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Members in the Alkaline Phosphatase (AP) superfamily demonstrate amazing catalytic speci-
ficity and promiscuity for a wide range of substrates. In particular, AP and Nucleotide
Pyrophosphatase/Phosphodiesterase (NPP) feature very similar active site structures with
an identical bi-metallo zinc site, analogous nucleophiles and hydrogen bond interactions,
yet distinct substrate selectivities: AP catalyzes phosphate monoester hydrolysis reactions
with remarkable proficiency while maintaining a lower reactivity for phosphate diester hy-
drolysis; NPP, conversely, favors phosphate diesters over monoesters. This project aims at
understanding the molecular origin of these functional differences of this pair of enzymes by
state-of-the-art computational techniques and improving theoretical tools for describing con-
dense phase phosphoryl transfer reactions. This project also provides useful understandings

of the principles that control enzyme promiscuity and offers guidance for enzyme engineering.

A semi-empirical Density Functional Theory, the Self-Consistent-Charge Density-Functional-
Tight-Binding (SCC-DFTB) theory, with the parameters specifically developed for phos-
phate hydrolysis reactions is used in the Quantum Mechanics/Molecular Mechanics frame-
work for enzyme catalysis. A Poisson-Boltzmann (PB) solvation model together with a
charge-dependent radii scheme is developed for an efficient and semi-quantitative character-
ization of aqueous reactions involving highly charged species. The SCC-DFTB/PB model is
used to study aqueous phosphoryl transfer reactions that serve as the reference for under-

standing enzyme catalysis. A state-dependent QM /MM interaction scheme is also developed



to better describe enzyme reactions with significant charge redistributions, which are com-

mon for phosphoryl transfers.

Equipped with these methods, we study the hydrolysis reactions of two phosphate esters,
pNPP2?~ and MpNPP~, in solution, an AP mutant (R166S) and the wild type NPP. Extensive
comparisons and the general agreement with available experimental data and high level
computational results highlight the semi-quantitative feature of our model. Our calculation
results suggest that AP and NPP catalyze phosphate mono- and di-ester hydrolysis via
a loose and a synchronous transition state (TS), respectively, similar to the reactions in
solution. In addition, we discuss several ambiguous points regarding the interpretation of

experiment techniques, e.g., the thio substitution effects and the vanadate TS analog.
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ABSTRACT

Members in the Alkaline Phosphatase (AP) superfamily demonstrate amazing catalytic speci-
ficity and promiscuity for a wide range of substrates. In particular, AP and Nucleotide
Pyrophosphatase/Phosphodiesterase (NPP) feature very similar active site structures with
an identical bi-metallo zinc site, analogous nucleophiles and hydrogen bond interactions,
yet distinct substrate selectivities: AP catalyzes phosphate monoester hydrolysis reactions
with remarkable proficiency while maintaining a lower reactivity for phosphate diester hy-
drolysis; NPP, conversely, favors phosphate diesters over monoesters. This project aims at
understanding the molecular origin of these functional differences of this pair of enzymes by
state-of-the-art computational techniques and improving theoretical tools for describing con-
dense phase phosphoryl transfer reactions. This project also provides useful understandings

of the principles that control enzyme promiscuity and offers guidance for enzyme engineering.

A semi-empirical Density Functional Theory, the Self-Consistent-Charge Density-Functional-
Tight-Binding (SCC-DFTB) theory, with the parameters specifically developed for phos-
phate hydrolysis reactions is used in the Quantum Mechanics/Molecular Mechanics frame-
work for enzyme catalysis. A Poisson-Boltzmann (PB) solvation model together with a
charge-dependent radii scheme is developed for an efficient and semi-quantitative character-
ization of aqueous reactions involving highly charged species. The SCC-DFTB/PB model is
used to study aqueous phosphoryl transfer reactions that serve as the reference for under-

standing enzyme catalysis. A state-dependent QM /MM interaction scheme is also developed
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to better describe enzyme reactions with significant charge redistributions, which are com-

mon for phosphoryl transfers.

Equipped with these methods, we study the hydrolysis reactions of two phosphate esters,
pNPP2?~ and MpNPP~, in solution, an AP mutant (R166S) and the wild type NPP. Extensive
comparisons and the general agreement with available experimental data and high level
computational results highlight the semi-quantitative feature of our model. Our calculation
results suggest that AP and NPP catalyze phosphate mono- and di-ester hydrolysis via
a loose and a synchronous transition state (TS), respectively, similar to the reactions in
solution. In addition, we discuss several ambiguous points regarding the interpretation of

experiment techniques, e.g., the thio substitution effects and the vanadate TS analog.



