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Abstract

Quantum mechanical (QM) semiempirical methods (SMs), combined with molecular mechanics (MM) force fields, are
extensively used in theoretical studies of enzymatic reactions. Despite being several orders of magnitude faster than ab ini-
tio methods, their correctness is essential to be used in calculations requiring statistical simulations. Herein, a wide range
of SMs are examined, from those based on s and p orbitals, sp-SMs (MNDO, AM1, PM3 and RM1), to those including d
orbitals, spd-SMs, either based on approximations to the Hartree—Fock theory (MNDO/d, PM6 and AM1/d-PhoT) or derived
from density functional theory (DFTB3). These QM Hamiltonians are used within a multiscale QM/MM additive scheme,
to clarify their usefulness in mechanistic studies of phosphoryl-transfer reactions. The Sy2-like reaction of the adenylyl
group transfer catalysed by 4'-O-Nucleotidyltransferase (ANT4') was selected as a benchmark. Geometrical characteristics
of stationary structures, the shape of potential energy surfaces together with the barrier heights and kinetic isotope effects
(KIEs), obtained with the different SMs/MM methods were compared with results obtained at higher M06-2X/MM level of
theory. Critical limitations of the sp-SMs in the present mechanistic study were detected. The spd-SMs describe the reac-
tion as a concerted process, same as the reference method M06-2X, but none of them is free of limitations. PM6 reproduces
the biased trend of previous sp-SMs stabilizing structures of phosphorous atoms with certain pentavalent character, while
AM1/d-PhoT and DFTB3 describe TSs more dissociative than M06-2X, which determines the lower quality of the computed
primary and secondary °0/'80 KIEs. Efforts to improve the SMs can be guided by the exposure of their limitations, which
were supported by the results of a second studied phosphoryl-transfer reactions; the hydrolysis of phosphodiester bond at
the 3’-end of the viral DNA (vDNA). Thus, for instance, further increases in SMs accuracy can be achieved by improving
the training and survey reference data sets, a more complete set of parameters for describing intermolecular interactions or
further developments of spd-SMs.
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1 Introduction
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Applications (ESPA-2018). by enzymes are surrounded by a fluctuating environment
of protein and solvent [1]. Thus, accurate theoretical cal-
culations of rate constants, binding processes and isotope

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00214-019-2507-1) contains

supplementary material, which is available to authorized users. effects, including the possible impact of quantum tunnel-
ling, dynamic or electrostatic effects in this type of bio-

D4 Vicent Moliner logical models requires introduction of the environmental
moliner @uji.es diversity [2-5]. Methods based on density functional theory

>4 Katarzyna Swiderek (DFT) are powerful and efficient for calculating potential

swiderek @uji.es energy surfaces (PES) for chemical reaction. Nevertheless,

Departament de Quimica Fisica i Analitica, Universitat in case of processes occurring in active sites of enzymes,
Jaume I, 12071 Castell6n, Spain they are often prohibitively expensive, especially to perform

1

@ Springer


http://orcid.org/0000-0002-1087-7143
http://orcid.org/0000-0002-3665-3391
http://orcid.org/0000-0002-7528-1551
http://crossmark.crossref.org/dialog/?doi=10.1007/s00214-019-2507-1&domain=pdf
https://doi.org/10.1007/s00214-019-2507-1

120 Page2of12

Theoretical Chemistry Accounts (2019) 138:120

statistical simulations [6]. The most promising alternative
is the use of hybrid quantum mechanics/molecular mechan-
ics (QM/MM) potentials. Nowadays, the two most common
schemes to get the energy of a molecular system in QM/
MM simulations are those based on molecular orbital (MO)
treatments in which the wave function of the QM subsys-
tem is obtained under the effect of the environment that is
treated by means of a classical molecular mechanics (MM)
force fields [7], and methods based in valence-bond descrip-
tions, known as empirical valence bond (EVB) methods,
where the QM subsystem is described by means of two or
more valence states, each one described with its MM force
field that allows for the interaction with the surroundings
and mixed through an off-diagonal Hamiltonian parameter-
ized term [8]. In any case, when computing rate constants
for chemical reactions taking place in the active site of an
enzyme, an extensive sampling is required to get activation
and reaction free energies, which are the magnitudes that can
be directly compared with the experimentally determined
rate and equilibrium constants. These simulations are usu-
ally performed by means of molecular dynamics (MD) or
Monte Carlo (MC) techniques. QM/MM MD simulations
are quite popular nowadays, but the computational cost
of the simulations limits the timescale of the samplings.
Consequently, these kind of simulations typically employ
semiempirical methods (SMs) to describe the QM subset
of atoms. Thus, considering the value but also the intrinsic
limitations associated to SMs, their benchmark and correct-
ness are crucial.

Many examples have been studied in our laboratory
where the chemistry of an enzymatic reaction is described
in a sufficient way by SMs [9-13]. However, there are cases
like, for instance, those involving the transfer of light parti-
cles that require improvement of the semiempirical Hamilto-
nian. Overcoming the SMs deficiency was partially achieved
by modifying parameters of existing classical SMs. One of
the strategies was the development of new parameters spe-
cially designed for studies of specific reactions, such as the
specific reaction parameters for AM1 method (AM1-SRP)
used in the studies of hydride transfer reaction catalysed by
dihydrofolate reductase (DHFR) [14] and formate dehydro-
genase (FDH) [15], or proton transfer occurring in the active
site of alanine racemase (AR) [16]. A PM3-SRP method
was used when the available SMs failed in prediction of
frequency value corresponding to the stretching mode of the
nitrile bond to study the vibrational Stark effect [17]. Unfor-
tunately, the biggest disadvantage of SRP-SMs is the lack of
universality. As previously shown, the results derived from
different SRP-SMs methods can differ meaningfully [18].

