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Recent achievements in molecular modeling of reaction
mechanisms of the enzymatic ATP conversion to ADP or
CAMP are discussed. Both of these reactions are initiated by
the nucleophilic attack of an oxygen atom, but the P-O
bridging bond cleavage occurs via different mechanisms,
dissociative and associative. These mechanisms differ in the
order of formation and cleavage of P-O bonds. For ATPases,
the dissociative mechanism is assumed, whereas ATP
conversion to the cAMP occurs via associative mechanism.
We suggest a novel approach based on the molecular
dynamics simulations with combined quantum mechanics/
molecular mechanics potentials of the enzyme-substrate
complexes that can discriminate dissociative and associative
reaction pathways by analysis of length distributions of the
cleaving and forming P-O bonds.
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Plenty of biologically active molecules are crucial actors in
various cellular processes; however, a molecule of adenosine
triphosphate (ATP) is on the ear of everyone who is even slightly
familiar with the basics of biochemistry. Scholars know that this

compound is an important component of cellular metabolism
and energy storage, and chemical reactions of its triphosphate
entity drive a diverse range of principal molecular mechanisms
in cells.?

~

m@l

>

-
)

3
“a

Maria G. Khrenova is a Professor at the Department of Chemistry of the Lomonosov Moscow State University and a Head
of the Group of Molecular Modeling at the Federal Research Centre of Biotechnology of the Russian Academy of Sciences.
The area of her scientific interest is molecular modeling including computational and quantum chemistry and its application
to the study of reaction mechanisms in biochemical systems.

Tatiana I. Mulashkina is a postgraduate student of the Laboratory of Quantum Chemistry and Molecular Modeling at the
Chemistry Department of the Lomonosov Moscow State University. The area of her scientific interest is molecular modeling
of dynamic processes in biological systems and mechanisms of enzymatic reactions.

Roman A. Stepanyuk is a postgraduate student of the Laboratory of Quantum Chemistry and Molecular Modeling at the
Chemistry Department of the Lomonosov Moscow State University and a junior researcher at the Group of Molecular
Modeling of the Federal Research Centre of Biotechnology of the Russian Academy of Sciences. The area of his scientific
interest is the computational chemistry, molecular modeling and computer-aided drug design.

Alexander V. Nemukhin® (1946-2023) was a Professor at the Department of Chemistry of the Lomonosov Moscow State
University and a Head of the Laboratory of Computation Modeling of Biological Systems at the Emanuel Institute of
Biochemical Physics of the Russian Academy of Sciences. The area of his scientific interest was modeling of dynamic
processes in biological systems and mechanisms of enzymatic reactions.

T Deceased.

© 2024 Mendeleev Communications. Published by ELSEVIER B.V.

on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.



Focus Article, Mendeleev Commun., 2024, 34, 1-7

adenylate cyclase

N=\ O 0 (”) (")

HZN%(N 1.0 4 PP
/P HO/I\O/l\O_

N }\l 0" o o O

X HO
cAMP PP;

N==\ 0] of1i o o o “H
HN AN )O_ oo N o o T
| =\ 071071 OH 0
0o ATPase N o xte) Il
N H2N + /P\
Z -0” | “OH
| O o

NN HO H
ADP P;

Figure 1 Chemical transformations of the ATP: ATP conversion to the cAMP and PP; in the active site of adenylate cyclases and ATP hydrolysis to ADP and

P; by ATPases.

