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ABSTRACT

Hydrolysis of phosphate containing compounds is the key chemical reaction in biology that requires the breaking
of O-H bond of water and P-O bond of the substrate. Latest computations reveal two proton transfer modes from
the attacking water to the phosphate containing substrate during hydrolysis, i.e., a) direct proton transfer, and b)
proton relay via a mediating base. We point out that the hydrolysis mechanisms can be classified based on the
sequence in which O-H and P-O bonds break, the strength of the leaving nucleophile, and the modes of proton
transfer. This results into a scheme that can be used to understand two specialized catalytic strategies utilized by the
enzymes to hydrolyze the P-O-X (X=P, C) linkages: 1) Enzymes lower the nucleophile strength of the leaving group
to facilitate the breaking of the scissile P-Ol bond and shift one formal negative charge from phosphate reaction
center to the leaving nucleophile. 2) Many enzymes avoid direct proton transfer from the attacking water molecule
to the phosphate reaction center. The direct proton transfer puts an excess proton (positive charge) on the phosphate
reaction center that hinders the breaking of the P-O, bond between phosphate and the leaving nucleophile. On the
contrary, the indirect proton transfer from attacking water to the phosphate reaction center via helping water or an
assisting catalytic base does not hinder the P-Ol bond breaking. These two strategies are present in many phosphate
hydrolyzing enzymes.
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INTRODUCTION

containing compounds are the energy storehouses of life on earth.
Life processes such as cytokinesis, organelle movement, muscle
contraction, nucleic acid metabolism, signaling, protein synthesis,
biochemical cycles and electron transport chain reactions depend
on the hydrolysis of phosphate containing compounds [1-11]. The
hydrolysis reaction in phosphate esters and phosphate anhydrides
involves the breaking of very strong O -H bond of the attacking
water molecule and the P-O, bond of substrate (Oa and O, denote

attacking and leaving oxygen atoms, respectively) [12]. Phosphate
esters and phosphate anhydrides undergo the hydrolysis of the
P-O-C and P-O-P linkages, respectively (some phosphate-
containing compounds also undergo the hydrolysis of a C-O-C
linkage, e.g., 6-phosphogluconolactone in the second step of
pentose phosphate pathway) [13]. P-O-C linkages in phosphate-
esters are extremely high resistant to the spontaneous hydrolysis:
The rate of hydrolysis (k) of phosphate esters is extremely low,
e.g., 2 x 10 s1 for phosphate monoesters [14] and 10-15 s-1
for phosphate diesters [15]. Despite the wealth of structural
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Xeray, cryo-electron microscopy, kinetic [16], biochemical and
mutagenesis experiments [17,18], the mechanism of hydrolysis
of phosphate containing compounds can’t be solved using
experimental techniques [19]. Indeed, an array of possible reaction
mechanisms exists for the hydrolysis of phosphate containing
compounds. Here computational quantum chemical studies
have stepped in to study the hydrolysis mechanism of a wide
range of phosphate esters (phosphate mono-, di- and triesters)
as well as phosphate anhydrides (e.g., methyl pyrophosphate,
and nucleoside triphosphates in vacuum, solution and protein
environment using standard quantum mechanical or combined
quantum mechanical/classical calculations that employ Empirical
Valance Bond, SCCDFTB, meta-dynamics, and Conjugate
Peak Refinement approaches [4,19,20-44]. The aim of these
computations is to understand the mechanism of the deceptively
simple reaction of phosphate hydrolysis [45]. The non-enzymatic
models of phosphate hydrolysis reactions provide appropriate
mechanistic details in non-protein environment and their results
are comparable to the experimental un-catalyzed reactions
[12,20,46]. Computational studies of enzyme-catalyzed hydrolysis
reactions provide an insight into the strategies adapted by the
proteins to effectively catalyze these substrates. Here, based on
the most recent computational studies by us and others, we point
out that modulating/lowering the strength of the P-O, bond by
lowering the nucleophile strength of the leaving nucleophile is
one key strategy that has evolved in many enzymes and results
in the breaking of the P-O, bond before the breaking of O -H
bond of the attacking water. Second key strategy observed in most
enzymes is to avoid the direct proton transfer from the attacking
water molecule to the phosphate reaction center. This second
strategy also promotes the cleavage of P-O, bond and lowers the

barrier to the breaking of O -H bond.
MATERIALS AND METHODS

Modes of proton transfer from the attacking water to
substrate

Two proton transfer modes from the attacking water molecule to
the substrate have been reported for model reactions of phosphate
hydrolysis in solutions (Figure 1). The direct proton transfer is
head-on attack of the attacking water molecule (Wa) in which it
directly transfers its proton to the phosphate (Figure 1A) [26,47].
In the proton relay mode, a helping water molecule or a protein
residue mediates proton transfer from the attacking water to the
phosphate (Figure 1B) [48]. Thus, the phosphate reaction center
is the immediate proton acceptor in the direct proton transfer
mode (Figure 1A) but proton transfer to the phosphate center is
delayed in the proton relay mode (Figure 1B).

The O -H bond of Wa breaks before the P-O, bond of the
phosphate-containing compound. B* and D* correspond to the
breaking of O -H and P-O, bond, respectively (A>F->E).
Concurrent mechanism. Transition state F* corresponds
to the concurrent breaking of O-H and P-O, bonds.
A>G*>H2>1*2>E): Transition state for the sequential type S
mechanism: The breaking of P-O, bond (G*) occurs before the
breaking of O -H bond (I¥). A>J*>K->L*>M) Base assisted
sequential type S mechanism. The attacking water molecule
indirectly transfers its proton to the phosphate reaction center
via a base, B-(a protein residue or a water molecule) (Figure 2).

Sequential versus concurrent mechanisms

We recently pointed out that the main contribution to the energy
barrier during the hydrolysis reaction of phosphate esters and
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phosphate anhydrides arises due to the breaking of two strong
bonds, i.e., the O -H bond of the attacking water and the P-O,
of the substrate [12 49,50]. We also proposed that the reaction
mechanisms may be classified based on the sequence in which

P-O and O-H bonds break during hydrolysis.

Here we reiterate the mechanistic scenarios arising due to the
direct proton transfer mode, i.e., the mode in which the attacking
water molecule directly transfers its proton to the phosphate
reaction center (Figures 1A, also see green arrow in Figure 2A).

For this direct proton transfer, there can be situations in which
P-O, and O -H bonds break separately: If the O -H bond of the
attackmg water molecule breaks before the breakmg of P-O, bond
of the substrate, the mechanism is referred to as sequenual type
OH mechanism A>B*>C->D*>E in Figure 2B, also see Figure
3 [51]. If the P-O, bond of the phosphate-containing substrate
breaks before the breakmg of O,-H bond, the mechanism is
sequential type S mechanism (A%G*%H%I*%E) in Figure 2.
There can be cases in which a single transition state corresponds
to the breaking of P-O, and O -H bonds (concurrent mechanism,
Figure 2, A>F*>E) [52]. Thus, the hydrolysis mechanism
depends on the sequence in which O -H and P-O, bonds break.
Three cases mentioned in green panels in Figure 2 correspond
to the direct proton transfer mode (Figure 1A) in which the
phosphate reaction center of the substrate directly accepts proton
from the attacking water.

