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ABSTRACT: Nucleoside triphosphate hydrolysis is an essential component of all living
systems. Despite extensive research, the exact modus and mechanism of this ubiquitous
reaction still remain elusive. In this work, we examined the detailed hydrolysis
mechanisms of a model nucleoside triphosphate in acidic and neutral solution by means
of ab initio simulations. The timescale of the reaction was accessed through use of an
accelerated sampling method, metadynamics. Both hydrolyses were found to proceed via
different mechanisms; the acidic system reacted by means of concerted general acid
catalysis (found to be a so-called DyAyAyD,, mechanism), whereas the neutral system
reacted by way of a different mechanism (namely, Dy*AyDy,Ap). A neighboring water

molecule took on the role of a general base in both systems, which has not been seen
before but is a highly plausible reaction path, meaning that substrate-assisted catalysis was not observed in the bulk water

environment.

B INTRODUCTION

The hydrolysis of nucleoside triphosphates such as guanosine
triphosphate (GTP) plays an essential part in the biochemistry
of living organisms. The catalysis of this one unique reaction by
various enzymes leads to a myriad of different functions such as
muscle contraction, replication of genetic material, and signal
transmission.”> It is, therefore, hardly surprising that the
underlying reaction of phosphoester hydrolysis has been the
subject of intense experimental and theoretical studies in vacuo
and in solution; see refs 3—23 and references within, to name
but a few. Despite these efforts, a complete picture of the
reaction mechanism, including the nature of the transition state
(TS) in particular, has not yet been obtained, and thus, this
universal reaction still remains a controversial puzzle. In this
study, we have investigated the hydrolysis of a methylated
triphosphate (MeTP) molecule solvated in bulk water at
ambient conditions. The entire system was treated at the same
electronic structure level and enhanced sampling ab initio
simulations were employed to include thermal fluctuations and
entropic effects. The results reveal an unexpectedly complex
picture for what one would expect to be a simple hydrolysis
reaction in terms of multidimensional free energy surfaces
(FES) and detailed reaction mechanisms, which are seen to be
sensitive to pH conditions and involve solvent assistance in a
nontrival fashion.

According to the literature,
phosphate hydrolysis can occur through either a dissociative
or an associative TS depending on the bonding pattern to the
incoming nucleophile and the leaving group. In the dissociative
or Syl limit, the leaving group departs before nucleophilic
attack, whereas in the (concerted) associative or Sy2 limit, the
nucleophile attacks prior to leaving group bond cleavage.
Furthermore, these reaction mechanisms can be either
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concerted or stepwise, depending on whether a stable
intermediate is formed on the FES in the course of the
reaction. The essential difference between the two limiting
cases is a shift from the formation of a stable intermediate in
the dissociative (Dy + Ay) borderline case to merely a TS in
the concerted associative (AyDy) borderline case. Another
pathway, namely, substrate-assisted catalysis, in which the
substrate itself plays the role of the general base and extracts a
proton from the attacking water molecule, has also been
proposed.*” However, most of the mechanistic studies were
done with implicit water models (dielectric continuum) or with
only one or two explicit water molecules (microsolvation
approach), meaning some reaction pathways and certainly
solvent effects were often all but excluded. Those with only one
explicit water naturally favored substrate-assisted catalysis a
priori. Additionally, a large number of studies concentrated
mainly on smaller molecules, for example, monophosphates,
pyrophosphates, phosphomonoesters, phosphodiesters, etc.,
which are possibly not optimal models for triphosphate
systems.

B SYSTEM SETUP AND METHODS

This work investigates the reaction mechanism of phosphate
hydrolysis in solution using accelerated ab initio molecular dynamics
simulations,”* as explained in more detail in the Supporting
Information. As the guanine base of GTP is of little importance for
the hydrolysis reaction in solution, the model system was chosen to
comprise a fully deprotonated methylated triphosphate molecule
(MeTP*, see the inset in Figure 1) plus a magnesium cation solvated
in 113 water molecules, following the pioneering work of ref 11 (see
structure 1N in Figure 2a and structure (a) in Supporting Figure 2).
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Figure 1. Free energy surfaces obtained for the neutral (a) and acidic
(b) hydrolysis reactions marking and labeling the extrema, which are
depicted in Figure 2. The surfaces have been smoothed for
visualization purposes; both isosurfaces were plotted at a value of 29
kcal/mol. The middle inset shows the initial structure for the
simulations, i.e., the fully deprotonated MeTP*" species, including the
naming of its relevant atoms.

