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INTRODUCTION 

Hydrolysis of nucleoside triphosphates represents 
essential biochemical reactions responsible, in 
particular, for energy transformation (hydrolysis of 
adenosine triphosphate, ATP) and signal transduction 
(hydrolysis of guanosine triphosphate, GTP) in live 
systems. In spite of the importance of the hydrolysis of 
nucleoside triphosphate (NTP), leading to nucleoside 
diphosphate (NDP) and inorganic phosphate (Pi): 

In the present paper we discuss the results of 
simulation of the mechanisms of enzymatic hydrolysis 
of ATP and GTP by means of a combined quantum 
and molecular mechanics (QM/MM) approach. 

In the QM/MM method, the energies and forces 
acting on atoms in a small central part of a large 
molecular system are calculated by quantum-chemical 
equations [1], and the surrounding subsystem is 
described in terms of molecular-mechanics force fields 
[2]. At present this method is the principal tool for 
simulation of the mechanisms of chemical reactions in 
protein matrices and in solutions. In applications of the 
QM/MM method to simulation of the mechanisms of 
chemical reactions, the energy in each point of the 
potential energy surface (PES) is combined of the 
energy of the quantum part in the field of the ММ 
subsystem and the molecular mechanics energy. The 
mechanism of a reaction is explored by an analysis of 
points on the PES, i.e. geometric configurations of 
local minima corresponding to reagents, reaction 
products, and possible intermediates, as well as saddle 
points between local minima. Special attention is paid 
to calculation of energy barriers on the path from 
reagents to reaction products. Transition to 
experimentally significant values, such as reaction rate 
constants, is preformed in terms of the transition state 
theory. 

The idea of the QM/MM method was formulated 
by Warshel and Levitt in 1976 [3], and over the 
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 NTP + H2O → NBP + Pi,   (1) 

the mechanism of this essential reaction is still under 
discussion. The problem of whether this mechanism is 
dissociative or associative, which relates to different 
configurations of the transition state of the limiting 
stage, still remains unsolved. To know the mechanism 
of enzymatic hydrolysis [reaction (1)] is necessary for 
forcasting effects of point mutations in the protein 
matrix, that lead, in particular, to pathological changes 
in live systems.  

In view of the exceptional importance of NTP 
hydrolysis, this reaction has been extensively studied 
at both experimental and theoretical levels. The 
PubMed database (URL http://www.pubmedcentral. 
nih.gov) contains more that 10500 papers on ATP 
hydrolysis and about 4000 papers on GTP hydrolysis. 



following 30 years a number of versions of computer 
realization of the QM/MM approach, differing in the 
way of accounting for interrelation of the QM and ММ 
subsystems appeared. Far not all of these versions 
adequately describe the effect of protein matrix on 
reaction center, which explains the fairly great number 
of publications containing unreally high estimates for 
the activation barriers of enzymatic catalysis (over 
20 kcal mol–1). In particular, this situation is quite 
characteristic for simulation of ATP and GTP 
hydrolysis. Our used version of the QM/MM method is 
based on the concept of conformationally flexible 
effective fragments [4–9], which allows the results for 
the whole system (QM+ММ) to approach fairly 
closely those obtained by nonempirical calculations. 
This approach is realized within the framework of a 
high-performance version of GAMESS [10], namely, 
PC GAMESS [11] (developer A. Granovsky, URL 
http://lcc.chem.msu.ru/gran/gamess), in combination 
with TINKER molecular simulation package (URL 
http://dasher.wustl.edu/tinker). 

Molecular models for calculation of the energy 
profiles of NTP hydrolysis reactions are constructed of 
atomic coordinates of protein complexes, archived in 
the Protein Data Bank (PDB, URL http://
www.rcsb.org.pdb). By experimental conditions (X-
ray diffraction or NMR studies), the structures in PDB 
are related to analogs of enzyme–substrate complexes, 
most frequently with slowly hydrolysable analogs of 
nucleoside triphosphates. Accordingly, the task of 
simulation is to reproduce a real enzyme–substrate 
complexes, simulate hydrolysis (1) to products, and 
compare the calculated energy profile of the reaction 
path with experimental data. 

In what follows we discuss the results obtained by 
molecular simulation methods for certain important 
hydrolysis reactions (1). 