Dependence of the phosphate ester hydrolysis on the
nucleophile strength of the leaving group

Kamerlin et al. greatly contributed in understanding the
dependence of the hydrolysis reactions on the nucleophile
strength of the leaving group in phosphate esters. It can be
concluded from their work and from our calculations that the
energetically favorable reaction mechanism in the direct proton
transfer mode (Figures 1A and 2A) with the strong CH-O
leaving nucleophile (pK =15.5) is sequential type OH, i.e., the
P-O, bond breaking is delayed and the O -H bond breaks before
the breakmg of the P-O, bond (see A%B*%C%D*%E Figure
2, also see Figure 3) [53- 55] The energy profile of the sequential
type OH mechanism has two saddle points corresponding to the
breaking of O -H bond of the attacking water molecule before
the breaking of P-O, bond of the substrate [49].

There can be situations inwhich the two bond breaking events can’t
be resolved in two separate transition states and the corresponding
energy barrier involves contributions from both bond-breaking
events (Figure 2, A>F*>E). This concurrent mechanism has
been observed for the leaving groups with moderate or low pK_
(e.g., 3,5-nitrophenyl: pK =6.68, 4-nitrophenyl: pK =7.14 [55]), a

single transition state is isolatable.

For even better leaving groups like CH,COO-, sequential type
S mechanism (A>G*>H—=>IF2E in Figure 2) in which P-O
bond breaks before the breaking of OH bond. This mechanism
is energetically much more favorable over the concurrent
mechanism for the CH,COO- leaving nucleophile [53].

Taking proton transfer by the proton relay into account

Taking into account the second proton transfer mode i.e., the
proton relay or the indirect proton transfer in which the direct
proton acceptor is not the substrate itself, but a base located in
the vicinity of the attacking water (Figure 1B, respectively) one
additional mechanism, i.e., base-assisted sequential mechanism
type S mechanism (A2>J*>K->L*>M, Figure 2) emerges. In

neutral solution, this base is usually a water molecule [27,28]. In
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protein environment, this base can potentially be either a helping
water molecule (Wh), or a protein residue or both [29,32,43,56-
59]. Enzymes also use some additional strategies to lower the
energy barrier. The base-assisted sequential type S mechanism can
have at least three bond breaking events.

RESULTS AND DISCUSSION

The direction of charge shift in phosphate hydrolysis
reactions

In the pre-hydrolysis state of ATP, two formal negative charges
are present on each of the y-phosphate and the leaving o,p-
diphosphate nucleophile (Figures 4A and 4B). During the
net ATP hydrolysis reaction (H O+ADPZ——OBy -P O,*>ADP*+
H,P O“) the breaking of P —O bond shifts one form'll negative
charge from the yphosphate to the ADP (see the direction of
charge shift in Figure 5) [60]. Consequently, one formal negative
charge is present on the y-phosphate and three formal negative
charges are present on ADP in the post-hydrolysis product (Figure
4).

In the pre-hydrolysis state of phosphate monoesters, the phosphate
group occupies two formal negative charges. The breaking of P-
O, bond shifts one negative charge from the phosphate reaction
center to the methoxy group during the net hydrolysis reaction
(HZO+CH3—Ol—PyOsz'9CH3OL+H2PyO4, Figure 4B). Thus, the
post-hydrolysis pre-product has one formal negative charge on
the phosphate as well as on the leaving methoxy group. This
directionality of charge shift from the phosphate reaction center
to the leaving group in both reactions is crucial (Figure 4). In the
next sections, we show that any protonation event of the substrate
or its electrostatic interaction with the binding site that favors
this charge shift by attracting electron density in the direction
of charge transfer promotes sequential type S mechanism (e.g.,
see the effect of protonation of o or B-phosphate groups on the
mechanism, Figure 5). On the contrary, any protonation event
that hinders or opposes this charge shift from the reaction
center to the leaving nucleophile, e.g., by attracting electrons
in the direction opposite to the direction of the charge shift
transforms the mechanism from sequential type S = concurrent
- sequential type OH.

Protonation of phosphate reaction center delays P-O,
bond cleavage

When y-phosphate is protonated in model reactions of
triphosphate hydrolysis but alpha- and beta-phosphates are not,
sequential type S mechanism could not be obtained [49]. This is
because when y-site is protonated, the extra positive charge on
Y-site in ADPZ’—Oﬁy'Pyo3H' attracts electron density towards the
phosphate reaction center, i.e., in the direction opposite to the
direction of the desired charge shift (Figure 5). Thus, adding
protons to the  y-phosphate in ATP delays the onset of P-O,
bond breaking during hydrolysis (Figure 5).

Similar trend can be observed in the hydrolysis of methyl
phosphate ester (Figure 3). The CH,O- leaving group in methyl
phosphate ester is a strong leaving nucleophﬂe (pK =15.5). The
hydrolysis mechanism of deprotonated methyl phosphate ester
is inclined towards sequential type O -H (Figure 2) [49,54].
Protonating the phosphate reaction center in methyl phosphate
increases the strength of the P-O bond. The P-O, bond distances
of the reactant, transition state 1, post transition state 1, and
transition state 2 in protonated case (Figure 3) are smaller than
those in the deprotonated phosphate monoesters (Table 1). This
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is because the phosphate protonation attracts electron density
towards the protonated terminal phosphate thus hindering the
departure of the leaving group. The energy difference in going
from the post-hydrolysis intermediate to the transition state for
P-O, bond breaking also marginally increases from 7.0 (compare
33.8 + 0.7 kcal mol” with 40.8 + 1.9 kcal mol") in deprotonated
case to 8.7 (compare 25.0 = 0.8 kcal mol® with 33.7 + 1.7 kcal
mol') in protonated case (Table 1). Recent studies in Ras protein
are suggestive that the y-phosphate in GTP is not protonated [61].

a and B-diphosphate protonation of ATP promotes P-O,
bond cleavage

Computations reveal that protonating o- or -phosphate groups
of triphosphate facilitates the breaking of P-O, bond before the
breaking of O -H bond of water (sequential type S mechanism,
Figure 2). This is because additional protons on the leaving a,f-
diphosphate decreases its nucleophile strength by attracting
electron density away from the P-O, bond towards the leaving
group (in the direction of the charge shift). This reduces the
strength of the P-O, bond and results in facile departure of the
leaving nucleophile by breaking the P-O, bond of ATP before
the O -H bond of water molecule (sequential type S mechanism,
Figure 2).

Indirect proton transfer from attacking water to the
terminal phosphate promotes P-O, bond cleavage

Reactions that employ an indirect proton transfer from the
attacking water to the phosphate reaction center via a helping
water molecule or a catalytic base are biased towards a sequential
type S mechanism (i.e., P-O, bond breaks first), for instance [27].
Furthermore, when attacking water molecule transfers its proton
to the y-phosphate using direct transfer mode, the sequential
type OH mechanism or a concurrent mechanism is energetically
favorable (i.e., P-O, bond breaking is delayed) [49]. Since, the
direct proton transfer from the attacking water to the y-phosphate
in the hydrolysis of ADPZ»—OBy—PyO%Z‘ also puts an excess proton
on the y-phosphate, this extra proton increases partial positive
charge on the phosphorus center thus strengthens the P-O,
bond by attracting electron density towards the y-phosphate (in
the direction opposite to the charge transfer) and thus delays the
onset of cleavage of the P-O, bond. In addition, stereo electronic
factors are also important: The four-centered transition state
formed in the direct proton transfer may not be ideal energetically
as compared to the six-centered transition state formed as a result
of proton relay [32,62-66].

