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Ab Initio Study of the Role of Lysine 16 for the Molecular Switching
Mechanism of Ras Protein p21

Noriyuki Futatsugi, Masayuki Hata, Tyuji Hoshino, and Minoru Tsuda
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ABSTRACT Quantum chemical computations using the ab initio molecular orbital (MO) method have been performed to
investigate the molecular switching mechanism of Ras protein p21, which has an important role in intracellular signal
cascades. Lys'® was demonstrated to be crucial to the function of Ras p21, and the hydrolysis of GTP to GDP was found to
be an one-step reaction. The potential energy barrier of this hydrolysis reaction from GTP to (GDP + P) was calculated to be
~42 kcal/mol. The role of GAP (GTPase-activating protein) was also discussed in terms of the delivery of the water molecules
required for the hydrolysis.

INTRODUCTION

Ras protein p21, coded by the c-ias oncogene and first the reaction mechanism of GFPGDP hydrolysis has not
separated by Weinbarg at MIT in 1979 (Shih et al., 1979)yet been clarified at the atomic level.

has an important role in intracellular signal cascades in In our previous work (Futatsugi et al., 1997), the mech-
mammals. Ras p21 is a kind of G protein and is active withanism of the reaction of the active site of Ras p21 was
GTP but inactive with GDP. This mechanism is called theinvestigated using the semiempirical molecular orbital
molecular switching mechanism of Ras protein p21 (Barimethod (PM3 method), ang-phosphate was found to be
bacid, 1987). dissociated from GTP by the proton relay via E§#\. The

The mutation of amino acids of Ras p21 induces a carpresent study makes clear the details of the GIEGDP
cinogenesis, and this carcinogenesis is dominated by a déydrolysis by using the ab initio MO method, which is
crease in the GTPase activity in Ras p21. Close inspectioaxpected to provide further new findings. We will also
of the structures reported by x-ray crystallography (Abola ediscuss why the presence of a GAP (GTPase-activating
al., 1987, 1996; Bernstein et al., 1977) of wild-type (Tong etprotein) dramatically increases the GTPase activity of Ras
al., 1989) and mutant (Krengel et al., 1990; Franken et al.p21, as measured in previous studies (Bollag and McCor-
1993) Ras p21 revealed that the mutated amino acids wemaick, 1991; McCormick, 1992; Gibbs et al., 1988; Ec-
not involved in GTPase activity. That is, neither the lip cleston et al., 1993).
the wild-type nor the Prg and the Val? in the mutant are
located near they-phosphate of GTP. The distances be-
tween the carbon atoms of the side chains of'&lprat2, ~ METHODS
and Val? and the oxygen atom of-phosphate are 3.54 A, Model reaction system
3.37 A, and 3.61 A, respectively. _ _

From an inspection of the PDB (Protein Data Bank)The conformation of the merI reaction system was det<_ar—
(Abola et al., 1987) data on the wild-type and mutant Radnined by molecular mechan!cs calculation. The mechanics
p21, the nitrogen atom of the side chain of /& ys*-N) caIcuIauon was perfqrmeq with an.AMIISER software pack-
was revealed to keep hydrogen bonds with bothtphos-  a9€ (version 41 University of California) (Pearlman et al.,
phate andB-phosphate of GTP (Table 1). Therefore, we 1995). The wild-type Ras p21 (PDB code: 121p) was em-
suspect that this Ly€ plays an important role in GTP ployed for the initial structure, and 2800 water molecules
activity. for solvent were created using the Monte Carlo method. The

The purpose of this study was therefore to clarify the roleParameter of the water molecules is TIP3P. Becausé®Lys
of Lys'®. Some research on the relationship between thés assumed to be of S|gr_1|f|cant importance to the rgactlon,
GTPase of Ras p21 and Lyhas already been reported (Pai the all-atom model (Weiner et al., 1986) was applied for

et al., 1990; Milburn et al., 1990; Chung et al., 1993), butLys*® and the united atom model (Weiner et al., 1984) for
the rest of the residues. Energy minimization by molecular

mechanics was first performed with the steepest descent

method. Next, the algorithm was switched to the conjugate
Received for publication 28 September 1998 and in final form 23 Augusbradiem method

