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Abstract

Phosphate chemistry is involved in many key biological processes yet the underlying mechanism
often remains unclear. For theoretical analysis to effectively complement experimental mechanistic
analysis, it is essential to develop computational methods that can capture the complexity of the
underlying potential energy surface and allow for sufficient sampling of the configurational space.
To this end, we report the parameterization of an approximate density functional theory, Self-
Consistent-Charge Density-Functional Tight-Binding (SCC-DFTB) method for systems containing
phosphorus. Compared to high-level density functional theory and ab initio (MP2 and G3B3) results,
the standard second-order parameterization is shown to give reliable structures for a diverse set of
phosphate compounds but inaccurate energetics. With the on-site third-order terms included, referred
to as SCC-DFTBPA, calculated proton affinities of phosphate compounds are substantially
improved, although it remains difficult to obtain reliable proton affinity for both phosphates and
compounds that do not contain phosphorus, indicating that further improvement in the formulation
of SCC-DFTB is still a challenge to meet. To make SCC-DFTB applicable to phosphate reactions
in the current (on-site-third-order-only) formulation, a “reaction-specific” parameterization, referred
to as SCC-DFTBPR, is developed based on hydrolysis reactions of model phosphate species.
Benchmark calculations in both the gas-phase and solution-phase indicate that SCC-DFTBPR gives
reliable structural properties and semi-quantitative energetics for phosphate hydrolysis reactions.
Since the number of reaction-specific parameters is small, itis likely that SCC-DFTBPR is applicable
to a broad set of phosphate species. Indeed, for 56 reaction exothermicities and 47 energy barriers
related to RNA catalysis model reactions collected from the QCRNA database, which involve
molecules rather different from those used to parameterize SCC-DFTBPR, the corresponding root-
mean-square difference between SCC-DFTBPR and high-level DFT results is only 5.3 kcal/mol. We
hope that the parameterized SCC-DFTB models will complement NDDO based reaction-specific
models (e.g., AM1-d/PhoT) and high-level ab initio QM/MM methods in better understanding the
mechanism of phosphate chemistry in condensed phase, particularly biological systems.
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l. INTRODUCTION

Phosphorus is the one of the most abundant elements on earth. It is part of many essential
biological components such as lipids, bones, genetic materials, energy rich molecules (e.g.,
ATP) and signaling molecules (e.g., GTP).ll2 Most of the phosphorus in living systems exists
in the form of phosphate, and the hydrolysis of phosphate is a key reaction involved in many
fundamental life processes such as energy production and signal transduction. In molecular
motors, for example, regulation of ATP hydrolysis by the conformational dynamics of the
system is the key to the mechanochemical coupling in these amazing “nanomachines”.3—5
Revealing the mechanism of phosphate hydrolysis and factors that regulate the hydrolysis
activity, therefore, is crucial to the understanding of many essential biological processes.

Unfortunately, phosphate reactions are, in general, fairly complex and there are many possible
reaction pathways.7‘15 Which pathway dominates is expected to depend rather sensitively on
the environment. 16 Experimental investigations in this context are complicated by the fact that
the interpretation of typical data, such as kinetic isotope effects and linear free energy relations,
is often not straightforward.llv12 This explains why the precise mechanism of phosphate
hydrolysis, especially in biomolecules such as phosphatases17 and ribozymes,18 remains
controversial after many decades of studies and debates. Theoretical studies, in principle, are
powerful in complementing experimental work for detailed mechanistic analysis. However,
phosphate chemistry poses a major challenge to theory due to the intrinsic complexity and
sensitivity to the environment. Employing a hybrid quantum mechanical/molecular mechanical
(QM/MM) framework19-23 js promising, but only with a sufficiently reliable QM method,
an adequate treatment of the QM/MM interactions and sufficient amount of conformational
sampling.24v

The importance of conformational sampling makes approximate QM methods such as semi-
empirical methods based on the Neglect-of-Diatomic-Differential-Overlap (NDDO)
approximation uniquely valuable in this context. Unfortunately, the popular NDDO based
methods such as MNDO,28 AM127 and PM3,28 in general give rather poor results for
phosphate reactions and therefore can not be used without improvements.zgl30 Considering
the importance of d orbitals in describing the structure and energetics of phosphate compounds,
extensions have been made for MNDO31-33 and AM130:34 to include d orbitals in the
corresponding Hamiltonians; the extension to AM1 was done largely for specific reactions
involving phosaphog/l transfers rather than a general parameterization. Despite notable
improvements 5,36 and successful application537_39, the general results indicate that these
methods are still not sufficiently robust for general mechanistic studies.

One important issue relevant to the mechanistic study of phosphate chemistry concerns the
prediction of proton affinities. In many elementary steps in the phosphate hydrolysis, for
example, protons are transferred between the nucleophile, the phosphate and the leaving group;
proton transfers involving molecules in the nearby environment (such as water molecules that
may act as “proton relays”40‘42) have been proposed to play a catalytic role. Therefore,
predicting accurate, or at least balanced, proton affinities for different reactive motifs is
essential. In this regards, the popular NDDO approaches require major improvements. In a
recent benchmark study by Range et al.,29 16 model molecules representing the nucleophiles,
phosphate compounds and leaving groups involved in biologically important phosphoryl
transfer reactions have been studied with high level ab initio, density functional theories (DFT)
and several semi-empirical methods. It was found that all semi-empirical methods, which
include AM1, PM3, MNDO, MNDO/d and SCC-DFTB43 (see below), all have rather large
errors in the calculated proton affinities; the root-mean-square errors (RMSE) are 19.1, 13.8,
27.4, 31.0 and 17.4 kcal/mol, respectively. If it is only the proton affinity that is of interest,
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simple correction schemes can be developed.29 For the purpose of analyzing reaction
mechanisms, however, more sophisticated modifications have to be introduced.

In the past few years, our groups have been actively pursuing the development and application
of an approximate density functional theory, the self-consistent- charge densny -functional-
tight-binding (SCC-DFTB) method, originally proposed by one of us.43 This was driven by
its reasonable balance in computational efficiency (comparable to AM1 and PM3) and
accuracy, which is essential to condensed phase studies. The SCC-DFTB method has been
applied successfully to a range of problems involving biomolecules, such as conformational
energies of peptides 44-47 and catalysis in several enzymes25 48-52 . Furthermore, the SCC-
DFTB approach has been benchmarked for reaction energies, geometrles and vibrational
frequencies for small molecules in comparlson to the G2 approach 3anda large set of
experimental data for organic molecules 54,55 An empirical dispersion correction has also
been developed,® which was found crucial for predicting reliable nucleic acid base-stacking
interactions®® and the relative stability of o and 31 helices in proteins.

Considering those attractive features and the fact that it is straightforward to include d orbitals
in the method (as been done for sulfur® ) it seems natural to pursue the parameterization of
SCC-DFTB for phosphorus. Another important motivation in this regard is that SCC-DFTB
has been recently extended to include specific third-order terms,25!5 =61 which were found
to dramatically improve the calculated proton affinities. Since reliable proton affinities are
important in the mechanistic analysis of phosphate chemistry, as discussed above, the
advantage of SCC-DFTB over other semi-empirical methods becomes apparent.

In this work, we report the parameterization of SCC-DFTB for phosphorus. Two sets of
parameters have been developed, which work better for proton affinities of phosphate
compounds and the hydrolysis reactions of phosphates, respectively, as compared to high-level
ab initio calculations. With the current SCC-DFTB model, which includes on-site third-order
contributions (vide infra), it seems difficult to describe both classes of properties with high
accuracy using a single set of parameters and the precise reason is under investigation. In the
next section, we briefly summarize the SCC-DFTB methodology and the procedures for
parameterization. We then present data from the parameterization process and discuss trends
in the results, which are followed by additional benchmark calculations of gas phase models,
which have been studied by York et al. 62 using high-level ab initio calculations, as well as
solution calculations with a QM/MM framework. Finally, we draw a few conclusions. In a
separate publication, we further test the robustness of the model in the context of phosphate
hydrolysis in solution and enzymes using SCC-DFTB/MM simulations. A brief summary on
the performance of the parameterization and the application to ATP hydrolysis in the molecular
motor myosin have been reported recently

IIl. COMPUTATIONAL METHODS

In this section, we first briefly review the formulation of SCC-DFTB as used in the
parameterization for phosphorus. We then present details regarding the parameterization
procedure and additional benchmark systems for further validating the fitted parameters.

A. Theory: SCC-DFTB

Asdescribed in detail in several previous publications,"'3'63 the standard SCC-DFTB approach
is based on a second-order expansion of the density functional theory energy around a reference
density, po,
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where A° = H [pg] is the effective Kohn-Sham Hamiltonian evaluated at the reference density
po and the P are Kohn-Sham orbitals. E,¢ and V. are the exchange-correlation energy and
potential, respectively, and E is the core-core repulsion energy. With a minimal basis set, a
monopole approximation for the second-order term and the two-center approximation to the
integrals, the SCC-DFTB total energy is given in the following form,

E=Y chclHO+ %ZWA%A%%Z U [Rapsofy |
i o T @

where ¢,,;, are orbital coefficients, Ay are the Mulliken charges on atom a/B and v, is the
approximate second-order kernel derived based on two interacting spherical charges. The last
pair-wise summation gives the so-called repulsive potential term, which is the core-core
repulsion plus double counting terms and defined relative to infinitely separated atomic species.

As discussed in our recent work,22:99-61 it was found that further including the third-order
contribution can substantially improve calculated proton affinity for a set of biologically
relevant small molecules, even with only the on-site terms included. Since proton affinity is
of great relevance to phosphate chemistry, as emphasized above, we choose to adopt the same
formulation. The corresponding expression for the SCC-DFTB total energy is29,99,61

E=Y el HO S vophauaya U (Rl oS UG
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where (74 is the derivative of the Hubbard parameter of atom o with respect to atomic charge.

In our recent study,61 U?is regarded as a fixed parameter for each element type; in other words,
the Hubbard parameter is taken to be linearly dependent on the atomic charge. For phosphorus
containing compounds, a complicating factor is that the oxygen atoms on the phosphorus tend
to be highly charged, thus the linear charge dependence of the Hubbard parameter may no
longer be valid. To take this deviation from the linear behavior into account, we add an
additional charge dependent term to the Hubbard charge derivative; i.e.,

US (@) =Ug,+Doexp [-To(Aga = Qo) @

where the charge-independent parameter (U(‘)’(,) is dependent on the element type whereas the
three parameters associated with the Gaussian (Dg, I'g,Qp) are taken to be independent of
element type to minimize the number of parameters. The choice of the Gaussian functional
form is entirely empirical and designed to avoid undesired behavior of the Hubbard derivative
for large charges.
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B. Reference systems and parameter fitting

To parameterize an effective SCC-DFTB approach for phosphorus compounds and phosphate
chemistry, the parameterization procedure is divided into several stages. First, the atomic
properties (basis functions, zero-order Hamiltonian matrix elements, Hubbard parameter) for
P are derived based on a set of rather well-defined protocols involving atomic calculations.

