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Abstract

The state transitions of solvated H-Ras protein with GTP were theoreti-

cally analyzed through molecular dynamics (MD) simulations. To accelerate

the structural changes associated with the locations of two switch regions

(I and II), the Parallel Cascade Selection MD (PaCS-MD) method was em-

ployed in this study. The interconversions between the State 1 and State 2

were thus studied in atomic details, leading to a reasonable agreement with

experimental observations and consequent scenarios concerning the transition

mechanism that would be essential for the development of Ras inhibitors as

anti-cancer agents. Furthermore, the state-transition-based local network en-

tropy (SNE) was calculated for the transition process from State 1 to State

2, by which the temporal evolution of information entropy associated with

the dynamical behavior of hydrogen bond network composed of hydration

water molecules was described. The calculated results of SNE thus proved to

provide a good indicator to detect the dynamical state transition of solvated

Ras protein system (and probably more general systems) from a viewpoint

of nonequilibrium statistical thermodynamics.

Keywords: Ras; Molecular switch; Structural transition; Molecular dynam-
ics; State-transition-based local network entropy
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1. Introduction

Small GTPases Ras (H-, K-, and N-Ras), the products of the ras proto-

oncogenes function as guanine nucleotide-dependent molecular switches reg-

ulating cell growth, development and apoptosis by cycling between GTP-

bound (Ras/GTP) and GDP-bound (Ras/GDP) forms [1–10]. The active

Ras transmits the biological signals in the intracellular network to the down-

stream effectors. The Ras proteins are frequently activated too much in

a wide variety of human cancers, making them some of the most promis-

ing targets for anti-cancer drug development. The Ras/GTP adopts two

inter-converting conformational states, State 1 and State 2, corresponding to

inactive and active forms, respectively [1, 6]. Since the State 1 (open) confor-

mation possesses the drug-accessible surface pockets between the two switch

regions, named Switch I (residues 32-38) and Switch II (residues 60-75), the

information on the transition mechanism between the two states is essential

for the efficient development of Ras-specific inhibitors. Much efforts have

thus been focused on the elucidation of the structural transitions of Ras pro-

teins employing the experimental techniques such as X-ray crystallography

and NMR [6, 8, 10].

In the present study we investigate the state transition mechanism of

H-Ras/GTP mainly using the molecular dynamics (MD) simulation method

[11–15]. First, we perform Parallel Cascade Selection MD (PaCS-MD) sim-

ulations [16] in order to yield the conformational transitions in relatively

short computational time. The PaCS-MD was designed to accelerate the

dynamical process to reach target structures so that we could easily find the

conformational transition between two states. Analyzing the MD trajectories
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in comparison with experimental observations [10], we can thus investigate

the molecular mechanism of state transition in a direct and detailed man-

ner. Second, we study the relationship between the hydrogen bond network

composed of tightly bound water molecules around Ras protein and the state

transition in light of information entropy. The state-transition-based local

network entropy (SNE) [17–32] is employed as a dynamical measure to de-

tect the state transition in an indirect manner. Through this analysis, we

can identify the hydration waters and hydrogen bonds closely linked to the

state transition. These theoretical knowledges are expected to provide deeper

insights into the state transition mechanism of Ras in conjunction with ex-

perimental observations.

In the following Sec. 2, the computational methods used in this study

are explained in detail. The calculated results and associated discussions

are given in Sec. 3, first on the state transitions observed in Ras proteins

and secondly on the temporal variations of SNE related to the dynamics of

hydrogen bond network. Section 4 concludes with summary.

2. Computational methods

2.1. Structure preparation

The structural transition between State 1 and State 2 of Ras protein is

characterized in terms of the open and closed forms of Switch I and Switch

II. In this paper the Switch I and II regions are identified as the residues

32-38 and 60-75, respectively. In order to specify the structural features of

Ras protein, we introduce two distance parameters (reaction coordinates),

dT and dY (see Fig. 1): The former is defined by the distance between
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the oxygen (OG1) atom of Thr35 and the phosphorus (PG) atom of GTP,

which represents the relative location of Switch I; the latter is defined by the

distance between the oxygen (OH) atom of Tyr64 and the phosphorus (PG)

atom of GTP, which represents the relative location of Switch II. Figure 1

then illustrates the distribution of a number of available X-ray Ras structures

on the dY-dT plane, which is called dY-dT plot. In this plot we find several

characteristic structures for State 1 and State 2: For example, the PDB entry

5B30 is a characteristic structure for State 1 with an open conformation

between the two switch regions (open form). On the other hand, the PDB

entry 5B2Z is a characteristic structure for State 2 in a closed conformation

of Switch I, II. These characteristic structures of State 1 and State 2 are

distributed over the upper-right and lower-left regions in the dY-dT plane,

respectively. In addition, we observe intermediate structures such as i61a,

originally determined by us (see Supplementary data) but not registered in

Protein Data Bank (PDB), and the PDB entry 1LF0, which is a structure

of A59G mutant, in the upper-left and lower-right regions, respectively.

