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ABSTRACT: The oncogenic Ras protein adopts various specific conforma-
tional states to execute its function in signal transduction. The large number of
Ras structures obtained from X-ray and NMR experiments illustrates the
diverse conformations that Ras adopts. It is difficult, however, to connect
specific structural features with Ras functions. We report the free-energy
landscape of Ras-GTP based on extensive explicit solvent simulations. The free-
energy map clearly shows that the functional state 2 of Ras-GTP in fact has two
distinct substates, denoted here as “Tyr32,,” and “Tyr32,,”. Unbiased MD
simulations show that the two substrates interconvert on the submicrosecond
scale in solution, pointing to a novel mechanism for Ras-GTP to selectively
interact with GAPs and effectors. This proposal is further supported by time-
resolved FTIR experiments, which demonstrate that Tyr32 destabilizes the Ras-

Tyr32;, RasRaf

~  Substates

Tyr32oy

State 2

GAP complex and facilitates an efficient termination of Ras signaling.

he Ras protein participates in a series of important signal

transduction processes in cells, and its malfunction often
leads to tumors."”” It is well known that Ras is a molecular
switch that can adopt an “on” or an “off” state to regulate its
interaction with upstream or downstream kinases.” The active
Ras can interact with effectors such as Raf to conduct the signal
downstream. On the contrary, switching of Ras from the active
to inactive state is controlled by the GTP hydrolysis to GDP in
Ras; the hydrolysis activity can be accelerated by several orders
of magnitude by interacting with GTPase activating proteins
(GAPs).* To understand the functions of Ras and interactions
with other kinases, many researchers have made an effort to
obtain the 3D structure of Ras by means of various
experimental techniques such as X-ray crystallography and
NMR.>"'® Until now, more than 100 structures of isolated Ras
with GTP, GDP, and analogues such as GppNHp as well as its
mutants have been obtained, and their structures have been
deposited in the Protein Data Bank online (Section 1, SI).
However, the functional implication of divergent conforma-
tions'” of Ras is still not fully understood. In this work, we
report a comprehensive simulation study of conformational
states adopted by Ras-GTP in solution. The results lead to the
proposal that the “on” state of Ras-GTP consists of two
interconverting substates that preferentially interact with GAPs
and effectors, respectively. This dynamic scenario for the
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regulation of Ras function is further verified by time-resolved
Fourier-transform infrared spectroscopy (FTIR).>*™%