When consumed in metabolic processes ATP loses either one
or two of three phosphate groups converting to adenosine
diphosphate (ADP) or adenosine monophosphate (AMP),
respectively. The corresponding chemical reactions catalyzed by
specific enzymes have been in the focus of numerous studies
aiming to determine elementary steps and thus to establish
reaction mechanisms. It is hard to overestimate the significance
of experimental investigations; however, computer simulations
provide an essential contribution in this field. For years, various
models were proposed to explain reactions of enzyme-catalyzed
release of the phosphate groups from the ATP in different protein
environments. It should be noted that the major efforts were
directed towards the hydrolysis reaction involving cleavage of
the P-O bond at the terminal phosphate group and formation of
ADP since this reaction is at the heart of bioenergetics. Enzyme-
catalyzed release of diphosphate from ATP was also modeled
with the relevance to intracellular signaling. Chemical
transformations during these reactions are depicted in Figure 1.
Those are ATP conversion to the adenosine diphosphate (ADP)
and phosphate (P;) and ATP conversion to the cyclic adenosine
monophosphate (CAMP) and pyrophosphate (PP;). The first
reaction is catalyzed by ATPases and the second — by adenylate
cyclases. Formally, both of these reactions are initiated by the
nucleophilic attack of phosphorus atom leading to the cleavage
of the bridging P-O bond. The details of reaction mechanisms
are still actively discussed from both experimental and theoretical
aspects.®

Historically,  quantum-based  simulations of ATP
transformations in proteins and solutions started from simple
molecular models described at the quantum chemistry level.
Formulation and practical implementation of the quantum
mechanics/molecular mechanics (QM/MM) theory provided a
dramatic breakthrough in enzyme catalysis, in particular, in the
ATP chemistry. Analysis of the computed energy profiles as the
minimum energy pathways connecting reactants and products
allowed researchers to propose detailed reaction mechanisms of
ATP transformations. A modern era started when direct
calculations of the free-energy reaction profiles become available
from molecular dynamics simulations with the QM/MM
interaction potentials. These approaches will be discussed in
details below.

Due to a high importance of the P-O bond cleavage both in
the enzymatic reactions and in solutions, the classification of the
mechanisms is proposed. During the reaction, the covalent bond
between the phosphorus atom and the nucleophile, P-Nu, is
formed and the covalent bond between the phosphorus atom and
the leaving group, P—L, is cleaved (Figure 2). The reaction can
follow associative or dissociative mechanism via intermediate
state or a single step. A more detailed description can be found in
ref. 3.

The goal of this paper is to review the most essential findings
on ATP decomposition as revealed in quantum-based simulations.
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Figure 2 Mechanisms of the P-O bond cleavage. A nucleophile, Nu:,
attacks a phosphorus atom, P, and a leaving group, L, is released. Reaction
can occur via two steps with an intermediate, Int, or in a single step,
concerted mechanism. In the associative mechanism, formation of the P-Nu
bond precedes the P-L bond cleavage (magenta). In the dissociative
mechanism, the P-L bond is cleaved first and then the P-Nu bond is formed
(blue).

From the chemical perspective, it is important that reactions
leading to the ADP or cAMP (see Figure 1) follow different
mechanisms (see Figure2), and this conclusion can be
rationalized irrespective of the applied computational protocols.
Moreover, this can be rationalized by computational analysis of
the dynamic features of enzyme-substrate complexes that we
present in the last part of this focus article.

ATP conversion to ADP and P;

Myosin

Myosin is a motor protein that plays a key role in converting
chemical energy of ATP hydrolysis into mechanical energy for
muscle contraction.* In 1974, a seven step kinetic scheme of the
process of binding and hydrolysis of ATP by myosin was
proposed:®

M +ATP 2 M-ATP 2 M*.ATP 2 M**.ADP.P; 2
2 M*.ADP-P; 2 P, + M*.ADP 2 M-ADP 2 M + ADP,

where M is myosin and asterisks indicate different conformations
of the protein. The chemical step of process is highlighted bold
in the scheme and it is characterized by the equilibrium constant
that almost equals unity. Rate constants for the forward, k,, and
backward, k_, reactions are k,>160s?' and k > 18s7,
respectively.>® This corresponds to the energy barrier of the
forward reaction AG* = 14.6 kcal mol-! at 300 K according to
the transition state theory. This value is related to the limiting
step and might be attributed to either chemical reaction itself or
to the related conformational changes of the protein. Also,
31P NMR data and 'H diffusion measurements evaluate activation
energy to be 10.3 kcal mol-t according to the Arrhenius relation
and measurements in 21-50 °C temperature range.”