NOMENCLATURE

AP
DFT
DFTB
GBSW
GSBP
KIE
KO
LFER
MM
MMP
MmNPP
MpNPP
MPP
NOE
NPP
PB
PMF

pNPP

QM

alkaline phosphatase

density functional theory

density functional tight binding
generalized Born with a simple switch
generalized solvent boundary potential
kinetic isotope effect

Klopman Ohno

linear free energy relationship
molecular mechanics

methyl monophosphate

methyl m-nitro phenyl phosphate
methyl p-nitro phenyl phosphate
methyl phenyl phosphate

nuclear Overhauser effect

nucleotide pyrophosphatase/phosphodiesterase

Poisson Boltzmann
potential of mean force
p-nitro phenyl phosphate

quantum mechanics

v



QM/MM  quantum mechanical molecular mechanical

SASA solvent accessible surface area

SCC-DFTB self-consistent charge density functional tight binding
TMP trimethyl monophosphate

vdW van der Waals

WHAM weighted histogram analysis method
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Chapter 1
Introduction

Enzyme catalysis is appealing as tens of order magnitude rate acceleration can be achieved
by the elegant assembly of the very basic biological parts, such as the amino acids and metal
ions. The “lock and key” model has been the hallmark of enzyme catalysis for decades,
highlighting the remarkable specificity toward cognate substrates. However, it is increasingly
recognized that many enzymes have promiscuous catalytic activities in which the enzyme
can catalyze a wide spectrum of substrates, besides their cognate substrates, with consider-
able proficiencies, challenging the traditional view of enzyme functions. [7—11] The enzyme
promiscuity has been proposed to play an important role in evolution process since it can
give an enzyme a ‘head start” by maintaining the old functions during the development of
new functions, therefore providing a selective advantage. [12,13] From an application point
of view, a thorough understanding of the mechanisms of enzyme promiscuity helps glean
precious insights and provide useful guidance to selectively tune enzyme reactivities or de-
velop new catalytic reactions in enzyme engineering. [14-19] However, our knowledge of this
emerging field is far from enough to even address the very basic questions, such as, to what
extent can high catalytic proficiency and promiscuity be combined in one enzyme, or how
do evolutionary pressures shape the level of promiscuity. Therefore, systematic efforts are
imperative to broaden our knowledge and deepen understandings.

In this context, the members from Alkaline Phosphatase (AP) superfamily provide perfect
examples for comprehensive studies. The AP superfamily contains a set of evolutionarily

related enzymes that are structurally related to AP. [20,21] They catalyze the hydrolytic



reactions of various substrates that differ in charge, size, intrinsic reactivities and nature of
transition states, such as phosphoryl transfer reactions, which arguably represent the most
important chemical transformation in biology. [22-24] For example, the E. Coli AP catalyzes
the hydrolytic reactions of phosphate monoesters for its physiological functions but also
exhibit promiscuous activities for the hydrolysis of phosphate diesters and sulfate esters.
Similarly, although the main function of Nucleotide Pyrophosphatase/Phosphodiesterase
(NPP) is to hydrolyze phosphate diesters, it can also cleave phosphate monoesters and
sulfate esters with considerable acceleration. The catalytic efficiencies vary greatly, ranging
from > 10%° for the cognate activity to 1057!! for the promiscuous activity. In other words,
the selectivity of AP and NPP for phosphate mono- and di-esters differ by up to a remarkable
level of 10'° fold. [25-28] These significant levels of differences are particularly striking in
light of the fact that AP and NPP are very similar in their active site features, e.g., both
enzymes have an identical bi-metallo zinc site, analogous nucleophiles and hydrogen bond
interactions. Therefore, this pair of enzymes are ideal for in-depth comparative analyses.

Dan Herschlag’s lab has made remarkable progress toward understanding the factors that
dictate the AP and NPP catalysis. [29-33] Based on the extensive studies via spectroscopy,
linear free energy relationship (LFER) and kinetic isotope effects (KIE), it has been pro-
posed that AP and NPP do not alter the transition states of phosphate mono- and di-esters
compared to aqueous reactions. Instead, the enzymes can recognize and catalyze the sub-
strates via different pathways: for phosphate monoesters, a loose TS is employed while for
phosphate diesters, a more synchronous TS is employed. However, these experimental tech-
niques and conclusions have been challenged, [34,35] underscoring the contentious feature of
this subject.

The controversy comes from the difficulty of characterizing transition states. It’s well
established that understanding catalytic characteristics of enzymes hinges on elucidating
the relevant transition states at an atomic level. [36-41] However, the popular experimental
techniques, such as LFER and KIE, can only explore transition states indirectly, [42-44]

resulting in difficulties of data interpretations. Under this scenario, the computer simulation



can serve as an important supplement to experimental approaches by explicitly correlating
experimental data with reaction mechanisms. Nevertheless, computational methods also
need to be tested by the ability of reproducing crucial experimental observables and fur-
ther improved if necessary, thus maximizing the complementarity between computation and
experiment.