63 The pair-wise repulsive potentials between P and O, N, C, H for a second-order SCC-
DFTB approach are then fitted based on small molecule compounds and B3LYP calculations.
With these parameters held fixed, the Hubbard derivatives are then fitted based on more specific
properties such as proton affinity or phosphate hydrolysis reaction energetics. With the current
third-order formulation, it seems difficult to develop a single set of Hubbard derivatives to
simultaneously produce reliable proton affinities and phosphate hydrolysis energetics (see
below). Therefore, two sets of Hubbard derivative parameters have been developed based on
proton affinity and phosphate hydrolysis reactions, respectively; for clarity, they are referred
to as SCC-DFTBPA and SCC-DFTBPR, respectively (see Table I). The phosphate hydrolysis
set of parameters is further tested with additional benchmark calculations using results from
the QCRNA database established by the York group 2 These gas phase calculations are finally
supplemented with potential of mean force calculations for monophosphate ester hydrolysis
in solution with SCC-DFTBPR/MM simulations.

1. Atomic properties and repulsive potentials—Since the parameterization procedure
for SCC-DFTB has been reported in details in previous articles for several elements,43!63 we
only include a very short description here. The atomic properties include the Slater basis
functions, the reference density (pg) and the chemical hardness (Hubbard) parameter; these are
determined based on atomic DFT calculations with an in-house program TWOCENT. Once
these are established, other quantities such as the second-order kernel yag can be determined.

63 The matrix elements for the effective Kohn-Sham Hamiltonian with the reference density
can also be calculated and tabulated; the exchange-correlation functional used is the one of
Perdew, Burke and Ernzerhof (PBE)

For the repulsive potential, U [Rn/a;pg pﬁ] ,, five different pairs need to be derived (P-P and P-
O/N/C/H). Accordingly, several small molecules are chosen and full DFT (B3LYP65~

67/6- -311G**) calculations are calculated as a function of specific bond distances. The
repulsive potential is then calculated as the difference between the full DFT potential energy
curve and the electronic contribution from SCC-DFTB at the same structures,

U [Rogiofy| = [EPT (Rap) = EP(00)| = D clichHp(Rap) - ZWA%A%

iuy ap (%)

The repulsive potential is fitted into a cubic spline and truncated to zero in the 2.2-3.2 A range.
The specific molecules used for parameterizing different repulsive potentials are: PH3, PCH,

HPCH,, HyPCH3, PN, HPNH, HyPNH,, Py, HPPH, HoPPH,, OPH, H3PO, and HyPOY.

2. Hubbard derivative related parameters—Similar to our recent work on using third-
order terms to improve SCC-DFTB proton affinities, 229, the Hubbard derivative related
parameters are optimized using a Genetic Algorithm68'69 by minimizing the penalty function
defined as

. Z,’W,‘(Y;-Cf - Y’SCC)Z

Ziw; (6)
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where the summation is over all properties of interest in a particular optimization set (see

below), w; is the weight of a specific property and Y™/ ¥>C are the values of the i-th property
from reference calculation (see below) and SCC-DFTB calculation with a specific set of

Hubbard derivative related parameters (Ug(,.l)o,F o,Qo) , respectively. During the Genetic
Algorithm (GA) optimization, the properties of interest include proton affinities/reaction
energetics and the root-mean-square gradient (GRMS) of the molecule at the reference
geometry, addressing both energetic and structural information; the corresponding weights in
y are 10 and 1, respectively. The micro-GA technique68 is applied with a population of 10
chromosomes for 100 generations with uniform crossovers.

SCC-DFTBPA: Proton affinity of phosphate compounds: Eighteen phosphate species of
biological relevance (see Table 3) are chosen as the reference system to optimize the Hubbard
derivative related parameters. A subset of these molecules were used as benchmark systems
in the previous work of Range et al.,29 who found that all semi-empirical methods including
the standard SCC-DFTB have significant systematic errors. As the high-level reference,
geometries are optimized at the B3LYP/6-31G(d) level and the energetics are obtained at the
G3B370 level. Benchmark calculations by Range et al.29 showed that this combination gives
systematically reliable energetics compared to experimental values. For the purpose of making
comparison and establishing a less expensive reference level for the subsequent
parameterization involving larger molecules, MP2 with the G3Large basis set is also carried
out; the G3Large was modified based on the 6-311+G(3df,2p) basis set for G3'1 calculations.

Rigorously speaking, the proton affinity of molecule A~ is the negative of the enthalpy change
for the gas-phase reaction A~(g)+H*(g)—AH(g) at the room temperature, which involves
thermal vibrational contributions. To avoid a large number of vibrational calculations in the
parameterization process, we consistently consider only the potential energy contribution in
both the reference calculations and SCC-DFTB calculations during the GA optimization.
Another subtle point is that the energy of proton in SCC-DFTB is not zero due to the definition
of the repulsive potential in the total energy expression;63 however, once a value (141.8 kcal/
mol) is selected, the results are consistent among all SCC-DFTB calculations.

To test if the parameters optimized based on phosphate proton affinities are transferrable to
non-phosphate compounds, a set of 11 small molecules including water, alcohols and
carboxylic acids are also considered. A set of Hubbard derivative parameters are optimized
based on the proton affinities of both phosphate and non-phosphate molecules, although the
result is rather disappointing (see below), which suggests that further improvements in the
SCC-DFTB formalism are needed to predict accurate proton affinities for a broad range of
molecules that include both second and third row elements.

SCC-DFTBPR:Phosphate Hydrolysis: As discussed above, a balanced treatment for the
proton affinities of phosphate, the nucleophile and the leaving group is required (but not
sufficient) for a reliable description of phosphate hydrolysis reactions. Since this seems
difficult to achieve even with the third-order extension of SCC-DFTB, we choose to pursue a
more pragmatic avenue by fitting the Hubbard derivative parameters based on results for a set
of representative phosphate hydrolysis reactions. The underlying assumption is that errors in
the proton affinity of different species can cancel out to yield satisfactory reaction energies.
An additional advantage of using reaction properties for parameterization is that both reaction
energy and barrier can be taken into account. We emphasize that the number of parameters is

rather small, which include five UZ, values for P, O, N, C, H and three element-independent
Gaussian parameters, Dg, I'g,Qg. Therefore, we hope that parameters optimized based on
phosphate hydrolysis are reasonably transferrable to other phosphate reactions with similar
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characteristics, such as phosphoryl transfer reactions; this will be tested with the additional
benchmark calculations discussed below.

The reference reactions include the hydrolysis of dimethyl monophosphate ester (DMP) and
monomethyl monophosphate ester (MMP) with different protonation states (see Table 5).
Several considerations account for this choice. First, the hydrolysis of MMP and DMP are
basic models8: 72 for the hydrolysis of nucleotides (e.g., ATP, GTP) and the scission reactions
in many ribozyme systems, respectively. Second, different protonation states for the reactant
stress the effects due to pH changes or pKj shifts induced by the macromolecular environment,
which may have important biological impIications.42 For instance, the phosphorane
intermediate is a short-lived species with -2 charge; for the neutral and monoanionic species,
the lifetime is long enough for pseudorotz;1tion.73‘75 Finally, the small size of DMP and MMP
allows us to perform relatively high-level ab initio calculations as reference.

Regarding the reaction mechanism, both dissociative and associative mechanisms are
considered. In addition, pathways that involve water-assisted proton transfers, which have been
proposed to be important for at least the dissociative mechanism,40 are also included. All
together, 37 gas-phase reaction energies (18 of which are energy barriers) involving 47
structures are included as the reference set; 15 reaction energies are based on MMP model
reactions (8 energy barriers) and the remaining 22 are from DMP reactions with 10 energy
barriers. Despite the relatively small size of the DMP and MMP systems, it is impractical to
carry out G3B3 calculations. Instead, B3LYP/6-31+G(d,p) geometries and MP2/G3Large
single point energies are used as reference. For all energy calculations, no zero-point correction
or vibrational contribution has been included.

C. Benchmark calculations

1. Geometrical parameters—To test the performance of the different SCC-DFTB
parameterization on structural properties, a series of common phosphate compounds are
studied and the optimized gas-phase geometries are compared to those from B3LYP
calculations with the 6-31+G(d,p) basis set. The list of compounds include inorganic phosphate

with different protonation states (H3PO4,H,PO;, ,HzPoff and PO?() mono-phosphate esters
(MMP, DMP), di-phosphate ester (model ADP, see Fig.1) and tri-phosphate ester (model ATP,
see Fig.1).

2. Additional phosphate hydrolysis reactions—As additional benchmark systems for
the newly parameterized SCC-DFTBPR, all (19) RNA model reactions with the overall charge
of -1 are selected from the QCRNA database established by the York group;62 these include
56 reaction energies and 47 barriers. These systems were consistently calculated at the B3LYP/
6-311++G(3df,2p) level for energy and B3LYP/6-31++G(d,p) for structure by the York group.
Both single point energy calculations and geometry optimizations are carried out at the SCC-
DFTBPR level; for transition states, only single point energies are considered. Dipole moments
are also compared. In a separate study, 6 selected pseudo-rotation barriers at the SCC-

DFTBPR level are also compared to the QCRNA database, for which good agreement is found.

3. Explicit solvent simulations with SCC-DFTBPR/MM—TFinally, to supplement the
gas phase calculations, potential of mean force simulations are carried out with SCC-DFTBPR/
MM to investigate if the parameterized model works in an explicit condensed phase
environment. This is an important test since the ultimate goal is to use SCC-DFTBPR inenzyme
simulations (for an initial application, see5).

The specific reaction studied is the first step for the hydrolysis of MMP in water. The stochastic
boundary condition’” is used as the simulation protocol. The MMP molecule is solvated with
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a water droplet of 22 A radius. Only MMP and the lytic water are treated with SCC-DFTBPR
while the rest of the water molecules are described with the modified version of TIP3P78,79
in CHARMM.80 The van der Waals parameters for the atoms in MMP are taken from the
CHARMM force field for Iipid81 without further optimization. The importance of QM van
der Waals parameters in QM/MM simulations has been discussed in previous studies,82 and
it was argued that in some cases allowing the van der Waals parameters to vary during the
reaction can be important,83 which we examine briefly here using the MMP system as an
example (vide infra).