-2



Focus Article, Mendeleev Commun., 2024, 34, 1-7

The more detailed information on the ATP hydrolysis reaction
mechanism can be obtained from molecular modeling.8-16
Earlier studies were performed for small isolated molecular
clusters and did not account for the protein surrounding.® In this
model, the lytic water molecule was located between the Arg238
and Glu459 ‘gates’ and y-phosphate group of the ATP. The
distance of the nucleophilic attack was 3.41 A in the reactant
state and decreased to 2.17 A in the transition state. Upon
reaction, the covalent bond between oxygen atom of a water
molecule and phosphorus is formed and one of the protons of the
hydrogen atom is transferred to the oxygen atom of the
y-phosphate group. These calculations were performed at the
HF/6-31G** level and the calculated energy barrier was
58.6 kcal mol-L. Recalculation of the stationary point energies
results gives only 16.7 kcal mol-! decrease of the energy barrier.
The following calculations were performed with taking into
account the influence of the protein environment on the active
site.9-16

Li et al.® compared two associative mechanisms using
QM(B3LYP/6-31G**+)/MM(CHARMM)//QM(HF/3-21G+)/
MM(CHARMM) approaches that differed in the way of the
proton transfer from the lytic water molecule to the oxygen atom
of the y-phospate group. It was proposed that the proton might be
transferred either directly or via hydrogen bond network
comprising Ser236. The latter way was ~4 kcal mol!
energetically more favorable, but still, all energy barriers
exceeded 20 kcal mol-L. Similar calculations were performed by
Schwarzl et al.1% and they also extended the set of possible
pathways adding the proton transfer through the hydrogen bond
network with Ser181 residue. Similarly, energy barriers were
higher than 20 kcal mol-! and strongly depended on the QM
protocol. The mechanism comprising Ser236 in the proton
transfer was also studied using SCC-DFTBPR to describe QM
part in the QM/MM simulations.!! This theory level was chosen
to be able to calculate MD trajectories with QM/MM potentials.
The energy barrier calculated for the potential of mean force
(PMF) was 16 kcal mol~! that is close to the experimental value.
Still, it is known that DFTB is not a reliable computational
protocol for calculations of chemical reactions in the active site
of enzymes and these results should be carefully checked by
other methods."18

Later, Onishi et al. analyzed available X-ray data and
proposed a reaction mechanism called ‘two-water’
hypothesis.’®2°  According to this mechanism, one water
molecule is lytic and it performs hydrolysis reaction, whereas
the second one acts as a proton acceptor. During the reaction, the
second water molecule transforms to the positively charged
H;O" and is stabilized by negatively charged carboxylate of the
Glu470 side chain and the backbone carbonyl of the Gly468.

The ‘two-water’ hypothesis was further developed in
computational studies.!>16 Grigorenko et al. compared ‘one-
water’ and ‘two-water’ mechanisms213 at the QM/MM level.
Authors utilized two different hybrid DFT functionals in the QM
subsystem and obtained consistent results for energy barrier:
8.1 and 10.4 kcal mol~! for B3LYP and BB1K functionals,
respectively. According to this mechanism, a proton from the
lytic water molecule is transferred to the Glu459 carboxylate via
hydrogen bond network formed by the second water molecule.
The energy barrier calculated for model system with one water
molecule in the active site was 34 kcal mol=.

Kiani et al. analyzed different pathways of the proton transfer
in the ‘two-water’ mechanism.4-16 They concluded that the
proton wire might include Serl81 leading to the double-
protonated phosphate, H,POj. In this mechanism, the reaction
products are —2.3+0.7 kcal mol-! relative to the reagents,
that is consistent with the experimental values -1.5 to

—2.6 kcal mol-L.2 Still, authors suppose that other proton wires
can also exist. Reaction mechanisms suggested by both Kiani
et al.’*16 and Grigorenko et al.!213 assume the dissociative
pathway.

The main conclusions on the reaction mechanism of the ATP
hydrolysis by myosin are as follows: (i) the reaction is likely to
occur via ‘two-water’ mechanism; (ii) the reaction is likely to
occur via dissociative mechanism.

