure and using the Be-

rendsen barostat with a pressure relaxation time of 1 ps. Long-range elec-

trostatic interactions were treated using the particle mesh Ewald method

(45). Covalent bonds involving hydrogen atoms from the MM region

were constrained using the shake algorithm (50) so that a 1 fs step could

be used. We consider that the first 100 ps of this production phase account

for the equilibration phase, as the RMSD plots of the backbone atoms do

not present a significant drift after this simulation time (each panel (f) of

Figs. S1–S7). As no prior MM sampling was performed in explicit solvent,

the simulation sampling can be considered as limited. However, the simu-

lation includes the electrostatic coupling between the protein active site and

water molecules, which is fundamental for addressing water distribution.

The production was run for 1 ns by portions of 50 ps because of the lack

of an automated procedure to quantum mechanically treat water molecules
within 5 Å of the GTP Pg atom. Indeed, water molecules initially present in

the active site are free to move outside but can be replaced by water mole-

cules from the bulk solvent. It is important to note that, for the first time to

our knowledge, transient water molecules are treated quantum mechani-

cally in the NRas active site in an adaptative way. We point out that, despite

being completely unconstrained, both water molecules from the crystallo-

graphic structures coordinated to the Mg2þ ion remain in their initial posi-

tions during the entire simulation in accordance with previous theoretical

studies (28).

WT NRas and its six oncogenic mutants at position 61 (Q61E, Q61P,

Q61H, Q61L, Q61K, and Q61R) were all treated following this simulation

protocol. For each molecule, system properties (energy, density, tempera-

ture, pressure, volume, and backbone RMSD) were monitored to check

the quality of the obtained trajectories. The corresponding plots are pre-

sented in Figs. S1–S7.
RESULTS

The trajectories obtained from the QM/MM dynamics sim-
ulations were analyzed to evaluate the conformational
changes of key residues (Gly 12, Gly 13, Tyr 32, Thr 35,
and Arg 789) of the active site impacted by the different
Gln 61 substitutions. The water presence probability density
function was also determined from these trajectories to
compare water distribution within the NRas active site.
Active site stability

To evaluate how Gln 61 substitutions impact the active site
conformation and stability, we plotted the root mean-square
deviation (RMSD) (51) of each NRas residue (Gly 12, Gly
13, Tyr 32, Thr 35, Gly 60, and 61) treated quantum me-
chanically during the simulations as well as the lifetime of
the strongest native contact (51) of GAP Arg 789 residue.
The implementation of both analysis methods is further
described in the Supporting Materials and Methods.

WT p21N-ras

The RMSD plots of residues 12, 13, and 60 within the WT
present very small fluctuations (�0.1–0.2 Å (see Fig. S8)),
indicating that these residues are stable in the active site
of WT NRas. Residues 61, 32, and 35 from NRas adopt mul-
tiple conformations. Their RMSD plots are described in
more detail in this section, as well as the behavior of the
GAP arginine finger depicted by the lifetime curve of its
stronger native contact.

Gln 61 fluctuations (Fig. 2 a) are also in the range
�0.1–0.2 Å, although its RMSD presents an initial jump
of �1.25 Å that occurs during the equilibration phase of
the simulation. The Gln 61 side chain, initially bent toward
the GTP accordingly to crystallographic structure 1WQ1
(19), rapidly unbends, getting outside of the active site,
and remains in this state for the remaining simulation time
as reported by previous dynamical studies (27,28).

Tyr 32, which is part of the switch I region, is first closed
with its side chain bent toward the ligand so that its hydroxy
group engages hydrogen bonds with GTP Og atoms.
Biophysical Journal 115, 1417–1430, October 16, 2018 1419
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FIGURE 2 RMSD plot alongside the associated conformational changes of Gln 61 (a), Tyr 32 (b), and Thr 35 (c) from WT p21N-ras and lifetime curve of

native contacts between GTP Pg atom and GAP Arg 789 residue (d) during QM/MM molecular dynamics. To see this figure in color, go online.
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Subsequently, it is found open as its side chain moves out of
the active site. Both conformations are stable during the
simulation and have already been identified in a previous
NMR study (18). Indeed, Geyer et al. (18) showed that these
two conformations of Tyr 32 induce a split resonance in the
b-phosphate spectra resulting from at least two different
chemical environments of this group due to the distant,
i.e., open, conformation of Tyr 32 relative to the nucleotide
and the closed one. During the simulated time and within the
WT, the open one remains the longest (see Fig. 2 b), but it
does not exclude that Tyr 32 side chain might get closed
again, as another NMR spectroscopy study (44) showed
that switch regions have internal motions in the nanosecond
timescale.

The Thr 35 RMSD plot presents three main stages
(Fig. 2 c). The transition between the first two steps is asso-
ciated to a conformational change undergone by the side-
chain hydroxy and methyl groups: the hydroxy group
initially toward the inside of the active site moves outwards,
and the methyl group initially outwards moves inwards.

When moving to the third stage, the Thr 35 side chain
stretches further, its methyl group getting even closer to
1420 Biophysical Journal 115, 1417–1430, October 16, 2018
the Mg2þ ion. This jump in the RMSD plot also accounts
for the backbone oxygen atom that was initially inwards
and moves outwards the active site. The three configurations
of this residue that also belongs to the switch I region are
represented in the insets of Fig. 2 c.

Finally, because the conformational changes of the GAP
Arg 789 side chain are poorly depicted by its RMSD plot,
contrary to the previously described residues, we have rep-
resented instead the different interactions it can engage in.
To this end, we have plotted the lifetime of its strongest
native contact (51) inferred from the initial structure on a
distance criterion (Fig. 2 d). This contact is made with the
GTP Pg atom, and although its lifetime decays during the
simulation, at least one Arg 789 atom satisfies the selected
criterion during the entire simulation. Moreover, other
strong native contacts with GTP g-phosphate-group atoms
are present (O1g and O2g), and several non-native contacts
develop during the simulation, notably with O3b and O3g

atoms. We point out that non-native contacts also arise
with Gln 61 residue, in accordance with a time-resolved
Fourier transform infrared spectroscopy study (24) that de-
scribes important interactions between the two, but these
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non-native contacts are not depicted here for the sake of
clarity.