To ascertain the effect of a change in pH, another simulation was set
up using the same system as above, except for the addition of two
excess protons to yield a strongly acidic pH (see structure (b) in
Supporting Figure 2). In the ab initio metadynamics simulations, >’
we computed the FES within a chemically relevant “reaction subspace”
spanned by the following three so-called collective variables, which
were constructed so as to cover all aforementioned reaction
mechanisms: (i) the coordination number of the y-phosphate to the
two f-oxygens and the bridging oxygen (O,), (i) the coordination
number of the y-phosphate to all water oxygens, and (iii) the
coordination number of all three y-oxygens and O, to all water
hydrogens in the system (see the inset in Figure 1 and Supporting
Information for details). To get a better idea of the chemistry behind
the reaction mechanisms and, in particular, changes in charge states,
the electronic structure was analyzed in terms of maximally localized
Wannier functions.*®

B RESULTS AND DISCUSSION

The relevant structures and, ultimately, reaction mechanisms
extracted from analyzing the FESs are shown in Figure 2a and b
for the hydrolysis of MeTP into MeDP and inorganic
phosphate (P;) under neutral (N) and acidic (A) conditions.
The three-dimensional FESs themselves are depicted in Figure
1 for both cases. Generally speaking, there are two main
differences: on the one hand, there is the formation of a
possible transient intermediate (or “flat TS”, vide infra) in the
neutral case, which does not appear on the acidic FES (see
Figure 3), and on the other hand, there are two distinct
reaction mechanisms which differ by the protonation of one of
the y-oxygens in the acidic TS.

In a detailed analysis of the neutral case, the global minimum
on the FES is represented by a deprotonated reactant, MeTP*",
which coordinates the Mg** ion octahedrally with one of its /3
and one of its y-oxygens together with four water molecules;
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see structure 1N in the left panel of Figure 2. The initial barrier
of ca. 29 kcal/mol (which corresponds to a thermal energy of
roughly 50 kT at ambient conditions) represents the breakage
of the y-phosphate to bridging oxygen bond and the positioning
of the attacking water molecule (structure 2N) leading to the
formation of a very shallow intermediate on the FES at around
27 kcal/mol, which lies just within the limitations of our
sampling accuracy (see Supporting Information). This
intermediate (structure 3N) constitutes a planar, symmetrical
metaphosphate ion, POj3, which remains sandwiched between
the MeDP*~ leaving group (LG) and the water nucleophile
(Nu). Note that the charge states assigned here and later are
based solely on the outcome of the Wannier analysis of the
periodic system’s electronic structure. The next barrier of ca. 2
keal/mol (roughly 3 kzT) corresponds to the addition of the
nucleophilic water molecule to the PO3 moiety (structure 4N),
leading to the final products of an H,PO} ion and a MeDP*~
molecule (structure SN). Mechanistically speaking, the role of a
general base is assumed by a second “assisting” solvation water
molecule, which arranges itself via the hydrogen bond network
in the vicinity of the attacking nucleophile water and accepts a
proton to form an H;O" ion; the assisting water is marked with
an asterisk in Figure 2a. This generates an OH™ species that
simultaneously attacks the phosphorus atom of PO3 and forms
a new bond while the leaving group departs, resulting in an
HPO;™ ion and the hydronium ion. The very proton
transferred from the attacking water to the assisting water is
then donated almost immediately from the hydronium ion to
one of the HPO} -oxygens in a rather cyclic fashion, yielding
the final H,PO}. This means that the second proton emanates
from the same water molecule that supplied the nucleophile,
whereas the assisting water molecule leaves the scene intact.
Such a complex reactive solvation scenario is difficult to probe
using microsolvation approaches. The complete reaction thus
follows a Dy*AxDy,Ay mechanism; see refs 29 and 30 for
definitions. According to this IUPAC nomenclature, Dy + Ay
would represent a long-lived intermediate, and DyAy implies
the existence of a distinct TS, whereas Dy*Ay indicates a
shallow intermediate or “flat TS”. Note in passing that the free
energy of activation is consistent with the experimental value of
28 kcal/mol at neutral conditions;31 previous theoretical results
for MeTP hydrolysis in neutral solution range from 20 to 35
kcal/mol. 1314