F1-ATPase

ATP is mostly synthesized by F;Fy,-ATP synthase in living
organisms. Part of the F1 enzyme can also perform backward
reaction, ATP synthesis.?? F1-ATPase is a rotational motor
protein that works due to ATP hydrolysis and converts the
energy generated during ATP hydrolysis into mechanical
energy. Three ATP binding sites in the F;-ATPase are
characterized by different ATP binding affinities. The crystal
structure of the F;-ATPase shows three different active sites
that might hydrolyze ATP.23 These active sites possess different
conformations called Brp, Bpp, Pe. Abrahams et al. suggested
that the Bpp site should be the most reactive according to its
geometry features. Therefore, from the computational
viewpoint, there are two problems to be solved: determination
of the reaction mechanism and discrimination of the most
preferable catalytic site.

Dittrich et al.?*%6 performed QM/MM simulations and
compared ATP hydrolysis reaction mechanisms in catalytic sites
Brp and Bpp. The Brp catalytic center carries five water molecules,
therefore different hydrolysis mechanisms might be suggested.
Among them, ‘one-water’ and ‘two-water’ mechanisms can be
discriminated. In ‘one-water’ mechanism, the water attacks
phosphorus atom of the y-phosphate group and the proton
transfer occurs directly from the water molecule to the oxygen
atom of the y-phosphate group. A ‘two-water’ mechanism
presumes a lytic water molecule that lies on the same line with
the cleaving P-O bond of the ATP. In this mechanism, the proton
is transferred from the lytic water to another water molecule.
Still, calculated energy barriers are much larger®* than that
expected from the measured rate constants of ~5x 102 s for
both forward and backward chemical reactions.?” It was
demonstrated that equilibrium constant of K~127 for the
chemical step is more consistent with ATP hydrolysis in the Bpp
catalytic center.2

Hayashi et al.?® performed QM/MM simulations with the
experimental single molecule studies of the ATP hydrolysis in
the Bpp catalytic site. They stated that the hydrolysis included
dissociation of the P-O bond, proton transfer and a hydrogen
bond network rearrangement. In the first step, the water molecules
of the active site and hydrogen bond rearrangements take place.
It leads to a proper orientation of the lytic water molecule. This
state is about 1 kcal mol higher in energy then the reactant
state. The chemical reaction is initiated by the elementary step
comprising cleavage of the P-O bond with the corresponding
distance in the intermediate state of 2.68 A. The activation energy
of this step is 14.7 kcal mol~1, whereas the following intermediate
is only 0.2 kcal mol-! lower in energy relative to the transition
state. The next step is the covalent bond formation between the
phosphorus atom and the y-phosphate group and the lytic water
molecule that happens with the energy barrier of 2.4 kcal mol-2.
This process is accompanied by the proton transfer from the lytic
water molecule to the BGIlul88 via proton wire comprising
another water molecule in the active site. Such intermediate is
also highly destabilized relative to the reactant being
13.1 kcal mol! higher in energy. During the following reaction
steps, the proton from the BGlul188 is transferred to the oxygen
atom of the P;. The reaction products are 1.6 kcal mol- stabilized
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relative to the reactant that is in agreement with the experimental
equilibrium constant close to unity, 2.9.2729

Martin-Garcia et al. also studied a ‘two-water” mechanism of
the ATP hydrolysis.® It was shown that the terminal proton
acceptor from the lytic water molecule is an oxygen atom of the
y-phosphate group and the proton transfer occurs via the second
water molecule of the active site. The role of the BGlu188 was
explicitly demonstrated by comparison of the energy profiles
with those of the wild type enzyme and the BGIul88Ala variant.
This amino acid substitution leads to the increase of energy
barrier from 22 to 42 kcal mol=t. Authors concluded that the
carboxylate of the BGlu188 residue stabilized hydronium cation
during the reaction.