Employing some typical X-ray structures from these collections, we have

performed molecular dynamics (MD) simulations for Ras proteins with GTP

in aqueous solution by the Amber12 and Amber14 softwares [33]. After

the addition of missing hydrogen atoms in the PDB structure, the system is

solvated by explicit water molecules with crystallized Mg2+, hydration waters

and some counter ions (Na+) to electrically neutralize the unit cell of system

under the periodic boundary condition.
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2.2. Molecular dynamics (MD) simulation

The MD simulations for the solvated Ras systems were carried out with

the force fields of ff12SB (from State 1 to State 2) or ff14SB (from State 2 to

State 1) for Ras with ions, TIP3P for water, and the Manchester force field

[34] for GTP, which was substituted for GppNHp in experiments (see Sec. 3.1

below). Periodic boundary condition was imposed on the rectangular unit

cells, in which the thickness of solvated water is more than 12 Å and totally

31261-31792 atoms are contained. After relevant relaxation and heating pro-

cesses, the NPT simulations with the pressure of 1 atm and the temperature

of 300 K were performed, where the Berendsen method [35] with τ = 2.0 ps

was employed for the pressure and temperature controls.

Considering that the transitions between State 1 and State 2 would oc-

cur at the time scales longer than milli-seconds [6, 8, 10], it is formidable to

generate the state transitions of Ras proteins within the framework of con-

ventional MD simulations. Thus, we employed the Parallel Cascade Selection

MD (PaCS-MD) [16] to accelerate the approach to the target structure in the

present study. Setting the reactant state (initial structure) and the product

state (target structure), the PaCS-MD performs multiple independent MD

runs in parallel starting with an initial structure in which atoms are given ran-

domized velocities according to the Maxwell-Boltzmann distribution. With

the parallel number Nparallel (Nparallel = 5 in the present study) and the MD

steps Nstep, we obtain Nparallel × Nstep snapshots after the first-round MD.

Then, selecting a new set of Nparallel structures according to the “ranking

measure” to judge the similarity to the target structure, we run the next

parallelized MD round iteratively with the parallel number Nparallel and the
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MD steps Nstep. As for the ranking measure, the present work employed

the root-mean-square deviation (RMSD) from the target structure, in which

the amino-acid residues 32-38 and 59-67 were used for the RMSD calcula-

tions. Repeating these MD cycles, we expect that the Ras structure would

efficiently change to approach the target structure.

2.3. State-transition-based local network entropy (SNE)

State-transition-based local network entropy (SNE) is defined as an in-

formation entropy associated with the critical transition of system and can

identify the transition state in leading dynamical networks in terms of an

early-warning signal [17, 18]. For instance, concerning a sudden health de-

terioration during gradual progression of many chronic diseases, a critical

phenomenon generally takes place as a drastic transition in the focal sys-

tem or network from a normal state to a disease state, which corresponds

to a bifurcation point in dynamical systems theory [36]. The SNE for lead-

ing biomolecular networks then provides a useful tool for quantitatively de-

scribing these critical phenomena in disease development and progression.

For mathematical modelling, let us consider three states, normal state, pre-

disease state and disease state, for state transition. The normal state has a

high resistance and robustness against perturbations. The pre-disease state is

defined as a limiting state from the normal state just before or at the critical

point, and has lower resistance and robustness due to dynamical transition;

the system is very sensitive to external stimuli and ready to go to the disease

state or go back to the normal state by small perturbations. The disease

state is, on the other hand, in the heavily deteriorated stage, which has a

high resistance and robustness and is much more difficult to come back to
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the normal state by medical treatments than the pre-disease state. The SNE

is related with the robustness of network system, which is high in the normal

state, drastically decreases in the pre-disease state, and again becomes high

in the disease state. One can thus identify the transition state by observing

the temporal variations of SNE. Besides, one can address the change of SNE

around each central node in addition to that for the whole network, since

the SNE can be calculated for each first-order linked network centered at a

specified node i. Thus we can investigate which nodes are involved in the

state transition and to what extent they are.

In the present study, we regard the hydrogen bond in the solvated Ras

protein system containing ions, ligand and surrounding water molecules as

a node in the network, where the hydrogen bond network associated with

functionally important water of hydration is especially focused on. We have

calculated the SNE for this system, in which three states, state A (A = 1

or 2), critical (transition) state and state B (B = 2 or 1), are considered

corresponding to the normal state, the pre-disease state and the disease state

in the mathematical modelling above, respectively.

The SNE is evaluated in this study as follows. Let us define a network

with n nodes whose dynamics is described in terms of the Markov process.

The state of network at time t is represented by Z(t) = (z1, z2, ..., zn), where

zj refers to a value associated with node j (1 ≤ j ≤ n). To measure the

temporal variation of the state of node j, another variable, xj(t) ∈ {0, 1},

is also introduced. At time t, if |zj(t) − zj(t − ∆t)| ≥ dj with a threshold

value dj, we take xj(t) = 1 and otherwise xj(t) = 0, where ∆t is a time

interval. Thus, X(t) = (x1, x2, ..., xn) represents a transition dynamics of
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the network at time t. The SNE is then calculated for each local network

centered at a node i. Let us assume that the node i has m first-order linked

nodes, i1, ..., im (m < n), thus forming a local network with time-dependent

state X i(t) = (xi, xi1 , ..., xim) centered at node i. Since each node has a value

xj(t) ∈ {0, 1}, X i(t) can take 2m+1 states. We then express the possible states

of X i(t) and X i(t+∆t) as {Av}v=1,2,...,2m+1 and {Au}u=1,2,...,2m+1 , respectively.