Both the associative and dissociative mechanisms (see Scheme 1) are considered and the
according potentials of mean force surfaces are calculated with umbrella sampling.84 For the
associative mechanism, the P-ONY distance and the antisymmetric stretch describing the proton
transfer from the lytic (nucleophilic) water to phosphate are defined as the reaction coordinates.
For the dissociative mechanism, the reaction coordinates include the P-O'9 distance (where
09 is the oxygen atom of the leaving group, which is methanol in the current case) and the
antisymmetric stretch that describes the intramolecular proton transfer between the protonated
oxygen of MMP and OL9. In both cases, the antisymmetric stretch is defined as the distance
of donor-proton minus the distance of acceptor-proton. Based on the defined reaction
coordinates, two-dimensional potential of mean force (PMF) in solution are generated using
umbrella sampling; for comparison, two-dimensional potential energy surface (PES) in the gas
phase are also calculated using adiabatic mapping. A technical point is that the O-H bond in
MMP needs to be constrained in calculations for the associative mechanism; otherwise, the
proton of MMP is transferred back to the nucleophilic water as the latter transfers its proton to
the unprotonated oxygen in MMP. In the umbrella sampling calculations, 122 and 108 windows
are used for the associative and dissociative mechanisms, respectively, where each window
includes 50 ps of MD simulations. The data from umbrella sampling are combined using the
Weighted Histogram Analysis Method (WHAM) approach.85

Nonbonded interactions (electrostatic and van der Waals) are calculated without cutoffs. The
bulk electrostatics are considered via GSBP86:87 with an 24 Ainner region, which includes an
additional 2 A buffer region. The generalized reaction field matrix is evaluated using 400
spherical harmonics with an outer region dielectric constant of 80. Thermal collisions due to
the bulk are included in the outer 2 A of the 22 A water sphere via Langevin dynamics88 and
the Langevin atom list is heuristically updated during the simulation. A 1 fs time step is used
and the temperature is maintained at 298 K. Bonds involving hydrogen are constrained with
the SHAKE algori'[hm89 except for those involved in the proton transfer.

lll. RESULTS AND DISCUSSIONS

In this section, we first briefly go over results for the structural properties of common phosphate
compounds and then focus on the performance of the third-order parameterizations for proton
affinities and hydrolysis reactions. Some of the gas-phase benchmark results are summarized
in the first application of SCC-DFTBPR/MM although without detailed discussions.®

A. Structural properties

As shown in Table 11, the structure of common phosphate compounds are well reproduced by
all three parameterizations of the SCC-DFTB model. The bond distances and bond angles have
RMS error in the range of 0.03 A and 1.8 degrees, respectively. The results are equally
impressive for species with rather complex electronic structures, such as “ADP/ATP” and
pentavalent intermediate involved in the associative pathways of hydrolysis (see Fig.1). For
the bridging P-O bonds in the model ADP and ATP species, the values from second-order
SCC-DFTB agree better with B3LYP results, while both SCC-DFTBPR and SCC-DFTBPA
tend to underestimate the distances. For most geometrical parameters, any one of the SCC-
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DFTB models can be used to give satisfying results. Hydrogen-bonding distances have larger
errors, as illustrated in Com1_MMP and Com1 DMP in Fig.1, although this is not unique to
phosphate species.ﬁlv82

B. SCC-DFTBPA: proton affinities

For the 18 phosphorus containing species, large errors are seen in the gas-phase proton affinities
with the standard second-order SCC-DFTB parameterization (see Table 3). The largest error
is 36.7 kcal/mol for H,PO,, which is not unexpected for a highly charged species in the gas
phase. The root-mean-square-error (RMSE) is 19.3 kcal/mol, similar to those reported for the
second-order SCC-DFTB and other semi-empirical methods in the previous study.29 With the
on-site third-order terms, even without specific parameterization, the errors in the proton
affinity reduce dramatically as also seen in our recent analysis for non-phosphate compounds
(also see Table 4).61 The largest error becomes —18.5 kcal/mol and the RMSE is cut nearly
half to 9.5 kcal/mol. With further optimizations, the results become very good with the largest
error of —5.4 kcal/mol and RMSE of merely 3.0 kcal/mol. Similar to the observations in
previous analysis, the Mulliken charges on the phosphate oxygen atoms are substantially
modified with the third-order terms, which is related to the reduced error in proton affinity.
Take MMP as an example. The Mulliken charges on the acidic oxygen atom are —0.566 and
—0.816 before and after deprotonation, respectively, with the second-order SCC-DFTB; the
corresponding values are —0.710 and —0.895, respectively, with the optimized third-order SCC-
DFTB.

Despite these encouraging results, difficulties arise when we attempt to optimize the current
third-order formulation for both phosphorus-containing compounds and species without
phosphorus. The situation is illustrated in Table 4. Although the RMSE’s for both classes of
compounds seem to be reasonable, 3.8 kcal/mol and 6.1 kcal/mol for the non-phosphorus-and
phosphorus-containing compounds, respectively, the signs of error are opposite. For non-
phosphorus compounds, the proton affinity is typically underestimated by a few kcal/mol,
while the trend is the opposite for phosphorus-containing species. This is alarming because
error will accumulate for reactions between, for example, a non-phosphorus nucleophile and
a phosphate compound, which suggests that the calculated reaction energetics are likely poor
(see discussions below). With the SCC-DFTBPR parameter set, the errors in the proton affinity
follow the same trend: the non-phosphorus- and phosphorus-containing compounds tend to
have errors of opposite signs.

The origin for the different trends is not clear and an interesting observation is that different

optimal Hubbard derivatives for oxygen (Uff) apply to two classes of compounds. The

computed U(‘)’ based on atomic calculations is —0.17; the optimized value based on the proton
affinity for 32 non-phosphorus compounds and 18 phosphorus-containing compounds is —0.14
and —0.20, respectively. The variation towards different directions indicates some intrinsic
differences between the two classes of compounds although the precise origin is not clear;
further improvements in the SCC-DFTB formalism, such as including the off-site third-order
terms and the treatment of polarization, are likely required.

C. SCC-DFTBPR: phosphate hydrolysis reactions

The hydrolysis of MMP and DMP molecules have been studied by a number of groups using
different ab initio and DFT methods, 11,16,40,90-95 anq the role of additional water as proton
relay has been discussed for the dissociative40 pathway. Our present calculations, which also
include the hydrolysis of DMP in different protonation states and the effect of additional water
in associative pathways, are largely consistent with previous studies. Overall (see Table 5 for
energetics and Supporting Materials for structures), the barriers for DMP and MMP hydrolysis
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are rather similar and show a weak dependence on the protonation state; e.g., the barrier for
the protonated form of DMP (charge neutral) in the gas phase is lower than that of the anionic
species by ~ 5 kcal/mol along the associative pathway, and the additional water helps to further
reduce the potential barrier (not free energy barrier) by another 5 kcal/mol. The role of the
additional water on the dissociative potential barriers is much more significant, on the order
of ~ 20 kcal/mol. Therefore, when the entropic factor is taken into consideration, the effect of
an additional water as proton relay is likely small for associative pathway; a detailed analysis
in the condensed phase using a QM/MM framework will be reported in the near future (Yang
and Cui, work in progress).

The reference energetics are taken to be MP2/G3-Large, which has been shown to give reliable
proton affinities compared to the more elaborate CBS and G3B3 methods.29 Compared to the
MP2/G3-Large data, the energetics at the B3LYP/6-31+G(d,p) are generally rather close with
a difference typically smaller than 3 kcal/mol; the RMSE is 2.5 kcal/mol. In certain cases,
especially when the phosphate is highly charged, the difference between B3LYP/6-31+G(d,p)
and MP2/G3-Large can be rather substantial and as large as 8.4 kcal/mol (for
coml_da—tsl da, see Table 5).

When single point energies are calculated at the B3LYP/6-31+G(d,p) structures, the standard
second-order SCC-DFTB gives rather large errors; the largest error is —22.5 kcal/mol and the
RMSE is 6.1 kcal/mol. When the third-order terms are included, the errors decrease
substantially even without specific parameterizations, especially for the dianionic cases; the
largest error decreases to 13.0 kcal/mol and the RMSE becomes 4.6 kcal/mol. Using the
“Mixed-optimized 3rd-order” parameter set based on PA comparisons, the reaction energies
become slightly better, with the largest error of 11.7 kcal/mol and a RMSE of 3.9 kcal/mol.
With further parameter optimizations (SCC-DFTBPR), the largest error becomes —9.2 kcal/
mol and the RMSE is 3.3 kcal/mol, which are rather remarkable for a semi-empirical method
without many reaction-specific parameters. The errors for the stable states are overall smaller
than that for the transition states; e.g., the RMSE is 1.9 kcal/mol when only the stable states
are considered.

The reliability of the parameterized SCC-DFTBPR is further tested by full structure
optimizations for both stable and transition states using the ABNRB80 and cPRY6 algorithms
implemented in CHARMM,; care is taken to ensure that the same local minima/saddle-points
are used when compared to the B3LYP structures. The errors in energies are largely consistent
with those for SCC-DFTBPR single-point energies at B3LYP geometries and the RMSE
increases only slightly to 4.0 kcal/mol. As shown in Table 6, the SCC-DFTBPR structures are
rather similar to the B3LYP/6-31+G(d,p) results, with RMSE for P-O distances typically of
0.02 A, and for O-P-O angles of ~ 2-3 degrees. The errors in the transition state structures are
slightly larger, especially for the bond distance associated with the leaving group (RMSE of
0.08 A). The encouraging aspect is that MP2/G3-Large single point energies at the SCC-
DFTBPR structures are overall close to the reference (MP2/G3-Large//B3LYP/6-31+G(d,p))
values, with a RMSE of merely 1.4 kcal/mol. Large errors more than 2 kcal/mol occur very
rarely, which suggest that the SCC-DFTBPR structures are usually satisfactory.

There are, however, cases where notable differences between SCC-DFTBPR and B3LYP
results are observed. For the second step of MMP hydrolysis along the associative pathway
(intl_2—com2), two pathways are obtained at the B3LYP/6-31+G(d,p) level with energy
barriers of 9.9 and 3.7 kcal/mol, respectively, and differ in the orientation of the OH group in
the equatorial plane of the phosphorane-like transition state (see Fig.2). When the OH forms
a hydrogen-bond to the leaving group (-OCHy), the corresponding transition state has a lower
energy. At the SCC-DFTBPR level, however, only one transition state is obtained despite
numerous attempts; the corresponding OH group is oriented in a position that is approximately
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the average of those in the two B3LYP transition states. For the dianionic species, the product-
like complex (int_da_MMP in Fig.2) at the B3LYP level is featured with a very strong and

short (1.494 A) hydrogen bond between CH30H and HPO;". At the SCC-DFTBPR level,

however, the proton on CH3OH is transferred to HPOﬁ‘ , Which leads to a very different
structure; interestingly, B3LYP optimization starting from the SCC-DFTBPR geometry led to
a very similar structure, which is in fact lower than the original B3LYP structure by ~2.9 kcal/
mol. The similar behavior is found for the molecular complex between two water and MMP,
(com1_wz2), where B3LYP optimization starting from SCC-DFTBPR geometry led to a
structure with lower energy (~ 2 kcal/mol) than the original B3LYP structure. These findings
not only confirm the robustness of SCC-DFTBPR for structural properties but also highlight
the value of a fast method in exploring conformational space.

D. Additional benchmark calculations with the QCRNA database

For the large number of energetics data points studied here (56 reaction energies and 47
barriers), single point values at the standard second-order SCC-DFTB level have larger errors
(see Table 7 for a summary and Supporting Materials for details); the largest error is —24.6
kcal/mol and the RMSE is 10.3 kcal/mol. Similar errors are found when the structures are
optimized (only for stable states). With SCC-DFTBPR, the errors are substantially smaller; for
single point energetics, the largest error is 14.4 kcal/mol and the RMSE is only 5.6 kcal/mol.
When the structures are optimized for the stable states, the corresponding values are 14.8 kcal/
mol (see below) and 5.3 kcal/mol, respectively, which are rather encouraging. The RMSESs in
the optimized P-O distances and O-P-O angles are 0.035 A and 2.2 degree, respectively. The
dipole moment for the structures are well described with both the second-order SCC-DFTB
and SCC-DFTBPR, with RMSEs on the order of 0.5 Debye.