Q61 mutants

As for WT NRas, the RMSD plots of residues 12, 13,
and 60 within Gln 61 mutants present small fluctuations
(�0.1–0.2 Å). They are not affected by the Gln 61 substitu-
tions and remain stable in the active site of the oncogenic
mutant proteins (Figs. S9–S14).

Q61R is an exception. Within this mutant, even though
RMSD fluctuations of Gly 60 remain small (�0.2 Å), two
different stages can be identified (see Fig. 3). They corre-
spond to two conformations adopted by the backbone oxygen
atom. Initially pointing out of the active site, it turns inwards
because of remarkably stable hydrogen bonds formed with
residue Thr 791 of GAP as depicted in Fig. 3, inset (a).
This hydrogen bonding cannot occur within the WT because
of different orientations adopted by both residues that make
impossible such interaction as shown in Fig. 3, inset (b).

From a structural point of view in this study, which ac-
counts for the arginine-binding loop of GAP only, Q61Rmu-
tation modifies the docking of this portion of GAP to NRas,
which results not only in a difference of the network of
interactions existing between both but also in a difference
of interactions with water molecules in the active site of the
NRas-GTP complex. Indeed, within WT NRas, Gly 60
mainly engages in hydrogen bonds through its backbone
nitrogen atom with transient water molecules that get in the
active site, whereaswithinQ61R, hydrogen bonds are formed
with GTP Og atoms. Such differences are depicted in Fig. 3.

Q61E

Within the Q61E mutant, the RMSD plot of Glu 61 (Fig.
S15 a) presents slightly greater fluctuations (�0.2–0.3 Å)
FIGURE 3 RMSD plot of Gly 60 within Q61R mutant during QM/MM

molecular dynamics simulation. In the first inset, this residue is shown

forming hydrogen bonds with GAP Thr 791 (a), compared to its conforma-

tion in WT NRas when forming hydrogen bonds with a transient water

molecule (b). To see this figure in color, go online.
than those of Gln 61 within WT NRas (Fig. 2 a). Glu 61
is thus more mobile than Gln 61 within the WT. Further-
more, its side chain undergoes a conformation change that
enables the carboxylate group to point toward the GTP
g-phosphate group. This state remains stable during our
simulation, as shown in Fig. S15 a.

As described above for WT NRas, Tyr 32 is found in both
closed and open conformations; however, within Q61E, the
closed conformation is the one that remains the longest
within the simulation time, as shown in Fig. S15 b.

In the Q61E NRas active site, Thr 35 is found in the two
first conformations identified within the WT and mostly re-
mains in the second one (see Fig. S15 c).

Arg 789 residue is initially engaged in native contacts
with the GTP Pg atom, as within the WT, because of the
adopted procedure to obtain Q61E’s initial structure. How-
ever, these contacts are lost during the simulation, and
none of them remain after 500 ps (Fig. S15 d). Moreover,
from the beginning, fewer native contacts are made
compared to the WT because several are already lost during
the preceding QM/MM minimization cycles described in
the Methods. Non-native contacts also develop during the
simulation, mainly with Tyr 32 residue.

Q61P

In Q61P NRas, Pro 61 residue remains stable with small
fluctuations around a unique conformation (�0.1–0.2 Å)
as shown in Fig. S16 a.

Tyr 32 residue switches from an initial closed configura-
tion to an open configuration during the equilibration
phase (see Fig. S16 b) and remains in this state during the
simulation.

Thr 35 in Q61P NRas adopts the second and the third con-
formations identified within WT NRas, although in the third
one, the backbone oxygen atom does not follow the confor-
mational change as within the WT (Fig. S16 c).

Finally, the side chain of GAPArg 789, initially engaged
in native contacts with GTP Pg atom, loses them all after
500 ps (Fig. S16 d). Non-native contacts develop mainly
with Tyr 32 residue.

Q61H

Two main stages can be identified on the RMSD plot of the
His 61 residue (Fig. S17 a), associated to two configurations
of its side chain (bent and unbent toward the ligand), as
depicted on the insets of Fig. S17 a. The corresponding
RMSD fluctuations are very small (�0.1–0.2 Å).

Tyr 32 remains in the open conformation during the simu-
lation, although it was closed in the initial structure, as
shown in Fig. S17 b.

The Thr 35 side chain adopts the second and third config-
urations previously identified within WT NRas although, in
the third one, the backbone oxygen atom does not follow the
conformational change (Fig. S17 c). It mainly remains in the
second one (i.e., the side-chain hydroxy group pointing out
Biophysical Journal 115, 1417–1430, October 16, 2018 1421
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of the protein active site and the methyl group pointing
inwards).

Within Q61H mutant, the initial native contacts between
Arg 789 and the GTP Pg atom are rapidly lost: none of them
remain after 150 ps (Fig. S17 d). As within Q61E and Q61P,
non-native contacts appear with Tyr 32 residue.

Q61L

The RMSD plot alongside the associated conformational
changes of Leu 61 residue (Fig. S18 a) presents small fluc-
tuations (�0.1–0.2 Å) around two main configurations
adopted during our simulation. As shown in Fig. S18 a,
the conformational change is achieved by a 90� rotation
about the carbon 3-carbon 4 single bond.

The Tyr 32 side chain mainly remains, during the simula-
tion time, in the open configuration as within WT NRas.

Thr 35 adopts the second conformation encountered
within WT NRas (i.e., the side-chain hydroxy group point-
ing out of the protein active site and the methyl group point-
ing inwards), as well as a new orientation such that both
hydroxy and methyl groups point out of the active site
(see Fig. S18 c). This last conformation is the longer lasting
within the simulation time.

Finally, the side chain of GAP Arg 789 rapidly loses the
few initial native contacts with the GTP Pg atom, and
non-native contacts appear with Tyr 32 residue (see
Fig. S18 d).