The Markov matrix P = (pu,v) to represent the transition probability

from the state v to the state u of the local network centered at node i is

written as

pu,v(t) = Pr(X i(t+∆t) = Au|X i(t) = Av), (1)

where u, v ∈ {1, 2, ..., 2m+1},
∑

u pu,v(t) = 1 and Pr( | ) refers to the condi-

tional probability. Using this Markov matrix, the local SNE for central node

i can be obtained as

Hi(t) = −
∑
u,v

πv(t)pu,v(t) log2 pu,v(t), (2)

where πv(t) = (π1(t), ..., π2m+1(t)) is a stationary distribution to satisfy
∑

v πvpu,v =

πu. Further, the total SNE averaged over the whole network with n central

nodes is given by

H(t) =
1

n

n∑
i=1

Hi(t). (3)

The SNE defined above is a kind of conditional entropy and has a correla-

tion with the robustness of network [17, 18]. It thus measures the structural

stability and robustness of system in a quantitative way, and can detect the
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critical state. In the actual applications, a relevant value is taken for the

time interval ∆t, and the probabilities pu,v(t) and πv(t) are evaluated via

the temporal average around the time t. In the case of solvated Ras system,

possible sites for hydrogen bond as nodes are chosen in advance according

to stationary molecular configuration near the transition state. If there is a

hydrogen bond at the site j at time t, we assign zj(t) = 1, and otherwise

zj(t) = 0. xj(t) is then calculated with the threshold value dj = 1. The

first-order linked nodes around the central node i are selected on the basis of

the mutual information representing the correlation between two nodes [37]:

I(A;B) = H̃(A)− H̃(A|B). (4)

Here, H̃(A) and H̃(A|B) refer to the information entropy for event A = {aj}

and the conditional entropy for event A given event B = {bk}, respectively:

H̃(A) = −
∑
j

p(aj) log2 p(aj), (5)

H̃(A|B) = −
∑
j

∑
k

p(bk)p(aj|bk) log2 p(aj|bk), (6)

where p refers to the probability for each event.

For the events A and B, we consider whether there is a hydrogen bond

at that site or not. H̃(A), H̃(A|B) and I(A;B) are evaluated by means of

averages over MD trajectories, and when the mutual information exceeds a

threshold value, we assign a first-order linkage between the two nodes with

the events (i.e., formation of hydrogen bond) A and B, thus forming a local

network around the central node i.
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3. Numerical results and discussion

3.1. State transition

We have performed three types of PaCS-MD simulations to elucidate the

molecular mechanism of state transition in Ras/GTP system.

First, we carried out a PaCS-MD simulation in which State 1 (PDB entry:

5B30) and State 2 (PDB entry: 5B2Z) were chosen as the initial and target

structures, respectively. We have thus obtained a trajectory A with 905 cycles

of PaCS-MD for 5099 ps, and Fig. 2 shows in dY-dT plot that the final state

is trapped before reaching the target structure. Figure 3 then illustrates a

comparison of the initial, final and target structures observed in trajectory

A, showing that the final structure actually lies between the initial and target

structures; the final structure is nearly approaching the target structure in

Switch II region, while the side chain of Thr35 in Switch I still remains near

the initial structure and is not oriented toward Mg2+ as expected in State

2. We can thus regard this final structure as a kind of “intermediate state

(structure)” between State 1 and State 2. Figure 2 indicates that the dY

value associated with Switch II decreases below 12 Å, while the dT value

associated with Switch I remains around 9 Å. To elucidate the reason why

Switch I was not fully closed, we have performed the structural analysis in

more detail and found that the movement of the side chain of Thr35 in Switch

I was restricted since Switch II got closed in advance. Figure 3(d) illustrates

the interference of motions between Thr35 and Tyr64.

Next, in order to suppress the over-closing of Switch II, we have performed

a PaCS-MD simulation from State 1 to State 2, in which the target structures

were set at two stages; that is, an intermediate state (i61a) was employed
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as the first target, and then State 2 (5B2Z) was taken as the second (final)

target. The crystal structure of i61a was determined using the diffraction

data collected at ambient temperature as shown in Supplementary data. We

have thus obtained a trajectory B for 4053 ps, which is illustrated in dY-dT

plot of Fig. 2. The superposition of the initial, final and (second) target

structures is depicted in Fig. 4, showing that both the Switch I, II were

nearly closed in the final structure, where the side chain of Thr35 in Switch

I was directed toward Mg2+ as in State 2. Figure 2 shows that the dY and

dT values of the final state were less than 12 Å and 7 Å, respectively; the

decrease in dY was suppressed before the dT value decreased below 8 Å,

indicating that Switch II did not restrict the motion of the side chain of

Thr35. In addition to Thr35, there is a significant difference between State 1

and State 2 concerning the structure of side chain of Tyr32 [10]. Comparing

the trajectories A and B, we have found a marked difference in the distance

between Tyr32 (HH atom) and GTP (O1G atom), as shown in Fig. 5(a). In

the case of trajectory B, the hydrogen bond between Tyr32 and GTP was

broken by the insertion of a hydration water (WAT246), as seen in Fig. 4(d).