Lowering the nucleophile strength
monoesters promotes P-O, bond cleavage

in phosphate

The sequential type OH mechanism in which O -H bond breaks
before the breaking of the P-O, bond during the hydrolysis of
methyl phosphate ester (Figures 3 and 6) is energetically much
more favorable [54]. This is because the departure of the strong
leaving CH,-Onucleophile (or a poor leaving group) is difficult
therefore O -H bond breaks slightly before the breaking of the
P-O, bond [49]. For the triphosphate hydrolysis in solution,
the leaving group phosphates can be protonated to decrease
its nucleophile strength. The leaving nucleophile in phosphate
esters has no negatively charged phosphate moiety that can
be protonated (Figure 4B). Therefore, it is not possible to use
phosphate protonation to study the effect of nucleophile strength
in phosphate monoester. However, the effect can be studied by
directly substituting the strong leaving nucleophile with a week
leaving nucleophile in phosphate monoester. Kamerlin et al.
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studied the hydrolysis of phosphate monosters by replacing the
strong CH-O, group with relatively weaker nucleophiles [56].
Replacing the strongly nucleophile methyl group by a weak
nucleophile changed the mechanism from sequential type
O-H (A—»B*->C—D!*=E in Figure 2, nucleophile=CH,O,
pK=15.5) to concurrent (A—>Fi—>E,
nitrophenyl, pK =6.68). Similar effect has been found in alkaline

nucleophile=3,5-

phosphatases. Substrates with a weak leaving nucleophile have
larger P-O, distances whereas substrates with a strong leaving
nucleophile have smaller P-O, distances [67,68]. Changing the
nucleophile strength in non-enzymatic systems with different
central electrophilic atoms (including phosphorus) and different
leaving groups has been recently reviewed [69)].

Strategies employed by proteins to hydrolyze phosphate-
containing compounds

Enzymes employ specific strategies to reduce the rate to the
hydrolysis reaction of phosphate containing compounds (for
instance the rate of hydrolysis of phosphate anhydride P-O-P
linkage of ATP in the myosin motor is 3.2 x 10° s-1) [70,71].
Many recent computational quantum mechanical/molecular
mechanical studies that employ very sophisticated quantum
mechanical methods to study the hydrolysis mechanism in several
proteins show a base assisted sequential type S mechanism in
which P-O, bond breaks before the breaking of the O -H bond.
The examples include ATP hydrolysis in myosin, kinesin, and
F1-ATPase [33,52,72]. This protein-catalyzed sequential type S
mechanism employs two main strategies:

Strategies to facilitate P-O bond breaking: The phosphate-
binding loop promotes P-O, bond cleavage in ATPases Walker,
et al. first pointed out in 1981 that the sequence of amino acids
in the phosphate-binding loops (P-loop) of ATP hydrolyzing
proteins (ATPases) is conserved [73]. We recently mentioned
that the NH groups of these P-loop amino acids in ATPases form
hydrogen bonds with the leaving a,B-diphosphate moiety of ATP
(not displayed) to modify the nucleophile strength of the leaving
nucleophile [50]. During hydrolysis, one negative charge has to
shift from the terminal y-phosphate to the leaving o, f-diphosphate
group (Figure 4A). The direct hydrogen bond interaction of

OPEN aACCESS Freely available online

the NH groups of the P-loop with the leaving o,p-diphosphate
attracts electron density away from the scissile P-O, bond towards
the leaving o,p-diphosphate group [50, 74-76]. Consequently,
the departure of leaving o,p-diphosphate group and the shift of
negative charge from y-phosphate to ADP is made facile. This
produces a meta-phosphate hydrate as an intermediate during
the hydrolysis reaction (see unified mechanism of ATP hydrolysis
in kinesin and myosin in Figure 6). Our calculations show that
each peptide group significantly contributes in stabilizing the
formation of a metaphosphate in myosin [33]. In the enzymes
that hydrolyze phosphate esters (e.g., CRISPR and EcoRV), the
leaving group is poor (strong nucleophile) (Figure 4B). In such
cases, protonation of a leaving group by an Mg**coordinated
water to the bridging P-O-C oxygen has been suggested to break
the P-O bond and facilitate the charge shift from the phosphate
reaction center towards the leaving group [48]. In the case of
Alkaline Phosphatase (AP), however, stabilization from active site
residues and water molecules appears to be sufficient to make AP
one of the most proficient enzymes [68] (Figure 4).

Strategies to lower the energy barrier to the OH bond breaking:
Proteins employ a catalytic base to avoid direct proton transfer
from the attacking water to y-phosphate: Direct proton transfer
from the attacking water to the y-phosphate results in an extra
proton (positive charge) on terminal phosphate. This direct
proton transfer attracts electron density away from the P-O, bond
in the direction opposite to direction of charge transfer (see the
pulling effect of y-protonation and the direction of the charge
shift in Figure 6). This delays the breaking of P-O bond and leads
to a sequential type O ~-H mechanism if the leaving nucleophile
is also a strong nucleophile (Figure 2, top panel) or a concurrent
mechanism if the leaving nucleophile is mild or weak (left panel
in the second row of Figure 2). Many enzymes use a proton relay
mode so that the phosphate reaction center indirectly accepts a
proton later during the reaction after the breaking of the P-O,
bond (see base-assisted sequential type S mechanism in Figure
2). This results in the formation of a hydronium ion during the
reaction. Existence of hydronium ions in proteins has also been
confirmed experimentally [76].

A)

B)

W, ‘:‘\u

P—0
VAN

O,
/%H

H
Wh

Figure 1: Proton transfer modes from the attacking water to substrate. Note: A) Direct proton transfer to phosphate. The attacking water
molecule, Wa, directly transfers its proton to the phosphate reaction center. B) Indirect proton transfer to phosphate via a proton wire: Wa
transfers its proton to the phosphate group via a helping water molecule, Wh (In proteins, this assisting species can be a protein residue). The
bonds that undergo scission during each proton transfer mode are shown in red.
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Hydrolysis in solution

POy

band breaking

Melaphosphate
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waler altack

High pK,
|Mechanism also termed
a3 substrate-assisted,
associative or concerted)

Medium pK,
[Mechanism also termed
as substrate-assisted or

concerted)

Low pK,
[Mechanism also termed
as solvent-assisted or
dissociative)

The ease of P-0, bond breaking

EOL..D,E?@H_.

B

-0y Bend branking Imermadiste

=
o

T.# o %,-ﬁw .
v Y

Figure 2: Hydrolysis mechanisms based on two proton transfer modes. Note: A) Reactant. R=leaving group (e.g., CH -O- for methyl phosphate
ester, o,B-diphosphate for ATP). Wa: attacking water molecule, B-: a base (a helping water, Wh, or a protein residue). Colors of curved arrow:
green, direct proton transfer from Wa to the phosphate reaction center; blue: proton transfer from the attacking water to the phosphate reaction
center via a mediating helping water, Wh or a protein residue. Color schemes of panels: Green panels, reaction mechanisms arising due to the
direct proton transfer, Blue: reaction mechanisms arising due to indirect proton transfer (A>B*>C->D*>E). Sequential type OH mechanism.

A
Reactant

breaking of P-Ol bond E) Product [49].