Q61K

The RMSD plot of Lys 61 presents larger fluctuations
(Fig. S19 a) than in the case of Gln 61 within WT NRas
(see Fig. 2 a). Q61K consequently appears to be more mo-
bile. Indeed, its side chain undergoes a conformational
change, as shown in Fig. S19 a, even though its amine group
forms stable hydrogen bonds with GTP Og atoms during
most of the simulation time.

During the same time, Tyr 32 remains in the closed
configuration (Fig. S19 b).

Two main stages can be identified from the Thr 35 RMSD
plot (see Fig. S19 c). The first one corresponds to the config-
uration encountered within Q61L mutant in which both the
hydroxy and the methyl group of the side chain point out of
the active site. The second one corresponds to the second
configuration observed within the WT. Both are depicted
in Fig. S19 c.

GAP Arg 789 maintains the initial native contacts made
with the GTP Pg atom almost as long as within the WT
(Fig. S19 d). Non-native contacts are made with the Tyr
32 residue.

Q61R

The RMSD plot of Arg 61 within Q61R NRas (Fig. 4 a) pre-
sents significantly greater fluctuations (�0.5–0.6 Å) than for
WT Gln 61. This residue is actually found in two main con-
figurations. In the first one, the side-chain amine groups
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engage hydrogen bonds with GTP Og atoms. In the second
conformation, the Arg 61 side chain moves out from the
active site. The open conformation lasts for longer during
the simulation time. Both can be seen on Fig. 4 a.

From the closed configuration in the initial structure,
Tyr 32 switches to the open one during the first steps of
our simulation, although the amplitude of the side chain
motion is limited compared to the WT case (see Fig. 4 b).

Q61R appears to be the mutant in which Thr 35 is the
least stable, as it continuously switches between the three
main conformations identified within WT NRas and a fourth
already identified within the Q61L mutant (see Fig. 4 c).

As with other Gln 61 mutants, Arg 789, initially involved
in native contacts with the GTP Pg atom, loses them totally
after 500 ps (Fig. 4 d). Non-native contacts are subsequently
identified with the Glu 31 residue.

From the previous comparisons between WT NRas and
Gln 61 mutant proteins, it appears that Gln 61 substitution
has a structural impact mainly on residues 32 and 35 from
NRas, on residue 60 in the case of Q61R only, and residue
789 from the arginine-binding loop of GAP, although to
assess the impact of Gln 61 mutants on the NRas-GAP com-
plex, further calculations are needed. Depending on the
mutant, the open or the closed conformation is mainly adop-
ted by the Tyr 32 residue during the simulation time. Thr
35 adopts multiple conformations observed within both
WT and mutant proteins but with different relative stabil-
ities. For Q61R only, the interaction network of Gly 60 res-
idue is modified. The arginine finger supplied by the portion
of GAP considered in this study rapidly loses the initially
present native contacts with the GTP Pg atom within all
Gln 61 substitutions except Q61K and forms non-native
contacts with residue 61 in the WT case only.
Water occupancy within the active site

The structural changes described in the previous section
brought into question the presence of solvent in the active
site. Indeed, trajectory analysis revealed that the accessi-
bility and remaining time of water molecules in the protein
active site are different within WT NRas and Gln 61 mu-
tants. To evaluate these differences, we computed the radial
distribution function (RDF) of water molecules around
GTP phosphorus atoms and the water distribution in the
protein active site projected on a plane containing GTP
Pb and Pg atoms.

RDF of water molecules

In this study, to evaluate the RDF of water molecules within
the NRas active site, we implemented an algorithm allowing
us to overcome certain limitations of available RDF codes.
This custom-designed tool is consequently adapted to our
study case and makes it possible to define optimal parame-
ters like the accuracy but also 1) to account for molecules
treated with different energy models according to the hybrid
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FIGURE 4 RMSD plots alongside the associated conformational changes of Arg 61 (a), Tyr 32 (b), and Thr 35 (c) from Q61R NRas and lifetime curve of

native contacts between GTP Pg atom and GAP Arg 789 (d) during QM/MM molecular dynamics. To see this figure in color, go online.
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QM/MM approach used here, 2) to discard specific mole-
cules (such as the two water molecules coordinated to the
Mg2þ ion), and 3) to process all the trajectories in a single
run. To validate this algorithm, it was tested on a trajectory
accounting for the same molecules within the same
threshold distance but without its specific commands and
led to the same results as given by the RDF analysis tool
provided by the Visual Molecular Dynamics package (52).

Fig. 5 represents the RDF of water molecules around the
GTP Pg atom for WT NRas and each Gln 61 mutant. For
WT NRas, a first peak is found centered at �3.8 Å from
Pg, as reported in a previous molecular dynamics study of
the Hras-GTP complex (37). The same peak is observed
for the six studied mutants. It is shifted to �4 Å for
Q61E, Q61P, Q61L, and Q61R and presents noticeable
amplitude variations for Q61P, Q61H, and Q61L (0.14,
0.36, and 0.15, respectively, vs. 0.21 for WT NRas).

At �6–7 Å from the GTP Pg atom, the difference be-
tween the RDF of WT NRas and Gln 61 mutants is notice-
able (Fig. 5). The probability of finding a water molecule in
this area is lower within WT NRas than within any of the
mutated forms. Indeed, for WT NRas, the RDF curve fluc-
tuates around a density value of 0.08, whereas it reaches
values of 0.20, 0.11, 0.17, 0.16, 0.24, and 0.25 for Q61E,
Q61P, Q61H, Q61L, Q61K, and Q61R, respectively.
Furthermore, the integral of the RDF curve in this region
reveals the presence of 1.12 water molecules for WT
NRas compared with 1.92, 1.24, 1.71, 1.80, 2.01, and 2.74
water molecules for Q61E, Q61P, Q61H, Q61L, Q61K,
and Q61R, respectively.

The RDF of water molecules around the GTP Pa atom
was also calculated, showing a significant difference associ-
ated with a large amount of water found at �4 Å from this
atom in the case of the Q61R mutant (see Fig. 6 f).