Detailed analyses of results indicate that all larger errors (> 15 kcal/mol) in the standard SCC-
DFTB approach occur in reactions that involve OH™ as a reactant, such as OH™ ...P(O)
(OCH3)(-O-CH,CH>5-0-) and OH™ ... P(O)(OCH3)(OCH3)(OCHj3). With the third-order
terms, the errors in those reactions typically reduce significantly to merely a few kcal/mol (for
details, see Table S1 in Supporting Materials). The largest error at the SCC-DFTBPR level,
14.8 kcal/mol, is found for the exothermicity for the reaction between OH™ and P(O)(OH)(OH)
(OCHyg), which has a very large value of —60.7 kcal/mol at the B3LYP/6-311++G(3df, 2p)
level.

E. MMP hydrolysis with SCC-DFTBPR/MM simulations

1. Associative mechanism—In the gas phase, the two-dimensional PES (Fig.3a) shows a
high barrier of ~ 33 kcal/mol, which is consistent with the results of transition state optimization
at the same SCC-DFTBPR level (32.1 kcal/mol, com1—ts1, Table 5). The transition state and
intermediate regions are very flat on the two-dimensional PES, which is also seen in the
optimization calculations; the intermediate is lower than the transition state by 0.1 kcal/mol at
the SCC-DFTBPR level, and 0.4 kcal/mol at the B3LYP/6-31+G** level. The shape of the
two-dimensional PES makes it clear that a strictly step-wise mechanism, in which the proton
is first transferred to MMP to generate the nucleophilic hydroxide, is not energetically
favorable. This is confirmed by comparing the adiabatic energy profile along the proton transfer
coordinate with the P-ON! fixed at 3.0 A at the SCC-DFTBPR and B3LYP/6-311++G**//SCC-
DFTBPR levels. The results are purely uphill and numerically close at the two levels of
calculations (data not shown); for example, at the proton transfer (anti-symmetric stretch)
coordinate of —0.2, 0.2 and 0.4 A, respectively, the B3LYP result is lower than SCC-DFTBPR
by 0.8, 3.2 and 4.0 kcal/mol, respectively.

In the solution phase, an equally late transition state is identified on the two-dimensional PMF
(Fig.3b) with a barrier of ~ 34 kcal/mol. Clearly, solvation does not stabilize the transition state
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over the reactant in any major way in the associative pathway, which is reasonable since there
is no major difference between the dipole moment of the transition state and the reactant
complex; at the SCC-DFTBPR level, the values are 6.9 and 6.2 Debye for the reactant and
transition state, respectively. Our value is close to the finding of Florian et al., who obtained a
barrier of ~35 kcal/mol using a Langevin dipole model for solvation and structures from gas-
phase reaction path optimizations.1

2. Dissociative mechanism—\Without the “proton relay” mediated by water molecules,
the first step of the dissociative pathway involves an intramolecular proton transfer to the
leaving group, generating a complex between metaphosphate and methanol. In the gas-phase,
the two-dimensional PES (Fig.4a) clearly shows a saddle point in which the proton is equally
shared between the metaphosphate and the leaving group oxygen (proton transfer coordinate
~—0.1-0.0 A) and the distance between the leaving group and phosphorus significantly
lengthens by ~0.4 A relative to MMP. The barrier is about 35 kcal/mol, which is close to the
result of transition state search (coml—diss_tsa in Table 5) at both the SCC-DFTBPR (34.2
kcal/mol) and MP2 (36.8 kcal/mol) levels.

In solution, the two-dimensional PMF (Fig.4b) points to a transition state with a similar shared-
proton feature but more compressed P-O9 distance of 1.7-1.8 A. Physically speaking, the
observed shift in the P-O9 distance in the transition state upon solvation is to be expected.
Without breaking the P-O9 bond, the intra-molecular proton transfer leads to a species with
significant charge separation, which is much better stabilized in solution than in the gas phase.
Therefore, the transition state in the gas-phase has a substantially longer P-OL9 distance than
in solution. To quantitatively verify the solvation effect on the transition state structure
observed in the SCC-DFTBPR based calculations, an adiabatic mapping scan in the gas phase
along the P-OL9 distance is first performed with the antisymmetric stretch proton transfer
coordinate constrained at 0.0 A; all other degrees of freedom are optimized at the B3LYP/6-31
+G* level. Single point B3LYP/6-311++G** energies at these partially optimized structures
are then compared between gas-phase and implicit solvent (PCM) calculations. As shown in
Fig.4c, an energy minimum is found around the P-O9 distance of 2.0-2.1 A in the gas phase,
which is consistent with the 2d-PES shown in Fig.4a. With the implicit solvent model, however,
the position of the energy minima along P-OL9 is shifted to be around 1.8 A, regardless of the
atomic radii used in the B3LYP-PCM calculations. Therefore, the SCC-DFTBPR based results
are consistent with B3LYP calculations in both the gas phase and solution, which is very
encouraging.

The solution PMF barrier calculated at the SCC-DFTBPR/MM level is about 32 kcal/mol (Fig.
4b), which is consistent with previous results obtained using various implicit solvent models.
For example, Warshel and coworkers found a barrier of 34 kcal/mol by using MP2/6-31+G
(d,p) energies and the Langevin dipole model for solvation;16 Bianciotto et al.90 obtained a
barrier of 33.5 kcal/mol using B3LYP and a modified double-{ plus polarization valence basis
set along with the PCM solvation model.

Despite these encouraging aspects of the SCC-DFTBPR/MM calculations, an unexpected
feature is observed in the PMF. As shown in Fig.4b, a very low-energy region is found in the
left-upper corner of the 2d-PMF, which corresponds to a zwitterionic intermediate. In fact, the
current PMF calculations predict that this zwitterionic species is even more stable than the
reactant state by ~ 3 kcal/mol. Such a zwitterionic intermediate has been discussed in the
computational study of Bianciotto et a|_,90,91 who argued that the dissociative mechanism of
the MMP hydrolysis in solution may follow a step-wise pathway that involves a stable
zwitterionic intermediate produced by intramolecular proton transfer to the leaving group.
Using B3LYP-PCM and a double- plus polarization quality basis, Bianciotto et al. predicted
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that such an intermediate is ~ 21.2 kcal/mol higher than the reactant, which is at odds with the
current SCC-DFTBPR/MM result.

Since the zwitterionic type of species has not been considered in the development of SCC-
DFTBPR, itis possible that the stability of this structure is overestimated at the SCC-DFTBPR/
MM level. To better understand the situation, several sets of calculations are carried out.

First, to explore the intrinsic performance of SCC-DFTBPR, adiabatic mapping calculations
are carried out for MMP in the gas phase along the proton transfer coordinate while holding
the P-OL9 distance fixed at 1.824 A. At these partially optimized structures at the SCC-
DFTBPR level, B3LYP/6-311++G** single-point energy calculations are carried out in both
the gas phase and with the PCM model for solution. In the gas phase, as shown in Fig.4d, SCC-
DFTBPR and B3LYP agree well for the antisymmetric proton transfer coordinate below 0.4
A, the agreement deteriorates quickly as the PT coordinate further increases. For example, with
the proton transfer coordinate of 2.0 A, the SCC-DFTBPR energy is lower than the B3LYP
value by as much as 9 kcal/mol. At the B3LYP level, with the PCM model describing solvation,
the partially optimized zwitterionic species varies in the range of 18-24 kcal/mol above the
reactant, depending on the radii used; these values are largely consistent with the result of
Bianciotto et a|_90,91, indicating that the SCC-DFTBPR structures are quite promising.

The ~ 9 kcal/mol error in the SCC-DFTBPR result for the zwitterionic species in the gas-phase
doesn’t explain the significantly overestimated stability in solution by the SCC-DFTBPR/MM
simulations. In fact, this discrepancy suggests that the current SCC-DFTBPR/MM simulations
have significantly unbalanced treatment of solute-solvent interactions between the reactant and
the zwitterionic species, with the latter significantly over-stabilized. This can be caused either
by large errors in the predicted charge distribution (e.g., dipole moment) in the zwitterionic
structure, or by non-optimal van der Waals parameters for the QM atoms used in the current
simulations. To distinguish the two possibilities, we study the binding energies of the solute
with nearby water molecules (~9-11) in the reactant (MMP), zwitterionic and

“intermediate” (metaphosphate with a weakly bound methanol) states; for each case, 10
snapshots are taken from SCC-DFTBPR/MM trajectories. As shown in Fig.5a, the dipole
moment of the solute at the SCC-DFTBPR level correlates very well with B3LYP/6-311++G**
result, regardless of the chemical state of the solute. The dipole moment of the solute-water
cluster is not sensitive to whether the water molecules are treated as MM or QM (Fig.5b). We
do note, however, that the magnitude of charge separation in the zwitterionic state is
substantially higher at the SCC-DFTBPR/MM level; e.g., the average net Mulliken charge on
the metaphosphate is —1.54 with SCC-DFTBPR/MM, as compared to the value of ~—1.15 with
full SCC-DFTBPR, and the value of ~—0.95 based on B3LYP NBO charges. Therefore, the
electronic structure (or electron distribution) seems adequately described at the SCC-DFTBPR
level even for the zwitterionic species and the MM treatment of the nearby solvent causes a
higher degree of polarization in the solute.

The total binding energy between the solute and nearby water molecules, however, is
significantly overestimated at the SCC-DFTBPR/MM level, especially when the solute is in
the zwitterionic state (Fig.5c). In the MMP state, the average interaction between the solute
and nearby water molecules is —129.1 kcal/mol with SCC-DFTBPR/MM, which is
significantly larger than the value of —94.3 (—=89.7) kcal/mol when all atoms are described with
SCC-DFTBPR (B3LYP/6-311++G**); for the zwitterionic state, the corresponding values are
—165.1, —116.7 and —109.1 kcal/mol. In other words, the MM treatment of the nearby water
molecules preferentially stabilizes the zwitterionic species by almost 20 kcal/mol [e.g.,
(165.1-129.1)—(109.1-89.7)~ 17 kcal/mol!], which explains why the zwitterionic species is
overstabilized in the SCC-DFTBPR/MM simulations. Therefore, these results vividly
demonstrate that the quantitative accuracy of QM/MM simulations for reactions involving
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significant charge redistributions relies very sensitively on the treatment of QM/MM
interactions. We emphasize that this is not a straightforward problem to “fix”” by simply refitting
the van der Waals parameters for the QM atoms based on simple solute-water dimers as
commonly done in the Iiterature;21v82 in fact, such fitted QM van der Waals parameters are
found to be very similar to the set used here in a recent QM/MM study of phosphoryl transfer
reaction in water and tert-butanol solutions.® For highly charged solutes, the errors are due
to the accumulative effects of a large number of solute-solvent interactions (e.g., more than 8
hydrogen bonds are involved in the MMP-water clusters studied here), thus a balanced
treatment of QM/MM interactions over different chemical states of the solute likely calls for
more sophisticated approaches that allow the QM non-bond parameters to vary during the
reaction.83 Another possibility is that the QM/MM interaction is better represented by a
Klopman-Ohno form, which is substantially damped at the intermediate and short distances
and more consistent with the way that charge-charge interactions are treated for the QM atoms
in SCC-DFTB.60 The simple Coulombic form is used in the integration of second-order SCC-
DFTB with MM because this combination emgirically compensates for the fact that SCC-
DFTB Mulliken charges tend to be too low;48:82 with modified Mulliken charges at the third-
order level, however, it is possible that the Klopman-Ohno form becomes more appropriate.
We leave the systematic analysis of these possibilities to future work (however, see Supporting
Materials for some preliminary results). Along this line, it is encouraging to observe that the
differential solute/solvent interaction between MMP and the zwitterionic species at the SCC-
DFTBPR level (i.e., nearby water also treated as QM), —22.4(=94.3-116.7) kcal/mol, is very
close to the value of —19.4(=89.7-109.1) kcal/mol at the B3LYP/6-311++G** level, which
suggests that an attractive alternative is to treatment the first solvation shell at the QM
level97 and that SCC-DFTBPR seems adequate in this regard. A technical challenge for such
calculations, however, is that the QM/MM interface needs to be updated in an adaptive fashion
during the simulation98-101 \which in factis not problematic if only thermodynamic quantities
are of interest.