Another important group of enzymatic reactions that has
been demonstrated to be particularly challenging for the
selection of a proper QM method in QM/MM simulations
are those involving a phosphate atom. Despite extensive
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efforts from both experimental and theoretical studies, the
precise mechanism of phosphate chemistry such as phos-
phate hydrolysis and phosphoryl transfer remains controver-
sial [19-23]. This is a major problem to solve because phos-
phate chemistry plays a key role in many essential biological
processes such as energy/signal transduction and synthesis
of protein and nucleic acids. From a theoretical point of
view, it is crucial to possess an effective computational QM
method that can balance accuracy and sampling efficiency
required in QM/MM MD simulations. There have been
several such models developed in recent years for specific
types of phosphate reactions [24—-27], although their general
applicability still remains to be fully explored. In view of
these limitations, Marcos et al. tested the performance of
SMs in describing phosphate transfer reactions with QM/
MM methods, concluding that the best methods to describe
penta-coordinated structures are PM6 and AM1/d-PhoT and
for energetics AM1/d-PhoT [28]. Nevertheless, more recent
studies where AM1/d-PhoT was chosen to describe the QM
region have questioned its capability to get reliable geom-
etries [29, 30].

Herein, we investigate the usefulness of different kinds
of SMs in describing an O-P bond cleavage process. SMs
based on the use of just sp basis sets, such as the Modified
Neglect of Diatomic Overlap (MNDO) [31], Austin Model
1 (AM1) [32], parametric method number 3 (PM3) [33] or a
Reparametrized AM1 (RM1) [34], are widely used in theo-
retical studies of molecular structure and reactivity, should
not be used in the systems with transition metal compounds.
The lack of d orbitals is believed to be responsible for the
destabilization of hypervalent species of main-group ele-
ments [33]. Despite it is assumed that this problem was over-
come by enhanced parametrization of PM3 method [24], the
improved versions of standard sp-SMs still present serious
limitations to be considered as universal.

Historically, the first semiempirical method improved by
incorporating d orbitals, the spd-SMs group, was MNDO-d
[35, 36]. However, the MNDO and MNDO-d models are
known to be problematic in the description of noncovalent
intermolecular interactions because of the extensive repul-
sion just outside bonding distances [24]. More recent sem-
iempirical methods have tried to improve these interactions
through different types of modifications. However, newer
methods (AM1 and PMn families) rely on the “brute-force”
core—core repulsion function proposed by Dewar for AM1
and modified by Stewart for PM3. It was shown that such
repulsion functions lead to unphysical artefacts in the inter-
molecular interactions [37], which significantly limits the
use of the methods in chemical reactivity, more particularly
in those involving enzymatic processes. Some possible solu-
tions were proposed for this issue that not only improves the
potential energy surfaces but also the energetics of proton
transfer (pKa) [37-40]. Improvement of these limitations
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became the reason of development of PM6 [41], success-
fully used for modelling a large number of properties of
proteins, including metalloproteins [42]. Note that the
above-mentioned artefacts favour very short non-bonded
H---H distances and are present not only in the original AM1
and PM3 methods but also in PM6 and others [43]. AM1/d
[44] method and its version containing specific reaction
parameters for phosphoryl-transfer reactions AM1/d-PhoT
[24] was also developed for the study of these kind of phos-
phorous containing systems. Finally, semiempirical density
functional tight binding (DFTB3 ob-3-1, DFTB3 from now
on) [45-47] method, based on a Taylor expansion of the
energy with respect to a reference density, was more recently
developed and has been suggested as a promising tool [48].

The examination carried out in the present paper is based
on the Sy2-like reaction mechanism of the adenylyl group
transfer catalysed by 4'-O-Nucleotidyltransferase (ANT4'),
enzyme involved in origin of the bacterial resistance [49,
50]. In this particular process, aminoglycoside antibi-
otic (Kanamycin A) is modified by ANT which promotes
reaction between MgATP and antibiotic allowing to form
O-adenylylated aminoglycoside and the magnesium che-
late of inorganic pyrophosphate (MgPP;), as presented in
Scheme 1. This reaction belongs to the group of very impor-
tant processes involved in worldwide problems of increasing
bacterial resistance on drugs [S1]. The mechanism of this
reaction was previously studied [52] in details at DFT/MM
level using M06-2X [53, 54] method with 6-31 + G(d, p)
basis set. As it was shown, adenylyl group is transferred
from ATP-cofactor to KanA in a concerted manner where
the nucleophilic attack of O4' to Pa takes place together with
the Pa-O3a bond cleavage, concomitant with the transfer
of H4' from O4' to the oxygen of Glul45 (see Scheme 1).
These results, together with the optimized and characterized
stationary structures, potential energies and kinetic isotope
effects (KIEs), served as a benchmark for the validation of
the SMs methods selected in the present study. The pre-
sent systematic study of the different possible choices of
QM SMs can complement those previously carried out in

our laboratory for the phosphoryl-transfer reaction between
adenosine triphosphate (ATP) and dihydroxyacetone (Dha)
in aqueous solution [55], or catalysed by DhaK from Escher-
ichia coli [56], and the phosphoryl-transfer reaction from an
inorganic polyphosphate to Dha catalysed by DhaK from C.
freundii [22].