A similar peak is observed on the Pa RDF representations
of Q61E, Q61P, Q61H, and Q61L (Fig. 6, a–d). This peak is
shifted to a distance of �3.9 Å from the GTP Pa atom for
Q61E and Q61P, �3.7 Å for Q61H, and �3.8 Å for Q61L,
with significantly smaller amplitudes for these four mutants
(i.e., 0.02, 0.10, 0.07, and 0.06 for Q61E, Q61P, Q61H, and
Q61L, respectively, compared to 0.27 for Q61R). As for
WT NRas, this peak does not appear on the RDF plot of
Q61K. The integration of this curve leads to 0.76 water mol-
ecules in a 7 Å radius of the GTP Pa atom for Q61K and to
0.20 water molecules for WT NRas. Although both RDF
curves have similar shapes, there are more water molecules
Biophysical Journal 115, 1417–1430, October 16, 2018 1423
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FIGURE 5 RDF of water molecules around GTP Pg atom within WT NRas versus (a) Q61E, (b) Q61P, (c) Q61H, (d) Q61L, (e) Q61K, and (f) Q61R

mutants. To see this figure in color, go online.
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in the vicinity of the GTP a-phosphorus atom in the active
site of Q61K than within WT NRas.

Although the amount of water molecules is expected to
be a crucial prerequisite for hydrolysis, these results sug-
a b

d e

FIGURE 6 RDF of water molecules around GTP Pa atom within the WT prote

mutants. To see this figure in color, go online.
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gest that their accurate positioning is even more important.
To get more insight into the distribution of water mole-
cules, we propose to precisely localize them in the NRas
active site. To this end, we plotted the water probability
c

f

in versus (a) Q61E, (b) Q61P, (c) Q61H, (d) Q61L, (e) Q61K, and (f) Q61R
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density in two dimensions for WT NRas and Gln 61
mutants.

2D RDF of water molecules

To map and visualize the regions of the active site where wa-
ter molecules tend to remain during the simulation, we im-
plemented an algorithm that counts the number of water
molecules within a distance of a given atom and projects
them on a specific plane. More details are provided in the
Supporting Materials and Methods.

In this study, a plane containing GTP Pb and Pg atoms
was chosen as the projection plane (see Fig. S20). All water
molecules found within 7 Å of the GTP Pg atom were pro-
jected on this plane. The MG2þ ion, GTP phosphorus atoms,
and nitrogen backbone atoms of several residues were also
projected to see how water molecules are positioned in the
active site with respect to these atoms. Nitrogen backbone
atoms were selected because of their hydrogen bond
donor/acceptor competence, which makes them critical in
the establishment of a hydrogen-bond network within the
protein active site. Results for WT NRas and Gln 61 mutants
are presented in Figs. 7 and 8, respectively.

WT p21N-ras

For WT NRas, water molecules stay close to the GTP Pg

atom, forming an arch of density around the g-phosphate
group extended from residues 12 to 35 (see Fig. 7). The
highest water density is localized in a small region between
residues 12, 59, and 60. Indeed, although water molecules
are unconstrained during the whole QM/MM simulation,
we observed that they naturally tend to stay in this area
FIGURE 7 2D RDF of water molecules within the active site of WT

p21N-ras. The average coordinates of nitrogen backbone atoms from resi-

dues 12, 13, 35, 59, 60, and 61 have also been projected as well as the

GTP phosphorus atoms and Mg2þ ion. The corresponding SD values are

represented with error bars. To see this figure in color, go online.
because of stable hydrogen bonds formed with the nitrogen
backbone atoms of Gly12 and Gly60 residues:

OH2O (donor) - - - N atom of Gly12 (acceptor)
N atom of Gly60 (donor) - - - OH2O (acceptor)

A second region of high water density is found in the vi-
cinity of residue Thr 35 (only its nitrogen backbone atom
N35 is represented), although the associated amplitude is
significantly smaller. This region corresponds to the place
in the protein active site where earlier studies of WT Ras
(12,16,19,21,28) identified a presumed lytic water mole-
cule. Finally, no water molecule is found in the vicinity of
GTP Pa or Pb atoms.
Gln 61 mutations

RDF around the GTP Pg atom of WT NRas and Q61E is
similar, with an excess of solvent found at �6–7 Å from
this atom for Q61E (Fig. 5 a). However, the two-dimen-
sional (2D) RDF plotted for this mutant (Fig. 8 a) shows
that water molecules are delocalized within its active site
compared to WT NRas. Three water density peaks arise be-
tween residues 35 and 59, next to residue 60, and between
residues 12 and 61. The amplitude of each of these three
peaks is one order of magnitude smaller than for the highest
peak found within WT NRas. Water density is higher in
other regions of the active site, in particular in the vicinity
of the GTP Pb atom.

Previously in this article, RDF plots have shown that
Q61P and Q61L mutations lead to a lower probability of
finding water molecules at �4 Å from the GTP Pg atom
than in WT NRas (Fig. 5, b and d), whereas a peak of den-
sity arises at the same distance from the Pa atom (Fig. 6, b
and d). In the 2D RDF of Q61P, the arch of water mole-
cules observed for WT NRas can also be observed,
although it is scattered compared to the WT (see
Fig. 8 b). The peak found between residues 12 and 60 is
now shifted toward residue 59. Another peak of water den-
sity arises close to GTP Pg atom, following the /PbPg

direction. Both present similar amplitudes, one order of
magnitude smaller than the peak held by residues 12 and
60 within WT NRas, and again, water density is higher
in other parts of the active site, in particular in the vicinity
of the MG2þ ion.

For the Q61L mutant (Fig. 8 d), water positioning in the
active site is delocalized compared to WT NRas. The peak
of water density previously found, held by residues 12
and 60 within WT NRas, does not appear anymore, but
two others are observed between residues 59 and 35. Their
amplitude is one order of magnitude smaller than the highest
density peak within WT NRas. We also note that water den-
sity is higher in other regions of the active site, in particular
in the vicinity of residue 13 and the GTP Pb atom.