In summary, the combination of gas-phase adiabatic mapping, solution QM/MM PMF
calculations and comparison to relevant B3LYP calculations in the gas-phase or with implicit
solvent models indicate that the SCC-DFTBPR approach gives reliable structures, including
transition states for both associative and dissociative pathways and the zwitterionic inter-
mediate in the dissociative pathway. For structures with similar charge distributions (e.g.,
dipole moment), the SCC-DFTBPR/MM simulations give rather satisfying energetics as well;
for describing the relative energetics of species with very different charge distributions,
however, a simple treatment of the solute/solvent interaction at the traditional QM/MM level
may not be sufficient.

IV. CONCLUSIONS

Despite extensive efforts from both experimental and theoretical studies, the precise
mechanism of phosphate chemistry such as phosphate hydrolysis and phosphoryl transfer
remains controversial. This is a major challenge to tackle because phosphate 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 stand point, the key is to develop
effective computational methods that can balance accuracy and sampling efficiency, which,
with the typical computational hardware, naturally points to the development of semi-empirical
methods. There have been several such models established in recent years for specific types
of phosphate reactions30:33,34 pased on the traditional NDDO framework although their
general applicability still remains to be fully explored.

In this work, we make an attempt to parameterize an approximate density functional theory,
SCC-DFTB, as an alternative approach for studying the chemistry of phosphorus containing
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systems in solution and biological systems. This is motivated by the recent success of SCC-
DFTB for studying the structural and energetics of biological systems.25v52v59 It is found that
although a standard second-order formulation of SCC-DFTB gives good geometries compared
to high-level density functional theories, further extensions are needed to obtain reliable proton
affinity and reaction energies. Including the on-site third-order terms is found to improve the
proton affinity significantly, although it remains difficult to obtain accurate proton affinity for
both phosphorus containing compounds and those that do not contain phosphorus; it is possible
that off-diagonal third-order terms are needed to resolve such difficulty. As a pragmatic
approach, we have developed two sets of “reaction specific” parameterizations; SCC-DFTBPA
for proton affinity of phosphates and SCC-DFTBPR for phosphate hydrolysis. The number of
“reaction specific” parameters, however, is small (7 in total for O, N, C, H and P) and therefore
SCC-DFTBPR is likely applicable to a broader set of phosphate reactions.

Benchmark calculations in the gas-phase and solution with a QM/MM framework indicate that
the current parameterizations, particularly SCC-DFTBPR, generally give reliable structures
and semi-quantitative energetics (e.g., with a RMSE of ~ 3-5 kcal/mol compared to high-level
calculations). Therefore, these methods are attractive choices for exploring the gross features
of the potential energy surfaces of condensed phase systems and for identifying amino acids
and/or structural fluctuations that play an important role in controlling the chemical step.5
Higher level QM/MM calculations are still required for more quantitative understanding,
although the number of variables in these much more expensive calculations can be
substantially reduced by SCC-DFTB(PR) based studies. The solution phase bench-mark study
for the zwitterionic species in the dissociative pathway of MMP hydrolysis also underlines the
importance of carefully handling solute/solvent interactions for reactions involving highly
charged species, which may require sophisticated treatment of van der Waals parameters for
the QM atoms or describing the first solvation shell of the solute with a QM approach.
Quantitative analysis along these lines and systematic comparison of the new SCC-DFTB
models to NDDO based models for phosphate chemistry30’33!34*102 remain important goals
for the near future.
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Acknowledgments

The research discussed here has been supported from the National Institutes of Health (R01-GM071428). Q.C. also
acknowledges a Research Fellowship from the Alfred P. Sloan Foundation. Computational resources from the National
Center for Supercomputing Applications at the University of Illinois are greatly appreciated. DY is grateful for support
from the National Institutes of Health (GM62248) and the Minnesota Supercomputing Institute (MSI).

References

1. Alberts, B.; Bray, D.; Lewis, J.; Raff, M.; Roberts, K.; Watson, JD. Molecular biology of the cell.
Garland Publishing, Inc; 1994.

. Westheimer FH. Science 1987;235:1173-1178. [PubMed: 2434996]

. Vale RD, Milligan RA. Science 2000;288:88-95. [PubMed: 10753125]

.YuH, MaL, Yang Y, Cui Q. PLoS Comput. Biol 2007;3:199.

.Yang Y, Yu H, Cui Q. J. Mol. Biol 2008;381:1407-1420. [PubMed: 18619975]

. Mueller-Planitz F, Herschlag D. J. Biol. Chem 2006;281:23395-23404. [PubMed: 16782968]
. Herschlag D, Jencks WP. J. Am. Chem. Soc 1987;109:4665-4674.

. Herschlag D, Jencks WP. J. Am. Chem. Soc 1989;111:7579-7586.

. Hollfelder F, Herschlag D. Biochem 1995;34:12255-12264. [PubMed: 7547968]

© 0O N O Ol b WN

J Chem Theory Comput. Author manuscript; available in PMC 2009 April 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang etal.

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

Page 16

Admiraal S, Herschlag D. Chem. Biol 1995;2:729-739. [PubMed: 9383480]

Aqvist J, Kolmodin K, Florian J, Warshel A. Chem. Biol 1999;6:R71-R80. [PubMed: 10074472]
Florian J, Aqvist J, Warshel A. J. Am. Chem. Soc 1998;120:11524-11525.

Glennon TM, Villa J, Warshel A. Biochem 2000;39:9641-9651. [PubMed: 10933780]

Florian J, Warshel A. J. Am. Chem. Soc 1997;119:5473-5474.

Friedman JM, Freeman S, Knowles JR. J. Am. Chem. Soc 1988;110:1268-1275.

Florian J, Warshel A. J. Phys. Chem. B 1998;102:719-734.

O’Brien PJ, Herschlag D. Biochem 2002;41:3207-3225. [PubMed: 11863460]

Doherty EA, Doudna JA. Annu. Rev. Biophys. Biomol. Struct 2001;30:457-475. [PubMed:
11441810]

Field MJ, Bash PA, Karplus M. J. Comput. Chem 1990;11(6):700-733.

20. Warshel, A. Computer Modeling of Chemical Reactions in Enzymes and Solution. New York: Wiley;

21.

22.
23.
24,
25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.
38.

39.
40.
41.
42.
43.

44,

45.

46.

47.
48.
49.

1991.

Lipkowitz, KB.; Boyd, DB. Reviews in Computational Chemistry VII. Gao, J., editor. New York:
VCH; 1995.

Senn HM, Thiel W. Topics in Curr. Chem 2007;268:173-290.
Hu H, Yang W. Annu. Rev. Phys. Chem 2008;59:573-601. [PubMed: 18393679]
Warshel A. Annu. Rev. Biophys. Biomol. Struct 2003;32:425-443. [PubMed: 12574064]

Riccardi D, Schaefer P, Yang Y, Yu H, Ghosh N, Prat-Resina X, Konig P, Li G, Xu D, Guo H, Elstner
M, Cui Q. J. Phys. Chem. B 2006;110:6458-6469. [PubMed: 16570942]

Dewar MJS, Thiel W. J. Am. Chem. Soc 1977;99:4899-4907.

Dewar MJS, Zoebisch EG, Healy EF, Stewart JJP. J. Am. Chem. Soc 1985;107:3902-3909.
Stewart JJP. J. Comp. Chem 1989;10:209-220.

Range K, Riccardi D, Elstner M, Cui Q, York D. PhysChemChemPhys 2005;7:3070-3079.

Nam K, Cui Q, Gao J, York DM. J. Chem. Theo. Comp 2007;3:486-504.

Thiel W, Voityuk AA. Theo. Chem. Acc 1992;81:391-404.

Thiel W, Voityuk AA. J. Phys. Chem 1996;100:616-626.

Arantes GM, Loos M. PhysChemChemPhys 2006;8:347-353.

Lopez X, York DM. Theo. Chem. Acc 2001;109:149-159.

Xu D, Guo H, Liu Y, York DM. J. Phys. Chem. B 2005;109:13827-13834. [PubMed: 16852731]

Nam, K.; Gao, J.; York, DM. chapter New QM/MM Models for Multi-scale Simulation of Phosphoryl
Transfer Reactions in Solution. New York: Wiley; 2007. p. 201-218.

Nam KH, Gao JL, York DM. J. Am. Chem. Soc 2008;130:4680-4691. [PubMed: 18345664]

Lee TS, Lopez CS, Glambasu GM, Martick M, Scott WG, York DM. J. Am. Chem. Soc
2008;130:3053-3064. [PubMed: 18271579]

Nam K, Gao J, York DM. RNA. 2008In press

Hu CH, Brinck T. J. Phys. Chem. A 1999;103:5379-5386.

Li GH, Cui Q. J. Phys. Chem. B 2004;108:3342-3357.

Gerratana B, Sowa GA, Cleland WW. J. Am. Chem. Soc 2000;122:12615-12621.

Elstner M, Porezag D, Jungnickel G, Elstner J, Haugk M, Frauenheim T, Suhai S, Seifert G. Phys.
Rev. B 1998;58(11):7260-7268.

Elstner M, Jalkanen KJ, Knapp-Mohammady M, Frauenheim T, Suhai S. Chem. Phys 2000;256(1):
15-27.

Elstner M, Jalkanen KJ, Knapp-Mohammady M, Frauenheim T, Suhai S. Chem. Phys 2001;263(2—
3):203-2109.

Hu H, Elstner M, Hermans J. Proteins: Struct., Funct., Genet 2003;50(3):451-463. [PubMed:
12557187]

Zhu X, Yethiraj A, Cui Q. J. Comput. Theo. Chem 2007;3:1538-1549.