B
Transition State 1

C
Post-Transition-State 1
25.0+0.8 vz
1.7 b
(™)

D
Transition State 2
33.7+1.7

Figure 3: The mechanism of protonated phosphate monoester hydrolysis. Note: A) Reactant consisting of protonated methyl phosphate
monoester. B) The first transition state for the breaking of O ~H bond. C) The post-transition state intermediate D) The transition state for the
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A)
Inorganic phosphate
v-phosphate reaction center (formal charge = -1)
{formal charge = -2)
o} Q 0
“2 || || AR
H CHy Ho ” TPl PR~
water 0 —_— I' 0 0 o]
- ,D -
/ H
| [l J
Available phosphale Methyl diphosphate
profonation sites a g-diphosphate leaving nucleaphile ifarmal charge =-3)
{farmal charge = -2)
B) phosphate reaction center inorganic phosphate
(formal charge = -2) {charge =-1)
H o]
A Y 0
W, 'O W\ 0 .o
ra _D H I’ + 3

H — \D P
Attacking -
o j —_

Methoxy group
H” (formal charge = -1)
CHS 0, Leaving nucleophile
(formal charge = 0)

Protonation sites

Figure 4: Hydrolysis of phosphate containing compounds. Note: A) Triphosphate hydrolysis: ADPZ—‘OM—PYOJ‘ is hydrolyzed to ADP* and
H?PyO* and one formal negative charge transfers from y-phosphate to ADP. Two protonation sites are available on each of the leaving group
and the terminal phosphate. B) Hydrolysis of phosphate monoester: Hydrolysis of CH O-PyO3* to CH,OL+H?PyO* transfers one negative
charge from the phosphate group to the leaving group. Protonation sites are available only on the terminal phosphate.

Direction of

charge shift
H
N 0 0] 0
w0 e I

t

O—P— O—-P-—O—-P“—O
a

Lod

y-protonation attracts electron density a- or B-protonation attracis electron

towards phosphate reaction centerand density towards leaving nucleophile and
delays the breaking of the P-O, bond promotes P-O, breaking
_ h‘

Figure 5: Triphosphate protonation affects the hydrolysis mechanism. Note: A) Hydrolysis transfers one negative charge from y-phosphate to a,3-
diphosphate (also see Figure 4A). Protonating o, B-diphosphate attracts electron density from the cleavable P-Ol bond to the a,B-diphosphate,
i.e., in the direction of charge shift. Protonating the y-phosphate attracts electron density in the direction opposite to the direction of charge
shift. B) Protonating the leaving a,B-diphosphate group favors P-Ol breaking. Proton transfer to y-phosphate delays the breaking of P-Ol bond.
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Table 1: P-Ol distance and relative energies of stationary points during the hydrolysis of protonated and deprotonated phosphate monoesters.

Structure P-0l distance Relative energies (AE)

Protonated Deprotonated Protonated Deprotonated

Reactant 1.64 1.71 0 0

Transition state 1

1.66 1.78 254 +0.5 33.6+0.8
(O-H breaking)
Post-transition state 1 1.77 1.8 25.0+0.8 33.8+0.7
Transition state 2
2.25 2.52 33.7+1.7 40.8+19
(P-O breaking)
Product - - 3.1+04 0.9+0.7

Adenosine

10.3

I S vitch-1 I S witch-2 s P4eop

Figure 6: Unified catalytic mechanism of hydrolysis in myosin and kinesin. Note: (m—) Switch-1; (e—) Switch-2; (m—)
P-loop. Note: a) The breaking of the P-Ol bond and the formation of metaphosphate, b) A GluX (X=459 in myosin, 270 in kinesin) residue
polarizes the helping water, Wh, that accepts a proton from the attacking water, Wa. This results in the nucleophilic attack of OH- on the

metaphosphate. ¢) The transfer of excess proton to the y-phosphate leads to the product d). The Figure is modified with permission [50].

J Theor Comput Sci, Vol. 9 Iss. 1 No: 1000179 7



Hassan HA, et al.

CONCLUSIONS

Hydrolysis reaction of phosphate containing compounds is
subject to extensive computational and experimental research.
Based on the most recent computational studies by us and
others, we present a unified theoretical model in which hydrolysis
reactions are arranged on the basis of a) the sequence in which
O-H and P-O bonds break b) the nucleophile strength of the
leaving group and ¢) the modes of proton transfer from the
attacking water molecule to the phosphate reaction center. The
salient features of the presented scheme are as follows:

e Hydrolysis reaction of phosphate containing compounds
requires the breaking of two bonds i.e. the O-H bond of
the attacking water and the P-O bond of the phosphate
containing species. Enzymes have specialized residues to
catalyze both bond breaking events.

e There exist two mechanisms for proton transfer from the
attacking water to the phosphate containing substrate during
hydrolysis, i.e., a) direct proton transfer from the attacking
water to the phosphate reaction center, and b) indirect
proton transfer from the attacking water to the phosphate
reaction center via a mediating water molecule or a protein
residue.

e For the direct proton transfer, hydrolysis reaction of
phosphate containing compounds can be classified based
on the sequence in which O-H bond of the attacking water
molecule and the P-O bond of the substrate break.

e The resulting mechanisms of hydrolysis can be arranged
based on the strength of the leaving nucleophile.

¢ Enzymesavoid direct proton transfer mode from the attacking
water to the phosphate containing compounds. They rather
use indirect proton transfer mode by placing a suitable base
in the vicinity of the attacking water that accepts proton from
the lytic water to facilitate the O ~-H bond breaking and later
transfers it to the phosphate reaction center. In the indirect
mode, the proton transfer from the attacking water proton
to the phosphate containing compound is delayed. This
further facilitates the departure of the leaving nucleophile.

¢ Enzyme catalytic strategies are further fine-tuned to the
substrate being hydrolyzed. For instance, ATPases place
suitably oriented P-loop NH groups to directly polarize the
leaving a,B-diphosphate moiety and decrease its nucleophile
strength and facilitates P-O, bond breaking.

These insights into the mechanism of hydrolysis have been
made possible due to the fact that larger quantum mechanical
regions containing catalytically critical protein residues or larger
explicit solvation shell can now be included in the QM or QM/
MM setups. Increased computational power also means that
calculations with computationally expensive methods such as the
refinement of whole minimum energy paths can also be carried
out.

REFERENCES

1.  Austin S, Mayer A. Phosphate homeostasis: A vital metabolic
equilibrium maintained through the INPHORS signaling
pathway. Front Microbiol. 2020; 11:1367.

2. Rould MA, Wan Q, Joel PB, Lowey S, Trybus KM. Crystal
structures of expressed non-polymerizable monomeric

actin in the ADP and ATP states. ] Biol Chem. 2006;

J Theor Comput Sci, Vol. 9 Iss. 1 No: 1000179

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

OPEN aACCESS Freely available online

281(42):31909-31919.

Vale RD, Milligan RA. The way things move: looking under
the hood of molecular motor proteins. Science. 2000;

288(5463):8895.

Schliwa M, Woehlke G. Molecular motors. Nature. 2003;
422(6933):759-65.

Li ], King NC, Sinoway LI. ATP concentrations and muscle
tension increase linearly with muscle contraction. ] Appl

Physiol. 2003; 95(2):577-83.

Molina R, Stella S, Redondo P, Gomez H, Marcaida M],
Orozco M, et al. Visualizing phosphodiester-bond hydrolysis
by an endonuclease. Nat Struct Mol Biol. 2015; 22(1):65-72.

Lohman AW, Billaud M, Isakson BE. Mechanisms of ATP
release and signalling in the blood vessel wall. Cardiovasc

Res. 2012; 95(3):269-280.