For studying chemical reactions, the quantum mechanics (QM) method is required to
describe the breaking and formation of chemical bonds. Due to the large size of the en-
zyme system and the significant amount of samplings to obtain statistical meaningful re-
sults, semi-empirical QM method is typically used in computational framework. The Self-
Consistent-Charge Density-Functional-Tight-Binding (SCC-DFTB) method has been used in
this project to meet the requirement. [45] The SCC-DFTB method is an approximate method
derived from density functional theory by neglect, approximation and parameterization of
interaction integrals. Its reasonable balance between computational speed and accuracy
makes it possible to carry out the large number of reaction path and potential of mean force
calculations that are crucial to address the key questions. A version of SCC-DFTB method
that has been developed by including the third-order on-site extension and fitted using a set
of phosphate hydrolysis reactions in the gas phase, referred as SCC-DFTBPR, [46] is used
in this project. Its good performance for phosphate hydrolysis has been demonstrated by
numerous successful applications in previous work. [47-49]

Aqueous reactions are usually the reference for enzyme catalysis, therefore having a
decent description of aqueous reactions serves as the cornerstone of understanding enzyme
catalysis. Although significant amount of experimental and computational work has been
carried out to determine mechanisms of phosphate hydrolysis in solution, the results are
still not conclusive. [43,50,51] The difficulties come from two major reasons: due to the
multiple covalencies of the phosphorus atom, various mechanisms are possible; the reaction
energy barriers for different mechanisms are quite similar and sensitive to the environment.
In Chapter 2, a recently developed implicit solvent model for SCC-DFTB is introduced

to rapidly explore the potential energy surface of aqueous reactions that involve highly



charged species. [52] The solvent effect, described as solvation free energy, is calculated
using a popular model that employs Poisson-Boltzmann equation for electrostatics and a
surface-area term for nonpolar contributions. To balance the treatment of species with
different charge distributions, we make the atomic radii that define the dielectric boundary
and solute cavity depend on the solute charge distribution. This model can be effectively
used, in conjunction with high-level QM calculations, to explore the mechanisms of aqueous
reactions for phosphate hydrolysis.

For enzyme reactions, quantum mechanics/molecular mechanics (QM/MM) method [53]
is the most popular simulation framework in which the important enzyme matrix effects are
captured by MM method at modest cost. In conventional QM /MM implementations, [54,55]
the QM/MM interaction contains electrostatic and van der Waals terms: the electrostatic
term describes the interaction between the QM electrons and MM point charges and takes
the simple Coulomb form; the van der Waals term is often modeled by the Lennard-Jones
form with predetermined parameters that are fixed through chemical reactions. [56,57] When
the charge distribution of the QM region changes significantly, such as in the AP and NPP
catalysis, these simple functional forms can lead to large errors since changes in the effective
size and polarzability of the QM region are poorly modeled. [46] In Chapter 3, we describe a
state-dependent QM /MM interaction scheme based on a damped Coulomb (Klopman-Ohno)
form that is able to improve the description for the effect of charge redistribution. This novel
scheme successfully improves the calculation accuracy for condense phase chemical reactions
using SCC-DFTB method and has been used in our enzyme studies.

Equipped with these methods, in Chapter 4 we first look at the hydrolysis of a phosphate
diester, MpNPP~ | in solution, two experimentally well-characterized variants of AP (R166S
AP, R166S/E322Y AP) and wild type NPP. [58] The general agreements of benchmark
calculations with available experimental data for reactions in solution and enzyme support
the use of SCC-DFTBPR/MM for a semi-quantitative analysis of the AP and NPP catalysis.
Although phosphate diesters are cognate substrates for NPP but promiscuous substrates for

AP, the calculations suggest that their hydrolysis reactions catalyzed by AP and NPP feature



similar synchronous transition states that are slightly tighter in nature than those in solution.
Therefore, this study provides the first direct computational support to the hypothesis that
enzymes in the AP superfamily do not significantly alter the nature of transition states of
their substrates compared to aqueous reactions.

Following this study, in Chapter 5 we further apply the computation methods to studying
the hydrolysis of two similar aryl phosphate diesters, MmNPP~ and MPP~. Together with
the work of MpNPP~, we successfully reproduce the general trend of reaction energetics in
solution and enzymes. The transition states of the enzyme reactions are very similar to those
in aqueous reactions, featuring the synchronous nature. To compensate the semi-empirical
feature of the SCC-DFTB method and reduce the overestimation of the substrate substitu-
tion effects, we explore a correction scheme based on one-step free energy perturbation and
the high level ab initio QM method. Our benchmarks indicate that the correction scheme
can quantitatively improve the agreement with experimental data.

With the help of Klopman-Ohno scheme developed in Chapter 3, in Chapter 6 we study
the hydrolysis reactions of a phosphate monoester, pNPP?~, which is more challenging for
QM /MM framework due to the large amount of charge redistributions in chemical reactions.
With the inclusion of the one-step free energy perturbation corrections by a high level den-
sity functional, the calculated reaction energetics are in decent agreement with experimental
results and consistent with our diester studies. Our results suggest that AP and NPP em-
ploy a similar loose transition state for pNPP?~ hydrolysis, clearly different from the more
synchronous nature of transition state for phosphate diesters hydrolysis and fundamentally
distinct from the two-step mechanism reported in previous theoretical work for a alkyl phos-
phate monoester. Therefore, these results, together with the studies of phosphate diester
reactions, render the complete view of AP and NPP catalysis which agrees with the experi-
mental hypothesis that AP and NPP recognize and catalyze different substrates via similar

mechanisms to their aqueous reactions.