In acidic solution, things are somewhat different even though
the collective variables chosen were identical to those in the
neutral system. The reactant global minimum was represented
by two structures that differ in their protonation state; see the
structure examples labeled 1A and 1A’ in Figure 2b. The
reactant was protonated either once or twice, thereby
generating a MeTPH?~ and an MeTPH;™ species, respectively,
whereby a y-oxygen was always protonated and a f-oxygen was
protonated in several structures but not in all of them. These
different structures with similar values of collective variables
make up part of the configurational entropy of the system.
More significantly, the intermediate observed in the neutral
case was absent on the acidic FES, leaving instead just a first-
order saddle point at around 29—30 kcal/mol, corresponding to
about S0 kgT.

The TS in the acidic case (structure 2A in Figure 2b)
represents a complex process, namely, (i) the breaking of the
P,—O;¢ bond, (i) the making of the bond to the incoming
nucleophile, (iii) its deprotonation by an assisting water
(marked with an asterisk in the Lewis formula), and (iv) the
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Figure 2. Sampled configurations (ball-and-stick) and schematic representations (note: arrows strictly indicate electron pair movement) based upon
the FESs of the hydrolysis mechanism in neutral (a) and acidic (b) solution showing all intermediates and transition states using the same labeling as
in Figure 1. Bulk water molecules are omitted for clarity (O, red; H, white; P, bronze; C, green; Mg, pink) and the oxygen of the assisting water
molecule is marked by an asterisk in both cases. The Wannier centers representing the localized orbitals and used to determine the charge state of
the atoms in the schematic mechanisms are marked by blue spheres and are shown only in the reacting species for clarity. The first full octahedral

coordination shell of Mg2+

is shown soley in structures 1N and 1A, and in panel b, the Lewis structures have been depicted only for structure 1A.

reorganization of a water molecule to protonate the y-oxygen.
Overcoming this activation barrier leads therefore directly to
the final products of protonated MeDP (MeDPH;) and an
H,POj ion (structure 3A). Mechanistically, the deprotonation
of the attacking water proceeds once again through a second
solvation water; however, in this case, it occurs simultaneously
with the protonation of one of the y-oxygens of the PO3
moiety. The free nucleophilic OH™ ion formed can now attack
the y-phosphate to give the final products. The hydrogen ion
that protonates the y-oxygen emanates from a Zundel complex
formed in the surrounding solution, ergo from a different water
molecule to the one that acted as the nucleophile. The
MeDPHj species formed in the product is protonated twice,
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and the second proton now does originate from the water
molecule that attacks the PO moiety. As nucleophilic attack
and protonation occur simultaneously here, this part of the
reaction is an example of concerted general acid-catalyzed
hydrolysis, which follows an AyAyD,;, mechanism. The entire
mechanism is thus described as DyAnA»Dyg,

Closer examination of the reaction mechanisms extracted
from our metadynamics simulations reveals that they exhibit
both dissociative and associative characteristics. Several
observables can help to define the nature of a TS or
intermediate, for example, the Py—Og and Py—Oy, bond
lengths or the change in atomic charges along the minimum
free energy pathway (MFEP). Table 1 shows the average y-
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Figure 3. Schematic free energy profiles in acidic (A) solution (black
line) and in neutral (N) solution (red line) representing the minimum
free energy pathways extracted from the FESs shown in Figure 1. The
extrema along the pathway (here, abscissa) correspond to the
structures defined in Figure 2, whereby structures IN—SN concur
with the neutral system and structures 1A—3A with the acidic system.