For mutations Q61H and Q61K (Fig. 8, c and e), water
distribution is more localized than within the active site of
Biophysical Journal 115, 1417–1430, October 16, 2018 1425



FIGURE 8 2D RDF of water molecules within the active site of (a) Q61E, (b) Q61P, (c) Q61H, (d) Q61L, (e) Q61K, and (f) Q61R mutants. The average

coordinates of nitrogen backbone atoms from residues 12, 13, 35, 59, 60, and 61 have also been projected as well as the GTP phosphorus atoms andMg2þ ion.

The corresponding SD values are represented with error bars. To see this figure in color, go online.
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WT NRas. Indeed, within Q61H (Fig. 8 c), the peak of den-
sity held by residues 12 and 60 presents a higher amplitude
than within WT NRas, like the RDF plot around the Pg atom
(Fig. 5 c). We also observe that the arch of water molecules
together with the second highest peak of density placed in
the vicinity of residue Thr 35 disappear.

Mutation Q61K also results in a higher amplitude for
the density peak held by residues 12 and 60 and in the disap-
pearance of the peak previously found next to residue 35
(Fig. 8 e).

Q61R is the mutation that leads to the most delocalized
water distribution in the active site (Fig. 8 f). The peak
held by residues 12 and 60 is not observed anymore, but ac-
cording to the RDF plots, the probability of finding water
molecules at 4 Å from Pg atom is similar to that of WT
NRas (Fig. 5 f). This is due to water molecules placed all
around the g-phosphate group (Fig. 8 f). The second peak
of water density, found close to Thr 35, has a higher ampli-
tude within Q61R than within WT NRas. High densities of
water molecules are observed around a- and b-phosphate
groups.

From the previous descriptions of water distribution in
NRas active site, we conclude that the water molecule found
next to the GTP Pg atom, held by hydrogen bonds formed
with residues 12 and 60, has an important role in the enzy-
matic catalysis of the GTP hydrolysis reaction. Indeed, wa-
ter density is noticeably high in this region within the WT
NRas active site but negligible within four of the six studied
oncogenic mutants (Q61E, Q61P, Q61L, and Q61R). Never-
1426 Biophysical Journal 115, 1417–1430, October 16, 2018
theless, further calculations are needed to elucidate its role
and determine if it 1) reacts with the ligand, 2) participates
in concerted proton transfers, or 3) has a structuring role
without being chemically involved in hydrolysis. Our calcu-
lations show that residues 12 and 60 ensure its positioning
by hydrogen bonds.

It also appears that although the density peak observed
next to residue 35 presents an amplitude negligible compared
to that of the peak held by residues 12 and 60 (Fig. 7), water
presence in both regions of the active site is crucial for cata-
lyzing the hydrolysis reaction. Indeed, this peak is absent
from two of the six studied oncogenic mutants (Q61H and
Q61K), showing that a single water density peak is not suffi-
cient despite having a higher amplitude within these mutant
proteins than within WT NRas. The presence of a second
water molecule in the active site is thus necessary for an
effective catalysis, in accordance with previous theoretical
studies of Ras (21,25,28,33,34,38). It does not imply that
both water molecules participate chemically in hydrolysis;
further calculations are needed to determine the role of the
second water molecule in the catalysis of the reaction by
the protein complex.

Concerning the presence of quantumly treated solvent in
the vicinity of a- and b-phosphate groups within most of the
oncogenic mutants, we suppose that water molecules in this
region of the active site disturb the electronic density of the
ligand, making the Ob-Pg bond breakage more difficult to
achieve as reported in a study of the role of the Mg2þ ion
(35), for which a change in its coordination sphere induced
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changes in the charge distribution of the GTP. Nevertheless,
this assumption is beyond the scope of our study; further
calculations are needed to understand the impact of water
distribution on the electronic density of the GTP in the
active site of the protein complex.
DISCUSSION

In this section, we examine how the position of water mole-
cules is related to the structural rearrangements of the active
site underGln 61 substitution. Formore clarity, RMSD, RDF,
and 2D RDF results are summarized in Table S1.

A non-negligible difference between WT NRas and Gln
61 mutants pertains to GAPArg 789 native/non-native con-
tacts determined from the initial structures based on a dis-
tance criterion. Within the WT, initial native contacts with
the GTP Pg atom remain during the entire simulation,
whereas they are completely lost after a certain time within
all the studied Gln 61 mutants except for Q61K, in which a
native contact remains almost as long as for the WT. More-
over, WT NRas is the only system in which non-native con-
tacts appear between GAPArg 789 and Gln 61, whereas for
all the studied mutant proteins, non-native contacts are
formed with the Tyr 32 residue. Q61R, which develops
non-native contacts with Glu 31, is an exception. It is there-
fore of interest to understand why in this study (which only
accounts for the binding loop of GAP), Arg 789 native/non-
native contacts are remarkably different for the WT and the
mutated NRas, especially because previous experimental
studies (8,9) showed that such mutations render Ras insen-
sitive to its activation by GAPs. Nevertheless, further calcu-
lations are needed, taking into account the entire GAP in the
MM part, to assess how Gln 61 substitutions impact the
interaction network of the so-called arginine finger.

In this study, which only considers a small portion of GAP,
we presume that for Q61E, Q61P, Q61L, and Q61R, Arg 789
native contacts with the GTP Pg atom are lost because of the
delocalized positioning of water molecules, described in the
2D water distribution (Fig. 8, a, b, d, and f). The displaced
quantumly treated solvent prevents the Arg 789 side chain
from remaining in the vicinity of this atom because of steric
hindrance. The electrostatic interactions between the argi-
nine binding loop of GAP, NRas, and/or the ligand might
also be damped by these water molecules.

For Q61H, which presents a more localized 2D water dis-
tribution than the WT, we presume that the higher water
density near the GTP Pg atom, depicted by the higher ampli-
tude peak in both its RDF curve (Fig. 5 c) and its 2 RDF
mapping (Fig. 8 c), is responsible for the vanishing of native
contacts between Arg 789 and the GTP Pg atom.