By now, computational studies did not arrive to the completely
consistent reaction mechanism that explained all available
experimental data. All considered reaction pathways are
characterized by the energy barriers considerably higher than
those observed in experiments. The Bpp catalytic site is more
likely to perform ATP hydrolysis due to the stabilization of the
transition state by a/Arg373 and H;O* formed during the reaction
by BGIlul88. The ‘two-water’ mechanism is more preferable,
similarly to the reaction in myosin.

Kinesin
Kinesin is a motor protein that utilizes energy of the ATP
hydrolysis for the cellular processes such as mitosis, meiosis and
vesicle transport.3! Cochran et al. determined the rate constant of
the chemical step of the reaction as 1.14+0.05s! that
corresponded to the energy barrier of 17.5 kcal mol-! according
to the transition state theory.32:33

McGrath et al. studied four different reaction pathways using
metadynamics with QM/MM potentials.®* The most probable is
a ‘two-water’ mechanism which assumes nucleophilic attack by
a lytic water molecule, the proton transfer to the Glu270 via
the second water molecule and the proton transfer from Glu270
to the oxygen atom of the y-phosphate. The calculated energy
barrier is 11+3 kcal mol-! that is considerably lower than the
experimental value, and the authors conclude that it can be due
to the errors of utilization of the GGA functional BLYP to
calculate energies and forces in the QM subsystem. They also
conclude that the suggested mechanism shares common
features with hydrolysis in other motor ATPases, myosin and
F,-ATPase.3

Actin

Actin is a protein involved in muscle contraction, cellular
motility and division (cytokinesis), vesicle transport, as well as
in the establishment and maintenance of cellular morphology.%®
Actin has two forms: globular monomeric actin (G-actin) and
polymerized form (F-actin).

Akola et al. modeled four different reaction pathways in the
G-actin to discriminate the most probable one.’® QM/MM
simulations were performed with the GGA functional PBE and
plane wave basis set. It was demonstrated that the most probable
is the dissociative mechanism with the energy barrier of
21 kcal mol. According to this mechanism, the P-O of the
ATP is cleaved upon shortening of the distance of the
nucleophilic attack and deprotonation of the lytic water
molecule. In the end of the reaction, the excess proton is located
on the Asp154 and the inorganic phosphate is presented in the
HPO, state. It is shown that the H,PO, state is energetically
more favorable, but it can be formed along the other reaction
pathway characterized by the higher energy barrier of
28 kcal mol.

A similar mechanism was proposed by Friedman et al.,%"
based on the data obtained in minimum energy path (MEP),

nudged elastic band (NEB) and ab initio molecular dynamics
(AIMD). The phosphorus is prepared for the nucleophilic attack
of the water molecule after elongation of the covalent bond
between phosphorus atom of the y-phosphate group and bridging
oxygen atom. The excess proton is transferred through two
neighboring water molecules to Asp154. At the last step, a proton
is transferred from the Asp154 to the phosphate P; turning it to
the H,PO; protonation state.

The QM/MM metadynamics simulations were performed to
compare ATP hydrolysis mechanisms in G- and F-actin.38
Authors claim that hydrolysis in G- and F-actin occurs by a
concerted mechanism in  which y-phosphate dissociates
simultaneously with the addition of lytic water. Free energy
profiles demonstrate the difference of energy barriers for the
hydrolysis reaction by G-actin (30 kcal mol™') and F-actin
(22 kcal molt), which is consistent with experimental data.
According to the Kkinetic measurements, the rate of ATP
hydrolysisis0.3+0.1 s™tin F-actinand 7 x 106 s~1in G-actin.3%40
The difference of rate constants corresponds to 7 kcal mol-!
difference in the energy barrier at 310 K, that is practically the
same as the computational estimates of 8 kcal mol2.

It was shown that the proton transfer occurs differently in the
G- and F-actin, namely, proton transfer from lytic water to
y-phosphate occurs almost instantly in the F-actin, in contrast to
proton transfer in the G-actin. Authors attribute the difference of
energy barriers to the rearrangement of water molecules during
polymerization, which leads to the formation of shorter hydrogen
bonds in F-actin that facilitates a proton transfer from Asp154
residue to the phosphate.