1999. . .
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TABLE 1 Distances between Lys'® and GTP in crystal determination of the transition state (TS), we first repeated
structures for the wild-type and the mutant Ras p21 (A) many optimized calculations to obtain the rough atomic
Wild-type Mutant Mutant  geometry of the TS. Next, the exact TS structure was
Ras p21 (GPPCP) (G12P) (G12v)  determined using the search algorithm for a transition state.
PDB code 121p 821p 521p  Thatis, the stable and the transition states are located at the
Oncogenesis - - + minimum and the saddle points on the 101-dimensional
Lys'®-N-O-yP* 2.725 2.699 3.108  potential energy hypersurface, where a second-derivative
Lys*®-N-O-gP" 3.100 2.886 2.772

matrix shows 101 and 100 positive eigenvalues, respec-
Both wild-type and mutant Ras p21 keep hydrogen bonds between theively. Computation of the vibrational analysis was further
nitrogen atom of the side chain of LYsand the oxygen atoms of both performed for the TS structure to check whether the opti-
v-phosphate ang-phosphate. mized structure was adequate for the saddle point of the
*Abbreviation of the oxygen ofy-phosphate. . .
“Abbreviation of the oxygen of-phosphate. hydrolysis reaction. The model molecular system at the

saddle point must contain the vibrational mode correspond-

ing to an imaginary frequency. The steepest descent paths
computational model, the OH bases of both'Sand Th#>  from the transition state were calculated in both directions,
are replaced by 50 molecules, and the-phosphate in following the vibrational mode with the imaginary fre-
GTP is replaced by a hydrogen atom. A water moleculequency, which provided the lowest energy reaction path
necessary for the hydrolysis was generated to coordinateonnecting a reactant and a product via the saddle point.
with the y-phosphate. Details are shown in Fig. 1. BecauseThat is, so-called intrinsic reaction coordinate (IRC) calcu-
this model is a part of the enzyme, the asterisked atoms (Yations were performed, and structural changes and potential
in Fig. 1 were fixed during the computation to maintain theenergy changes were presented along the reaction. The
structure. The degree of freedom of this model system isoftware package used for this calculation was Gaussian 94
101. (Frisch et al., 1995a,b).

Calculation using the ab initio MO method RESULTS

Ab initio MO calculations were performed in the Hartree- The optimized structure for the active site of wild-type Ras

Fock level, using a basis functional set, 6-31G**. Thep21 is shown in Fig. 2a. It is notable that a proton is

structures of the stable states were obtained by geometattached to the oxygen of-phosphate and the structure is

optimization, using the energy gradient method. For themaintained in a stable state. Next, agdHmolecule neces-
sary for the hydrolysis is added. The,® molecule is
positioned near the phosphorusysphosphate at a distance

Thr35 of 2.1 A. The optimized structure is obtained by keeping the
distance at 2.1 A, as shown in Figh2This structure (Fig.
2) is utilized as a preparatory reference in seeking a transi-

tion state.
To roughly determine the atomic geometry of the transi-
tion state, we adopted the five distand®sR,, ... ,Rsin

Fig. 1 as parameters. Geometry optimizations were per-
formed while keeping each distance fixed, and calculations
were repeated while changing only one of the five param-
eters by increments of 0.1-0.5 A. Judging from the poten-
tial energy change obtained by the above trials, we deduced
the structure of the transition state. Then, geometry optimi-
zation was again performed, starting from the deduced
structure, using the TS search algorithm. An accurate TS
structure was obtained by the optimization calculation, and
vibrational analysis confirmed that the optimized structure
was appropriate for the saddle point.

Furthermore, we performed IRC calculations starting
from the TS structure and obtained the reaction path shown
in Fig. 3. The abscissa indicates the IRC distance measured
FIGURE 1 Structure of the active site of Ras p21. The conformation offrom the TS, and the ordinate indicates the potential energy.

the enzyme was picked out from wild-type Ras p21 (PDB: 121p) and Was=qr important structures, including the TS structure on this
minimized by molecular mechanics calculation. We coordinate s@ H . " .
reaction path, are shown in Fig. 4.

molecule toy-phosphate. Because this reaction occurs in an enzyme, some™""" A .
atoms belonging to the enzyme were fixed, that is, the asterisked atoms FIg- _4B. represents the_' optimized TS structure. FigA4,
were kept at the initial positions during geometry optimization. andC, indicates, respectively, the structures of the reactant
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FIGURE 2 Optimized structures of
the active site of Ras p2la) The
wild-type Ras p21.1) The structure
with an H,O molecule positioned
near+y-phosphate.