Myosin-catalyzed Hydrolysis of Adenosine 
Triphosphate 

Myosin is a protein that induces ATP hydrolysis 
with release of the ATP-stored energy that  provides 
muscle contraction. In the course of ATP hydrolysis 
under the action of myosin the latter changes 
conformation, which results in directed displacement 
of the “head” of this protein along actin fibers. The 
overall process includes capture of ATP with myosin 
in the initial conformation (M*), hydrolysis (1), 
change of the protein conformation (M**), and release 
of products: adenosine diphosphate (ADP) and 

inorganic phosphate Pi. Schematically, this process can 
be written as follows: 

This process is described by a multistage kinetic 
scheme [12] from which it follows that that the 
intrinsic activation barrier of a chemical reaction, from 
enzyme–substrate to enzyme–products complex, 
should not exceed values of about 10 kcal mol–1 at 
inconsiderable conformational changes of the protein. 
However, quantum-chemical calculations in terms of 
the so-called associative mechanism of hydrolysis 
result in energy profiles with at least three times higher 
barriers [13–15]. In [16], based QM/MM calcula-tions, 
we constructed a different model developing a 
heuristic hypothesis [17] that the reaction involves two 
active water molecules and found that the calculation 
results were fully consistent with experimental data. 

For quantum-chemical calculations of a model 
biomolecular system we used as starting coordinates of 
heavy atoms those in the crystal structure of the 
myosin complex with Mg2+ × ADP × VO4

– (vanadate 
substitutes in the crystal structure the γ-phosphate 
group of ATP, and the magnesium cation in the protein 
matrix is necessary for binding negatively charged 
ATP and ADP molecules) (PDB code 1VOM [18]). 
Further on, by molecular simulation we constructed a 
reactive molecular system in the following way: 
introduced the γ-PO3

– group instead of vanadate, added 
hydrogen atoms lacking in the 1VOM crystal structure, 
and added water molecules in cavities of the myosin 
structure and on its surface. The QM subsystem (a total 
of 47 atoms) of the resulting biomolecular system 
included ATP phosphate groups, magnesium cation, 
side chains of the amino acid residues of the so-called 
salt bridge Arg238–Glu459, and two water molecules 
Wat1 and Wat2 clamped in the active site with the salt 
bridge (Fig. 1, the QM subsystem is depicted by balls 
and rods). The MM subsystem which fully enclosed 
the active site included 1800 atoms of the protein 
molecule, grouped in conformationally flexible ef-
fective fragments [4, 5] interacting with the QM 
subsystem. The energies and forces acting in the QM 
part were calculated by the Hartree–Fock method with 
the LANL2DZdp_ECP basis set (and pseudo-potential 
for phosphorus) [19]. Atomic interactions in the MM 

M* + ATP → М* × ATP  М**(ADP + Pi) 

 → ADP + Pi .  

⎯⎯ →⎯ OH 2

(2) 
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Fig. 1. Calculated geometric configuration of the active site on the top of the potential barrier for ATP hydrolysis by myosin. 
Distances (in Å) shown without brackets relate to the transition state and those shown in brackets, to the enzyme–substrate 
complex. 

subsystem were described in terms of the AMBER 
force field [20]. The equilibrium configuration of the 
enzyme–substrate complex, obtained by full geometry 
optimization, fits well its crystal structure [16]. 

For the reaction coordinate we chose the distance 
between Pγ and the oxygen atom in the Wat1 molecule 
directed by side chains of the protein to a position 
appropriate for nucleophilic attack. This distance is 
gradually diminished from the starting value of 2.70 Å 
in the enzyme–substrate complex, and all the other 
geometric parameters are optimized in each point. 
Proton displacements along the oriented chain of 
hydrogen bonds Wat1 → Wat2 → Glu459, which are 
barrierless in this case [21], complete the process.  

The calculated energy of product formation is 
–3.5 kcal mol–1 with respect to the enzyme–substrate 
complex. Thus, chemically, ATP hydrolysis reaction 
(2) at a constant global myosin conformation М* 
occurs in one stage with a single transition state shown 
in Fig. 1. Protonation of the Glu459 residue creates 
prerequisites for cleavage of the Arg238—Glu459 and 
considerable conformational transformations in 
myosin. By the QM/MM method we calculated the 
atomic configuration on the top of the potential barrier 

(see Fig. 1). The height of the activation barrier in this 
point of the transition state was estimated at 5 kcal mol–1. 
The γ-phosphate group separated from ADP is planar 
in the transition state. During motion over the potential 
surface to reaction products the PO3

– group undergoes 
stereochemical inversion to adopt a configuration 
favorable for bond formation between the hydroxyl of 
the nucleophilic Wat1 molecule and the Pγ atom and, 
correspondingly, for formation of the inorganic 
phosphate HPO4

2–. 