Concerning Q61K, which presents more localized water
distribution than WT NRas (Fig. 8 e) and has the most
similar RDF plots to those of the WT (Figs. 5 c and 6 c),
native contacts between the arginine finger and the GTP
Pg atom can persist almost as long as within the WT.
The GAPArg 789 non-native contact results forWTNRas
and Gln 61 mutants shed light on possible explanations for
why these NRas mutants hinder inactivation by GAPs. The
chemical nature of the replacing residue might itself prevent
the formation of non-native contacts between it and the GAP
Arg residue. The active site structural reorganization induced
by Gln 61 substitutions might well 1) prevent Arg 789 from
adopting the position taken when interacting with residue
61 within the WT or 2) change the water molecules’ posi-
tioning so that they also prevent Arg 789 from adopting the
position taken within WT NRas by steric hindrance and/or
by damping the interactions between GAP and NRas. Never-
theless, further calculations, including the entire GAP pro-
tein, are needed to assess the impact of Gln 61 substitutions
on NRas-GTP-GAP interactions.

Table S1 shows that the Q61R mutation destabilizes the
most the active site. Indeed, although Thr 35 is able to adopt
the conformations encountered within the WT, it is unstable
within the active site of Q61R, as it constantly switches be-
tween these conformations. Such behavior might prevent
this residue from interacting in a stable manner with a pre-
sumed lytic water molecule reported by earlier studies of
WT Ras (12,16,19,21,28).

Q61R also results in a change of interactions between
NRas and the arginine-binding loop of GAP, as Gly 60 inter-
acts with Thr 791 from the considered portion of GAP
through hydrogen bonds that cannot exist within the WT
(inset of Fig. 3).

The 2D RDF plot of Q61R revealed the absence of the
peak of water density placed next to the GTP Pg atom
held by residues 12 and 60 (Fig. 8 f). We infer that the
lack of water molecules in this part of the active site is
due to the previously described changes of the interactions
in which Gly 60 is involved in the active site of the mutant.
We deduce that within WT NRas, through hydrogen bonds
formed with water molecules that get in the active site,
Gly 60—a highly conserved residue—is indirectly involved
in the hydrolysis reaction by maintaining water molecules in
a specific region.

This inference is consistent with previous studies (26,29)
that concluded that Gln 61 within WT Ras has an indirect
steric effect in the catalysis of the GTP hydrolysis reaction.
Because this residue is coupled to residues from regions of
NRas that play a major role in its function, its mutation
destroys the preorganized catalytic configuration adopted
by Ras upon binding with GAP. Thus, in our study, we
conclude that Gln 61 takes action in an indirect manner
in the hydrolysis reaction by enabling Gly 60 to correctly
position water molecules.

Indeed, as shown in the active site stability results of WT
NRas, the Gln 61 side chain gets out of the active site from
the beginning of the simulation. Its carbonyl and amide
groups do not interact with any of the ligand atoms and
appear to be too far from the reactants to stabilize the tran-
sition state. Although Gln 61 interacts with transient water
Biophysical Journal 115, 1417–1430, October 16, 2018 1427
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molecules, this interaction is taken over by the Gly 60 res-
idue, which holds water molecules along with the Gly 12
residue, by hydrogen bonds formed through its nitrogen
backbone atom. Moreover, in the 2D RDF plots, the projec-
tion of nitrogen backbone atoms clearly shows the rear-
rangement of the protein active site residues upon Gln 61
substitution. In the case of the Q61R mutation, the nitrogen
backbone atom of Thr 35 does not appear, as it has moved
further than the threshold we selected to study the active
site. The corresponding SDs show the previously reported
flexibility loss (13) of the protein backbone due to onco-
genic mutations. The Q61R mutation, besides changing
the solvent behavior in the protein complex active site
because of its different chemical nature, disturbs the correct
water molecule positioning in the active site by steric effects
that displace Gly 60 such that it can no longer participate
in maintaining water molecules in a specific side of the
GTP g-phosphate group.

Although the substitution of Gln 61 by a histidine (Q61H)
or by a lysine (Q61K) results in a localized positioning of
water molecules, which induces a peak of density main-
tained by residues 12 and 60 as within WT NRas
(Fig. 8, c and e), the absence of the peak of water density
in the vicinity of Thr 35 residue appears to impact the
protein enzymatic action. This supports previous studies
(21,25,28,33,34,38) that considered the presence of a sec-
ond water molecule in the active site for the catalysis of
the hydrolysis reaction. Indeed, the double integral of the
WT 2D RDF plot leads to a total amount of 1.5 and 3.4 water
molecules present in the active site of the protein complex
when taking into account water molecules within 5 and
7 Å of the GTP Pg atom, respectively (discarding the two
water molecules coordinated to the Mg2þ ion). As observed
in Fig. 7, these water molecules do not accumulate in one
region of the active site of WT NRas but are precisely
positioned, forming an arch of water density between GTP
g-phosphate group extending from residues 12 to 35 of
the active site. This observation does not imply that
all the water molecules present in the active site of WT
NRas participate chemically in the hydrolysis reaction. To
elucidate their role, energy barriers have to be calculated
for all the possible mechanisms of GTP hydrolysis within
the NRas active site, taking the water molecules’ presence
into account.
CONCLUSION

This study sheds light on the distribution of water molecules
in the active site of WT NRas and Gln 61 mutants. These re-
sults can bring new perspectives on the role of water in the
possible mechanisms involved in catalyzing the GTP hydro-
lysis within WT NRas, as well as explanations for the reac-
tion rate drop within oncogenic mutant proteins.

We found that within the WT NRas active site, water mol-
ecules stay close to the GTP Pg atom, forming an arch of
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density around the g-phosphate group extended from resi-
dues 12 to 35 of the protein. The highest water density is
localized between residues 12, 59, and 60, as water mole-
cules are held in this region by hydrogen bonds formed
with the nitrogen backbone atoms of Gly 12 and Gly 60 res-
idues. A second peak of density is observed in the vicinity of
the Thr 35 residue. The presence of two water density peaks
supports the presence of an additional water molecule be-
sides the lytic water molecule in the protein complex active
site for an effective catalysis of the hydrolysis reaction.