and the product obtained by IRC calculations from Fig.4 that the proton of Ly¥-N transferred to the oxygen of
Geometry optimization with the energy gradient methodB-phosphate.
from Fig. 4 C gave a more stable structure Fig.D4} in
which y-phosphate is completely dissociated from GTP.
It is not surprising that structur& in Fig. 4 is different DISCUSSION
from that in Fig. 2b, because the position of the,®@  Active site structure in GTP-binding form
molecule is restricted in Fig. B. Our calculation naturally
suggested that structufein Fig. 4 was energetically more

favorable by 20.4 kcal/mol. NS
The proton of Ly3®-N does not transfer to the oxygen of {&ched to the oxygen of-phosphate, as shown in Figa2
It is generally accepted that the nitrogen of the side chain of

B-phosphate in structur® in Fig. 4. Therefore, we per- . i X ine is N in vi )
formed additional calculations, using the model taken fromth€ basic amino acid lysine is NF in vital bodies (Stryer,

PDB data (1g21) of GDP-binding Ras p21 in FigA5In 1975). Hence it would be reasonable to assume that the
this state, the-phosphate is already released from Ras p21Proton originally bound to Ly$-N transfers toy-phosphate
The geometry optimization was also executed using HF/6-2t the same time that the Ras p21 binds to GTP.

31G**. From the results shown in Fig.B it was confirmed

Before the hydrolysis reaction, the active site of the enzyme
holds the structure in which the proton of L§sN is at-

Proton relay reaction via the nitrogen of the side
chain of Lys'®

5 @) TS ' Because the active site structure in GTP-binding form (Fig.

40 ™ 2 a) was determined, the J® molecule was added near the
/ v-phosphate of this structure, and the preparatory structure
% / \Q (Fig. 2 b) was obtained by geometry optimization. We
searched the TS structure by referring to the preparatory
structure and eventually determined the reaction path of the
10 GTP—GDP hydrolysis reaction by using IRC calculations.
Furthermore, we obtained the structure in which the
v-phosphate is completely dissociated from GTP (FiD)4
-10 This structureD, was obtained by the geometry optimiza-
0 . tion for a stable state, starting from struct@e which is
4 2 0 2 4 6 8 10 12 14 16 18 located at the last point of the IRC calculation in the forward
IRC (amu'2A) direction of the hydrolysis reaction. On the other hand,
) . _structureA is located at the last point of the IRC calculation
FIGURE 3 Potential energy changes following the structural changes in . . L .
the active site of Ras p21. The abscissa indicates the intrinsic reactioH'I the reverse direction. However, Qppm'zat'on of this struc-
coordinate (IRC) (amt? A), and the ordinate indicates the potential tUre was notable to provide an optimized structure before
energy (kcal/mol). The reason for this is that the position of theGHmolecule

20

Potential Energy (kcal/mol)
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FIGURE 4 Structures in the hydro-
lysis reaction. &) The initial struc-
ture. B) The transition stateQ) The
structure by IRC calculation for the
direction of the dissociation of
y-phosphate. ) The separation of
y-phosphate from GTP.

changes markedly because of the lack of surrounding resi- This value seems high for the activation energy of an
dues in the model. It is expected that theGHmolecule is  enzyme reaction. However, the,& molecule would be
usually held by GIA' and GAP in the enzyme. held by the GIf' and GAP before the hydrolysis reaction,
The potential energy change along this reaction path isvhich may lower the activation energy of the reaction if the
presented in Fig. 3. First of all, structufeof Fig. 4 is an  potential energy of the holding state is high.
initial structure of the GTP>GDP hydrolysis reaction. The StructureC is a result of the IRC calculation in the
proton bound to the oxygen of-phosphate moved to forward direction of the hydrolysis reaction. The distance
Lys'®-N, and Ly$®-N became NH" as a consequence of betweeny-phosphate ang-phosphate expands consider-
the supply of an HO molecule toy-phosphate. That is, itis ably to 2.027 A, which suggests the dissociationyefand
understood that Ly§-NH," is formed at the starting point p-phosphates.
of the hydrolysis reaction. It is expected that the transfer of In D, the distance betweepphosphate an@-phosphate
the proton of the HO molecule to the oxygen of this is 3.417 A andy-phosphate is completely dissociated from
v-phosphate is enhanced by this proton relay from theGTP. The distance between IXYsN and the proton on the
oxygen ofy-phosphate to Ly$-N. side of B-phosphate is 1.072 A, and the proton is slightly
Next the proton of the kD molecule is moving to the drawn toB-phosphate.
oxygen ofy-phosphate in structurB. This structure is the y-Phosphate is dissociated finally from GTP. The struc-
TS, and the energy difference from the initial structure wadure of Fig. 5B was obtained by geometry optimization of
~42 kcal/mol. the active site of GDP-binding type Ras p21 (Figd)5The
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(A)