Chapter 2

An implicit solvent model for SCC-DFTB with Charge-
Dependent Radii

2.1 Introduction

Many chemical reactions take place in solution so a proper description for solvation ef-
fect is one of the most important challenges for computational chemistry. Although major
progress has been made in QM/MM [59-64] and ab initio molecular dynamics [65] meth-
ods in which the solvent molecules are treated explicitly, the cost of such calculations is
still rather high. Therefore, implicit solvent models remain an attractive choice for many
studies. In the context of studying chemical reactions, the most commonly used framework
for treating solvent implicitly is the dielectric continuum model [66,67] in which the solvent
is replaced by a homogeneous dielectric medium. More sophisticated treatments based on
integral equations have also been developed, such as (MC)SCF-RISM [68], although they
tend to be computationally more expensive than dielectric continuum models.

Over the past few decades, many different dielectric solvent models have been developed
in the quantum chemistry community, such as the Self-Consistent Reaction Field (SCRF)
model [69, 70], Polarized Continuum Model (PCM) [71-83], Generalized Born (GB) model
[84-90], Conductor-like Screening Model (COSMO) [91-96] and the Langevin Dipole model
[97]. For the application to chemical reactions involving large solutes, there are two practical
issues. First, the computational cost of implicit solvent model calculations is still rather
high, especially when used with a high level QM method. Therefore, it is fairly common to

perform gas-phase optimization for stationary points and then carry out single point energy



calculations in solution using a dielectric continuum model. This can be problematic when
there is significant difference between the gas phase and solution potential energy landscape
[98], a scenario which is not uncommon when the solute is highly charged or zwitterionic.
The second problem is that most implicit solvent models employ a set of fixed atomic radii
to define the solvent/solute dielectric boundary, and these radii are typically pre-optimized
based on the experimental solvation free energies of a set of small molecules [66,67,99] and
limited by the quality of the training set. The use of fixed atomic radii causes additional
errors in application to chemical reactions as the description of transition states is rarely
included during parametrization stage. Methods have been developed in which the molecular
cavity is determined based on the electron isodensity surface [100,101], although an optimal
value for the electron density cutoff is not always straightforward to determine [102].
Motivated by these considerations, we have implemented a dielectric solvent model for
an approximate density functional theory, the Self-Consistent-Charge Density-Functional-
Tight-Binding (SCC-DFTB) method [45]. SCC-DFTB is an approximation to Density Func-
tional Theory (DFT) based on a second-order expansion of DET total energy around a refer-
ence electron density. With respect to computational efficiency, SCC-DFTB is comparable to
the widely used semi-empirical methods such as AM1 and PM3, i.e., being 2-3 orders of mag-
nitude faster than popular DF'T methods. In terms of accuracy, fairly extensive benchmark
calculations have indicated that it is particularly reliable for structural properties, while
energetics are generally comparable to AM1 and PM3 [103-105]. With recent developments
of SCC-DFTB [106,107] for metal ions [108-111] and a few other elements that require d
orbitals for a reliable description (e.g., phosphorus [46]), an effective implicit solvent model
for SCC-DFTB will be very useful and complementary to existing models based on other
semi-empirical methods [84,112,113]. Our model takes advantage of the finite difference
Poisson-Boltzmann approach [114,115] implemented in CHARMM [116], and has analytic
first derivatives [117]. This makes it possible to perform geometry optimization, reaction
path searchers and vibrational frequency calculations (based on numerical finite difference

of first derivatives).



Our main aim is to use SCC-DFTB for quickly exploring minimum energy paths for
reactions in solution, and then refine selected results based on higher level of theories. To
be able to describe transition state and stable structures on equal footing, it is desirable to
determine the atomic radii in a self-consistent fashion based on the electronic structure of
the solute. The simple model we have adopted is to make the atomic radii depend on the
Mulliken charges, which are fundamental to SCC-DFTB [45] and are solved self-consistently
via an iterative procedure (see Methods). The similar idea was explored in the context
of an implicit solvent model for PM3 [118]. More recently, as this work was in progress,
charge-dependent radii have been developed for a DFT based COSMO approach [119,120],
and much improved results (solvation free energies and chemical reactions) compared to
fixed-radii models have been reported for small ions.

We have developed two sets of solvation radii parameters for SCC-DFTB. The first set
is for the standard second-order SCC-DFTB [45] with parameters for C, H, O, and N. We
recommend to use this set for general applications to molecules consisting of these elements.
The second set is for SCC-DFTBPR [46], which is a specific version parameterized for phos-
phate hydrolysis reaction and includes third order on-site terms for C, H, O, and P; this
set can be useful for studying phosphate hydrolysis reactions, although we caution that
SCC-DFTBPR has been parameterized mainly for monoanionic phosphates and a limited
set of hydrolysis reactions. Two rather large training sets for solvation free energy with the
emphasis on bio-related molecules (including 103 and 57 solutes for SCC-DFTB and SCC-
DFTBPR, respectively) are used to develop the solvation radii parameters. Calculations on
two additional sets of test molecules shows that the performance for neutral and charged
species is rather well balanced and the error is comparable to the SM6 model [89], which
is more sophisticated yet also much more expensive computationally. To illustrate the ap-
plicability of our model to chemical reactions in solution, we briefly study the hydrolysis of
Mono-methyl Mono-phosphate ester (MMP) and Trimethyl Monophosphate ester (TMP).
The results from the current implicit solvent model are generally consistent with previous

ab initio calculations in conjunction with PCM [3, 121] or the Langevin dipole solvation



models [4], as well as with our explicit solvent simulations using SCC-DFTBPR/TIP3P [46].
Compared to the latter, however, the significant over-stabilization of the zwitterionic inter-
mediate is avoided, which highlights the complementary value of implicit solvent models to
explicit solvent methods for studying reactions that involve highly charged species.