2 Computational methods
2.1 Setup of the system

A molecular model of aminoglycoside ANT4' was built
based on the structure available in the Protein Data Bank
with code 1KNY [57]. The non-hydrolysable adenosine
5'-triphosphate (ATP) cofactor, AMPCPP, was modified
to ATP. Missing hydrogen atoms were added taking into
account the pK, values of titratable aminoacids computed
with PropKa program [58]. Subsequently, 40 Na* counteri-
ons were added and the complete system was solvated with
a 10x 10x 10 nm? box of water molecules. The detailed
description of the each step of preparation of this system for
theoretical studies can be found elsewhere [52].

2.2 QM/MM calculations

The potential energy of the QM/MM system was computed
according to equation:

Ey = Eqm + Equmm + Enm = T‘I%"P + T‘\A/‘T + Eyv

where A, is the in vacuum semiempirical Hamiltonian for
the selected SMs, ¥ is the polarized wave function origi-
nated in the presence of a flexible distribution of point
charges, representing the MM atoms, V describes the cou-
pling (electrostatic and van der Waals) operator between the
QM and MM subsystems and E\, represents the force field
energy. Herein, eight different semiempirical Hamiltonians
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Scheme 1 Sy2-like reaction of the adenylyl group transfer from ATP-cofactor to Kanamycin A in the active site of ANT4'. The role of the base

(B:) is played by Glu145 of ANT4’
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were applied to describe the QM subset of atoms, as shown
in Scheme 2. Four sp basis set SMs, such as MNDO, AM1,
PM3 and RM1 were selected. In addition, three spd-SMs
methods, MNDO/d, PM6 and AM1/d-PhoT were added
into the benchmarking. Finally, recently developed DFTB
method was also examined. The MM region in all calcula-
tion was described by AMBER [59] force field as imple-
mented in the fDynamo [60, 61] library, and the TIP3P force
field for the water molecules [62]. The standard MOPAC
[63] sp-SMs (MNDO, AM1, PM3 and RM1) were used
as implemented in the fDynamo library. In order to use
spd-SMs as well as DFTB3 methods, the SQM as imple-
mented in AmberTools16 [64] program was combined with
fDynamo.

2.3 Potential energy surfaces (PESs)

In order to explore the reaction mechanisms, two-dimen-
sional (2D) QM/MM PESs were computed with all tested
methods. These PESs were obtained by restraining those
key distances which mostly represent the reaction coordi-
nate. In particular, the anti-symmetric combination of the
distances describing the nucleophilic attack of O4' to Pa and
the Pa-O3a bond cleavage, together with the anti-symmetric
combination of the distances describing the transfer of H4’
from O4' to the oxygen of Glu145, were controlled by apply-
ing a force constant of 5000 kJ mol~! 10%_1, with a size step
0.05 A for proton transfer and 0.1 A for bond formation and
cleavage between heavy atoms.

2.4 Localization of the stationary structures

The initial structures for transition states (TS) search were
extracted from the quadratic region of the explored PESs and
were compared with the structures previously localized at
MO06-2X/MM level. Optimization of the TS structures with
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P ¢ @, o 0=
HaN,, [/ ~_#© ‘ "0, OH o
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Scheme 2 Structure of the active site of ANT4’ representing the
atoms of QM region. Atoms in grey of KanA and ATP, as well as the
rest of protein and water molecules, were treated by MM force fields.
Black dots indicate link atoms
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different semiempirical Hamiltonians was achieved by com-
bining macroiterations based on the L-BFGS-B minimiza-
tion routine [65] with microiterations guided by the BAKER
algorithm: [66, 67] the negative selected eigenvector of the
Hessian matrix is maximized, while the rest are minimized.
The modified BAKER algorithm with respect to the origi-
nally implemented in fDynamo was used, to be able to work
in a micro/macroscheme [68, 69]. By following the direction
specified by the transition vector in the localized TSs, the
paths of the chemical reaction were traced by using intrinsic
reaction coordinates (IRCs) [70] to the valleys of the reac-
tants and products in mass-weighted Cartesian coordinates.
Subsequently, last structures from IRC were used to localize,
optimize and characterize minima energy structures corre-
sponding to reactant and product complexes.

2.5 Kineticisotope effects (KIEs)

KIEs were computed for isotopic substitutions of key oxygen
atoms, from the TSs and the reactant complexes localized
with those SMs that showed a more realistic description
of the reaction, as described into detail in the next section.
Computational details can be found in previous publications
[71].

3 Results

As described above, in this work we decided to analyse the
possibilities and limitations of SMs in a controversial reac-
tion involving a phosphate transfer from ATP cofactor to
KanA. Three particular factors which could indicate the use-
fulness of SMs in this Sy2-like reaction were tested: (1) the
shape of the PESs and barrier heights, AEIPN); (2) geometri-
cal characteristics of the stationary structures, with particu-
lar attention to the TS structures; and (3) KIEs. Our analysis
was based on the results of the different SMs employed to
describe the QM subset of atoms in QM/MM calculations.
In all cases, the reference results were those derived from
the high level M06-2X/MM calculations.