Within NRas structures, all Gln 61 substitutions induce a
structural rearrangement of the active site and modify the
distribution of water molecules.

Residues Tyr 32, Thr 35, and Gly 60’s mobilities, stabil-
ities, and interaction networks are particularly affected de-
pending on the substitution. This is particularly true for
Q61R, as Tyr 32 residue flexibility decreases, Thr 35 be-
comes unstable, and Gly 60 interacts with the GAP Thr
791 residue instead of forming hydrogen bonds with tran-
sient water molecules from the active site.

We also show that within Q61E, Q61P, Q61L, and Q61R,
water molecule distribution is delocalized compared to the
WT. This delocalization might prevent the GAP arginine
finger from keeping its native contacts, inferred from the
initial structures based on a distance criterion, with the
GTP Pg atom as well as forming non-native contacts with
residue 61 by steric hindrance. It might also disturb GAP
Arg 789’s crucial electrostatic effect.

The water distribution observed for Q61H and Q61K,
much more localized than in the previous cases, results
in the absence of the second peak of water density
found in the vicinity of Thr 35 within WT NRas. This
reinforces the need for the presence of a second water
molecule for an effective enzymatic catalysis of the
GTP hydrolysis reaction. It remains to be elucidated
whether both water molecules participate in the chemical
reaction or just one and hence to determine the role of the
second water molecule.

Because Gly 60 residue participates in holding the highest
water density peak by hydrogen bonds, we propose that this
residue is involved in the catalysis of the GTP hydrolysis re-
action by maintaining water molecules on a specific side of
the GTP g-phosphate group. The role of Gln 61 then appears
to be consistent with an indirect steric effect in stabilizing
the preorganized catalytic configuration of the active site.
Indeed, it enables Gly 60 residue to correctly position water
molecules.

Such insights about how Gln 61 substitutions impact the
structure of the p21N-ras active site and on water reorganiza-
tion around GTP appear to be crucial to evaluate favorable
and unfavorable hydration sites for hydrolysis. These results
are expected to shed light on dysfunctional NRas mutated
forms. However, further calculations are needed to elucidate
the catalytic mechanisms of GTP hydrolysis in the protein
complex and correlate our predictions.
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SUPPORTING MATERIAL

Supporting Materials and Methods, twenty figures, and one table are avail-

able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(18)

30977-9.
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General system properties

Figures S1 to S7 show general system properties extracted as a function of time during
QM/MM dynamics simulations (potential, kinetic and total energy, density, temperature,
pressure, volume and backbone RMSD versus time). Results are presented for WT NRas
and Q61 mutants.
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Figure S1: System properties as a function of time for wild type p21N−ras during QM/MM
dynamics simulations (a) Potential, kinetic and total energy (b) Density, (c)Temperature,
(d) Pressure, (e) Volume and (f) backbone atoms rmsd.
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Figure S2: System properties as a function of time for Q61E NRas during QM/MM dynamics
simulations (a) Potential, kinetic and total energy (b) Density, (c)Temperature, (d) Pressure,
(e) Volume and (f) backbone atoms rmsd.
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Figure S3: System properties as a function of time for Q61P NRas during QM/MM dynamics
simulations (a) Potential, kinetic and total energy (b) Density, (c)Temperature, (d) Pressure,
(e) Volume and (f) backbone atoms rmsd.
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Figure S4: System properties as a function of time for Q61H NRas during QM/MM dynamics
simulations (a) Potential, kinetic and total energy (b) Density, (c)Temperature, (d) Pressure,
(e) Volume and (f) backbone atoms rmsd.
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Figure S5: System properties as a function of time for Q61L NRas during QM/MM dynamics
simulations (a) Potential, kinetic and total energy (b) Density, (c)Temperature, (d) Pressure,
(e) Volume and (f) backbone atoms rmsd.
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Figure S6: System properties as a function of time for Q61K NRas during QM/MM dynamics
simulations (a) Potential, kinetic and total energy (b) Density, (c)Temperature, (d) Pressure,
(e) Volume and (f) backbone atoms rmsd.
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Figure S7: System properties as a function of time for Q61R NRas during QM/MM dynamics
simulations (a) Potential, kinetic and total energy (b) Density, (c)Temperature, (d) Pressure,
(e) Volume and (f) backbone atoms rmsd.
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S1. Active site stability

Side chain RMSD plots

The structural impact of Gln 61 substitutions on NRas was assessed by computing the
RMSD, with respect to the initial structure, of each residue forming the active site. This
analysis was carried out for each individual side-chain. The fluctuations observed in the
plots hence correspond to their intrinsic mobility. Figures S8 to S14 present the RMSD
plot of residues that remain stable upon mutation, figures S15 to S19 present the RMSD
plot of residues that undergo conformational changes within Q61E, Q61P, Q61H, Q61L
and Q61K mutant proteins. For WT NRas and Q61R mutant, the most NRas widespread
mutation, RMSD plots of the same mobile residues are found in figures 2 and 4 of the article,
respectively.
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Figure S8: RMSD plot of (a) Glycine 12, (b) Glycine 13 and (c) Glycine 60 within the active
site of wild-type p21N−ras during QM/MM molecular dynamics
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Figure S9: RMSD plot of (a) Glycine 12, (b) Glycine 13 and (c) Glycine 60 within the active
site of Q61E NRas mutant during QM/MM molecular dynamics
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Figure S10: RMSD plot of (a) Glycine 12, (b) Glycine 13 and (c) Glycine 60 within the
active site of Q61P NRas mutant during QM/MM molecular dynamics
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Figure S11: RMSD plot of (a) Glycine 12, (b) Glycine 13 and (c) Glycine 60 within the
active site of Q61H NRas mutant during QM/MM molecular dynamics

12



0 200 400 600 800 1000
Elapsed time (ps)

0

0.5

1

1.5

2

R
M

S
D

 (
A

°)

(a) Glycine 12

0 200 400 600 800 1000
Elapsed time (ps)