The paper is organized as follows: in Sect. II we summarize the key theoretical foun-
dation for our implicit solvent model for SCC-DFTB; details for the parameterization and
benchmark calculations are also included. In Sect. III, we present results and discussions of
the parameterization and benchmark data, including the overall performance for both the
training and test sets of molecules, and results for the hydrolysis of MMP/TMP. Finally, we

summarize in Sect. IV.

2.2 Methods
2.2.1 SCC-DFTB

Here we briefly recall the basic elements of SCC-DFTB [45,108] that are important to
the development of an implicit solvent model. The SCC-DFTB approach is based on a
second-order expansion of the DFT total energy around a reference density, po,
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where H® = H{py) is the effective Kohn-Sham Hamiltonian evaluated at the reference density
po, and the ¥; are the Kohn-Sham orbitals. F,. and V. are the exchange-correlation energy
and potential, respectively, and F.. 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,

7 1 1 1 (6%
B =3 ot + 5D 10880l + 5 > UlRag: 05, 05 (22)
af aB

v
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where the CL /p are orbital coeflicients, Ag,/g are the Mulliken charges on atom /3, and .z
is the approximate second-order kernel derived based on two interacting spherical charges.
The last pairwise 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 [60, 106, 107], it was found that further including the
third-order contribution can substantially improve calculated proton affinity; for a set of
biologically relevant small molecules, significant improvements were observed even with only
the on-site terms included. The corresponding expression for the SCC-DFTB total energy
is,

B =S H + 5 > sy + 5 3 UlRusi il + ¢ S UG, (23)
i af aB o
where U¢ is the derivative of the Hubbard parameter of atom a with respect to atomic
charge. For the development of SCC-DFTBPR for phosphorus-containing systems [46], we
found it was useful to adopt an empirical Gaussian functional form for the Hubbard charge
derivative; i.e.

Ud(q) = Us, + Doeap[—To(Aga — Qo)?], (2.4)

where the charge-independent parameter (UZ)) is dependent on the element type, whereas
the three parameters associated with the Gaussian (Dy, 'y, Qo) are taken to be independent

of element type to minimize the number of parameters.

2.2.2 The solvation model based on Surface area and Poisson-
Boltzmann

The implicit solvent framework that we adapt is based on the popular formulation [122]

that includes a surface-area-dependent non-polar component and an electrostatic component,
AGSOZ = Aan + AGelem (25)

where

AGy, =75, (2.6)
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here S is the Solvent Accessible Surface Area (SASA) which is dependent on atomic radii
and v is a phenomenological surface tension coefficient.

The electrostatic solvation free energy AG,.. for a given charge distribution p(r) is
generally given by,

AGue = / / dr dr'p(r) G(r, ¥') (), (27)

where 1 reflects the linearity of the dielectric medium [123] and the reaction field Green’s
function G(r,r’) corresponds to the reaction field potential at r due to a unit charge at
r’ [124],

brf(r) = /dr'G(r,r’)p(r’). (2.8)

For a set of point charges, p(r) =" ¢,0(r — ry), AGee. is simplified to
1
AG!elec = 5 Z QOcQSrf(roa) (29)

The reaction-field potential ¢, ¢(r) is obtained by subtracting a reference electrostatic poten-
tial computed in vacuum, ¢,(r), from the electrostatic potential computed in the dielectric
solvent medium, ¢,(r). The electrostatic potentials are determined as solutions of the (lin-

earized) Poisson-Boltzmann (PB) equation [115,125],

V- [e(r)Vo(r)] — 7 (r)o(r) = —4mp(r) (2.10)

with the appropriate dielectric boundary (e(r)) and charge distributions in finite difference
(FD) form using iterative numerical techniques. The solution yields the electrostatic poten-

tial at every grid point and the total electrostatic solvation free energy is given by
1
AGelec - 5 Z Qi(¢s,i - ¢v,i)7 (211)

where ¢; and ¢; are the charge and calculated potential at the ith gridpoint, for the cases of
vacuum (v) and solution (s).