First of all, as shown in Fig. 1, the M06-2X/MM PES
obtained by controlling the two anti-symmetric combination
of distances describing the proton transfer from KanA to
Glul45 and the phosphorous transfer between the nucleo-
phile atom (04') and leaving group (O3x) appears to ren-
der a proper description of the process. This PES, that is
going to be considered as the reference one in the present
study, shows two clear minimum energy regions that corre-
spond to reactants complex (RC) and product complex (PC),
according to their position on the surface and their values
of the two axis. The optimized TS is localized on the quad-
ratic region of the PES and connects the two stable states
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Fig.1 MO06-2X/MM PESs defined by the anti-symmetric combi-
nation of the distances describing the transfer of H4' from O4' to
the oxygen of Glul45, and the anti-symmetric combination of the
distances describing the nucleophilic attack of O4' to Pa and the
Pa-O3a bond cleavage. The black stars indicate the position of the
MO06-2X/MM localized and optimized RC, TS and PC, while the
empty black circles indicate the position of the structures generated
along the QM/MM IRC path

by an IRC path. The values of the reaction coordinates of
the geometries generated along the QM/MM IRC path are
displayed as circles in Fig. 1. Despite a deeper geometrical
analysis of the different structures appearing as stationary
point structures on the surface is carried out below, a pre-
liminary analysis of the structures of the three states con-
firms that this high level method describes the reaction in a
single step. The adenylyl group transfer from ATP-cofactor
to the hydroxyl oxygen of KanA and the proton transfer
from ANT4' to Glu145 (see Scheme 1) takes place in a quite
synchronous and concerted way (see the relative position
of RC, TS and PC in Fig. 1). Once obtained the descrip-
tion of the reaction mechanism at high level of theory, next
step in the present study was to evaluate the performance
of the selected SMs methods. Figure 2 shows the resulting
QM/MM PESs obtained when describing the QM subset
of atoms with MNDO, AM1, PM3, RM1, MNDO/d, PM6,
AM1/d-PhoT and DFTB3. As in Fig. 1, the localized TS
structures are indicated in the PESs.

The MNDO/MM PES displayed in Fig. 2a shows a defi-
ciency of the MNDO semiempirical Hamiltonian. Thus,
analysis of the topology of the surface clearly shows how
the process takes place in two steps, through a stable inter-
mediate where the H4' transfer from O4' to the oxygen of
Glul45 has been completed but the nucleophilic attack of
the adenylyl group has not progressed (lower right corner of
the PES). The corresponding TSs were optimized but both
of them appear out of the surface: TS1 at coordinates —0.27
and —2.12 A and TS2 at 2.22 and —0.55 A (see Supporting
Information for details).

The AM1/MM PES displayed in Fig. 2b apparently
shows a concerted process. Nevertheless, analysis of the

structures appearing on the putative PC region (right side of
the surface) shows how the P-O3a is not completely broken.
This particular sp-SM stabilize penta-coordinated phospho-
rous compounds and, consequently, the desirable product
complex is not reached in a single step. The real PC would
be located in the upper right white area of the surface, cor-
responding to a high-energy region at this level of theory.

The PM3/MM PES displayed in Fig. 2c renders similar
description of the reaction as the AM1/MM method, where
the stable structures optimized when the proton transfer is
completed do not show the breaking of the P-O3a bond.
Moreover, some additional artefacts are detected such as
the limitation to properly localize a TS structure for the con-
certed nucleophilic attack and proton transfer, or the appear-
ance of stable penta-coordinated phosphorous structures
with the proton in between the donor O4' and the acceptor
O atom of Glul45 (see the unexpected valley in the centre
of the surface).

The RM1/MM PES displayed in Fig. 2d suggests also
the existence of stable penta-coordinated phosphorous struc-
tures. In addition, according to the position of the localized
TS, this QM Hamiltonian provides an odd description of the
reaction. Thus, the localized TS structure appears at a very
early stage of the process, either from the point of view of
the proton transfer (anti-symmetric combination ca. —0.5 A)
or the nucleophilic attack (anti-symmetric combination ca.
-0.7 A). Additionally, the same behaviour of over-stabi-
lizing hypervalent intermediate structures was observed,
as in the AM1/MM or PM3/MM PESs. This pentacovalent
intermediate was previously observed for AM1 and PM3
methods in other studies [72, 73] and it was explained based
on the presence of the artificially attractive core—core inter-
actions. Additionally, in case of RM1 method, H4' atom is
not yet transferred in the pentacovalent intermediate (see
Supporting Information for details).

The PM6/MM PES presented in Fig. 2e shows how the
reparametrized PM6 method describe the reaction as a con-
certed process, similar to the high level M06-2X/MM PES
displayed in Fig. 1. The PES, despite not being very smooth
specially in the region of the product complex, allows for
localization minimum energy region corresponding to the
two completed transfers. In addition, a TS structure was
optimized from a structure of the quadratic region with
values of the two selected reaction coordinates that appear
also in good agreement with the ones of the TS localized at
MO06-2X/MM. Nevertheless, it is important to point out how
the values of the two reaction coordinates corresponding to
RC and PC appear significantly closer to the TS than in the
reference PES at DFT level.