Cui Q, Elstner M, Kaxiras E, Frauenheim T, Karplus M. J. Phys. Chem. B 2001;105(2):569-585.
Zhang X, Harrison D, Cui Q. J. Am. Chem. Soc 2002;124:14871-14878. [PubMed: 12475328]

J Chem Theory Comput. Author manuscript; available in PMC 2009 April 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang etal.

50.
5L

52.
53.

54.

55.
56.
57.

58.
59.
60.
61.

62.
63.

64.
65.
66.
67.

Page 17

Li G, Cui Q. J. Am. Chem. Soc 2003;125:15028-15038. [PubMed: 14653737]

Bondar AN, Fischer S, Smith JC, Elstner M, Suhai S. J. Am. Chem. Soc 2004;126:14668-14677.
[PubMed: 15521787]

Elstner M, Frauenheim T, Suhai S. THEOCHEM 2003;632:29.

Kruger T, Elstner M, Schiffels P, Frauenheim T. J. Chem. Phys 2005;122:114110. [PubMed:
15836204]

Sattelmeyer KW, Tirado-Rives J, Jorgensen W. J. Phys. Chem. A 2006;110:13551-13559. [PubMed:
17165882]

Otte N, Scholten M, Thiel W. J. Phys. Chem. A 2007;111:5751-5755. [PubMed: 17385847]
Elstner M, Hobza P, Frauenheim T, Suhai S, Kaxiras E. J. Chem. Phys 2001;114:5149-5155.

Liu HY, Elstner M, Kaxiras E, Frauenheim T, Hermans J, Yang WT. Proteins: Struct., Funct., Genet
2001;44(4):484-489. [PubMed: 11484226]

Neihaus TA, Elstner M, Frauenheim T, Suhai S. J. Mol. Struct. Theochem 2001;541:185-194.
Elstner M. Theo. Chem. Acc. 20061n press

Elstner M. J. Phys. Chem. A 2007;111:5614-5621. [PubMed: 17564420]

Yang Y, Yu H, York DM, Elstner M, Cui Q. J. Phys. Chem. A 2007;111:10861-10873. [PubMed:
17914769]

Giese TJ, York DM, et al. J. Mol. Graph. Model 2006;25:423-433. [PubMed: 16580853]

Elstner M, Cui Q, Munih P, Kaxiras E, Frauenheim T, Karplus M. J. Comp. Chem 2003;24:565-581.
[PubMed: 12632471]

Perdew JP, Burke K, Ernzerhof M. Phys. Rev. Lett 1996;77:3865-3868. [PubMed: 10062328]
Becke AD. J. Chem. Phys 1993;98:5648-5652.

Becke AD. Phys. Rev. A 1988;38:3098-3100. [PubMed: 9900728]

Lee C, Yang W, Parr RG. Phys. Rev. B 1988;37:785-789.

68. Goldberg, DE. Genetic Algorithms in Search, Optimization, and Machine Learning. Boston: Addison-

69.
70.
71.

72.
73.
74.

75.
76.
77.

Wesley; 1989.

Gonzalez-Lafont A, Truong TN, Truhlar DG. J. Phys. Chem 1991;95:4618-4627.

Baboul AG, Curtiss LA, Redfern PC, Raghavachari K. J. Chem. Phys 1999;110:7650-7657.
Curtiss LA, Raghavachari K, Redfern PC, Rassolov V, Pople JA. J. Chem. Phys 1998;109:7764—
7776.

Herschlag D, Jencks WP. J. Am. Chem. Soc 1989;111:7587-7596.

Perreault DM, Anslyn E. Angew. Chim. Intl. Ed 1997;36:432-450.

Lopez CS, Faza AN, Gregersen BA, Lopez X, de Lera AR, York DM. ChemPhysChem 2004;5:1045—
1049. [PubMed: 15298394]

Lopez CS, Faza ON, de Lera AR, York DM. Chem. Eur. J 2005;11:2081-2093.
Yang Y, Cui Q. Manuscript in preparation. 2008
Brooks CL 111, Karplus M. J. Chem. Phys 1983;79(12):6312-6325.

78. Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. J. Chem. Phys 1983;79(2):926—

79.
80.

81.

82.
83.
84.
85.

86.
87.

935.

Neria E, Fischer S, Karplus M. J. Chem. Phys 1996;105(5):1902-1921.

Brooks BR, Bruccoleri RE, Olafson BD, States DJ, Swaminathan S, Karplus M. J. Comput. Chem
1983;4(2):187-217.

Schlenkrich, M.; Brickmann, J.; MacKerell, A., Jr; Karplus, M. Biological Membranes: A Molecular
Perspective from Computation and Experiment. Birkhauser; 1996.

Riccardi D, Li G, Cui Q. J. Phys. Chem. B 2004;108:6467-6478. [PubMed: 18950136]

Giese TJ, York DM. J. Chem. Phys 2007;127:194101. [PubMed: 18035873]

Torrie G, Valleau J. J. Comp. Phys 1977;23:187-199.

Kumar S, Bouzida D, Swendsen RH, Kollman PA, Rosenberg JM. J. Comput. Chem 1992;13(8):
1011-1021.

Im W, Bernéche S, Roux B. J. Chem. Phys 2001;114(7):2924-2937.
Schaefer P, Riccardi D, Cui Q. J. Chem. Phys 2005;123:014905. [PubMed: 16035867]

J Chem Theory Comput. Author manuscript; available in PMC 2009 April 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang etal.

88.
89.
90.

9L

92.
93.
94.
95.

96.
97.
98.
99.

Page 18

Brooks CL, Karplus M. J. Mol. Biol 1989;208(1):159-181. [PubMed: 2769750]
Ryckaert J-P, Ciccotti G, Berendsen HJC. J. Comput. Phys 1977;23(3):327-341.

Bianciotto M, Barthelat JC, Vigroux A. J. Am. Chem. Soc 2002;124:7573-7587. [PubMed:
12071768]

Bianciotto M, Barthelat JC, Vigroux A. J. Am. Chem. Soc 2002;124:7573-7587. [PubMed:
12071768]

Wang Y, Topol 1A, Collins JR, Burt SK. J. Am. Chem. Soc. 2005
Klahn M, Rosta E, Warshel A. J. Am. Chem. Soc 2006;128:15310-15323. [PubMed: 17117884]
Rosta E, Kamerlin SCL, Warshel A. Biochem 2008;47:3725-3735. [PubMed: 18307312]

Grigorenko BL, Rogov AV, Nemukhin AV. J. Phys. Chem. B 2006;110:4407-4412. [PubMed:
16509742]

Fischer S, Karplus M. Chem. Phys. Lett 1992;194:252-261.
Yang Y, Cui Q. J. Phys. Chem. B 2007;111:3999-4002. [PubMed: 17391023]
Kerdcharoen T, Liedl KR, Rode BM. Chem. Phys 1996;211:313.

Hofer TS, Pribil AB, Randolf BR, Rode BM. J. Am. Chem. Soc 2005;127:14231. [PubMed:
16218617]

100. Kerdcharoen T, Morokuma K. Chem. Phys. Lett 2002;355:257.
101. Heyden A, Lin H, Truhlar DG. J. Phys. Chem. B 2007;111:2231-2241. [PubMed: 17288477]
102. Marcos E, Anglada JM, Crehuet R. PCCP 2008;10:2442-2450. [PubMed: 18446244]

J Chem Theory Comput. Author manuscript; available in PMC 2009 April 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Yang et al. Page 19
1.656 1518
1.652
HZ;Z; ([i‘]m) (1652)  1.706
: X
{1649} 1670 1975 (1:525 E1]6 3) ([11703)
1518 (1.646) (L94) / /.,763,
(1.534\ [1.643] "
[1.540] {1.695} (1.847) -
(1.524} [ U‘: -
2060 \
(18957 \ \\ (™
[1.886] 7 ’ v 192|/
{1,920} . (2.016) 1.663
Vs 2.082 1.509 *] (1.669)
(1.899)  (1.530) {2.127} *]
[1.886]  [1.535] 11.664}
{1.948)  {1.515} 124.3 1.526
(1225) (1541
Coml MMP intl MMP [1224]  [1544]
oml_ mtl_ 926 1675 {1248} {17526}
1.658 (92.2) (1.676)
(1.650) [91.4] [1:654]
1516 [1.645] 9
2.041 (1534) 11678)
(1.894)
[1.88
{1.93(2'\ P
’,’ (11-8573) ). 1.732
f E 89.2 (1.736)
- [<|-9|8][ ,] g5 [1.726]
‘gf ; A
1 (1.649) (843) 1773}
1 [1.647] [84.9]
fl {1,686} {82.0}
{1 (#
Coml1_DMP intl_DMP
& 1530
2142383) i/ (1566)
«
i 4'?\ : 1.549
1551 1.419 (1.576)
(73 (1.584) e i e
K . . 5
[z a ey Vi
v {1.750}
\ 1149 1.546
117.1 . Hg;]) / 1.607 Hg;g}
1155 . : - 1.534 (1.585) .
Ensz]) nse7; (& 11423 (1,554 [1585] [1-682] (1,568}
(1158 1.526{1.578; [1.088] [1557] ;,59]\ {1734 )
(1.551) {1.764 1153 {1543} 1.521 e
(1,544} (1.568) (1139] (“‘552]’ [1.555] 11569}
“ADP” [\'Il-_5576|1]; {114.3} “ATP” T {1.541}
FIG. 1.

Selected structures included in the SCC-DFTB parameterization protocol optimized at
different levels; the first four are involved in the hydrolysis of small phosphate molecules, and
the last two are models for ADP and ATP, respectively. Values without parentheses are from
B3LYP/6-31+G** calculations; values with parentheses are from SCC-DFTBPR; values with
brackets are from SCC-DFTBPA; values with curly brackets are from second-order SCC-

DFTB parameterization. See Table 1 for the

notation of different SCC-DFTB

parameterizations. Distances are in A, angles in degrees.
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FIG. 2.

Structures for which significant discrepancy is found between independent B3LYP/6-31+G**
and SCC-DFTBPR geometry optimizations. For com1_w2_MMP and int_da_MMP, B3LYP
optimization starting from SCC-DFTBPR geometry located structure closer to the SCC-
DFTBPR result and lower in energy than the original B3LYP structure. See main text (Sect.
3.3) for discussions. Distances are in A angles in degrees.
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FIG. 3.