The hydrogen bond between Tyr32 and GTP plays an important role to

suppress the fluctuation in Switch I, thus inhibiting the structural transition

from State 1 to State 2. Calculating the RMSDs compared to State 2, we

have found in Fig. 5 (b) and (c) that the movements of Pro34, Glu63 and

Tyr64 were triggered by the movement of Tyr32 at no later than 1000 ps.

We have also observed that the motions of Asp33, Pro34, Thr35, Ile36 and

Glu37 were well correlated with that of Switch I, whereas the motions of

Glu63 and Tyr64 were well correlated with that of Switch II, thus providing
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relevant indicators for describing the motions of the two switches.

Third, we have studied the transition from State 2 to State 1 in com-

parison with experimental results [10]. When we performed a PaCS-MD

simulation starting with State 2 (5B2Z) toward the target structure of State

1 (5B30), we found a trajectory C with 40 cycles for 767 ps in dY-dT plot

depicted in Fig. 6(a). We then see in Fig. 7 that Thr35 in Switch I did not

move so much with retaining a bond to Mg2+, while the side chain of Tyr64

in Switch II got oriented to the target structure of State 1, thus showing that

the Switch II region is easy to fluctuate toward the structural transition.

Since Fig. 6(a) shows that the dT value in the trajectory C did not change

due to the strong bonding between Thr35 and Mg2+, we then modified the

ranking measure in PaCS-MD so that the RMSD for all atoms of Switch re-

gions including the side chains was used (ranking measure A) for 1-400 cycles

(1-2626 ps) and that excluding the side chains was employed (ranking mea-

sure B) for 401-600 cycles (2623-4531 ps) in order to release the constraint

on the side chains. However, as seen in Fig. 6 (b) and (c) for this trajectory

C2, the increase of dT value was not observed still, again indicating that the

Switch I region in the closed conformation is very stable.

We have then compared the structural changes observed in trajectory C2

with a transition model suggested through experimental observations [10].

According to a scenario proposed by Matsumoto et al. [10], the state transi-

tion from State 2 to State 1 would take place as follows: First, the side chain

of Gln61 moves toward Arg68 and makes a hydrogen bond to the main chain

of Glu63. Then the hydrogen bonds are also formed between Gln61 and

Gln99, and between Gln 61 and Tyr96. Owing to the orientational change
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of Gln61, the side chain of Arg68 approaches the main chain of Gly60, thus

forming a hydrogen bond. Spurred by these structural changes in the Switch

II region, the bonding between Tyr32 in Switch I and GTP is weakened and

Tyr32 moves toward Pro34. The breakage of the bonding between Thr35

and the γ-phosphate of GTP is then caused, finally leading to the transition

of Switch I to the State 1 configuration. In the trajectory C2 obtained by

PaCS-MD simulation, the side chain of Gln61 actually moves toward Arg68

(Fig. 8(a)) as in the scenario above. However, Arg68 moves away from Gly60

rather than approaching, thus bringing about a relative orientation among

these residues different from the experimental model above. Fig. 8(b) shows

the side chain of Gln61 is approaching the main chain of Glu63, giving a rela-

tive location consistent with the experimental observation. Fig. 8(c) indicates

that the relative location between Gln61 and Tyr96 is also consistent with

the above model, but that between Gln61 and Gln99 is an unexpected one

associated with the relative positions of Gln61 and Arg68. If the positions

of Gln61 and Arg68 would be exchanged, the distance between Gln61 and

Gln99 would become shorter, as expected in the scenario above. Concerning

the structural changes in the Switch I region, on the other hand, it is observed

in the trajectory C2 that the side chain of Tyr32 is moving toward Pro34.

This is consistent with the experimental finding [10], while it does not cause

the breakage of the bond between Thr35 and GTP or Mg2+, as seen in Fig.

8(d). Figure 9 illustrates the temporal evolutions of the distances between

key residues to see how the structural changes in the Switch II region actu-

ally occurred in trajectory C2: Q61(OE1)-R68(HH11), Q61(OE1)-E63(H),

Q61(H)-Y96(OH) and Q61(HE21)-Q99(OE1), where the characters in the
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parentheses refer to the atom names in PDB. This figure shows that there

was an order of occurrence in the structural changes observed in trajectory

C2: First, the distances of Gln61-Arg68 and Gln61-Gln99 decreased, and

subsequently that of Gln61-Tyr96 did. Since Gln61 made a hydrogen bond

with Arg68 in trajectory C2, the side chain of Gln61 could not make a hy-

drogen bond with the main chain of Glu63. This hydrogen bond between

Gln61 and Arg68 seems to make the interchange of their side chains difficult,

thus causing their relative locations different from the experimental scenario.

However, the simulation results observed in trajectory C2 were consistent

with the experimental model in that Gln61 moved toward Arg68 and the

main chain of Gln61 and the side chain of Tyr96 made a hydrogen bond. In

passing, it is also noted that the GTP ligand was employed in the present

simulation study in contrast to GppNHp employed in the experiments [10].