Depaoli MR, Hay JC, Graier WF, Malli R. The enigmatic
ATP supply of the endoplasmic reticulum. Biol Rev Camb
Philos Soc. 2019; 94(2):610-28.

Narayanan A, Jacobson MP. Computational studies of
protein regulation by posttranslational phosphorylation.

Curr Opin Struct Biol. 2009; 19(2):156-163.

Westheimer FH. Why nature chose phosphates. Science.
1987; 235(4793):1173-1178.

Senn HM, Thiel W. QM/MM studies of enzymes. Curr
Opin Chem Biol. 2007; 11(2):182-187.

Kiani FA, Fischer S. Advances in quantum simulations of
ATPase catalysis in the myosin motor. Curr Opin Struct

Biol. 2015; 31:115-23.

Fatima T, Rani S, Fischer S, Efferth T, Kiani FA. The
hydrolysis of 6-phosphogluconolactone in the second
step of pentose phosphate pathway occurs via a two-water

mechanism. Biophys Chem. 2018; 240:98-106.
Lad C, Williams NH, Wolfenden R. The rate of hydrolysis

of phosphomonoester dianions and the exceptional catalytic
proficiencies of protein and inositol phosphatases. Proc Natl

Acad Sci U S A. 2003; 100(10):5607-5610.

Schroeder GK, Lad C, Wyman P, Williams NH, Wolfenden
R. The time required for water attack at the phosphorus
atom of simple phosphodiesters and of DNA. Proc Natl
Acad Sci U S A. 2006; 103(11):4052-4055.

Kikkawa M, Sablin EP, Okada Y, Yajima H, Fletterick R],
Hirokawa N. Switch-based mechanism of kinesin motors.

Nature. 2001; 411(6836):439-445.

Sprang SR. G protein mechanisms: Insights from structural

analysis. Annu Rev Biochem. 1997;66(1):639-678.
Woehlke G, Ruby AK, Hart CL, Ly B, Hom-Booher N, Vale

RD. Microtubule interaction site of the kinesin motor. Cell.

1997; 90(2):207-216.

Sun R, Sode O, Dama JF, Voth GA. Simulating protein
mediated hydrolysis of ATP nucleoside
triphosphates by combining QM/MM molecular dynamics
with advances in metadynamics. ] Chem Theory Comput.

2017; 13(5):2332-2341.

and other


https://www.frontiersin.org/articles/10.3389/fmicb.2020.01367/full
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01367/full
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01367/full
https://www.jbc.org/action/showFullText?doi=10.1074%2Fjbc.M601973200
https://www.jbc.org/action/showFullText?doi=10.1074%2Fjbc.M601973200
https://www.jbc.org/action/showFullText?doi=10.1074%2Fjbc.M601973200
https://www.science.org/doi/10.1126/science.288.5463.88
https://www.science.org/doi/10.1126/science.288.5463.88
https://www.nature.com/articles/nature01601
https://journals.physiology.org/doi/full/10.1152/japplphysiol.00185.2003
https://journals.physiology.org/doi/full/10.1152/japplphysiol.00185.2003
https://www.nature.com/articles/nsmb.2932
https://www.nature.com/articles/nsmb.2932
https://academic.oup.com/cardiovascres/article/95/3/269/376915
https://academic.oup.com/cardiovascres/article/95/3/269/376915
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12469
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12469
https://www.sciencedirect.com/science/article/abs/pii/S0959440X0900030X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0959440X0900030X?via%3Dihub
https://www.science.org/doi/10.1126/science.2434996
https://www.sciencedirect.com/science/article/abs/pii/S136759310700021X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0959440X15000585
https://www.sciencedirect.com/science/article/abs/pii/S0959440X15000585
https://www.sciencedirect.com/science/article/abs/pii/S0301462218301352
https://www.sciencedirect.com/science/article/abs/pii/S0301462218301352
https://www.sciencedirect.com/science/article/abs/pii/S0301462218301352
https://www.sciencedirect.com/science/article/abs/pii/S0301462218301352
https://www.pnas.org/doi/full/10.1073/pnas.0631607100
https://www.pnas.org/doi/full/10.1073/pnas.0631607100
https://www.pnas.org/doi/full/10.1073/pnas.0631607100
https://www.pnas.org/doi/full/10.1073/pnas.0510879103
https://www.pnas.org/doi/full/10.1073/pnas.0510879103
https://www.nature.com/articles/35078000
https://www.annualreviews.org/doi/10.1146/annurev.biochem.66.1.639
https://www.annualreviews.org/doi/10.1146/annurev.biochem.66.1.639
https://www.cell.com/cell/fulltext/S0092-8674(00)80329-3?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867400803293%3Fshowall%3Dtrue
https://pubs.acs.org/doi/10.1021/acs.jctc.7b00077
https://pubs.acs.org/doi/10.1021/acs.jctc.7b00077
https://pubs.acs.org/doi/10.1021/acs.jctc.7b00077
https://pubs.acs.org/doi/10.1021/acs.jctc.7b00077

Hassan HA, et al.

20.

21.

22.

23.

24.

25.

26.

21.

28.

29.

30.

31.

32.

33.

34.

35.

Aqvist ], Kolmodin K, Florian ], Warshel A. Mechanistic
alternatives in phosphate monoester hydrolysis: what
conclusions can be drawn from available experimental data’.

Chem Biol. 1999;6(3):R71-80.
Stockbridge RB, Wolfenden R. The hydrolysis of phosphate

diesters in cyclohexane and acetone. Chem Commun. 2010;

46(24):4306-4308.

Chagas MA, Pereira ES, Godinho MP, Da Silva JC, Rocha
WR. Base Mechanism to the Hydrolysis of Phosphate
Triester Promoted by the Cd2+/Cd2+ Active site of

Phosphotriesterase: A Computational Study. Inorg Chem.
2018; 57(10):5888-902.

Florian J, Warshel A. Phosphate ester hydrolysis in aqueous
solution: Associative versus dissociative mechanisms. ] Phys

Chem B. 1998; 102(4):719-34.

Kamerlin SC, Sharma PK, Prasad RB, Warshel A. Why
nature really chose phosphate. Q Rev Biophys. 2013; 46(1):1-
32.

Akola ], Jones RO. ATP hydrolysis in water: A density
functional study. ] Phys Chem B. 2003; 107(42):11774-83. .

Grigorenko BL, Nemukhin AV, Topol IA, Cachau RE, Burt
SK. QM/MM modeling the Ras-GAP catalyzed hydrolysis
of guanosine triphosphate. Proteins. 2005; 60(3):495-503.

Grigorenko BL, Rogov AV, Nemukhin AV. Mechanism
of triphosphate hydrolysis in aqueous solution: QM/
MM simulations in water clusters. ] Phys Chem B. 2006;
110(9):4407-12.

Glaves R, Mathias G, Marx D. Mechanistic insights into the
hydrolysis of a nucleoside triphosphate model in neutral and

acidic solution. ] Am Chem Soc. 2012; 134(16):6995-7000.

Grigorenko BL, Rogov AV, Topol 1A, Burt SK, Martinez
HM, Nemukhin AV. Mechanism of the myosin catalyzed
hydrolysis of ATP as rationalized by molecular modeling.
Proc Natl Acad Sci U S A. 2007; 104(17):7057-61.

Harrison CB, Schulten K. Quantum and classical dynamics
simulations of ATP hydrolysis in solution. ] Chem Theory
Comput. 2012; 8(7):2328-35.