In 1990, Pai et al.’ reported the crystal structure of Ras in
complex with the GTP analogue GppNHp, where the hydroxyl
oxygen atom of residue Thr3$S coordinates to the Mg*" ion at
the active site of Ras and the hydroxyl group of Tyr32 points
outward. Later, it was first revealed by Geyer et al. using 3lp
NMR spectroscopy that the complex Ras-GppNHp exists in
two main conformational states, termed state 1 and state 219
series of following NMR studies by Kalbitzer and co-
workers''™"* and FTIR studies’’ demonstrated that Ras in
complex with GTP and its analogues indeed exists in two
conformational states in equilibrium; the wildtype Ras-GTP
complex was predominantly in state 2 at the experimental
temperature 278 K."* Kalbitzer et al.'* proposed that state 1 of
Ras represents the conformation interacting with guanine
nucleotide exchange factor (GEF) and that Ras has a minimal
number of eight functional states to complete the GTP cycle.”®
The existence of state 1 of Ras has been supported by the
crystal structure (PDB ID: 4EFL) of Muraoka et al;” the
structure is characterized by the broken hydrogen-bond
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interactions between Thr3S and Mg** ion as well as between
Tyr32 and oxygen atom in the y-group of triphosphate of GTP.
The loop in the switch I region in state 1 also exhibits large
thermal fluctuation, as indicated by the B-factors. As for state 2,
the crystal structures available for wildty}lae Ras such as 5P21,°
1CTQ,” 1QRA,” 1P2S,'° 3RRY,'” 4DLR,'® 3L8Y,* and 3L8Z*
show the distinct conformational divergence in the switch I
region, especially for the orientations of residue Tyr32.
Numerous molecular simulations were carried out to
characterize the structural features of conformations® ™ of
Ras-GTP as well as Ras-GDP, the conformational transition®***
between Ras-GTP ND Ras-:GDP, and the dynamic evolution of
Ras mutants.>*™*° However, it remains unclear which specific
conformation Ras-GTP adopts in solution to preferentially
interact with GAP or effectors when it is in state 2. To reveal
the specific conformational features of Ras-GTP in state 2, we
performed extensive replica-exchange molecular dynamics
(REMD)*" simulation (Section 2, SI) to explore the conforma-
tional distribution of Ras-GTP in solution using the simulation
package Gromacs 4.5.5.">* Distinguished from these previous
efforts,> ™*° our work aims to establish an explicit connection
between specific conformations and functional states of Ras.
We used the crystal structure of Ras in state 2 (PDB ID:
3L8Z) as the initial structure and Amber99sb force field** as
the potential function; the substrate GppNHp was substituted
by GTP to construct the Ras:GTP complex. The whole system
was then immersed in a cubic water box with 6902 water
molecules and the solution environment was set to be
physiological with 0.155 mol/L of NaCl. A total number of
84 replicas was used in the REMD simulation, with the
sampling temperatures ranging from 278 to 430 K. The
simulation time for each replica at each temperature is 200 ns
and the cumulative trajectory length is 16.8 ps. On the basis of
the trajectories sampled at 278 K, we projected the free-energy
landscape onto the 2D space (Figure 1) spanned by root-mean-
square deviation (RMSD) and the radius of gyration (Rg)
Figure 1 shows that the two free-energy basins are well-
separated, approximately located in regions with the RMSD
values of 0.1 to 0.33 and 0.33 to 0.40 nm, respectively. Because
the reference structure (3L8Z) is believed to represent state 2,
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Figure 1. Constructed 2D free-energy contour of Ras at 278 K with
respect to RMSD relative to 3L8Z and R, of all atoms in Ras. The
transition-state (TS) region connects state 1 and state 2. State 2
features two substates, denoted by Tyr32;, and Tyr32,,, respectively.
The units of RMSD and R, are in nanometers and free energy AG is in
kcal/mol.
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it is sensible to postulate that the basin located at the larger
RMSD of 0.33 to 0.40 nm represents state 1.”” To verify this,
we extracted the structures from this basin and conducted
clustering analysis on these structures (Section 3, SI). It was
found that the major representative structure obtained by
clustering analysis is indeed similar to the crystal structure
4EFL, with its loop regions exhibiting large fluctuations. The
free-energy difference AAG,, between states 2 and 1 from the
free-energy surface is approximately —1.40 kcal/mol, which is
in agreement with the value of —1.33 kcal/mol measured from
the NMR experiment."> The TS connecting the two basins is
located at the region with the RMSD of 0.33 nm and R, of 1.54
nm. Because the free-energy barrier is likely notably higher than
kgT, sampling of the TS region in the free-energy map is not as
extensive as that for the free-energy basins.

A notable feature of the free-energy surface in Figure 1 is that
state 2 is featured with two adjacent subbasins with similar
energetics. To characterize the structures representing the two
substates, we performed clustering analysis on the structures
extracted from these subbasins and least-squares fitting with
crystal structures of state 2. The analysis indicates that the
major structure to represent the top subbasin is similar to the
structure 3L8Z (Section 4, SI), with the hydroxyl group of
Tyr32 pointing to GTP; thus the substate is denoted as
“Tyr32;,”. Meanwhile, the major structure to represent the
bottom subbasin resembles the crystal structure IQRA (Section
S, SI), with Tyr32 pointing into solution; thus the substate is
denoted as “Tyr32,,”. In other words, we postulate that the
structures 3L8Z and 1QRA represent two distinct substates of
isolated Ras. Both structures were also found in previous MD
simulations.* To support the hypothesis further, we collected a
set of crystal structures for isolated wildtype Ras and performed
a least-squares fit with each other. The overlapped structures in
Figure 2a) show that the Tyr32 residues in these structures
prefer either “in” or “out” orientations, in accord with the
observation of two subbasins for state 2 in Figure 1. Notably, all
of these structures are featured with the stable coordination of
Thr35 to Mg** ion, no matter whether Tyr32 stays “in” or
“out”. Thus the stable coordination of Thr35 to Mg** could be
considered as one of the fingerprints for state 2; this is
supported by the observation that the mutation T35A led to
the shift of equilibrium toward state 1.">