It is known [1, 38] that the use of GTP would make the closed conformation

of switches more stable, somewhat tending to favor State 2 compared to the

GppNHp case.

We see in the above analysis that the solid bonding of Thr35 with GTP

or Mg2+ makes the transition to State 1 difficult. Since it is experimentally

known [6, 10, 38, 39] that the fraction of State 1 increases in T35S mutants,

we have also carried out a PaCS-MD simulation for T35S mutant starting

with the State 2 structure, where T35S mutant was constructed from the

wild-type (WT) structure of State 2 (5B2Z) and the HB2 atom of Ser35 was

used in place of the OG1 atom of Thr35 for the evaluation of dT value. The

calculated trajectory D with 200 cycles for 1259 ps is illustrated in dY-dT

plot in Fig. 6(a), again indicating that Switch I did not open; the structural
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analysis then shows that the substituted Ser35 still retained the bonding with

Mg2+, thus stabilizing the Switch I region. Detailed analysis has also shown

that the hydrogen bond between Gln61 and Arg68 as seen in the trajectory

C2 is not observed in the trajectory D, which is a marked difference from the

trajectry C2 that may enable the exchange of locations between Gln61 and

Arg68.

It is also known [38, 39] that almost all T35A mutants take the State

1 structure rather than the State 2 structure. We have then performed a

PaCS-MD simulation for T35A mutant constructed from the WT structure

of State 2 (5B2Z), where the HB2 atom of Ala35 was used in place of the

OG1 atom of Thr35 for the evaluation of dT value. Through 600 cycle (3446

ps) PaCS-MD targeting to State 1, trajectory E, shown in Fig. 6(a), has been

obtained. It has been observed in this simulation that both the Switch I, II

approached the structures in State 1 (see Fig. 10). It is characteristic that

the orientation of Ala35 significantly changed toward the target structure of

State 1, in which the missing bond between Ala35 and Mg2+ caused the struc-

tural change of Switch I. As observed in Fig. 6(a) for trajectory E, both the

dY and dT values increased simultaneously in the state transition. Detailed

structural analysis has shown that Gln61 moved to the location of Arg68 and

accordingly Gln61 approached Glu63 (see Fig. 10 (d) and (e)). Gln61 also

approached Gln99, whereas Gln99 moved toward a direction somewhat away

from Gln61, thus not forming a hydrogen bond between them (Fig. 10(f)).

Gln61 and Tyr96, on the other hand, approached each other, as suggested

in the experimental scenario [10]. Switch I moved significantly in the tra-

jectory E as seen in Fig. 10(g), where the side chain of Tyr32 moved to the
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initial location of Pro34 in agreement with the experimental suggestion [10].

Figure 11 illustrates the temporal evolutions of the distances between some

key residues: Q61(NE2)-R68(HB3), Q61(OE1)-E63(H), Q61(H)-Y96(OH),

Q61(HE21)-Q99(OE1), A35(HB2)-GTP(O2G) and Y32(HD2)-P34(HG3), where

the characters in the parentheses refer to the atom names in PDB. This figure

shows that the formation of hydrogen bond between Gln61 and Tyr96 took

place prior to that between Gln61 and Arg68 (and Glu63). The fluctuations

in the Switch II region in the trajectory E were larger than those in the

trajectories C2 and D, which is also verified by Fig. 6(a). Concerning the

structural change in the Switch I region, the bond between Ala35 and GTP

was broken before Tyr32 approached Pro34 in the case of T35A mutant. This

suggests that the reason for the opening of Switch I in T35A mutant should

not be attributed to the motion of Tyr32 but to the breakage of the bond

between Ala35 and Mg2+.

3.2. Temporal variations of SNE associated with hydrogen bond network

In this subsection we perform the SNE analysis on the hydrogen bond

network related to the state transition of Ras protein. Before performing the

SNE analysis, we have investigated the hydration water molecules surround-

ing the Ras protein and detected seven water molecules that are immobile

and should be important for the state transition (see Table 1 and Fig. 12).

We have then specified a hydrogen bond (HB) network composed of these

(immobile) seven water molecules, GTP, Mg2+ and 13 residues of Ras pro-

tein, which is depicted in Fig. 13. In this network we have identified 15

possible sites for HB formation around the State 1 (5B30) structure of H-

Ras. Employing the 4053 ps PaCS-MD trajectory B from State 1 to State 2
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(see Fig. 2), we have then calculated the connection probability of fluctuating

HB at each site, where the presence of HB is defined by the criterion that the

distance between the pertinent two atoms is within 2.5 Å. These connection

probabilities for the 15 HB sites are listed in Table 2: HB is formed with the

probability beyond 0.95 for the sites 1, 4, 6, 7, 10-15 in which very immobile

water molecules W172,W173,W177 and W180 are involved. Other HB sites,

2, 3, 5, 8 and 9, have the connection probabilities less than 0.95, which are

associated with W191, W207 and GTP, thus indicating the temporal variations

of HB formation. It is especially noted that the HB sites of 2, 3 and 5 are

susceptible to structural fluctuations.