Table 1. Average Bond Lengths and Py Mulliken Charges for
the Acidic and Neutral MFEP Structures and Their Standard
Deviations”

structure Py—0;¢ (A) Py—Oy, (A) Py charge
1A 1.72 + 0.14 590 + 0.41 149 + 0.14
2A 2.69 + 0.02 228 + 0.01 1.62 + 0.01
3A 342 +0.10 1.65 + 0.04 1.48 + 0.0
IN 1.68 + 0.08 5.68 + 0.67 1.53 + 0.08
2N 3.11 £ 0.01 2.03 + 0.02 1.70 £+ 0.01
3N 3.06 + 0.01 195 + 0.01 1.74 + 0.02
4N 3.26 + 0.01 1.66 + 0.01 1.59 + 0.01
SN 342 +0.23 1.64 + 0.05 1.50 £+ 0.09

“ The labels correspond to the structures defined in Figure 2. Note: all
structures within 1 k3T of the extrema found on the FESs were taken
into account and used to compute the error bars.

phosphate to bridging oxygen (LG) bond length and its average
distance to the attacking water oxygen (Nu) for the
representative structures found along the acidic and neutral
MFEPs. In both reactions, the bond to the LG is broken before
the Nu has fully added onto the moiety; however, as the bond
to the Nu is partially formed in both cases, it also indicates that
interaction with the nucleophile is important for the ionization
of the substrate in the first place. The large amount of bond
cleavage to the MeDP*~ LG in the neutral intermediate makes
it reminiscent of an Syl carbocation-like intermediate, but as a
result of the Nu participation mentioned above, the substrate
remains a contact ion pair (CIP) and the POj cannot dissociate
away into the surrounding solution. A true stepwise Syl
mechanism, in which no covalent interaction between the
substrate and nucleophile is required for the intermediate to
dissociate, would form a solvent-shared or fully solvated IP and
a long-lived intermediate on the FES. Here, as the nucleophile
is needed for formation of the intermediate, the reaction
proceeds via a coupled Sy1 mechanism on a CIP. On the other
hand, the existence of a distinct TS on the acidic FES means
that the mechanism is shifted even more toward the associative
Sn2 limiting case. The TS formed in this reaction resembles an
“exploded” Sy2 TS, which although structually very similar to
the shallow intermediate described above represents a distinct
saddle point on the FES.

6998

Another characteristic that distinguishes between an Sy2 and
a Syl regime is the amount of charge (transfer) on the three
main atoms, here P,, Oy, and Oy,. In all variations of an Sy1
mechanism, there is a net positive charge (electron deficiency)
at the phosphorus atom, in the Sy2 limit, however, this charge
becomes more negative.32 To this end, we examined the
average Mulliken charges of the y-phosphate for all of the
structures obtained from the MFEPs; see Table 1. As one can
see, the charge on the phosphorus increases in both cases as the
reaction proceeds from the reactants through the TS or
intermediate and decreases again as the product is formed. This
increase in the electrophilicity of the reactive center in the
acidic reaction is less pronounced, but nevertheless these results
suggest that although the intermediate or TS formed is similar
in structure to an Sy2 one, we are still within the Sy1 regime in
both cases, in which the phosphorus atom becomes more
electronegative as the TS is formed. This means that the bond
to the LG is broken before the bond to the Nu is formed
withdrawing even more electron density from the already
electrophilic phosphorus. In a true Sy2 regime, the phosphorus
would become more negative as the Nu provides electron
density in the form of a new bond before the LG has departed.

A complementary way to analyze the nature of a reactive
intermediate is through use of a More O’Ferrall-Jencks (MOFJ)
plot,* which correlates the evolution of P,—O, bond cleavage
and P,—Oy, bond formation. The corners of the plot represent
the local minima, i.e., reactants, products, and the two possible
“ideal” intermediates. Note that the P,—O, distance is closely
related to the first collective variable and the P,—Oy, distance is
related to the second collective variable; thus, the MOFJ plot
correlates directly to the free energy landscapes depicted in
Figure 1. According to Figure 4, both neutral and acidic
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1.50/1.51
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Blucs Intermediate

25 3 35 4
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Figure 4. More O’Ferrall-Jencks plot for the reaction pathways in
acidic solution (black line) and in the neutral solution (red line); the
corresponding average Mulliken charges for each “basin” are given
within the plot using the same color scheme.

reactions lie nearer to the associative pathway than the
dissociative pathway. However, the sampling of the possible
intermediate in the neutral case can clearly be seen as a
lengthening of the P,—O; g bond when comparing the neutral
to the acidic MOFJ plot. Additionally, the average Mulliken
charges of the y-phosphate were calculated for each basin; see
Figure 4. The charges endorse the results based on the MFEP
structures (see Table 1) and support the notion that, despite
the Sy2-like structure of the TS or intermediate, we are still
within the Syl regime for both reactions. An excerpt of the
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evolution of the P,—Oy g and P,—O; g bond distances along the
metadynamics trajectory underlying these MOF]J plots is shown
in Figure 9 in the Supporting Information. Figures 10 and 11 in
the Supporting Information also show the change in Mulliken
charges for the main atoms, ie., P,, Oig, and Oy, as they
progress along the trajectories.