In arecent study,*! the four-step mechanism of ATP hydrolysis
by F-actin was suggested. At the first step, the rearrangement of
water molecules proceeds. At the second step, the P-O bond of
the ATP is cleaved and the water molecule comes closer to the
phosphate. The first two stages occur with low energy barriers
(about 5 kcal mol1). At the third step, several events occur
simultaneously: deprotonation of the lytic water molecule,
nucleophilic attack of the phosphorus atom by the hydroxide
anion, proton transfer to the HPO;~ via another water molecule
and formation of the H,PO,. The calculated activation energy is
13-17 kcal mol-* that is in agreement with the rate constant
0.3 s71 (18 kcal mol according to the transition state theory).4
At the final step, hydrogen bond network rearrangement takes
place with a low energy barrier.

Thus, similar general features of the ATP hydrolysis are
observed in different ATPases as demonstrated by molecular
modeling methods. First, the ‘two-water’ mechanism is more
preferable and at least two water molecules should participate in
chemical reaction. Next, the reaction occurs according to the
dissociative mechanism. Finally, the important and the most
controversial step of hydrolysis is the transfer pathway of an
excess proton.

Adenylate cyclases

Adenylate cyclases can be divided into two groups:
transmembrane AC (tmAC) represented by nine isoforms and
soluble adenylate cyclases (SAC).*2%% The second messenger
CcAMP is known for about half a century, but the experimental
study of the mechanism of its formation began recently.*6 Many
infectious microorganisms secrete virulence factors that increase
CAMP levels in infected host cells, thereby disrupting
intracellular signaling pathways.

Edema factor
One of the most studied adenylate cyclase toxins is an edema
factor (EF). This family of toxins does not share structural
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homology with mammalian adenylate cyclases, but catalyzes the
same chemical reaction of the ATP to cAMP conversion. The
mechanism of reaction of ATP conversion in the active site of EF
was studied using the empirical valence bond method of quantum
mechanics/molecular mechanics (QM/MM) for the first time in
2013 by Mones et al.*” The calculation was carried out for two
possible reaction mechanisms that differ in the stage of proton
transfer. The proton acceptor was either a histidine residue or a
water molecule. The energy barriers were estimated as 30 and
12-14 kcal mol-, respectively. The last of them agrees with the
kinetic data.**

Mammalian adenylate cyclases

Hahn et al. were among the pioneers of the studies of reaction
mechanism in the active site of the mammalian adenylate
cyclases (MAC).“8 Authors described computationally the
reaction mechanism of ATP to cCAMP conversion in mammalian
AC domains C(1):C(2) of types V and Il, respectively. This
protein model was taken from the crystal structure
PDB ID 1CJK* and a full-atom model system including ATP
restored from its analogue ATPa.S-Rp, two magnesium ions and
water molecules was prepared. The QM(MO06/6-31G*)/PCM
level of theory was utilized to restore the energy profile. The
authors suggested 13 possible reaction ways with the most
probable one characterized by five elementary steps grouped
into the proton transfer, conformational change, and phosphoryl
transfer steps. The proton transfer route was represented by a
specific proton wire from the OH ribose group via a shuttling
water molecule to the nonbridging oxygen of the y-phosphate of
ATP. The free energy profile was estimated by correcting
energies at stationary points on the potential energy surface by
entropy contributions. Limiting step is the phosphoryl transfer
with a barrier of 17.9 kcal mol=1, which is generally consistent
with the Kinetic data.*?