We have next calculated the mutual information (MI) for any pair of

the 15 HB sites. Dividing the trajectory B into the intervals of 100 ps,

we evaluated the MI due to Eq. (4) using the HB formation probabilities

during these periods. Figure 14(a) illustrates the time-dependent MI which

exceeded 0.1 at any time interval. As observed in Fig. 14(a), there are 17

pairs of HB sites whose MI exceeded 0.1 at any interval, thus showing the

inter-dependency or correlation in the HB network. It is noted that the MIs

associated with the HB sites of 1 and 6 took zero values because the HB

connection probabilities of these HB sites were 1.0 throughout the trajectory

B. It is also seen in Fig. 14(a) that the peak positions of MI of HB pairs

are distributed temporally, which indicates that the information transmission

concerning the HB-related state transition is not taking place simultaneously,

but gradually occurs step by step; the peaks associated with the HB sites

near Switch I (2, 3 and 5) and Switch II (7, 8 and 9) are observed over time.

Figure 14 (b) and (c) then show the variations of MI as functions of dY and
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dT, respectively, where it is noted that both dY and dT values decrease as

the transition from State 1 to State 2 proceeds. It is observed in Fig. 14(b)

for dY that the HB sites of 3, 5, 9 and 15 are mainly involved and play

important roles for the closing of Switch II. Initially, the MIs for 2-13 and

9-13 pairs show high values at around dY = 21-22 Å, indicating that the

strong (correlated) dependence on the HB site 13 changes from the site 2 to

the site 9 which are located nearly each other (see Fig. 13). Further, 3-9, 3-8

and 8-9 pairs take high MI values as dY decreases from 17 Å to 15 Å, thus

indicating that the strong dependence on the site 3 changes from the site 9 to

the site 8 that is located more closely to Switch II. On the other hand, Fig.

14(c) for dT shows that there are a number of correlated pairs containing the

HB sites of 2 and 3 when dT decreases from 13 Å to 11 Å. It is noted that the

HB of site 2 is a vulnerable bonding between Switch I and GTP (see Table

2) and therefore plays a key role for the closing of Switch I. The MI for the

pair of sites 2 and 3 is high at dT = 13 Å, while the MIs of the site 2 or 3 are

high with other sites for dT = 11-12 Å, which indicates that both HB sites of

2 and 3 play important roles to transmit the information associated with the

motion of Switch I over a wide region of HB network. Table 3 lists the HB

pairs whose MI exceeded 0.4 at any time or any value of dY or dT , which are

regarded as forming local, connected HB networks (simple graphs) centered

at a designated HB site (central node). In this table the local HB networks

centered at the sites 1 and 6 are not shown because these two sites form the

firm HB with the probability 1.0 throughout the PaCS-MD simulation for

the trajectory B.

Before performing the SNE analysis for the trajectory B, we calculated
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the temporal evolution of SNEs by employing the trajectory A in which

the state transition from State 1 to State 2 was not complete (see Fig. 2).

In the SNE calculations, the stationary probability πv(t) and the transition

probability pu,v(t) were evaluated with the sampling period of 500 ps around

the time t and the transition time interval ∆t = 3 ps, which led to sharp

changes of calculated SNEs. Figure 15(a) illustrates the temporal evolution

of the SNEs for each local network centered at designated nodes and their

average over the whole network. We thus observe significant decreases in the

SNE values associated with some central nodes, indicating an emergence of

state transition. However, the recovery (increase) of SNEs toward the higher

values, which represents the transition to another state, was not clearly found

in this case for the trajectory A due to the cease of state transition, as seen

in Fig. 2.

We next carried out the SNE calculations employing the trajectory B, in

which the same sampling period of 500 ps around the time t and the same

transition time interval ∆t = 3 ps were used as in the case of trajectory A.

Figure 15(b) shows the temporal evolution of SNEs, indicating their decreases

in the yellow domain (1.75-2.75 ns) associated with the state transition. It is

remarkable that some SNEs steeply decrease and then increase, thus showing

the presence of the critical (transition) state. It is also found that the local

networks for almost all the central nodes except for the site 2 are involved

in this state transition. It is remarked here that the site 2 of HB between

Tyr32 and GTP was broken at no later than 1 ns, as seen in Fig. 5, which

triggered the state transition. We further performed the SNE calculation

for the trajectory B in which the sampling time of 100 ps was employed to
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detect sharper temporal changes. Observing Fig. 15(c) for this calculated

result, one can see that the sites 3 and 12 are key indicators for the state

transition. It is noted that the water molecules W207 and W180 associated

with the HB sites 3 and 12, respectively, have been regarded as key waters

in the preceding studies [12] and the analysis above. Moreover, in addition

to the HB sites 3 and 12, we see in Fig. 15(c) the importance of HB sites 14,

15, 4, 7, 9, 8 and 11 in this order.