In SCC-DFTB, AG¢.. in Eq.2.7 is also simplified by the fact that the charge (electrons

plus nuclei) density is represented by a collection of atom-centered Mulliken charges, [45,55]

p(r) =)  Agud(r — Ra), (2.12)



12

where Agq, is the Mulliken charge of atom «. Thus calculating AG.. is a straightforward
extension of the classical expression,

AGuw = 5 [[ drde'p(e)Gle ot

= 5 [ drolwensto

_ %ZAqagﬁrf(Ra), (2.13)

Using variational principle, the solvation contribution to the total solute energy leads to

additional terms in the SCC-DFTB matrix elements during SCF iterations:

SSul6rs(Re) + 6(Ro)] 4 € Cw € D, (2.14)

where 1 and v run over a minimal set of localized pseudo-atomic Slater orbitals located on
atoms C' and D, respectively, and S, is the overlap integral associated with the two basis
functions.

Additional analytical gradient components from the solvation are calculated based on
the finite difference force proposed by Im, et al. [117] They used a continuous, spline-based
dielectric boundary, which has been shown to give accurate and numerically stable forces for

PB calculations. The total solvation force acting on atom « is given by,

sol 8AGsol
Fo = - OR,,
_ 9AGa.  OAG,,
- OR,  OR.
= FIF4+FPP + FIP 4+ FYP (2.15)

This method calculated the electrostatic solvation force as a sum of individual terms
[117]: reaction field force (FE) arising from the variation of atomic positions assuming
the dielectric boundary remains constant, dielectric boundary force (F2B) caused by the
spatial variations of the dielectric function €(r) from the solvent to the solute interior and

ionic boundary force (F1B) resulting from spatial variations of the modified Debye-Hiickel
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screening factor ®(r). In SCC-DFTB/PB approach, for the atom « located at position R,

the three terms in the limit of infinitesimal grid spacing are

R - / [0~ ) a;h

Oe 0Aq
DB _ . a
FCX - / dr st aA aR )VQSS}

F{xB = (Qbs)

- (2.16)

E?R

Calculations for the derivative of Mulliken charge, dielectric function and modified Debye-
Hiickel screening factor have been discussed in previous studies [117]. As preliminary tests
indicate, the contribution from the second term in F27 is rather small, therefore we omit it
to simplify calculation (i.e., to avoid solving the coupled-perturbed KS equations [126] for

the derivative of the MO coefficients).

2.2.3 Charge-dependent Radii Scheme

To establish a simple relationship between the dielectric boundary and the electronic
structure of the solute, we take the atomic radius of a solute atom « to be linearly dependent
on its Mulliken charge, Aq,,

Ry = Ajo) + Bi(a)Aqa (2.17)

where Aj;(q), Bi(a) are element type dependent parameters that need to be determined based
on a training set (see below). Higher-order polynomials have also been tested although no
systematic improvement in the results is observed.

Since the atomic radii have an impact on the solvation free energy and therefore on
the solute wavefunction and the Mulliken charges, R, and Agq, need to be determined self-

consistently through an iterative scheme:

1. Perform a gas phase SCC-DFTB energy calculation to obtain the initial solute wave-

function and Mulliken charges;

2. Substitute Mulliken charges into Eq. 2.17 to obtain the atomic radii and establish the

dielectric boundary;



14

3. Solve the PB equation (Eq. 2.10) to obtain the reaction field, ¢, ;(R,);

4. Re-solve SCC-DFTB in the presence of reaction field perturbation (Eq.2.14) to obtain

a new set of Mulliken charges;

5. Check the convergence of energy (0.001 kcal/mol used for this work), if the convergence

criterion is not met, return to Step 2;

6. Based on converged atomic radii, calculate SASA, the nonpolar contribution and the

total energy of the solute in solution.

For most molecules tested here, it requires less than 10 iterations (typically 4-8) of atomic

radii/Mulliken charges update for each geometry.

2.2.4 Parameter Optimization

The new parameters in the SCC-DFTB/PB based solvation model are the A; ), Bj() in
Eq.2.17, which are dependent only on the element type. Although in principle the surface
tension parameter in Eq.2.6 can also be optimized, we have not done so because for the
systems of interest, the non-polar contribution tends to be overwelmed by the electrostatic
component; the value of v adopted is 0.005 kcal/(mol - 1212), which is commonly used in
protein simulations using implicit solvent models [127]. For optimizing Ajw), Bi(), two
training sets with molecules of broad chemical compositions have been constructed (see
Supporting Information), for which the experimental solvation free energies are taken
from Ref. [84,89,128]. Set 1 is used for parameterizing the solvation model with the standard
(second-order) SCC-DFTB method and includes 103 species that contain C, H, O, N; the
list includes alkane, alkene, alkyne, arene, alcohol, aldehyde, carboxylic acid, ketone, ester,
amine, amide and other bio-related molecules and ions. Set 2 is used for parameterizing the
solvation model with SCC-DFTBPR and includes 57 species that contain C, H, O, P; the list
includes representative species from Set 1 plus phosphorus-containing molecules. Both sets
contain a large number of charged species (57 in Set 1 and 24 in Set 2), which is essential

for parameterizing the charge dependence of atomic radii.
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The parameters are optimized using a Genetic Algorithm (GA) [129] in which the “fit-
ness” (£) is defined as the inverse of a weighted sum of difference between solvation free
energies determined from calculation and experiment:

S Wil AGE (exp) — AGEY (calc))?
D e Wi ’

where 7 is the index of species in the training set and the sum is over all molecules in the

&= (2.18)

training set. For the weighting factors (w;), 1.0 and 0.1 are used for the neutral molecules
and ions according to the typical uncertainties in the experimental values; as analyzed by
Kelly, et al, [89] the typical uncertainties in experimental data for neutral molecules and ions
are 0.2 kcal/mol and 3 kcal/mol, respectively. During optimization, a micro-GA technique
with a population of 10 chromosomes that is allowed to operate for 500 generations with
uniform crossovers; see Ref. [130] for detailed descriptions and recommendations for GA
options.