The MNDO/d/MM PES presented in Fig. 2f shows
how just the inclusion of d orbitals does not necessary
to improve the description of the reaction. The topology
of the PES describes the reaction taking place through a

@ Springer
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Fig.2 QM/MM PESs for the Glu145-assisted mechanism of the ade-
nylyl group transfer catalysed by ANT4' obtained with the different
SM to describe the QM subset of atoms: MNDO (a), AM1 (b), PM3
(c), RM1 (d), PM6 (e), MNDO/d (f), AM1/d-PhoT (g) and DFTB3
(h). The selected coordinates to obtain the PESs are the anti-symmet-
ric combination of the distances describing the transfer of H4' from

stable intermediate (upper left corner) where the adeny-
lyl group is transferred without participation of Glu145.
Thus, the reaction of adenylyl transfer occurs in a two-
step manner; first the Pa-O3a is broken with simultaneous
Pa-0O4' bond formation, followed by the abstraction of H4'
by the carboxyl oxygen of Glul45. This result provides
completely different picture than the reaction mechanism
derived from the DFT/MM studies. This is not a surpris-
ing result. Thus, despite the fact that MNDO/d method
was shown to describe correctly transphosphorylation pro-
cess under basic conditions [74, 75] where the acceptor
is deprotonated and no hydrogen transfers are required,
MNDO/d (as well as MNDO) is known to be problematic
in the description of noncovalent intermolecular interac-
tions because of the extensive repulsion just outside bond-
ing distances [24].
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d(04'-H4')-d(H4'-OE145)
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0.5

04’ to the oxygen of Glul45, and the anti-symmetric combination of
the distances describing the nucleophilic attack of O4’ to Pa and the
Pa-O3a bond cleavage. The positions of localized TS structures are
indicated as black stars. Values of energy are given in kcal mol~'. For
clarity, areas of high energy of the PESs are shown in white

This limitation of MNDO method was improved in sp-
SMs (including AM1, PM3 and RM1). However, despite
correction for hydrogen bonding with respect to MNDO
method was done, neither AM1, PM3 nor RM1 improve the
mechanistic description in case of the studied reaction. All
three methods, although providing the concerted mechanism
of a proton transfer from KanA to Glu145, and formation of
the P-O4', over-stabilize the pentacovalent intermediate pre-
venting the P-O3« cleavage (see Supporting Information).

The AM1d-PhoT/MM PES, Fig. 2g, shows that the
Glul45-assisted adenylyl transfer catalysed by ANT4' reac-
tion can take place as a concerted process. Nevertheless,
the topology of the surface renders a minimum energy path
much more asynchronous than the one obtained at M06-2X/
MM level. The TS (TS-A in Fig. 2g) located in the quad-
ratic region is characterized by a proton transfer in a very
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advanced stage of the phosphorous transfer. In fact, struc-
tures where the phosphorous is completely transferred and
the proton is not yet abstracted by Glul45 can be localized
in the upper left corner of the surface.

Finally, the SM derived in the framework of DFT
DFTB3/MM allows getting a PESs that also describes the
phosphorous transfer and the proton transfer in a concerted
manner, as shown in Fig. 2h. As in the case of the AM1/d-
PhoT, DFTB3 describes a quite asynchronous mechanism,
by comparison with the one obtained at M06-2X/MM level:
the proton transfer occurs in an advanced stage of the phos-
phorous transfer in the TS (reaction coordinate for the phos-
phorous transfer equal to 0.5 A).

In all, the preliminary analysis of the different tested SMs,
based on the topology of the corresponding PESs, shows
how PM6, AM1/d-PhoT and DFTB3 semiempirical Hamil-
tonians (Fig. 2e, g and h, respectively) provide a description
of the mechanism in agreement with the topology of the PES
obtained at M06-2X/MM level (Fig. 1).

Qualitatively equivalent behaviour of the different tested
SMs were observed in case of the ATP-assisted reaction
catalysed by ANT4' (see Figure S1 of Supplementary
Material), a less favourable mechanism according to previ-
ous high level QM/MM studies [52]. The PESs obtained at
MO06-2X/MM level and with the different tested SMs/MM
methods are deposited in the supplementary material.

Key distances of the geometries of the stationary struc-
tures of the corresponding PESs optimized with the most
promising SMs (PM6, AM1/d-PhoT and DFTB3), together
with the reference values obtained at M06-2X/MM, are
listed in Table 1. Coordinates of the TS structures are depos-
ited in the supporting information. A More O’Ferrall-Jencks
[76, 77] diagram based on the coordinates of RC, TS and PC
is plotted in Fig. 3 for comparing these four methods.

According to the obtained optimized geometries, while
PM6, AM1/d-PhoT and DFTB3 are capable of describing
the reaction qualitatively equal to the description derived
from M06-2X, significant differences can be highlighted.
First of all, as mentioned above, PM6 tends to favour the
optimization of RC and PC structures much closer to the
TS than the rest of the methods. This behaviour reminds
the one observed in the AM1, PM3 and RM1 methods that
over-stabilized penta-coordinated structures of the phospho-
rous atom. Obviously, as discussed below, this effect will
have a consequence in the energetics and KIEs. The second
important conclusion is that, while the PM6 TS describes
the Sy\2 reaction as an associative concerted mechanism,
same as the higher level M06-2X/MM method, AM1/d-PhoT
and DFTB3 Hamiltonians renders dissociative concerted
mechanisms (see Fig. 3). This result confirms some limita-
tion of these methods to be used in computational studies of
phosphate chemistry, as previously stated [27, 78]. Never-
theless, a unique behaviour is obtained with AM1/d- PhoT.