Further, to see the relationship between the temporal variation of SNE

and the structural change of Ras, we plot the trajectory B on the dY -dT

plane in Fig. 16(a) (see also Fig. 2), in which the points at t = 2.5, 2.7 and

2.9 ns are marked. This figure shows that Switch II first closes partially,

Switch I next closes, and finally Switch II closes fully. In the time region of

2.0-2.6 ns, we observe that Switch II opened slightly to make Switch I close

by relaxing the steric hindrance between the two switches. After Switch I

had closed fully, Switch II closed completely, as seen for the location of three

points depicted in Fig. 16(a). The SNE decreased when Switch I closed and

Switch II slightly opened, and it then increased when Switch II closed. Figure

16 (b) and (c) illustrate the snapshots of Ras at t = 2.5, 2.7 and 2.9 ns, in

which Thr35 was approaching GTP, while Tyr64 was first getting away from

GTP and next approaching it; these dynamical behaviors of Tyr64 coincided

with the temporal variation of SNE mentioned above.

4. Conclusions

In the present study we have analyzed the state transition of solvated

H-Ras/GTP system in terms of PaCS-MD simulations. By accelerating the
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structural changes of Ras protein between inactive State 1 and active State

2, which are associated with the motions of the two switch regions, we have

elucidated the molecular mechanisms of the state transitions in atomic de-

tails. These computational results have then been compared to the molecular

model proposed through experimental observations [10], leading to fairly con-

sistent pictures for the state transition along with some minor differences be-

tween the both results, which may be partially attributed to the use of GTP

instead of GppNHp employed in the experiments. In order to find more useful

information to design the effective inhibitors targeting the cancer-related Ras

proteins, the improvements in the MD protocols with higher efficiencies and

accuracies would be required in conjunction with extensive interpolations of

experimentally available snapshot structures of Ras proteins.

In addition to the direct observation of the structural changes in Ras

proteins, we have also proposed a novel approach in this study to detect-

ing the state transition in terms of the dynamical information entropy SNE

associated with the hydrogen bond network mainly composed of surround-

ing water molecules. It is known [40–42] that solvation waters surrounding

biomolecules significantly contribute to thermodynamics of the whole molec-

ular systems. The dynamical change of the entropy [43] associated with hy-

dration water is thus expected to become a good indicator for representing

the thermodynamic stabilities of solvated biomolecular systems. The present

study, to the best of our knowledge, has provided a first example to show

that the dynamical behaviors of (information) entropy of surrounding water

can describe the state transition of hydrated biomolecules in a quantitative

manner, thus opening a new avenue of theoretical analysis.
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Tables and Figures

Table 1. List of immobile hydration water molecules in the structure of State

1 (PDB entry: 5B30) along with the residue ID (see Fig. 12).

Residue ID 203 213 205 183 182 185 180

Name W172 WA W207 W173 W191 W180 W177

Table 2. Connection probabilities of 15 HB sites.

HB ID Probability

1 1.000

2 0.096

3 0.222

4 0.982

5 0.101

6 1.000

7 0.997

8 0.930

9 0.850

10 0.999

11 0.990

12 0.997

13 0.998

14 0.996

15 0.954
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Table 3. List of correlated hydrogen bonds except for the sites 1 and 6 whose

HB formation probabilities are unity.

HB ID Connected sites

2 3, 13

3 2, 5, 7, 11, 12, 13

4 5, 8, 10, 11, 12, 15

5 3, 4, 7, 12, 14

7 3, 5, 8, 9, 15

8 4, 7, 9, 10, 11, 13, 15

9 7, 8, 11, 14

10 4, 8, 11, 15

11 3, 4, 8, 9, 10, 15

12 3, 4, 5, 14, 15

13 2, 3, 8, 14

14 5, 9, 12, 13, 15

15 4, 7, 8, 10, 11, 12, 14
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Figure 1: Classification of X-ray structures of Ras, where each structure is depicted by

filled red symbol with Protein Data Bank (PDB) code. The classification is based on

the distance (dT ) between the OG1 atom of Thr35 and PG atom of GTP (GppNHp in

experiments), and the distance (dY ) between the OH atom of Tyr64 and PG atom of

GTP (GppNHp in experiments), as shown in the inset. If Ras proteins have GDP instead

of GTP, dT and dY are calculated by using the PB atom of GDP instead of the PG atom

of GTP. PDB IDs are labeled where space permits. 5B2Z is depicted in blue for clarity,

and i61a has no PDB ID.

Figure 2: dY -dT plot for trajectory A (blue) and trajectory B (red). Filled black symbols

refer to the start or end points of PaCS-MD simulations. Filled red symbols are the same

as in Fig. 1.

Figure 3: Comparison of the structures at 1 ps (red), 5099 ps (yellow) of trajectory A and

of State 2 (5B2Z, blue). (a) Overall structures, where two switch regions are encircled

by dotted lines. (b) and (c) are the close-up views for Switch I and Switch II regions,

respectively. (d) Close-up view of the structure around Thr35 and Tyr64, where Thr35

collides with Tyr64.

Figure 4: Comparison of the structures at 1 ps (red), 4053 ps (yellow) of trajectory B and

of State 2 (5B2Z, blue). (a) Overall structures, where two switch regions are encircled

by dotted lines. (b) and (c) are the close-up views for Switch I and Switch II regions,

respectively. (d) Comparison of the hydrogen bond networks around Tyr32 between the

structures at 392 ps (left) and 393 ps (right); water molecules (WAT), Tyr32 and GTP

are shown in the stick model; Mg2+ is shown by a green sphere; hydrogen bonds are

represented by orange and cyan lines.