Wang YN, Topol IA, Collins JR, Burt SK. Theoretical studies
on the hydrolysis of mono-phosphate and tri-phosphate in

gas phase and aqueous solution. ] Am Chem Soc. 2003;
125(43):13265-13273.

Kiani FA, Fischer S. Catalytic strategy used by the myosin
motor to hydrolyze ATP. Proc Natl Acad Sci U S A. 2014;
111(29):E2947-56.

Kiani FA, Fischer S. Stabilization of the ADP/metaphosphate
intermediate during ATP hydrolysis in pre-power stroke
myosin: Quantitative anatomy of an enzyme. ] Biol Chem.

2013; 288(49):35569-80.

Kamerlin SC, Warshel A. The empirical valence bond
model:Theory and applications. Wiley Interdiscip Rev
Comput Mol Sci. 2011;1(1):30-45.

Plotnikov NV, Lameira ], Warshel A. Quantitative
exploration of the molecular origin of the activation of

GTPase. Proc Natl Acad Sci U S A. 2013;110(51):205009.

J Theor Comput Sci, Vol. 9 Iss. 1 No: 1000179

36.

37.

38.

39.

40.

41.

42.

43.

4.

45.

46.

47.

48.

49.

50.

51.

OPEN aACCESS Freely available online

Warshel A, Weiss RM. An empirical valence bond approach
for comparing reactions in solutions and in enzymes. ] Am

Chem Soc. 1980;102(20):6218-6226.

Elstner M. The SCC-DFTB method and its application to
biological systems. Theor Chem Acc. 2006;116:316-25. .

Gaus M, Cui Q, Elstner M. DFTB3: Extension of the self-
consistent-charge density-functional tightbinding method

(SCC-DFTB). ] Chem Theory Comput. 2011;7(4):931-48.

Yang Y, Yu H, Cui Q. Extensive conformational transitions
are required to turn on ATP hydrolysis in myosin. ] Mol Biol.
2008;381(5):1407-1420.

Yang Y, Yu H, York D, Elstner M, Cui Q. Description of
phosphate hydrolysis reactions with the self-consistent-charge
density-functional-tight-binding (SCC-DFTB) theory. 1.
Parameterization. ] Chem Theory Comput. 2008;4(12):2067-
2084.

Dama JF, Parrinello M, Voth GA. Welltempered
metadynamics converges asymptotically. Phys Rev Lett.

2014;112(24):240602.

Laio A, Parrinello M. Escaping free-energy minima. Proc

Natl Acad Sci U S A. 2002;99(20):12562-12566.

McCullagh M, Saunders MG, Voth GA. Unraveling the
mystery of ATP hydrolysis in actin filaments. ] Am Chem
Soc. 2014;136(37):13053-13058.

Fischer S, Karplus M. Conjugate peak refinement: an
algorithm for finding reaction paths and accurate transition
Chem

states in systems with many degrees of freedom.

Phys Lett. 1992;194(3):252-61.
Glennon TM, Villa ], Warshel A. How does GAP catalyze

the GTPase reaction of Ras?: A computer simulation study.

Biochemistry. 2000;39(32):9641-51.

Pei Q, Del Carpio CA, Tsuboi H, Koyama M, Endou A,
Kubo M, et al. Theoretical study on the ATP hydrolysis
mechanism of HisP protein, the ATP-binding subunit of
ABC transporter. Mater Trans. 2007;48(4):735-739.

Imhof P, Fischer S, Smith JC. Catalytic mechanism of
DNA backbone cleavage by the restriction enzyme EcoRV:
a quantum mechanical/molecular mechanical analysis.

Biochemistry. 2009;48(38):9061-75.

Hassan HA, Rani S, Fatima T, Kiani FA, Fischer S. Comparing
the catalytic strategy of ATP hydrolysis in biomolecular
motors. Phys Chem Chem Phys. 2016;18(30):20219-33.

FA, Fischer S. Effect of protonation on the mechanism
of phosphate monoester hydrolysis and comparison with
the hydrolysis of nucleoside triphosphate in biomolecular

motors. Biophys Chem. 2017;230:27-35.
McGrath M]J, Kuo IF, Hayashi S, Takada S. Adenosine

triphosphate hydrolysis mechanism in kinesin studied
by combined quantum-mechanical/molecular-

mechanical metadynamics simulations. ] Am Chem Soc.

2013;135(24):8908-8919.

Gupta R, Laxman S. Cycles, and sinks:
Conceptualizing how phosphate balance modulates carbon

flux using yeast metabolic networks. Elife. 2021;10:e63341.