To explore the time scale associated with the dynamic
conversion between Tyr32; and Tyr32,, substates, we
performed an unbiased 2 ps all-atom MD simulation for
isolated Ras in solution at the experimental temperature 278
K."> The crystal structure of 3L8Z*° was chosen as the initial
conformation in solution. More details of the MD simulation
are provided in Section 2 of the SI. Figure 2b shows the
measured distance between the oxygen atom of y-phosphate in
GTP and hydrogen atom of hydroxyl of Tyr32 during the
simulation. The hydroxyl group of Tyr32 forms stable
hydrogen-bonding interaction with one oxygen atom of the y-
phosphate of GTP during the first 320 ns, and Ras stays in the
Tyr32;, substate. After that, the hydrogen bond is broken and
Tyr32 moves away from GTP, as indicated by the increased
distance between them. Subsequently, Ras stays in the Tyr32,,,
substate for 500 ns and then transforms back to the Tyr32;,
substate spontaneously at 820 ns. The snapshots extracted from
the MD trajectory in Figure 2c illustrate the conversion
between the two substates. The closest distance between the
hydroxyl oxygen of Tyr32 and the GTP y-oxygen atom from
the MD snapshots is 0.27 nm, the same as the value of 0.27 nm
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Figure 2. (a) Cartoon representation of overlapped structures of isolated Ras, with the PDB IDs: SP21, 1CTQ, 1QRA, 1P2S, 3L8Y, 3L8Z, 3RRY,
and 4DLR. The heavy atoms in 3L8Z were taken as the reference for least-squares fitting. (b) Measured distances between the O atom of y-group in
GTP and H atom of the hydroxyl group of Tyr32 during a 2 s MD trajectory. (c) Schematic representation of switching of Tyr32 between “in” and
“out” using the snapshots taken from the MD trajectory. (d) Calculated potential of mean force (PMF) for the interconversion of Tyr32,, and
Tyr32,, substates by projecting the REMD trajectory on the reaction coordinate of the dihedral C-CA-CB-CG of Tyr32 residue.

observed in the crystal structure of 3L8Y.”" Furthermore, the
calculated potential mean force with respect to the dihedral of
Tyr32 in Figure 2d shows that the conversion of Tyr32;, to
Tyr32,, needs to overcome a barrier of 4.5 kcal/mol to break
the H-bonding interaction of the P—O group of GTP and H—
O group of Tyr32. The substate Tyr32,, appears to be less
stable than Tyr32;, by 1 kcal/mol.

The comparison of extensive MD simulations with Ras
crystal structures strongly indicates that the isolated Ras in
solution adopts two substates in state 2 with subtle structural
differences. What functions are associated with these two
substates? In previous NMR studies by Spoerner et al,'” the
state of Ras complexed with effectors has been assigned as state
2 because it exhibits the spectroscopic character similar to the
free Ras in solution. Later, the state of Ras complexed with
GAP was assigned as state 3 with the high-pressure NMR.**
The Tyr32,, and Tyr32,, characterized by our analyzed
structures from simulation might correspond to the state 2
and state 3 found in the NMR experiments. We hypothesize
that Ras adopts the Tyr32;, substate to interact with effectors
such as Raf for downstream signal transduction and adopts the
Tyr32,,, substate to interact with GAPs for GTP hydrolysis.
This proposal is postulated on the basis of comparison of
known crystal structures of isolated Ras with the Ras
complexes. It is found that the crystal structure of isolated
Ras in 1QRA is similar to that of Ras in the RasGAP complex of
1WQ1° with a RMSD of 0.0505 nm (Section 6, SI); moreover,
Tyr32,, is considered as the specific substate to interact with
GAP because Tyr32 needs to move out to let the arginine
finger of GAP rotate into the cleft for GTP hydrolysis. On the
contrary, the structure of Ras in 3L8Z is similar to that in
RasRaf of 4GON,*® with an RMSD of 0.0531 nm (Section 6,
SI), which shows that Tyr32 points inward as the 2 sheet of
Ras interacts with Raf.