Figure 5: (a) Distance between Tyr32 (HH atom) and GTP (O1G atom); blue line: tra-

jectory A, red line: trajectory B. (b) Temporal evolutions of the RMSDs from the target

structure of the residues in Switch I region for trajectory B. (c) Temporal evolutions of

the RMSDs from the target structure of the residues in Switch II region for trajectory B.
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Figure 6: (a) dY -dT plots for the trajectories C (blue), D (red) and E (yellow); filled red

symbols are the same as in Fig. 1. (b) dY -dT plot for trajectory C2, where the results

obtained by using the ranking measure A and B are represented by green and yellow lines,

respectively. (c) Enlarged view of (b).

Figure 7: Comparison of the structures at 1 ps (red), 767 ps (yellow) of trajectory C

and State 1 (5B30, blue). (a) Overall structures, where two switch regions are encircled

by dotted lines. (b) and (c) are the close-up views of Switch I and Switch II regions,

respectively.

Figure 8: Comparison of the structures at 1 ps (red) and 4531 ps (yellow) of trajectory

C2. Tyr32, Pro34, Thr35, Gln61, Glu63, Arg68, Tyr96 and Gln99 are shown by the stick

models. GTP is shown by the line model. (a)-(c): Switch II region. (d): Switch I region.

Figure 9: Temporal evolutions of some indicators for the movement of Switch II region.

Q61(HE21)-Q99(OE1) represents the distance between the HE21 atom of Gln61 and the

OE1 atom of Gln99. Other indicators are analogous. The vertical line at 2626 ps indicates

the borderline between using the ranking measures A and B.

Figure 10: Comparison of the structures at 1 ps (red), 3446 ps (yellow) of trajectory E

and of State 1 (5B30, blue). (a) Overall structures, where two switch regions are encircled

by dotted lines. (b) and (c) are the close-up views of Switch I and Switch II regions,

respectively. In the close-up views of (d)-(g), Tyr32, Pro34, Ala35, Gln61, Glu63, Arg68,

Tyr96 and Gln99 are shown by the stick models, and GTP is shown by the line model.
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Figure 11: Temporal evolutions of some indicators for trajectory E. The movements of

Switch II and Switch I regions are depicted in (a) and (b), respectively. Q61(HE21)-

Q99(OE1) means the distance between the atom HE21 of Gln61 and the atom OE1 of

Gln99. Other indicators are depicted analogously.

Figure 12: Location of hydration water molecules in the structure of State 1 (5B30) (see

Table 1). GTP is shown in the stick model, and Mg2+ is shown by a green sphere.

Figure 13: Schematic figure of hydrogen bond (HB) network in State 1 (5B30). 15 num-

bered dotted orange lines refer to the HB sites. The residues colored in pink and green

are located in or near the Switch I and Switch II regions, respectively.

Figure 14: Mutual information of some pairs of hydrogen bonds in the network as functions

of (a) time, (b) dY , and (c) dT .

Figure 15: Temporal evolutions of SNE for each central node in the hydrogen bond net-

work. (a) Trajectory A with sampling time of 500 ps. (b) Trajectory B with sampling

time of 500 ps. (c) Trajectory B with sampling time of 100 ps. Yellow domains refer to

the transition regions.

Figure 16: (a) Trajectory B and snapshot points at 2500 ps (green), 2700 ps (yellow) and

2900 ps (blue). (b) and (c) show the relative locations of GTP with Thr35 and Tyr64,

respectively, where colors correspond to the points in (a).
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Abstract

Detailed structural data on the crystals of i61a are given in this Supple-

mentary data.

1. Structural data of i61a

Crystals of i61a were prepared with the dehydration of crystals using HAG

method [1], which is the same protocol as in State 1 crystals (5B30) except

no cryopreservation [2]. Although the overall structure is similar to State

1 (5B30), the electron density map corresponding to its Switch II region

(residues 61-71) clearly shows partially closed conformation that is rather

similar to State 2 (5B2Z). Nevertheless, its electron density is lower in the

level, therefore the validity of this current atomic model (i61a) might be

lower and the region still contains some Ramachandran outliers. Detailed

crystallographic data for H-Ras i61a are given in Table S1.
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Table

Table S1. Crystallographic analysis of H-Ras i61a.

H-Ras (1-166) i61a

X-ray source SPring-8 BL38B1

Space group H32

Unit cell (Å) a, c 93.03, 123.20

Wavelength (Å) 1.02

Resolution (Å) 50.0-2.79 (2.89-2.79)

Rmerge 0.134 (0.697)

Completeness 1.0 (1.0)

Mean I/σI 21.7 (5.6)

Number of observed reflections 33,943

Unique reflections 5,287 (511)

Number of atoms, Protein/Ligand /Wat 1,323/39/79

Rwork/Rfree 0.172/0.220

Rmsd for bonds 0.021

Rmsd for angles 2.00

Ramachandran favoured/outliers (%) 92.1/4.3

Average B factor, Protein/Ligand/Wat 29.5/24.7/42.6
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