sources,

9


https://www.cell.com/cell-chemical-biology/pdf/S1074-5521(99)89003-6.pdf
https://www.cell.com/cell-chemical-biology/pdf/S1074-5521(99)89003-6.pdf
https://www.cell.com/cell-chemical-biology/pdf/S1074-5521(99)89003-6.pdf
https://pubs.rsc.org/en/content/articlelanding/2010/CC/c0cc00229a
https://pubs.rsc.org/en/content/articlelanding/2010/CC/c0cc00229a
https://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.8b00361
https://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.8b00361
https://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.8b00361
https://pubs.acs.org/doi/abs/10.1021/jp972182y
https://pubs.acs.org/doi/abs/10.1021/jp972182y
https://www.cambridge.org/core/journals/quarterly-reviews-of-biophysics/article/abs/why-nature-really-chose-phosphate/030269AA621E6EA0CADDC263E6977930
https://www.cambridge.org/core/journals/quarterly-reviews-of-biophysics/article/abs/why-nature-really-chose-phosphate/030269AA621E6EA0CADDC263E6977930
https://pubs.acs.org/doi/abs/10.1021/jp035538g
https://pubs.acs.org/doi/abs/10.1021/jp035538g
https://onlinelibrary.wiley.com/doi/abs/10.1002/prot.20472
https://onlinelibrary.wiley.com/doi/abs/10.1002/prot.20472
https://pubs.acs.org/doi/abs/10.1021/jp056395w
https://pubs.acs.org/doi/abs/10.1021/jp056395w
https://pubs.acs.org/doi/abs/10.1021/jp056395w
https://pubs.acs.org/doi/abs/10.1021/ja2101533
https://pubs.acs.org/doi/abs/10.1021/ja2101533
https://pubs.acs.org/doi/abs/10.1021/ja2101533
https://www.pnas.org/doi/abs/10.1073/pnas.0701727104
https://www.pnas.org/doi/abs/10.1073/pnas.0701727104
https://pubs.acs.org/doi/abs/10.1021/ct200886j
https://pubs.acs.org/doi/abs/10.1021/ct200886j
https://pubs.acs.org/doi/10.1021/ja0279794
https://pubs.acs.org/doi/10.1021/ja0279794
https://pubs.acs.org/doi/10.1021/ja0279794
https://www.pnas.org/doi/abs/10.1073/pnas.1401862111
https://www.pnas.org/doi/abs/10.1073/pnas.1401862111
https://www.jbc.org/article/S0021-9258(20)55419-7/fulltext
https://www.jbc.org/article/S0021-9258(20)55419-7/fulltext
https://www.jbc.org/article/S0021-9258(20)55419-7/fulltext
https://wires.onlinelibrary.wiley.com/doi/abs/10.1002/wcms.10
https://wires.onlinelibrary.wiley.com/doi/abs/10.1002/wcms.10
https://www.pnas.org/doi/full/10.1073/pnas.1319854110
https://www.pnas.org/doi/full/10.1073/pnas.1319854110
https://www.pnas.org/doi/full/10.1073/pnas.1319854110
https://pubs.acs.org/doi/10.1021/ja00540a008
https://pubs.acs.org/doi/10.1021/ja00540a008
https://link.springer.com/article/10.1007/s00214-005-0066-0
https://link.springer.com/article/10.1007/s00214-005-0066-0
https://pubs.acs.org/doi/abs/10.1021/ct100684s
https://pubs.acs.org/doi/abs/10.1021/ct100684s
https://pubs.acs.org/doi/abs/10.1021/ct100684s
https://www.sciencedirect.com/science/article/pii/S0022283608007985?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0022283608007985?via%3Dihub
https://pubs.acs.org/doi/10.1021/ct800330d
https://pubs.acs.org/doi/10.1021/ct800330d
https://pubs.acs.org/doi/10.1021/ct800330d
https://pubs.acs.org/doi/10.1021/ct800330d
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.240602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.240602
https://www.pnas.org/doi/full/10.1073/pnas.202427399
https://pubs.acs.org/doi/10.1021/ja507169f
https://pubs.acs.org/doi/10.1021/ja507169f
https://www.sciencedirect.com/science/article/abs/pii/000926149285543J
https://www.sciencedirect.com/science/article/abs/pii/000926149285543J
https://www.sciencedirect.com/science/article/abs/pii/000926149285543J
https://pubs.acs.org/doi/abs/10.1021/bi000640e
https://pubs.acs.org/doi/abs/10.1021/bi000640e
https://www.jstage.jst.go.jp/article/matertrans/48/4/48_N-MRA2007828/_article
https://www.jstage.jst.go.jp/article/matertrans/48/4/48_N-MRA2007828/_article
https://www.jstage.jst.go.jp/article/matertrans/48/4/48_N-MRA2007828/_article
https://pubs.acs.org/doi/abs/10.1021/bi900585m
https://pubs.acs.org/doi/abs/10.1021/bi900585m
https://pubs.acs.org/doi/abs/10.1021/bi900585m
https://pubs.rsc.org/en/content/articlelanding/2016/cp/c6cp01364c/unauth
https://pubs.rsc.org/en/content/articlelanding/2016/cp/c6cp01364c/unauth
https://pubs.rsc.org/en/content/articlelanding/2016/cp/c6cp01364c/unauth
https://www.sciencedirect.com/science/article/abs/pii/S0301462217302272
https://www.sciencedirect.com/science/article/abs/pii/S0301462217302272
https://www.sciencedirect.com/science/article/abs/pii/S0301462217302272
https://www.sciencedirect.com/science/article/abs/pii/S0301462217302272
https://pubs.acs.org/doi/10.1021/ja401540g
https://pubs.acs.org/doi/10.1021/ja401540g
https://pubs.acs.org/doi/10.1021/ja401540g
https://pubs.acs.org/doi/10.1021/ja401540g
file://10.22.136.134/New%20folder%20(3)/LONGDOM/JTCO/JTCO-%20Vol-9%20Iss-1-JTCO-23-21871/Content/Cycles,%20sources,%20and%20sinks:%20Conceptualizing%20how%20phosphate%20balance%20modulates%20carbon%20flux%20using%20yeast%20metabolic%20networks
file://10.22.136.134/New%20folder%20(3)/LONGDOM/JTCO/JTCO-%20Vol-9%20Iss-1-JTCO-23-21871/Content/Cycles,%20sources,%20and%20sinks:%20Conceptualizing%20how%20phosphate%20balance%20modulates%20carbon%20flux%20using%20yeast%20metabolic%20networks
file://10.22.136.134/New%20folder%20(3)/LONGDOM/JTCO/JTCO-%20Vol-9%20Iss-1-JTCO-23-21871/Content/Cycles,%20sources,%20and%20sinks:%20Conceptualizing%20how%20phosphate%20balance%20modulates%20carbon%20flux%20using%20yeast%20metabolic%20networks

Hassan HA, et al.

52.

53.

54.

55.

56.

51.

58.

59.

60.

61.

62.

63.

64.

Barrozo A, Blaha-Nelson D, Williams NH, Kamerlin SC.
The effect of magnesium ions on triphosphate hydrolysis.

Pure Appl Chem. 2017;89(6):715-27. .
Duarte F, Aqvist ], Williams NH, Kamerlin SC. Resolving

apparent conflicts between theoretical and experimental

models of phosphate monoester hydrolysis. ] Am Chem Soc.
2015;137(3):1081-93.

Duarte F, Barrozo A, Aquist J, Williams NH, Kamerlin
SC. The competing mechanisms of phosphate monoester

dianion hydrolysis. ] Am Chem Soc. 2016;138(33):10664-73.
Fisher AJ, Smith CA, Thoden J, Smith R, Sutoh K, Holden

HM, Rayment L. X-ray structures of the myosin motor domain
of dictyostelium discoideum complexed with MgADP.
cntdot. BeFx and MgADP. cntdot. AlF4. Biochemistry.
1995;34(28):8960-72.

Kagawa H, Mori K. Molecular orbital study of the interaction
between MgATP and the myosin motor domain: The highest
occupied molecular orbitals indicate the reaction site of ATP

hydrolysis. ] Phys Chem B. 1999;103(34):7346-52.
Onishi H, Ohki T, Mochizuki N, Morales MF. Early stages of

energy transduction by myosin: Roles of Arg in switch I, of
Glu in switch II, and of the salt-bridge between them. Proc
Natl Acad Sci U S A. 2002;99(24):15339-15344.

Rayment 1. The structural basis of the myosin ATPase
activity. ] Biol Chem. 1996;271(27):15850-15853.

Allin C, Gerwert K. Ras catalyzes GTP hydrolysis by shifting
negative charges from y-to P-phosphate as revealed by
time-resolved FTIR difference spectroscopy. Biochemistry.

2001;40(10):3037-46.

Mann D, Guldenhaupt ], Schartner ], Gerwert K, Kotting
C. The protonation states of GTP and GppNHp in Ras
proteins. ] Biol Chem. 2018;293(11):3871-3879.

Li G, Cui Q. Mechanochemical coupling in myosin: A
theoretical analysis with molecular dynamics and combined
QM/MM reaction path calculations. ] Phys Chem B.
2004;108(10):3342-3357.

Schwarzl SM, Smith JC, Fischer S. Insights into the
chemomechanical coupling of the myosin motor from
simulation of its ATP hydrolysis mechanism. Biochemistry.

2006;45(18):5830-5847.

Wang C, Huang W, Liao JL. QM/MM investigation of
ATP hydrolysis in aqueous solution. ] Phys Chem B.
2015;119(9):3720-3726.

Lu X, Ovchinnikov V, Demapan D, Roston D, Cui Q.
Regulation and plasticity of catalysis in enzymes: Insights
from analysis of mechanochemical coupling in myosin.

Biochemistry. 2017;56(10):1482-1497.

J Theor Comput Sci, Vol. 9 Iss. 1 No: 1000179

65.

66.

61.

68.

69.

70.

71.

72.

73.

4.

75.

76.

OPEN aACCESS Freely available online

Yang Y, Cui Q. The hydrolysis activity of adenosine
triphosphate in myosin: A theoretical analysis of anomeric
effects and the nature of the transition state. ] Phys Chem A.
2009;113(45):12439-12440.