To test our hypothesis regarding the role of Tyr32 in
determining the functions of the two substates of Ras, we
performed FTIR experiments (Section 7, SI) with the Ras
Y32A mutant and compared them with Ras wildtype. The time

1314

course of the GAP-catalyzed hydrolysis reaction is considerably
affected by the mutation of Tyr32. For wildtype three rates
were observed.” Instead of these three rates we can resolve
only two rates in the GAP-catalyzed reaction of Ras Y32A. The
comparisons of the amplitude spectra clearly show that the first
rate corresponds to the processes observed during the first two
rates of wildtype. After these rates in both cases the protein-
bound Pi is formed.” This can be seen in Figure 3, where the
time course of the marker band for this state at 1186 cm™ is
shown. The slowest rate k; corresponds to the Pi release, and
the absorption of the Pi intermediate vanishes.

The comparison of the rate constants shows that the protein-
bound intermediate is formed faster by a factor of 2 when the
Tyr32 is absent. This is in agreement with the presence of a
Tyr32;, population, where the Tyr needs to be pushed out for
the GAP interaction. Another explanation would be that Tyr32
is destabilizing the Ras-GAP complex. Interestingly an even
stronger kinetic effect is found for the Pi-release. Here the
mutant is slower by a factor of 5. Thus Tyr32 induces a faster
cleavage of the Ras-GAP complex. In turn the GAP protein is
available for switching off another Ras much earlier, leading to a
more efficient termination of Ras signaling.

The experimental data obtained by FTIR support our
hypothesis. In brief, a schematic illustration of how Ras
function depends on its conformational features is shown in
Figure 4. The cartoon representations of RasGAP, RasRaf, and
RasGEF complexes are drawn using the crystal structures with
the PDB IDs 1IWQI,° 4GON,*® and 1BKD."” The wildtype Ras
possesses two specific Tyr32,,, and Tyr32;, substates in state 2,
in which Ras can interact with GAPs for GTP hydrolysis and
effectors for signal transduction. The two substates can
interconvert to each other on the submicrosecond time scale
as residue Tyr32 moves into or out of the catalytic cleft of Ras.
Meanwhile, Ras also can adopt state 1 to interact with GEF for
the exchange of GTP and GDP. The equilibrium between state
2 and state 1 occurs on a time scale of seconds, as observed in
NMR experiments.'
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Figure 3. Time-dependent absorbance changes of a marker band for
the protein-bound H,PO,” intermediate during the GAP-catalyzed
hydrolysis reaction of Ras wt (red) and Ras Y32A (blue). As indicated
in the scheme in the lower part of the Figure, this intermediate is much
more stable without Tyr32, indicating that this residue interferes with
Ras GAP binding.
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Figure 4. Schematic illustration of specific conformational states of Ras
associated with its functions, where the purple double-headed arrow
indicates the interconversion between the Tyr32,, and Tyr32;,
substates.

Finally, the significant conclusions drawn from this work are
summarized below. First, the 2D free-energy surface provides
detailed energetics associated with the conformational dis-
tribution of isolated Ras as well as a solid basis for
understanding the structural divergence of Ras obtained by
various experimental techniques so far, especially for differ-
entiating state 1 and state 2. Second, the constructed free-
energy surface reveals two subbasins for state 2, which
correspond to the Tyr32; and Tyr32,, substates that are
supported by the existing crystal structures. The two substates
differ from each other mainly in the orientation of Tyr32, and
their interconversion was observed to occur on a submicro-
second time scale in unbiased MD simulations. Third, analysis
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of the simulation results in the context of available crystal
structures leads to the hypothesis that Ras adopts the Tyr32;,
substate to interact with effectors and the Tyr32,, substate to
interact with GAPs. The hypothesis was supported by the
results of FTIR spectroscopy. Therefore, the current study
reveals a dynamic mechanism through which Ras regulates its
interaction with other proteins to fulfill its functions. The
results also provide new clues to the design of Ras inhibitors™
and mechanistic study of GTP hydrolysis™*—>* in Ras.
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