According to ref 3, an increase in nucleophile participation in
a substitution reaction depends on the stability of the
intermediate itself. Such unstable intermediates that react
with a neighboring nucleophile faster than they can diffuse away
tend to interact through a preassociation mechanism. The
reactants have to be assembled through an encounter complex
before bond making or breaking can occur. This transient
complex contains elements of all of the reactants in it, in this
case MeDP, PO3, and a water molecule. It is highly probable
that the rearrangement of the bulk solvent to promote assembly
of this encounter complex contributes to the high activation
barrier of both reactions. The Mg** ion coordinates a f-oxygen
in the LG and a y-oxygen in the PO3 intermediate throughout
all simulations, holding them together in some respect,
preventing the intermediate from dissociating through the
bulk solvent. Consequently, the role of the Mg"* ion could be
not only to accelerate the reaction by increasing the
electrophilicity of the phosphorus atom®* but additionally to
assist the formation of the encounter complex by electrostatic
interactions to the PO and the LG, thereby lowering its
activation energy. The (Walden) inversion of configuration
observed at the phosphorus center in all simulations supports
the view of an preassociation mechanism.>>** It is usually a trait
of an Sy2 mechanism, leading to second order reaction kinetics;
however, nucleophilic attack on a CIP also leads to a complete
configurational inversion as the nucleophile is only able to
attack the intermediate from one side as the LG shields the
other side. A free, solvated metaphosphate Syl intermediate
could be attacked by the Nu on both sides.

B SUMMARY AND OUTLOOK

This work discloses the detailed hydrolysis mechanisms of a
model nucleoside triphosphate in acidic and neutral solution by
means of accelerated ab initio simulations that sample a large
configurational space that fully includes the reactive solvent.
Both hydrolyses are found to proceed via different mechanisms:
the acidic system reacted by means of concerted general acid
catalysis, i.e., a DyAnAuDy, mechanism, whereas the neutral
system reacted by way of a Dy*AyD,,Ayy mechanism. Despite
this classification, both mechanisms are not clear-cut and we
cannot present our results “in a nutshell”, which however
readily explains the conflicting conclusions in the literature. All
of the evidence from the simulations points toward a coupled
Syl mechanism with a short-lived intermediate on the FES at
neutral pH with a transition to a loose, “exploded” Sy2 TS at
acidic pH. Although the existence of the intermediate is at the
limit of the accuracy of the calculations, the mechanisms are
clearly distinguished by the simultaneous protonation of the y-
oxygen in the acidic PO; moiety, regardless of whether a
shallow intermediate or a “flat TS” was formed on the FES.
This protonation is a phenomenon frequently observed in
reactions that take place in acidic solution. The nucleophile is
needed for PO3 dissociation in both cases and because of the
instability or nonexistence of the intermediate, formation of a
preassociation complex is a prerequisite for the reaction to
occur. This may be facilitated by the Mg** ion. It is not a true
Sx2 (associative) mechanism as the bond to the LG is broken
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before the bond to the incoming Nu is formed. This leads to
increased electron deficiency at the reactive center, which is
characteristic of an Syl (dissociative) regime. The part of a
general base was played by another, assisting water molecule in
both systems, which has not been seen before. Interestingly,
substrate-assisted catalysis was not observed in the bulk water
environment. On the basis of these findings, the same
simulation approach holds great promise to shed light on the
even more demanding enzymatic hydrolysis mechanism in
GTPase proteins.

B ASSOCIATED CONTENT

© Supporting Information

Computational details describing the exact setup of the
simulations, including a discussion of the parameters employed,
as well as additional data from the underlying metadynamics
trajectories. This material is available free of charge via the
Internet at http://pubs.acs.org.
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