Table 1 Key distances (in A) and angle (in degrees) in reactants com-
plex, transition state, and products complex, localized at PM6/MM,
AM1/d-PhoT/MM, DFTB3/MM and M06-2X/MM methods

PM6 AM1/d-PhoT DFTB3 MO062X
Reactant complex
d(Pa -O30) 179 1.70 1.69 1.68
d(Pa —04") 224 316 2.92 2.59
d(03a-04") 403 4.86 4.60 4.26
d(H4'-OF1%) 1.68 2.84 1.87 1.55
d(H4'-04") 1.05  0.99 0.99 1.01
d(Pa-Ola) 151 153 1.50 1.50
d(Pa-020) 149 150 1.50 1.49
d(Pa-05") 1.66 1.63 1.65 1.60
MUE 0.1163 0.3213 0.1350 -
<4(04'-Pa-O30) 1726  176.1 172.8 174.1
Transition structure

TS-A  TS-B

d(Pa -O3) 2.01 2.68 1.83 2.53 1.88
d(Pa —04") 1.91 1.82 2.16 2.15 2.01
d(03a-04") 3.92 4.49 3.99 4.66 3.88
d(H4"-OF145) 1.17 1.35 1.14 1.29 1.14
d(H4"-04") 1.41 1.24 1.43 1.15 1.33
d(Pa-Ola) 1.52 1.51 1.53 1.47 1.51
d(Pa-02a) 1.50 1.50 1.50 1.50 1.51
d(Pa-05") 1.66 1.64 1.64 1.61 1.62
MUE 0.0550 0.2413  0.0575  0.2450 -
<4(0O4-Pa-O30) 1746 173.1 1747  169.4 174.7
Product complex
d(Pa -O3x) 2.18  2.90 3.00 2.46
d(Pa —04") 179  1.66 1.66 1.66
d(03a-04") 397 454 4.63 4.10
d(H4'-OF1%%) 1.07 1.01 0.99 0.99
d(H4'-04") 1.66  2.07 1.88 2.66
d(Pa-Ola) 152 153 1.52 1.52
d(Pa-02a) 1.50 1.52 1.52 1.50
d(Pa-05") 1.67 165 1.64 1.61
MUE 0.2100 0.1950 0.2375 -
<4(04'-Pa-O30) 1724  169.1 167.0 168.2

The mean unsigned errors (MUE) were calculated for the eight key
distances at PM6/MM, AM1/d-PhoT/MM and DFTB3/MM level, rel-
ative to the benchmark M06-2X/MM calculations

Interestingly, a different TS structure was also optimized
with this SM as a saddle point of order one when starting
the optimization from the coordinates of the TS localized at
MO06-2X/MM. This structure, labelled as TS-B in Fig. 2g, is
quite close to the starting reference TS structure optimized
at M06-2X/MM. The IRC path traced down from this second
TS-B connected RC and PC. It is important to mention that
the same strategy was employed with PM6/MM and DFTB3/
MM but the final optimized TS structures in these two cases
were almost coincident with the ones obtained when starting

@ Springer
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Fig.3 More O’Ferrall-Jencks diagram generated from the results
derived from PM6/MM (green), AM1/d-PhoI/MM (TS-A and TS-B
in red and blue, respectively), DFTB3/MM (yellow) and M06-2X/
MM (black) methods. Positions of localized RC, TS and PC are indi-
cated as circles. Black arrow indicates the hypothetical perfectly syn-
chronous concerted mechanism

from geometries selected from the quadratic regions of the
corresponding PESs.

An overall deviation of the geometries obtained with
each SM, by comparison to the M06-2X/MM method, can
be summarized by computing the mean unsigned error
(MUE) calculated for the eight key distances selected in
Table 1. According to the results, AM1/d-PhoT would be
the method that provides the TS closest to the M06-2X/
MM level. Nevertheless, this is the case when starting from
an already known optimized structure at this high level of
theory (TS-B), which is usually not the case for most of the
computational studies. When using the TS-A, which is the
TS deduced from the PES, the deviations are similar to those
obtained with DFTB3. PM6 provides reasonable low values
of MUE at the TS. All methods provide similar MUE for
the PC while for RC AM1/d-PhoT gives significantly higher
deviations than PM6 and DFTB3.

An analysis of energetics can be done based on the struc-
tures optimized at each level of theory. A note of caution
must be introduced at this point since, as well known, statis-
tical simulations must be carried out for systems containing
a huge number of degrees of freedom such as enzymes, to
get values (free energies) directly compared with experi-
ments. Comparison of energies of single molecules can ren-
der dramatic differences due to the high dimensionality of
the problem [79, 80] as also confirmed by single molecule
spectroscopy [81]. Anyway, an approximate estimation of
the accuracy of the methods can be obtained from the com-
parison of the results derived from the PES. Thus, according
to the values listed in Table 2, PM6 would be the best SM
method, rendering the closest values of activation and reac-
tion energies, with respect to the reference M06-2X method.

@ Springer

Table 2 Relative potential energy (AE) computed at PM6/MM AM1/
d-PhoT/MM, DFTB3/MM and M06-2X/MM methods

PM6 AM1/d-PhoT DFTB3 MO06-2X
RC 0.0 0.0 0.0 0.0
TS 15.1 57.3/89.7 45.6 9.8
PC 1.1 7.4 8.7 -0.7

The two values of the relative energy of the TS at AM1/d-PhoT level
correspond to the two optimized structures TS-A and TS-B (see text
for details). All values are in kcal mol ™!

Nevertheless, as mentioned above, this is due to the fact that
PM6 optimize structures of either RC and PC that are sig-
nificantly closer to the TS than the corresponding structures
optimized with the rest of methods. RC and PC structures
obtained at PM6/MM have a high penta-coordinated phos-
phorous character.