This paper also discusses the specific displacements of atoms
in various reaction paths, but it is especially interesting to note
the statements about the sensitivity of the activation energy and
the reaction energy as a whole to the configuration of the active
center. The authors estimated the potential energy gradients
relative to the shift of Ca atoms to the center of mass in the states
of reactants, transition complex, and products. For example, it
has been shown that a shift of Ca. 11397 to the center of mass by
0.23 A leads to the reduction of the calculated activation energy
from 17.9 to 15.3 kcal mol-1, obtained from the kinetics of the
enzyme.*3 This also reduces the calculated free energy difference
between reactants and products associated with the enzyme from
3 to 0.24 kcal mol-* compared to —1.0 kcal mol-! derived from
enzyme Kinetics.*® Also, the displacement of the Co of the
Ser1028 atom to the center of mass by 0.324 A in the transition
state of the last step would further optimize the ribose
conformation and thus reduce the activation energy to
15.3 kcal mol~2, while the displacement of Ca Arg1029, which
is important for the conformation of phosphates, from the center
of mass by 0.3 A in the transition state of the last step, but not in
reactants, reduces the activation energy by 1.8 kcal molL. Thus,
when modeling reaction profiles, the problem of obtaining
energy barriers comparable with experiment may depend both
on the error in the positions of atoms of crystal structures relative
to real systems, and on the difficulty of achieving real reaction
configurations of the active center relative to the initial crystal
structures.*8

Jara and Martinez also contributed to the reaction mechanism
studies.*® They performed molecular dynamics simulations with
classical and QM/MM potentials. The semiempirical density
functional tight-binding method with the self-consistent charge
approach (SCC-DFTB) was applied in QM/MM simulations.

Then obtained energy profiles were corrected in single-point
DFT calculations using the B3LYP and M06 functionals. They
compared reaction mechanisms in two adenylate cyclases, mAC
and EF. For the latter one, two possible compositions of the
active sites were assumed, with one or two magnesium cations.
All energy profiles are consistent with a one-step mechanism
with a pentacoordinated phosphorus in the transition states,
showing features of the associative mechanism. Still, the energy
barriers obtained are much higher than the experimental
estimates. Authors conclude that these differences are due to the
inaccuracy of the SCC-DFTB approach. The work also found
that ATP exhibits different flexibility depending on the
crystallographic model used. From the analysis of transition
state flexibility in EF and mAC, it is shown that the transition
state structure exhibits more conformational flexibility in EF
than in mAC, especially in the ribose and phosphate groups. This
is primarily due to the limited mobility of the ribose oxygen
coordinated with Mg?* ion.

In 2020, an attempt to clarify the previously proposed
controversial mechanisms for the conversion of ATP to cAMP
was made.®® The same crystal structure was utilized for
modeling. A more transparent protocol was utilized, implying
molecular dynamics, QM/MM optimization using the Kohn-
Sham DFT method with the PBEO functional with a D3
dispersion correction and the 6-31G* basis set. Authors
extended the results of the previous two works. They obtained
a set of four ES complexes (ESa, ESg, ESc, ESp) mainly
differing in the local surrounding of the ribose OH group. In
most stable ES complex (ES,) the distance of the nucleophilic
attack is 3.1 A and the hydrogen atom of the catalytic OH
group is oriented to the water molecule acting as a proton
shuttle to the Asp440 residue. The ATP to cAMP conversion
occurs as a single step (concerted mechanism) from the ES,
via associative pathway, that is both cleaving and forming P-O
bonds are about 2 A in the transition state. According to this
mechanism, the energy barrier is 15 kcal mol~ and the products
are 2 kcal mol-! stabilized relative to the ES. Three other ES
complexes are considerably higher in energy than the discussed
one. In one of them (ESg), the distance of the nucleophilic
attack is almost 5 A, therefore it is senseless to calculate energy
profile. In the third one, ES¢, the proton from the nucleophilic
OH group should transfer to the B-phosphate via auxiliary
water molecule. This reaction pathway was found to occur with
the energy barrier of about 27 kcal mol-%, which practically
means that this pathway cannot be realized. The last one, ESp,
is most likely the crystal structure and shares the same features,
cross coordination of magnesium cations by Asp396 and
Asp440 residues. Also, it is similar to the reactive conformation
proposed by Hahn et al.*® Still, the energy profile estimates
derived to high energy barriers. Thus, the reaction can hardly
occur from the ESp, as both energy barriers are high and this
ES is energetically unfavorable itself.