FIGURE 5 The active site of GDP ! !

binding Ras p21.4) The structure in
PDB data (1921) of GDP binding
form (inactivating form). B) The op-
timized structure.

proton of Lys®-N moves to the oxygen oB-phosphate. GTP and GIfi* helps a water molecule to be coordinated
Hence the following behavior is recognized for the proton.with the y-phosphate.

A proton of Lys®-N transfers to the oxygen afphosphate The x-ray crystal analysis of Ras p21 combining with
when GTP is combined with Ras p2l. When theGAP was reported recently (Scheffzek et al., 1997). The
GTP—GDP hydrolysis reaction starts, the proton returns toreport suggested that the structure of the active site was very
Lys'®-N, and the nitrogen becomes NH The proton of  similar to that of the G protein G,, which has an intrinsic
Lys'®-N transfers tg3-phosphate whery-phosphate is dis- GAP. When the active site structures of Ras p21 without
sociated from GTP. Therefore, it is concluded that a serieSAP and that of G, are compared, there is a clear differ-
of proton relay reactions plays an important role in theence in the distance between &imndy-phosphate.
GTP—GDP hydrolysis reaction. Fig. 6 shows the comparison between Ras p21 and G
The structure shown in white is Ras p21 and that in black is
G, 1. GIn®*of G, , corresponds to Gftt of Ras p21. In Ras

61 : :
Role of GIn™ GAP in the delivery of p21, the distance between Eland y-phosphate is large,

water molecules

The reaction starts when an,® molecule approaches
v-phosphate in the initial structure of the hydrolysis reac-
tion. It has been considered that thgGHmolecule is di-
vided into H" and OH by GIn®?, and the phosphorus of
v-phosphate is attacked by OH(Langen et al., 1992;
Goody et al., 1992; Maegley et al., 1996). However, it is not
plausible to suggest that the decomposition of th®H
molecule is caused only by a mere amino acid residue.
Moreover, Glfi* was observed to be largely apart from GTP
in the structural model of Ras p21 obtained from x-ray
crystal analysis.

According to the present results, the hydrolysis reaction
reasonably proceeds when theGHmolecule is coordinated
with the y-phosphate of GTP combined into Ras p21. Hence
it is thought that the supply of the water molecule to é., :
v-phosphate is another important factor in determining the  GIn61 < 1
reaction rate. The GTRGDP hydrolysis reaction was
found by experiment to be inhibited in the absence of GAP
(Bollag and McCormick, 1991). This strongly suggests thatFIGURE 6 Comparison between Ras p21 ang, G he structure shown

GAP has a significant role in the supply ob® molecules.  in white is Ras p21 and that in black is,G Incidentally GIF®* of G,
Hence we speculate that GAP brings &ilto the vicinity of  corresponds to Gft of Ras p21.

GIn204
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and they cannot maintain an interaction. However,?5in  Frisch, M. J., £. Frisch, and J. B. Foresman. 1995b. Gaussian94 Program-
andy-phosphate can interact with each other when ad H mer’s Reference. Gaussian, Inc., Carnegie, Pennsylvania.

; i ; : Futatsugi, N., M. Hata, and M. Tsuda. 1997. The importance of the role of
molecule is presentinG,. This supports the notion that the lysine 16 and GAP on the molecular switching mechanism of Ras

role of GAP is to deliver an kD molecule by supportingthe  protein p21.J. Chem. Soc. Jpi:516-522.

movement of the GlIn residue. Gibbs, J. B., M. D. Schaber, W. J. Allard, 1. S. Sigal, and E. M. Scolnick.
1988. Purification of ras GTPase activating protein from bovine brain.
Proc. Natl. Acad. Sci. USA5:5026-5030.
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