3.1 Kineticisotope effects

Finally, KIEs were computed for the isotopic '°0/'%0 sub-
stitutions at the bridge and non-bridge oxygen atoms (see
Scheme 1). We must keep in mind that KIEs, together with
rate constants, are magnitudes that can be directly compared
with experiments to support the theoretically proposed reac-
tion mechanisms. The results are summarized in Table 3
and Fig. 4. As expected, the primary '°0/'%0 KIEs of the
O-bridge atoms are much higher than the secondary '0/'%0
KIEs of the O-non-bridge atoms. PM6/MM, related with the
comments on the structures of RC and TS stressed above
(RC is dramatically close to the optimized TS), renders KIEs
significantly lower than the rest of the methods. These values
deviate significantly from the reference values obtained at
MO06-2X/MM level [52], which were shown to be in very
good agreement with experimental data [82]. Regarding the
KIEs derived from the AM1/d-PhoT/MM and DFTB3/MM
calculations, it is reliable how the former agrees pretty well

Table 3 Kinetic isotope effects (KIEs) computed at PM6/MM AM1/
d-PhoT/MM, DFTB3/MM and MO06-2X/MM methods methods at
300K

PM6 AM1/d-PhoT DFTB3 MO06-2X

80-bridge
TS-A TS-B

04’ 1.0038 0.9873 0.9992 1.0243 1.0204
O3« 1.0017 1.0141 1.0081 1.0056 1.0121%
80-non-bridge
05’ 0.9998 1.0043 0.9987 0.9956 1.0026*
Ola 1.0001 0.9995 1.0002 0.9965 1.0000*
O2a 1.0001 1.0053 1.0031 0.9967 0.9981*

2values from Ref. [52]
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Fig.4 Deviations from no kinetic isotope effect (KIEs), in %, com-
puted for bridge and non-bridge isotopically substituted oxygen atoms
at PM6/MM (green), AM1/d-PhoT/MM (from TS-A in red, from
TS-B in blue), DFTB3/MM (yellow) and M06-2X/MM (grey) meth-
ods. Positive values (+) and negative values (—) correspond to normal
and inverse KIEs, respectively

with the M06-2X/MM results for the substitution on O3,
especially when using the TS-B structure. When using the
TS-A, the KIEs are obviously not so close and, in any case,
an opposite behaviour (inverse KIEs) is obtained for the
substitution on O4’. DFTB3 provides reasonable values of
primary KIEs. Regarding the secondary KIEs computed at
MO06-2X/MM level, isotopic substitution on Ola gives no
KIE, slightly normal KIE at O5’ and inverse KIEs at O3a.
None of the SMs provide this trend which is in agreement
with previous observations indicating that, for instance, the
minimal basis inherent to all SMs limits the accuracy of
computed IR and Raman intensities [83, 84]. Nevertheless,
taking into account the low values of the computed second-
ary KIEs, small deviations could be obtained if exploring an
statistical number of structures for each method.

3.2 DNA 3'-end processing reaction

In view of the results obtained with the different SMs
employed in QM/MM schemes for the Sy2-like reaction of
an adenylyl group transfer catalysed by ANT4', an additional
test was carried out for a similar phosphate transfer reaction
between oxygen atoms. In particular, the selected reaction
was the hydrolysis of phosphodiester bond at the 3'-end of
the viral DNA (vDNA), as shown in Scheme 3.

Previous studies on this reaction at M06-2X/MM level
showed that, in contrast to adenylyl group transfer, this
reaction takes place in a two-step manner with formation
of penta-coordinated phosphorus intermediate [85]. Then,
this reaction can be considered as an extension of the pre-
sent systematic analysis of the SMs and it can serve as a
good benchmark to test their performance in obtaining

o H,0
— ‘ O3'H
o3’ ﬂ*05' Nitrogenous H
H base
H H © o) H H
H H Integrase
H H " O
Nitrogenouso o) H Nitrogenous 5.-end

base 5'-end [ base

Scheme 3 Reaction of DNA 3'-end processing catalysed by PFV-IN

proper QM/MM PESs. The corresponding QM/MM PESs
are shown in Figures S3-S5 of the Supplementary Material.

In the first step of vDNA 3'-end processing reaction
where the oxygen of water molecule attacks phosphorus
atom and one of its proton is transferred to the oxygen of
phosphate group, AM1, PM3 and RM1 methods were found
to provide very similar behaviour to those observed in the
phosphorus transfer catalysed by ANT4'. Both of them pro-
vide structure of reactant complex in very advance stage
(ON“—P bond much shorter) and, additionally, the penta-
coordinated phosphorus structure of the intermediate was
found to be over stabilized, by comparison with the results
obtained with the DFT method. AM1/d-Pho-T and DFTB3
are providing very asynchronous picture of the reaction pro-
gress, both describing position of the TS corresponding to
ON"_P bond formation with a very advance proton transfer
to O3’ of scissile bond. Additionally, very shallow minima
were found in the PES area corresponding to the intermedi-
ate structure. The most promising description of the first
step was however obtained using PM6 SM. The computed
profile derived from the PES at PM6/MM is in fact very
similar to that obtained at DFT level. The description of the
second step with the different methods is in agreement with
the corresponding performance on the first step: those over
stabilizing the penta-coordinated intermediate show a clear
minimum energy area in the intermediate (AM1, PM3 and
RM1), PM6, AM1/d-PhoT and DFTB3 provide a rough PES
where the location of the stationary point structures is not
clearly defined.