Bacterial adenylate cyclases

Khrenova et al. published a study of the features of the conversion
of ATP in the active center of bacterial light-regulated adenylate
cyclase, bPAC, which can be in a dark (DS) or light (LS) state.5!
The active site has two hexacoordinate magnesium cations, ATP,
and side chains of nearby key residues such as glutamate
and aspartate. The QM subsystem was described at the
®B97X-D3/6-31G** Kohn—-Sham DFT level. The MM part of
the system was described with the CHARMMS36 force field
parameters. Classical and QM/MM molecular dynamic
simulations were carried out to study the reaction mechanism.
Authors discriminate differences in the active site composition
of the adenylate cyclase in the dark and light states and explained
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the reaction acceleration upon light irradiation. In both active
sites the reaction occurs in a single step via associative
mechanism and the proton from the glycoside OH group is
transferred to the glutamate via water molecule.

To conclude, the ATP to cAMP conversion likely occurs in a
single step via associative type transition state. Additional water
molecule is required to transfer a proton from a nucleophile to
the proton acceptor.

Reaction mechanism from the analysis of the enzyme-—
substrate complex dynamics

QM/MM molecular dynamic simulations with reliable methods
of QM part description allow us to get a lot of information
regarding the following reaction mechanism. This was already
shown for hydrolysis reactions by phosphotriesterases® and
proteases®> and GTPases®® and bPAC.5! Herein, we
performed molecular dynamics simulations with the
QM(0wB97x-D3/6-31G**/MM(CHARMM) potentials for two
systems discussed in this article, bPAC and myosin with the
ATP in the enzyme-substrate complex state. The model system
of the bPAC-ATP complex was taken from ref. 51, whereas the
myosin-ATP complex was constructed from the PDB ID:
1VOM®7 and simulations were performed similarly to that in
ref. 51. The 10 ps QM/MM molecular dynamics trajectories
were calculated for both systems and distributions of the P---O
distances of the nucleophilic attack and cleaving bond were
analyzed (Figure 3). The distance of the nucleophilic attack is
considerably larger in the bPAC than in the myosin being
3.22+0.15 and 2.87+0.15 A, whereas the distribution widths
are similar. Contrary, the cleaving P-O bond length in the ATP
is shorter in the bPAC than in the myosin being 1.64 +0.03 and
1.77+0.05 A. The shorter mean value corresponds to the
stronger covalent bond that presumes following associative
type of mechanism. Moreover, the standard deviation for the
P-O bond length of the ATP in myosin is almost twice larger
than that in bPAC indicating that in the ATP this bond is more
flexible and prepared for the reaction. By now, this is the only
example of such comparison of the active site behavior in the
systems with the associative and dissociative mechanisms of
the P-O bond cleavage in the ATP. The systematic analysis of
the enzyme substrate complexes of the ATP with ATPases and
adenylate cyclases are required.

I
u

R(cleaving P-O bond)/A

=
o

1

28 30 32 34 36

15 L
24 2.

R(P--0, nucleophilic attack)/A

Figure 3 Distribution of P-O distances of the nucleophilic attack and
cleaving bond in the myosin—ATP (blue diamonds and bars) and bPAC-ATP
(magenta squares and bars) enzyme-substrate complexes obtained at the
QM(0B97x-D3/6-31G**)/MM(CHARMM) level.

Conclusion

Herein, we performed a detailed analysis of the theoretical
studies of the enzymatic ATP conversion to ADP or cAMP. Both
of these reactions are initiated by the nucleophilic attack of an
oxygen atom and lead to the cleavage of the bridging P-O bond.
In both reactions an additional water molecule is required to
transfer a proton from the nucleophile to the acceptor. Still, the
mechanisms of the formation and cleavage of P-O bonds are
considerably different. In adenylate cyclases it proceeds in a
single step via associative mechanism, whereas in ATPases it
occurs via dissociative mechanism. As an outlook, we
demonstrate that the reaction mechanism can be rationalized via
analysis of the dynamic behavior of the enzyme—substrate
complex taking two examples belonging to systems with
different mechanisms. For the ATPase the cleaving P-O bond is
generally longer, thus being more prepared for the break. This
approach should be developed and utilized for other systems to
explain differences in reaction mechanisms.
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