0

0.5

1

1.5

2

R
M

S
D

 (
A

°)

(b) Glycine 13

0 200 400 600 800 1000
Elapsed time (ps)

0

0.5

1

1.5

2

R
M

S
D

 (
A

°)

(c) Glycine 60

Figure S12: RMSD plot of (a) Glycine 12, (b) Glycine 13 and (c) Glycine 60 within the
active site of Q61L NRas mutant during QM/MM molecular dynamics
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Figure S13: RMSD plot of (a) Glycine 12, (b) Glycine 13 and (c) Glycine 60 within the
active site of Q61K NRas mutant during QM/MM molecular dynamics
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Figure S14: RMSD plot of (a) Glycine 12 and (b) Glycine 13 within the active site of Q61R
NRas mutant during QM/MM molecular dynamics

Native/non-native contacts

Unlike NRas residues for which their side chain RMSD plot is sufficient to describe what
we observe during the visualisation of the obtained trajectories, GAP Arg 789 behaviour
is poorly depicted by this sort of analysis. In order to better depict the arginine finger
behaviour, we propose to analyse the native/non-native contacts it engages in during the
simulation.

The native/non-native contacts analysis consists in identifying possible interactions be-
tween two atoms based on a distance criterion. The native contacts are present in the initial
structure while the non-native contacts are formed in the course of the simulation. After run-
ning this analysis, we have identified the strongest native/non-native contacts by i) searching
for the ones that remain the longest, ii) identifying the atoms that have the most numer-
ous native/non-native contacts with the arginine residue. Following this procedure, we have
made the average of the native/non-native contacts of a given atom with the entire Arg 789
such that if a given atom has 9 contacts with Arg 789 (i.e. with 9 different atoms of Arg
789), then the plot of native/non-native contacts lifetime represents the average between the
9.

The corresponding figures are presented and discussed in figures 2(d) and 4(d) of the
article for WT NRas and Q61R mutant, respectively. For Q61E, Q61P, Q61H, Q61L and
Q61K they are presented in figures S15(d) to S19(d) and discussed in the article.
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(d) Native contacts of GAP Arg 789 with GTP Pg atom

Figure S15: RMSD plots alongside the associated conformational changes of Glu 61 (a), Tyr
32 (b), Thr 35 (c) from Q61E NRas and lifetime curve of native contacts between GTP Pγ
atom and GAP Arg 789 (d) during QM/MM molecular dynamics.
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(a) Proline 61

0 200 400 600 800 1000
Elapsed time (ps)

0

0.5

1

1.5

2

R
M

S
D

 (
A

°)

(b) Tyrosine 32

?
?

0 200 400 600 800 1000
Elapsed time (ps)

0

0.5

1

1.5

2

R
M

S
D

 (
A

°)

(c) Threonine 35

?

?

0 200 400 600 800 1000
Elapsed time (ps)

0

10

20

30

40

L
if

et
im

e

Wild type

Q61P

(d) Native contacts of GAP Arg 789 with GTP Pg atom

Figure S16: RMSD plots alongside the associated conformational changes of Pro 61 (a), Tyr
32 (b), Thr 35 (c) from Q61P NRas and lifetime curve of native contacts between GTP Pγ
atom and GAP Arg 789 (d) during QM/MM molecular dynamics.
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(a) Histidine 61
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(d) Native contacts of GAP Arg 789 with GTP Pg atom

Figure S17: RMSD plots alongside the associated conformational changes of His 61 (a), Tyr
32 (b), Thr 35 (c) from Q61H NRas and lifetime curve of native contacts between GTP Pγ
atom and GAP Arg 789 (d) during QM/MM molecular dynamics.
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(a) Leucine 61
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(d) Native contacts of GAP Arg 789 with GTP Pg atom

Figure S18: RMSD plots alongside the associated conformational changes of Leu 61 (a), Tyr
32 (b), Thr 35 (c) from Q61L NRas and lifetime curve of native contacts between GTP Pγ
atom and GAP Arg 789 (d) during QM/MM molecular dynamics.
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(a) Lysine 61
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(d) Native contacts of GAP Arg 789 with GTP Pg atom

Figure S19: RMSD plots alongside the associated conformational changes of Lys 61 (a), Tyr
32 (b), Thr 35 (c) from Q61K NRas and lifetime curve of native contacts between GTP Pγ
atom and GAP Arg 789 (d) during QM/MM molecular dynamics.
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S2. 2D RDF algorithm

We implemented an algorithm with the objective of mapping water molecules occupancy in
the protein active site. The developed algorithm counts the number of water molecules as
a function of the distance from a given atom and subsequently projects them on a plane of
interest. To define this plane, an orthonormal basis, based on three atoms coordinates, is
chosen at the beginning of the simulation run or for each new generated configuration. In
the later case, the changes of the coordinates of the three reference atoms are taken into
account.

In this study, we considered that a plane containing GTP Pβ and Pγ atoms was the most
appropriated to describe water occupancy in NRas active site. Three GTP atoms, Pβ, Pγ
and O1γ (see figure S20), were chosen to define the orthonormal basis. The first vector is
normalized

−−−→
PβPγ. The second vector is built from the orthogonal projection of O1γ coor-

dinates on the plane containing Pγ atom and to which
−−−→
PβPγ is a normal vector. We thus

define and normalize the second vector
−−−−→
PγO1γp, where O1γp is the orthogonal projection of

O1γ. Finally, the third vector of this orthonormal basis is obtained by the cross product of−−−→
PβPγ and

−−−−→
PγO1γp. On the plane perpendicular to

−−−−→
PγO1γp, we projected on water molecules

found within 7 Å of GTP Pγ atom, as well as noticeable atoms of the active site to locate
where water molecules have the highest probability to stay relative to these atoms. We chose
to center the plane at Pγ.

-

6

�
�

�
�

��	

−−−→
PβPγ

−−−−→
PγO1γp

−−−→
PβPγ ×

−−−−→
PγO1γp

PγPβ
O1γ

Figure S20: Orthonormal basis defined by GTP Pβ, Pγ and O1γ atoms
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