Roston D, Demapan D, Cui Q. Leaving group ability
observably affects transition state structure in a single enzyme

active site. ] Am Chem Soc. 2016;138(23):7386-7394.

Hamlin TA, Swart M, Bickelhaupt FM. Front Cover:
(SN2):  Dependence on
Nucleophile, Leaving Group, Central Atom, Substituents,
and Solvent (ChemPhysChem 11,/2018). ChemPhysChem.
2018;19(11):1245.

Nucleophilic ~ Substitution

Trentham DR, Eccleston JF, Bagshaw CR. Kinetic analysis
of ATPase mechanisms. Q Rev Biophys. 1976;9(2):217-281.

Miller, DL, WestheimerFH. The enzymatic hydrolysis of
gamma-phenylpropyl di- and triphosphates. ] Am Chem Soc.
1966;88(7):1511-1513.

Itoh H, Takahashi A, Adachi K, Noji H, Yasuda R, Yoshida
M, et al. Mechanically driven ATP synthesis by F1-ATPase.
Nature. 2004;427(6973):465-8.

Walker JE, Saraste M, Runswick M], Gay NJ. Distantly related
sequences in the alpha-and beta-subunits of ATP synthase,
myosin, kinases and other ATP-requiring enzymes and a
common nucleotide binding fold. EMBO J. 1982;1(8):945-
951.

Kozlova MI, Shalaeva DN, Dibrova DV, Mulkidjanian
AY. Common mechanism of activated catalysis in P-loop
fold nucleoside triphosphatases-United in diversity.
Biomolecules. 2022;12(10):1346-1346.

Ogrizek M, Janezic M, Valjavec K, Perdih A. Catalytic
Mechanism of ATP Hydrolysis in the ATPase Domain
of Human DNA Topoisomerase Ila. ] Chem Inf Model.
2022;62(16):3896-39009.

Cuypers MG, Mason SA, Blakeley MP, Mitchell EP,
Haertlein M, Forsyth VT. Near-atomic resolution neutron
crystallography on perdeuterated Pyrococcus
rubredoxin: Implication of hydronium ions and protonation

state equilibria in redox changes. Angew Chem Int Ed Engl.
2013;125(3):1056-9.

Kovalevsky AY, Hanson BL, Mason SA, Yoshida T, Fisher
SZ, Mustyakimov M, et al. Identification of the elusive
hydronium ion exchanging roles with a proton in an

enzyme at lower pH values. Angew Chem Int Ed Engl.
2011;123(33):7662-7665.

Unno M, Ishikawa-Suto K, Kusaka K, Tamada T, Hagiwara
Y, Sugishima M, et al. Insights into the proton transfer
mechanism of a bilin reductase PcyA following neutron

crystallography. ] Am Chem Soc. 2015;137(16):5452-5460.

furiosus

10


https://www.degruyter.com/document/doi/10.1515/pac-2016-1125/html?lang=de
https://pubs.acs.org/doi/full/10.1021/ja5082712
https://pubs.acs.org/doi/full/10.1021/ja5082712
https://pubs.acs.org/doi/full/10.1021/ja5082712
https://pubs.acs.org/doi/full/10.1021/jacs.6b06277
https://pubs.acs.org/doi/full/10.1021/jacs.6b06277
https://pubs.acs.org/doi/pdf/10.1021/bi00028a004
https://pubs.acs.org/doi/pdf/10.1021/bi00028a004
https://pubs.acs.org/doi/pdf/10.1021/bi00028a004
https://pubs.acs.org/doi/abs/10.1021/jp991117g
https://pubs.acs.org/doi/abs/10.1021/jp991117g
https://pubs.acs.org/doi/abs/10.1021/jp991117g
https://pubs.acs.org/doi/abs/10.1021/jp991117g
https://www.pnas.org/doi/full/10.1073/pnas.242604099
https://www.pnas.org/doi/full/10.1073/pnas.242604099
https://www.pnas.org/doi/full/10.1073/pnas.242604099
https://www.sciencedirect.com/science/article/pii/S0021925818485481?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0021925818485481?via%3Dihub
https://pubs.acs.org/doi/abs/10.1021/bi0017024
https://pubs.acs.org/doi/abs/10.1021/bi0017024
https://pubs.acs.org/doi/abs/10.1021/bi0017024
https://www.jbc.org/article/S0021-9258(20)41011-7/fulltext
https://www.jbc.org/article/S0021-9258(20)41011-7/fulltext
https://pubs.acs.org/doi/10.1021/jp0371783
https://pubs.acs.org/doi/10.1021/jp0371783
https://pubs.acs.org/doi/10.1021/jp0371783
https://pubs.acs.org/doi/10.1021/bi052433q
https://pubs.acs.org/doi/10.1021/bi052433q
https://pubs.acs.org/doi/10.1021/bi052433q
https://pubs.acs.org/doi/10.1021/jp512960e
https://pubs.acs.org/doi/10.1021/jp512960e
https://pubs.acs.org/doi/10.1021/acs.biochem.7b00016
https://pubs.acs.org/doi/10.1021/acs.biochem.7b00016
https://pubs.acs.org/doi/10.1021/jp902949f
https://pubs.acs.org/doi/10.1021/jp902949f
https://pubs.acs.org/doi/10.1021/jp902949f
https://pubs.acs.org/doi/10.1021/jacs.6b03156
https://pubs.acs.org/doi/10.1021/jacs.6b03156
https://pubs.acs.org/doi/10.1021/jacs.6b03156
https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/cphc.201800352
https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/cphc.201800352
https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/cphc.201800352
https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/cphc.201800352
https://www.cambridge.org/core/journals/quarterly-reviews-of-biophysics/article/abs/kinetic-analysis-of-atpase-mechanisms/2FE39174C9EB02D6FE919E0C84C2D9D0
https://www.cambridge.org/core/journals/quarterly-reviews-of-biophysics/article/abs/kinetic-analysis-of-atpase-mechanisms/2FE39174C9EB02D6FE919E0C84C2D9D0
https://pubs.acs.org/doi/abs/10.1021/ja00959a035
https://pubs.acs.org/doi/abs/10.1021/ja00959a035
https://www.nature.com/articles/nature02212
https://www.embopress.org/doi/abs/10.1002/j.1460-2075.1982.tb01276.x
https://www.embopress.org/doi/abs/10.1002/j.1460-2075.1982.tb01276.x
https://www.embopress.org/doi/abs/10.1002/j.1460-2075.1982.tb01276.x
https://www.embopress.org/doi/abs/10.1002/j.1460-2075.1982.tb01276.x
https://www.mdpi.com/2218-273X/12/10/1346
https://www.mdpi.com/2218-273X/12/10/1346
https://pubs.acs.org/doi/10.1021/acs.jcim.2c00303
https://pubs.acs.org/doi/10.1021/acs.jcim.2c00303
https://pubs.acs.org/doi/10.1021/acs.jcim.2c00303
https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.201207071
https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.201207071
https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.201207071
https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.201207071
https://onlinelibrary.wiley.com/doi/10.1002/anie.201101753
https://onlinelibrary.wiley.com/doi/10.1002/anie.201101753
https://onlinelibrary.wiley.com/doi/10.1002/anie.201101753
https://pubs.acs.org/doi/10.1021/jacs.5b00645
https://pubs.acs.org/doi/10.1021/jacs.5b00645
https://pubs.acs.org/doi/10.1021/jacs.5b00645