SCC-DFTBPR results (energies in kcal/mol) for the first step of the associative pathway for
the hydrolysis of monomethyl phosphate (MMP). (a) Two-dimensional potential energy
surface from adiabatic mapping calculations in the gas phase using SCC-DFTBPR. (b) Two-
dimensional potential of mean force from umbrella sampling in solution using a SCC-
DFTBPR/MM model. The ONU stands for the nucleophilic oxygen in water (see Scheme 1),
the proton transfer coordinate is the antisymmetric stretch that describes the proton transfer
between the nucleophilic water and the basic oxygen in MMP.
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SCC-DFTBPR results (energies in kcal/mol) for the first step of the dissociative pathway for
the hydrolysis of monomethyl phosphate (MMP). (a) Two-dimensional potential energy
surface from adiabatic mapping calculations in the gas phase using SCC-DFTBPR. (b) Two-
dimensional potential of mean force from umbrella sampling in solution using a SCC-
DFTBPR/MM model. The O stands for the oxygen in the leaving group (see Scheme 1),
which is methanol in this case; the proton transfer coordinate is the antisymmetric stretch that
describes the intramolecular proton transfer between the protonated oxygen in MMP and
09, (c) Adiabatic mapping along the P-OL9 distance with the proton transfer coordinate fixed
at 0.0; structures are partially optimized at the B3LYP/6-31+G(d) level in the gas-phase,
followed by single point continuum solvent calculations with the 6-311++G(d,p) basis and
various sets of radii. (d) Adiabatic mapping along the proton transfer coordinate with the P-
OL9 distance fixed at ~1.824 A; here structures are optimized with SCC-DFTBPR, followed
by single point energy calculations at the B3LYP level in both gas-phase and continuum solvent

model.
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Additional analysis for the reliability of the SCC-DFTBPR approach for the dissociative
pathway in MMP hydrolysis. (a—b) Dipole moment of the solute in different chemical states
(MMP, zwitterionic and intermediate state) calculated at different levels. (c—d) Binding energy
between the solute and nearby water molecules (within the first solvation shell, see Fig. S10
in the Supporting Materials for the computed solvent distribution function) at different levels;
SCC-DFTBPR/MM refers to calculations in which the solute is treated with SCC-DFTBPR
and the water with MM, while SCC-DFTBPR and B3LYP indicates calculations where both
the solute and water molecules are treated as QM.
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TABLE |
Different sets of parameterizations of the SCC-DFTB approach for phosphate?

b c d
N Ref D,.I'y,
otation eference data UP. 0.C.H 0 L'0:Qo
Second-order parameterization
2"%order 13 small molecules (see main text) — —
Third-order parameterizations
3"%order — —-0.07,-0.17,-0.16,-0.16 —
SCC-DFTBPA Proton affinity, 18 P-compounds —-0.07,-0.20,-0.22, -0.23 —0.06, 17.9, 0.86
Mix-optimized Proton affinities, 5 P- and 11 non-P compounds —0.10,-0.15,-0.24, -0.15 —0.08 37.5,0.83
SCC-DFTBPR 37 phosphate reaction energetics —-0.07,-0.22,-0.24,-0.08 -0.09, 16.1, 0.75

aUg is the Hubbard derivative defined in Eq.3; Dg,'0,QQ are Gaussian parameters defined in Eq.4.

b . .
The notations are used in all tables.

C“P-compounds" indicate phosphorus containing compounds; “non-P compounds” indicate compounds that do not contain phosphorus. For the list of
compounds, see Table 3 and Table 4.
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TABLE Il
Errors in structural properties of different parameterizations of the SCC-DFTB approach or common phosphate

compounds?

Geometrical Parameter? Second-order SCC-DFTBPA® SCC-DFTBPR
P-0 (A) 0.03 0.04 0.03
0-P-0 (°) 1.8 1.9 1.7

aThe root-mean-square (RMS) errors are calculated relative to those from B3LYP/6-31+G(d,p) alculations.

In total, 10 common phosphate compounds are included in the analysis (including MMP/DMP-water complexes, pentavalent intermediate structures for
the hydrolysis of MMP/DMP, different protonation states for phosphoric acid, models for ADP and ATP). For selected structures, see Fig. 1.

With SCC-DFTBPA, the pentavalent intermediate for MMP hydrolysis is not stable as an intermediate, and geometry optimization leads to the reactant
state.
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Table 4
The different performances for SCC-DFTB including on-site third-order terms for non-phosphorus compounds and

phosphate species.2

scc-DFTBP
Molecules G3B3
2"%order 3"order Mix-optimized 3™-order
Non-phosphorus
water 398.4 265 5.4 (1.3) 1.0 [-13.9]
methanol 392.6 45 —6.3 (—4.0) -8.3[-13.1]
ethanol 388.3 8.7 -2.8(-0.5) -4.3[-9.3]
propanol 387.6 7.9 -3.5(-1.1) —4.8 [-9.8]
2-propanol 385.6 115 -0.5(1.8) -1.4[-6.5]
formic acid 351.2 11.9 3.1(4.2) -0.9 [-6.8]
acetic acid 355.1 11.3 1.6 (2.9) -2.8[-8.4]
propanoic acid 354.5 11.2 1.9(3.1) -2.5[-8.0]
phenol 356.7 55 0.2 (1.1) ~2.6 [-5.8]
p-methylphenol 357.9 4.6 —-0.4 (0.4) -3.1[-6.2]
p-nitrophenol 334.6 0.9 —5.4 (-4.4) —5.8 [-12.0]
CH,(OH), 3748 11.7 1.3 (3.4) -4.7[-10.1]
CH,(OH)(OCH3) 377.2 5.1 -1.1(0.0) -3.4[-84]
CH(OH),4 361.9 18.0 3.7(5.9) -18[-7.2]
CH(OCHS,),0H 365.7 9.5 2.5(3.6) -04[-5.7]
Error Analysis

MAXE 26.5 -6.3 (5.9) -8.3[-13.9]

RMSE 116 3.2(3.0) 3.8[9.1]

MUE 9.9 2.6 (2.5) 3.2[8.7]

MSE 9.9 0.7 (1.2) -3.1[-8.7]

Phosphate

H,PO, 334.0 27.3 13.7 8.5 [1.6]
H,PO, 463.6 36.7 15.2 8.7[3.7]
DMPH 336.2 19.9 9.7 5.0 [1.7]
MMP 336.7 222 10.3 5.2[-0.1]
MMP™ 460.5 317 14.2 10.1 [6.1]
PH,OH 201.6 1.6 -2.0 -2.0[-3.0]
PH,OHOH 201.6 74 16 1.6 [-1.0]
PHOHOHOH 200.8 14.7 6.9 6.5[3.0]
PH,(OH)=0 336.6 13.2 49 0.1[-3.6]
PH(OH)(OH)=0 334.7 20.9 9.9 4.7 [-0.8]
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scc-DFTBP
Molecules G3B3
2"%order 3" order Mix-optimized 3™-order
Non-phosphorus
Error Analysis
MAXE 36.7 15.2 10.1[6.1]
RMSE 22.1 10.0 6.1[3.0]
MUE 19.6 8.8 5.2 [2.5]
MSE 19.6 8.4 4.810.8]
a)

The PA values and errors (in kcal/mol) are defined in the same manner as in Table 3.
b)
optimized in Ref. 59 based on 32 non-phosphorus compounds. For the “Mix-optimized 3"-order” set, both non-phosphorus and phosphate molecules

(shown in italics) are included to attempt to optimize a set of third-order parameters that work for both classes of molecules, although the results are not
satisfying (see text). The numbers in bracket are based on the phosphate hydrolysis reaction parameter set (SCC-DFTBPR).

See Table 1 for the notations used to label different SCC—DFTB approaches. The values in parentheses are obtained using a third-order approach
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Table 5

Comparison of exothermicity and barrier height from
elementary steps in the hydrolysis of MMP and DMP2

Page 31

SCC-DFTB and high-level ab initio calculations for 37

Process? ab initio SCC-DFTB SCC-DFTBPR MP2//SCC-
Single point Optimization' DFTBPR
coml-tsl (MMP,B) 31.0%-1.74 -0.98/-3.07049/3.1h 11 0.9
coml—intl (MMP,E) 30.6/-1.4 —2.1/-2.2/0.7/2.1 14 -0.8
coml—-tsl_2 (MMP,B) 41.5/-2.1 1.2/-0.3/2.4/5.3 -3.4 -1.6
coml—intl_2 (MMP,E) 31.0/-1.1 —4.4/-0.6/1.6/3.1 1.9 -0.1
intl_2—ts2_1 (MMP,B) 11.9/-2.0 —2.5/-2.1/-3.3/-2.3 .k
intl_2—ts2_2 (MMP,B) 3.6/0.1 ~5.4/-5.0/-5.2/-5.0 0.3 6.1
intl_2—com2 (MMP,E) —28.8/-0.9 2.5/0.6/0.2/0.4 -0.4 -0.8
coml—diss_tsa (MMP,B) 36.8/-4.2 4.7/4.0/2.414.8 2.6 0.2
coml—diss_int (MMP,E) 19.6/-6.4 —7.1/-6.0/-3.5/-2.8 -2.9 -1.0
coml_w2—tsl 2 w2 (MMP,B) 39.9/-2.1 —8.2/-9.4/-6.1/-3.7 54 -25
coml_w2—intl_2a w2 (MMP,E) 28.0/0.8 ~5.4/~2.5/-1.2/0.8 0.2 -1.1
intl_2a w2—intl_2 w2 (MMP,E) 0.4/-1.7 0.4/0.7/1.2/1.0 17 15
intl_2 w2—ts2_0 w2 (MMP,B) 11.4/-0.5 ~3.7/-7.3/-5.2/-3.8 -73 -1.1
coml_da—tsl_da (MMP,B) 55.0/-8.4 —22.5/-12.3/-9.2/-10.1 -8.9 0.0
com1_da—int_da (MMP,E) 45/-2.0 ~2.9/-0.7/~1.8/-0.4 -12.1 -15
coml—tsl (DMP,B) 38.6/-1.4 -0.9/-4.1/-0.8/3.1 -1.6 0.8
coml—intl (DMP,E)j 35.4/-0.2 —5.6/-3.1/-0.5/0.2 -0.5 0.6
intl—int1_2 (DMP,E) 1.3/-0.7 —3.0/-0.9/-0.9/0.1 —4.0 2.0
intl_2—ts2 (DMP,B) 0.6/-0.5 0.5/-0.1/-0.6/-0.6 -0.5 -1.6
intl_2—com2 (DMP,E) —35.2/-0.7 7.1/4.6/4.9/4.2 7.0 -1.3
n_coml—n_ts3 (DMP,B) 33.6/-1.4 4.9/4.3/1.0/3.5 1.2 0.4
n_coml—n_intl (DMP,E) 13.2/0.4 —3.7/-0.8/0.4/1.1 0.1 0.1
n_intl—n_ts4 (DMP,B) 22.9/-1.6 6.4/4.9/2.0/4.2 0.9 1.0
n_intl—n_com2 (DMP,E) -15.8/-1.9 2.6/0.5/0.9/0.6 0.0 0.0
DMP_P—diss_ts (DMP,B) 40.9/-2.9 11.8/9.4/5.5/7.2 6.1 -0.8
DMP_P—diss_prod (DMP,E) 28.2/-3.8 0.6/~2.1/-2.7/-2.9 2.6 -1.2
diss_prod2—diss_ts2 (DMP,B) 13.5/0.7 13.4/13.0/7.5/11.7 8.4 -05
diss_prod2—MMP_P (DMP,E) —29.8/3.6 0.8/2.8/2.6/3.6 2.8 0.2
diss_w_reac—diss_w_ts (DMP,B) 20.9/-2.3 5.9/3.4/-0.2/2.0 -0.1 -0.4
diss_w_reac—diss_w_prod (DMP,E) 18.4/-2.6 4.8/1.2/-2.5/-1.3 -2.0 -0.3
diss_w_prod2—diss_w_ts2 (DMP,B) 1.9/0.2 2.5/2.7/1.1/13.7 1.8 -0.8
diss_w_prod2—diss_w_reac2 (DMP,E) -21.0/2.7 —2.9/-0.5/0.9/1.5 0.4 0.3
n_w_coml—n_w_ts3 (DMP,B) 28.2/-1.8 —-3.0/-2.3/-4.8/-2.0
n_w_coml—n_w_intl (DMP,E) 13.1/1.0 ~4.2/-1.3/0.0/0.7 -3.1 -05
n_w_intl—n_w_int2 (DMP,E) -0.5/0.5 0.3/0.5/0.7/1.1 0.4 0.3
n_w_int2—n_w_ts4 (DMP,B) 15.1/-2.3 1.8/-0.5/-4.0/-2.3
n_w_int2—n_w_com2 (DMP,E) ~13.0/-2.0 1.2/-1.0/-0.4/-2.0 -1.3 0.6