In principle, geometry change upon solvation should be taken into consideration for a
meaningful comparison to experiment. In practice, this is very time-consuming for parame-
ter fitting even with the semi-empirical QM method (SCC-DFTB) we employ here. Several
authors discussed this point [89,119] and concluded that the change in geometry is generally
small. However, in several cases, such as alcohol anions, we have observed significant struc-
tural changes upon solvation that have a substantial influence on the calculated solvation
free energy. Therefore, a compromise is adopted: the gas phase geometries are used to obtain
the initial set of solvation parameters (A; ), Bi()); With this set of parameters, solutes that
have solvation free energy changes larger than 5 kcal/mol upon geometry optimization in
solution are identified and their geometries in solution are updated for the optimization of
a new set of Ay, Bia); this cycle continues until all cases with major structural changes
upon solvation have been taken into account.

It is worth of mentioning that systematic optimization of surface tension coefficient ~

(Eq.2.6) results in negligible improvements for both neutral molecules alone and the overall
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training sets. The possible reason is that the nonpolar contribution is also made charge-
dependent due to the correlation between SASA and charge-dependent atomic radii. So

compared with the fixed-radii scheme, its dependence on v is much less.

2.2.5 Additional Benchmark Calculations and studies of (H)MMP /TMP
Hydrolysis

To test the transferability of the optimized parameters, test sets are constructed (see
Supporting Information), which contain 32 for SCC-DFTB and 22 for SCC-DFTBPR.
The calculated solvation free energies (including full geometry optimization in solution) are
compared to the experimental values; similar to the training sets, the test cases contain
a significant number of ionic species. As a comparison to popular and well-established
solvation models, we also studied the same sets of molecules with the SM6 model of Cramer
and Truhlar [89].

In addition, we have studied the mechanism [131,132] (first steps of both dissociative
and associative pathways, see Scheme 1) of Mono-methyl Mono-phosphate ester (MMP) hy-
drolysis using the SCC-DFTBPR/PB model. The potential energy surface is first explored
by adiabatic mapping; the reaction coordinates include the P — O%9/N* distance (where O
is the oxygen atom of the leaving group, methanol, and ON" is the oxygen in the nucle-
ophilic water) and the anti-symmetric stretch that describes the relevant proton transfers
that involve O™9/N¢ The anti-symmetric stretch is defined as the distance of donor-proton
minus the distance of acceptor-proton. Each point in the 2D-adiabatic map is obtained
by starting the constrained optimization from several different initial structures and tak-
ing the lowest energy value. Following the adiabatic mapping calculations, the structures
along the approximate reaction path are examined carefully to ensure that the change of
geometry is continuous along the path; in addition, the saddle point is optimized by Con-
jugated Peak Refinement (CPR) [133]. Finally, frequency calculations are carried out to
confirm the nature of the stationary points and to compute the vibrational entropy and zero

point energies. The results are compared to previous calculations with ab initio QM based
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implicit solvent model calculations [3,121,134], SCC-DFTBPR/MM calculations by us [46]
and available experimental data. To correct for intrinsic errors of SCC-DFTBPR, we also
explore corrections based on single point energy calculations with B3LYP/6-3114++4G(d,p)
at SCC-DFTBPR geometries in the gas phase; this level of theory was found to give very
similar results for the reactions of interest compared to MP2 and large basis sets [46]. As
discussed in the literature [135], such a simple correction may not always improve the ener-
getics for semi-empirical methods given the errors in the geometries; however, our previous
tests [46] indicated that this correction scheme appears useful for SCC-DFTBPR since the

method gives fairly reliable structures, even for transition states.

Scheme 1
‘|3"' HOCH, :") -
P"'l,, L. S /IP \\\
// '0 gCH3 /’ S
o \o-\\ 67 \0
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(|)H OH
HZIO + o//P"'\""(_)CH3 HO—IP.,TOCH3
o HO ©
ONu

Associative Mechanism

Finally, we briefly compare the energetics of protonated MMP (HMMP) and Trimethyl
Monophosphate ester (TMP) hydrolysis with OH™ as the nucleophile (see Scheme 2). This
is motivated by the previous work of Warshel and co-worker [136], who discussed the roles
of neutral water vs. OH™ as the nucleophile in MMP hydrolysis. Since SCC-DFTBPR was
developed based on MMP hydrolysis with water as the nucleophile [46], this study helps
to gain initial insights into the transferability of SCC-DFTBPR and lies the ground for
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possible future developments. To better compare to previous calculations [4,136], we follow
the same 2-dimensional adiabatic mapping calculations with the bond lengths for the forming
and breaking P-O bonds as the reaction coordinates. Single point B3LYP/6-3114++G(d,p)
calculations in the gas phase are used as an attempt to correct for intrinsic errors of SCC-

DFTBPR.