Hydrolysis of Guanosine Triphosphate, 
Catalyzed by the RAS Protein 

Guanosine triphosphate plays an important role in 
the transduction of regulatory signals from cell 
membrane receptors to cell nuclei. The human enzyme 
p21ras (hereinfter, Ras) having a GTP molecule in the 
active site acts as switch in signal transduction. If RAS 
binds GTP, then signals coming to receptors activate 
cell, and it thus gains the capacity to grow and change. 
Hydrolysis converts GTP into guanosine diphosphate 
(GDP), thus transferring the physiological system into 
the “switched-off” position and blocking signal 
transduction. Note that about 30% of human tumor 
cells were found to contain mutated RAS proteins 
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Fig. 2. Calculated geometric configuration of the active site on the top of the potential barrier for GTP hydrolysis by RAS. Distances 
(in Å) shown without brackets relate to the transition state and those shown in brackets, to the enzyme–substrate complex. 

blocked in the active state. They are incapable to 
switch off (terminate) signal transduction, which can 
result in tumor formation. 

The theoretical approaches to RAS-catalyzed GTP 
hydrolysis were realized in the framework of a 
specially parametrized empirical scheme of the valence 
bond method [22–24], as well as quantum-chemical 
[25], and molecular dynamics methods [26, 27]. The 
resulting data proved to be controversial and give no 
way for unambiguous conclusions concerning the 
mechanism of hydrolysis in the protein matrix. 

In [28], for simulation the hydrolysis of GTP by 
RAS we made use of a strategy similar to that 
described above for the ATP–myosin system. For the 
starting coordinates of heavy atoms we considered the 
structure of the GTP (GTP) × Mg2+ × RAS complex 
(PDB code 1QRA) corresponding to the prehydrolysis 
state of the system at low temperatures [29]. The 
position of the substrate molecule in the protein was 

refined by means of molecular docking [30]. Lacking 
hydrogen atoms and water molecules were added. The 
configuration of the enzyme–substrateого complex 
was determined by unconditional energy minimization 
in the framework of the QM/MM method, with 
separation into conformationally flexible effective 
fragments. The calculations were performed by the 
Hartree–Fock method with the LANL2DZdp_ECP 
basis set (and pseudo-potential for phosphorus) [19] 
and the AMBER force field [20]. The quantum 
subsystem included phosphate groups of GTP, 
magnesium ion, side chain of the Gln61 amino acid 
residue whose key role was noted in experimental 
studies, and two water molecules W1 and W2 (Fig. 2, 
the quantum subsystem is depicted by balls and rods).  

Figure 2 shows the configuration of the active site 
on the top of the potential barrier, obtained on the 
motion along the reaction coordinate chosen as the 
distance between Pγ and the oxygen atom of the water 
molecule oriented by hydrogen bonds with 

MECHANISMS OF ENZYMATIC HYDROLYSIS 

RUSSIAN  JOURNAL  OF  GENERAL  CHEMISTRY   Vol.  78  No.  4   2008 

  699 



Fig. 3. Calculated geometric configuration of the active site on the top of the potential barrier for GTP hydrolysis by RAS–GAP. 
Distances (in Å) shown without brackets relate to the transition state and those shown in brackets, to the enzyme–substrate 
complex. 

surrounding molecular groups to a position appropriate 
for nucleophilic attack. 

Comparison of the structures in Figs. 1 and 2 shows 
that the transition states of ATP hydrolysis by myosin 
and of GTP hydrolysis by RAS are fairly similar to 
each other. Unlike the former reaction, the second 
reaction occurs in two stages. The first stage involves 
cleavage of the γ-PO3

– group under the action of the 
surrounding of the active site of the protein and water 
molecules. As this takes place, the phosphate group 
undergoes stereoinversion. In the following stages, the 
water molecule reacts with the γ-phosphate group, 
which is accompanied by two proton transfer: from the 
reacting to its neighboring water molecule and further 
to the Gln61 residue. In the intermediate stage, HPO4

2– 

formation occurs. Finally, proton transfer from Gln61 
to HPO4

2– over a chain of hydrogen bonds occurs to 
form the reaction product H2PO4

–. The activation 
barriers of the first (γ-phosphate cleavage) and second 
(formation of inorganic phosphate) stages, calculated 
by the QM/MM method, are 16 and 5 kcal mol–1, 
respectively [28]. 

Hydrolysis of Guanosine Triphosphate, 
Catalyzed by the RAS–GAP Protein Complex 

The rate of GTP hydrolysis in live systems is much 
increased (by five orders of magnitude) is RAS acts as 
a complex with another protein, specifically p120GAP 
(GAP), which is classed with GTPase promoter. In the 
RAS–GAP complex, a substrate molecule is clamped 
by peptide chains inside the cavity of the complex 
rather than resides on the surface of solvated protein, 
like in GTP hydrolysis catalyzed by free RAS. As a 
result, the active site of the enzyme (protein complex) 
can accommodate only one nucleophilic water molecule 
(Fig. 3). There has been much experimental and 
theoretical work [31–36] on the mechanism of GTP 
hydrolysis in this system, but no unambiguous 
conclusions could be drawn. 