Error AnalysisI
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Processb ab initio S_CC-DFTB SCC-DFTBPR MP2//SCC-
Single point Optimization' DFTBPR/
MAXE -84 —22.5/13.0/-9.2/11.7 —12.1 6.1
RMSE 25 6.1/4.6/3.3/3.9 4.0 14
MUE 1.9 4.4/3.3/2.4/2.9 28 1.0
MSE -14 ~0.4/-0.4/-0.4/0.8 05 -0.2
a)

No zero-point corrections are included in either exothermicity or barrier heights. All quantities are given in kcal/mol.

b)The processes are labeled in the following manner: e.g., “coml—tsl (MMP,B)” refers to the reaction from the reactant “com1” to the transition state

“ts1”, “MMP” in the parenthesis refers to the mono-methyl mono-phosphate ester model system, “B” in the parenthesis stands for “Barrier”. Similarly,

“coml—intl (DMP,E)” refers to the reaction from the reactant “com1” to the intermediate “int1”, “DMP” refers to the dimethyl di-phosphate ester model
system, “E” stands for “Exothermicity”. For the structures, see Fig. S1 in the Supporting Materials.

C)The number before the slash refers to the MP2/G3Large single point calculation based on the B3LYP/6-31+G** optimized structures. For more details
about G3Large basis set, see http://chemistry.anl.gov/compmat/g3theory.htm.

d)The number after the slash refers to the energy difference between the B3LYP result and the MP2/G3Large single point calculation at the B3LYP
structure.

e)The difference between the standard (second-order) SCC-DFTB and MP2/G3Large single point energies at the B3LYP/6-31+G(d,p) structures.

f)The difference between the default 379-order SCC-DFTB and MP2/G3Large single point energies at the B3LYP/6-31+G(d,p) structures..
9)

h)

The difference between SCC-DFTBPR and MP2/G3Large single point energies at the B3LYP/6-31+G(d,p) structures.

The difference between the “Mix-optimized 3"-order” SCC-DFTB and MP2/G3Large single point energies at the B3LYP/6-31+G(d,p) structures.
i)The difference between fully geometry-optimized SCC-DFTBPR energies and MP2/G3Large single point energies at the B3LYP/6-31+G(d,p) structures.
JI)The difference between MP2/G3Large single point energies at the SCC-DFTBPR structures and those at the B3LYP/6-31+G(d,p) structures.
k)As discussed in the main text and illustrated in Fig. 2, only one transition state is found at the SCC-DFTBPR level.

I)The errors are defined in the same manner as in Table 3. For the entry for “ab initio”, the errors are for the B3LYP/6-31+G(d,p) energies relative to the
MP2/G3Large results.

J Chem Theory Comput. Author manuscript; available in PMC 2009 April 6.


http://chemistry.anl.gov/compmat/g3theory.htm

Page 33

Yang etal.

"dIAIIAl 40 2~ TS) WOJJ UOIRIASP BWJIX 3UO S3PNJIX® USe|S 8y} ). Jagquinu ay} ‘aouewiopad [[eI9A0 ayy SI Yse|s 8y} 2108q Jaquinu ms._.E

*dnouB BuiAes| ay Jo oene o1j1ydos|onu 8yl Ul PAAJOAUI JOU SWIOYR USBAX0 pue d Usamiaq saouelsip m:._.a

"dINIA JO Bp TS} pue
ZS1 WOJJ UOIIBIASD BWSJIX8 8UO SBPNJIXa YSe|s 8y} Jalye Jaquinu sy} ‘aduewriopiad [[eJaA0 8y SI YSe|S ay) 24048q Jaquinu ayp A..mn_o_.v dnouf Buines| ayp ur uabAxo Asy ayr pue 4 usamiag aouelsip m;._.c

"dININ JO
BP"TS) PUE 2 TS} WOIY SUONEIASD SLLIBIIXS S3PNJIXS YSE]S SL} JaLJe BGUINU du) 180UeLLI0KAd |[BJOA0 SUJ SI YSEIS B 840430 JAGLUNU U3 (. O..) UBBAXO 9111ydoajanu au) pue d Usamiag aouelsip m;._.Amv

"dIAIQ 4O TIUI WIOJJ UOITRIASP BWSJIXS 3UO S3PNJIX® USe|S ay} J8}e Jagquinu ay} ‘aouewioad [[eI9A0 8y} SI Yse|s 8y} 2108 Jaquinu ms._.G
"dINQ 40 2 TIUI WOJJ UOIRIASP BWSIIX8 3UO S3PNJIX® USe|S 8y} Ja)Je Jagquinu ay) ‘souewiopad [[eI9A0 8y SI UYse|S U} 81048 Jaquinu ay L

(@]

‘€ 8]qe.L Ul Se JauueL aes 8U) Ul paulyap aJe SI0e mﬁs

*$9a1Bap Ul aJe sajbue puog pue Ul ase s3ouelsIp puog ‘Jans] (d‘p)O+TE-9/dATTEL dY1 18 paziwndo aie sainjonuls sousis)al E_Im

¢'0-/00 6'T/0C §¢/6C S9/9TT _._O.n_.O
000 00 00 100 6 O-d
¥0°0/€0°0 S0°0/0T°0 80°0/ST°0 81°0/€€'0— 1 570d Saje)s uohjisueld |
T0°0/€0°0— ¢0°0/L0°0 ¢0'0/v1°0 ¥0°0—/07'0— anOd
0°0/T0— EIW'T 6°T/€C 8°L/8' 11— UO.n_.O Sajels 9|qeIS
00°0/00°0 ¢0°0/20°0 ¢0'0/S0°0 ¢T0-/T7'0 4,0d
3SIN INN 3SINY IAXVIN
gfMadoud $94N19NNS

Qm_m>_mc< Joaa3

QuoIez1Ig)aWeRIed ay) Ul papn|aul suonoeal sIsA|oIPAY 8yl Ul PSAJOAUI S310ads 10) Sa1nonuis paziwndo Ydg.14d-DDS 8y ul si01ig
9 9|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Chem Theory Comput. Author manuscript; available in PMC 2009 April 6.



Page 34

Yang etal.

(d'P)O++TE-9/dATED//(AZ IPE)D++TTE-9/d ATIEG 40 [9A3] U} 18 aseqerep YN WOy aJe SaNnjeA 82ualagal ay L
'S19A8] 914a-0DS 8Anoadsal ay) e uoneziwndo Aawoab Js)ye ae sayses ay) Jsle asoy) ‘aseqerep YNYOO 8yl Woy sa1nawoab | 4 8yl e suoiienoes jutod a|Buls woJy aJe Sayse|s 81018q SIaquInN “

‘pazAJeue alre sajbue O-d-O 89S ‘|e10} U| 2
“(Jw3ya1nye[OUBLON/YNY D O/NPa" uWin" wiayd'A10ay)//:d1y) UOHUBAUOD YNHOO 8L} SMOJ|0} BLUBYIS UOIEIoU 8} ‘eulW™ (-0-ZHOZHD-0-)(0)(0)d " "HOH "eguiw™
(-0-tebns-1Ayawz-0-)(0)(0)d " "HOH ‘eulw™ (-0-1efns-0-)(0)(0)d""HOEHD ‘€UIW™ (-0-gHOZHO-0-)(0)(0)d" "HOEHD ‘eul™ (-0-4ens-0-)(0)(0)d " "HOHDZ(EHD) ‘gulw™ (-0-Iebns-O-)
(0)(0)d"""HOSH9D woly Ja1awreled auo SAPN|IXa Yse|s ay) Jafe Jaquinu ay} ‘(paIpnis aJe SaouelsIp O-d /Z€ ‘[e10} Ul) SaouelsIp O-d 8y} |[e Buipnjoul aouewopad ayl s yse|s ay aioyaq Jaquinu m;._.G
'ssanf |eniul 8y} Se 81N1oNJIS 89UBIBYRI dATIE AU YUM |aA3] 914Q-00S

JueA3|3J 8y} e uolreziwndo Anawoab ||y sa1edlpul 1 d0,, :S81Nns YN0 8y 1e uone|nafes juiod ajbuis syuasaidal . dS,, ‘(811 Jueioeal sy 01 anie|al ABisua) ABIaua uoinoeal 03 siajal :\S_m:m_:G

"€ 9]qe.L Ul SB JauueL BWes aU) Ul paulyap aJe SI0Le m:._.S

‘sfersare Bunoddns aas ‘sanjen o110ads

104 "akgaq@ u1 syuswow ajodip pue Jow/[eay Ul aJe saifisus ayl “(/YNYDO/NPa uwn wayd A10ayy/:dny) aseqerep YNEDO 8yl Ul papnjoul SUOIRINDIED dATIET 8Y) WOJ) I8 SaN[eA 30UI8)8) ms._.@w

T0/T0 €0/2°0 G'0/€0 TT/80 dd914a-00s
70170 G'0/S0 9°0/9°0 11T T- (19p10- 2 j JusWo sjodid
9T- v's 09 82T (4d9.14a- 008) ds Abisuz
§L- L8 90T 9ve- (19pio- ,2) ds ABisu3z sajels uofsuel |
00 ST A4 €6 5("d814d-02s) 1do () 0-d-0
00°0/00°0 20°0/€0°0 GE0°0/20°0 6T°0/S7°0 uﬁ_amto.oomv 1do (y) 0d
80— Sy €G 8T (4d914Q-008S) 140 Abisu3
se1elS 3|qrIS
T9- 76 8Tl Tle- (19pi0-,2) 14O ABisuz
0T o4 €G a2 (4d9.14a-008) ds Abiauz
9v- 6L 6'6 6'€2- (18p10-,2) ds ABisug
20— 8y 9G a2 (4d9.14a-008) ds Abiauz
11e49A0
0'9- z8 €0T 9z o18p10-,2) ds Abisuz
ENL Inn IS IXVIN
u>u._onLn_ ae1s

nm_m>_mc< Joau3

¢3SeqeIRd VNYHOO 8} Wouy suonoeay aleydsoud 6T 8y} 40} g14@-00S 10} SHnsal ylewyouag
L dlqeL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Chem Theory Comput. Author manuscript; available in PMC 2009 April 6.


http://theory.chem.umn.edu/QCRNA/
http://theory.chem.umn.edu/QCRNA/Nomenclature.html