4 Conclusions

This work inspects the correctness of standard available
semiempirical methods, such as MNDO, AM1, PM3, RM1,
PM6, MNDO-d, AM1/d-PhoT, together with a semiempiri-
cal density functional theory based method, DFTB3. These
QM methods have been employed in QM/MM studies of
the E145-assisted adenylyl transfer catalysed by ANT4’
enzyme. Their usefulness in the study of this type of reac-
tions is assessed on the basis of reference results obtained
at M06-2X/MM level of theory.

The analysis of the QM/MM PESs explored for all these
methods shows the limitations of the sp-SMs to describe this

@ Springer
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kind of reactions, which involve the transfer of a phosphor
atom. This result would be in agreement with the conclu-
sions obtained by Marcos et al. when revisiting penta-coor-
dinated phosphorus compounds by high-level QM/MM cal-
culations [28]. The MNDO as well as its improved MNDO/d
version describes the process in two steps through a stable
intermediate where the adenylyl group is transferred without
participation of the base, Glu145, despite in different tim-
ing. This behaviour is inverse to the one provided by the
PM3 method that stabilize structures where the proton trans-
fer is completed before the breaking of the Pa-O3a bond
takes place. In addition, some artefacts are detected in PM3
such as the limitation to properly localize a TS structure
for the concerted nucleophilic attack and proton transfer,
or the appearance of stable penta-coordinated phosphorous
structures. AM1 provides a concerted process mechanism
but the PC region corresponds to structures where Pa-O3a
is not completely broken (i.e., penta-coordinated phospho-
rous structures as those located with PM3). RM1 suggests
also the existence of stable penta-coordinated phosphorous
structures, not describing a stable structure for the Pa-O3a
bond breaking. The rest of tested SMs describes both trans-
fers in a concerted way but with different limitations. Thus,
PMB6 stabilizes structures of RC and PC with values of the
two reaction coordinates significantly closer to the TS than
in the reference PES at DFT level. Finally, both AM1/d-
PhoT and DFTB3 are capable of describing the full process
catalysed by ANT4' as a Glul45-assisted adenylyl transfer
reaction in a concerted manner. Nevertheless, the topology
of the PES of the former indicates that the minimum energy
path appears to be much more asynchronous than the one
obtained at M06-2X/MM level. A much more asynchronous
process was already detected in previous studies of phos-
phate transfer when employing AM1/d-PhoT, by compari-
son with higher level of theory [4, 29, 30]. In the present
study, structures where the phosphorous is completely trans-
ferred and the proton is not yet abstracted by Glul145 can
also be localized with this method. This is not the case with
DFTB3, where the proton transfer occurs in an advanced
stage through a more dissociative phosphorous transfer TS.
Interestingly, a unique behaviour is obtained with AM1/d-
PhoT, which is capable of localizing different TS structures
when starting the optimization from the coordinates of the
TS localized at M06-2X/MM.

Apart from the exploration of the ATP-assisted reac-
tion catalysed by ANT4', an additional system, the 3'end
DNA processing reaction catalysed by PFV Integrase, was
selected to confirm the conclusions on the performance of
the different selected SMs in a different phosphate transfer
reaction. The behaviour of the tested SMs observed in the
Sn2-like reaction of the adenylyl group transfer catalysed
by ANT4' were qualitatively reproduced in this two steps
reaction.

@ Springer

Further analysis of the results obtained with the most
promising SMs (PM6, AM1/d-PhoT and DFTB3) were
based on the comparison of the energetics and KIEs. The
potential energy barriers are all much higher than the one
obtained at M06-2X level with the exception of PM6. Never-
theless, this can be considered as a fortuitous result derived
from the character of the localized TS, with reaction coordi-
nates dramatically close to the TS. The isotopic '°0/'30 sub-
stitutions at the bridge and non-bridge oxygen atoms allow
computing primary and secondary KIEs. The KIEs obtained
at PM6 are all very small, obviously as a consequence of the
located structures of RC, very close to the TS. DFTB3/MM
calculations provide primary KIEs in good agreement with
the M06-2XMM level, while the accuracy of AM1/d-PhoT
depends on the particular TS structure selected to perform
the KIEs calculations. In addition, an inverse primary KIE is
obtained with this SM, basically due to the fact that the RC
is significantly further from the phosphorous atom than the
RC structures obtained with the M06-2X method. Regard-
ing the secondary KIEs, none of the SMs provide the same
trend of values as the one obtained at M06-2X. Nevertheless,
taking into account the low values of the computed second-
ary KIEs, small deviations could be obtained if exploring a
statistical number of structures for each method. Anyway,
the shape of the free energy surfaces derived from these sta-
tistical simulations will be determined by the corresponding
PESs and, consequently, the present study can be considered
as a proper benchmark [4].

As a final conclusion, this test of SMs in QM/MM calcu-
lations reveals that SMs require further improvements since
they are still failing in properly describing a crucial phos-
phorous involved enzyme catalysed reaction. An inadequate
description of the intra and intermolecular interactions and
the corresponding biased distribution of the electronic den-
sity in the groups involved in the chemical reaction must be
at the origin of the problems. Nevertheless, the present study
provides evidences of the value of some of the most recent
SMs to be able to generate structures that can be used as
starting points for methods at higher level of theory.
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