In our works [37–39], we performed simulation of 
RAS–GAP-catalyzed hydrolysis of GTP in a real 
protein surrounding by the QM/MM method with 
separation of conformationally flexible effective 
fragments. 
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Fig. 4. Calculated geometric configuration of the active site on the top of the potential barrier for methyl triphosphate hydrolysis in 
water clusters. Interatomic distances are given in Å. 

The molecular model for QM/MM calculations was 
constructed in the basis of atomic coordinates for the 
RAS–GAP complex including an analog of GTP, 
namely, GDP with an AlF3 fragment instead of g-
phosphate (PDB code 1WQ1) [40]. This model 
structure is considered [40] to correspond to the 
transition state of hydrolysis reaction (1), since the 
planar AlF3 group that replaces γ-phosphate in the 
crystal structure mimics the suggested configuration of 
the GTP γ-phosphate group on the top of the energy 
barrier. In [41] we suggested that the more probable 
mimicking group in PDBID:1WQ1 is MgF3

–, but this 
does not affect quantitative interpretation of X-ray 
diffraction data. 

In our model, the quantum subsystem (43 atoms) 
includes the GTP phosphate groups, water molecule, 
magnesium cation, Gln61 fragment of Ras, and 
Arg789 fragment of GAP promoter (so-called 
“arginine finger”). It is these amino acid residues that 
are considered key components in functioning the 
whole enzyme complex. The calculations were 
performed by the Hartree–Fock method with the 
LANL2DZdp_ECP basis set (and pseudo-potential for 
phosphorus) [19] and the AMBER force field [20]. 
Figure 3 depicts the geometric configuration of the 
transition state of the first reaction stage: γ-phosphate 

cleavage. The hydrolysis of GTP, catalyzed by the 
RAS–GAP complex, involves the same stages as with 
free RAS, except that here the active part in the proton 
redistribution for forming inorganic phosphate belongs 
to the Gln61 residues. 

The QM/MM calculations predict the activation 
barriers in the first (γ-phosphate cleavage) and second 
(formation of inorganic phosphate) stages of 4 and 
10 kcal mol–1, respectively, which is completely con-
sistent with the degree of acceleration of the RAS–
GAP-catalyzed hydrolysis compared to the RAS-
catalyzed reaction. Heuristically, such mechanism was 
suggested by Sondek et al. [42]. The role of the key 
amino acid residues Gln61(RAS) and Arg789(GAP) is 
quite clear, and, therefore, it is unquestionable that 
mutations over these positions should increase the 
activation barrier or completely alter the catalysis 
mechanism. 

Hydrolysis of Methyl Triphosphate in Water 

Analysis of the hydrolysis of the fully deprotonated 
methyl triphosphate [CH3–O–(PO3)3]

4– in aqueous 
solutions provides reference data for assessing the 
catalytic effect of protein matrices in enzymatic 
conversions of ATP and GTP. The hydrolysis rate 
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constants of methyl monophosphate, measured at 
various pH [43], made it possible to estimate the 
activation barriers on the free energy surface (27–31 
kcal mol–1) [35, 44], but allowed no conclusions on the 
reaction mechanism. A Car–Parinello molecular 
dynamics simulation of the mechanism of methyl 
triphosphate hydrolysis in water clusters (H2O)n, which 
resulted in highly overestimated activation barriers, 
was described [45]. 

In our works [46, 47] we calculated of the energy 
profile of the hydrolysis of methyl triphosphate 
(МТР4–) to methyl diphosphate (МDР3–) in water: 

implying a common reaction mechanism in all the 
cases. 

CONCLUSIONS 

Molecular simulation is gaining increasing 
recognition as a tool for studying biomolecular 
processes, including enzymatically catalyzed reactions. 
Computation-oriented research provides support for 
experimental works by substantially reducing time and 
material expenses for projects. Moreover, reliable 
results of molecular simulation allow one to 
unequivocally establish and visualize the mechanism 
of chemical transformations in enzyme systems. 
Experimental approaches to research into mechanisms 
of intricate chemical transformations all provide 
important but indirect data on fine details of reaction 
paths, and simulation gives additional and very 
essential information. In the present review we used 
the example of hydrolysis of nucleoside triphosphates 
to demonstrate advances in contemporary molecular 
simulation on the basis of quantum theory. 

Further progress in computer simulation may be 
associated with development and application of a 
combined quantum mechanics–molecular dynamics 
(QM/MD) approach. This approach will allow 
accounting for more profound conformational 
transformations in the course of chemical reactions in 
protein systems. First steps in this direction have 
already been made: The QM/MD method has been 
used to success in the present work.  

Another promising route forward in molecular 
simulation is creation of databases of intermediates 
and transition states of elementary states of enzymatic 
catalysis. The accumulated experience in simulation of 
nucleoside triphosphate hydrolysis under the action of 
various enzymes allows one to make first steps in this 
direction. 
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