Scheme 2
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2.3 Results and Discussions
2.3.1 Performance for the training and test sets

The trends in optimized atomic radii (see Table 2.1) are consistent with other implicit
solvent models and chemical intuition. For example, P has the largest charge-independent
radius (A;)), while C, O, and N have comparable values, leaving H as the smallest. The
absolute values are larger than those in SM6 and also the Bondi radii [137]. Compared
with the atom type based charge-dependent radii in CD-COSMO by Dupuis et al. [119],
comparable values are found for nitrogen and oxygen in our model and the “internal -N”|

“terminal oxygen” and “internal -O” in CD-COSMO. The hydrogen radius (~1.4 A) in our
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Table 2.1: Optimized atomic radii parameters and comparison to other values from the

literature.

SCC-DFTB SCC-DFTBPR SM6 [89] Bondi [137]
Element Ai(a) Bi(a) Ai(a) Bi(a)

C 1.85 -0.24 207 -0.05 157 1.70
O 170 -0.11 187 -0.07  1.52 1.52
N 194 -001 N/A N/A 161 1.55
P N/A N/A 247 -010 180 1.80
H 147 -011 141 -025  1.02 1.20

a. Aja) in A, Bi(a) in A per charge. The values shown are fitted with solution geometry optimization (see

Methods).

model is larger than that (polar hydrogen) in CD-COSMO (1.202A). In terms of the charge-
dependence, the typical B;, values are around -0.10, although they are substantially larger
(~-0.2) for C in SCC-DFTB and H in SCC-DFTBPR. Even the latter are nearly half of the
values in CD-COSMO, which probably due to the use of different charges in SCC-DFTB
(Mulliken) and CD-COSMO (CHELPG). It is worth emphasizing that the parameters in our
model depend only on element type, rather than atom type as in CD-COSMO; therefore,
CD-COSMO probably tends to be more accurate (see below for some comparison) while
our scheme tends to be less problematic for studying transition states, which likely involve
change in atom types.

As shown in the Supporting Information, the absolute value of solvation free energy
is usually less than 10 kcal/mol for neutral molecules but larger than 60 kcal/mol for ions.
Therefore, it is generally challenging to reproduce the solvation free energy of ions in a reliable
fashion. Nevertheless, as shown in Table 2.2, the overall performance of our SCC-DFTB(PR)
based solvation model is very encouraging. For example, for ions, the Mean Unsigned Error

(MUE) for SCC-DFTB is ~3 kcal/mol either without or with geometry optimization in
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solution. For SCC-DFTBPR, the error is slightly larger, with the corresponding MUE values
of 5 and 4 kcal/mol. These values can be compared to results from the SM6 model [89],
which is one of the most sophisticated and well-calibrated models developed with ab initio
DFT methods; the MUE values are 4 and 5 kcal/mol for the first (for SCC-DFTB) and
second (for SCC-DFTBPR) training sets, respectively, which are even slightly larger than
the values for our SCC-DFTB(PR) based solvation model.

The level of performance deteriorates slightly for the test sets. As shown in Table 2.3,
for example, the MUE for the ions in the first and second test sets is 3 and 5 kcal/mol,
respectively, when geometry optimization in solution is carried out; without solution geom-
etry optimization, the MUE values are 4 and 6 kcal/mol. By comparison, the SM6 MUE
values are 5 and 7 kcal/mol, again slightly larger than the SCC-DFTB(PR) values. These
benchmark calculations indicate that the good performance of our model is fairly trans-
ferable. This is very encouraging since the SCC-DFTB(PR) based calculations are much
faster than the DFT (MPW1PW91/6-31+G(d,p)) based SM6 calculations. Compared with
CD-COSMO [119], which is also DFT based and involves more elaborate parameteriza-
tion of charge-dependence of atomic radii, it is again encouraging to see that for the three
ions tested by both models, the performance is comparable. For example, for hydroxide
SCC-DFTB with or without solution geometry optimization gives an error of 2 kcal/mol
while CD-COSMO gives 3 kcal/mol; for ammonium SCC-DFTB has an error of -3 kecal /mol
while CD-COSMO gives -2 kcal/mol; for methylamine(+1), the corresponding values are -3
kcal/mol and -4 kcal /mol, respectively.

We note that, relatively speaking, the performance of our model for neutral molecules
is less stellar. In fact, for both the training and test cases, the SM6 model consistently
outperforms the SCC-DFTB(PR) solvation model; e.g., the MUE is typically smaller by ~
1 kecal/mol with SM6 (see Tables 2.2,2.3). This is likely because parameters in the non-polar
component, which makes a significant (relative to ions) contribution to the total solvation
free energy of neutral molecules, we have not optimized in the current model. Indeed, in the

work of Xie et al. [128], who have implemented a GBSA model with SCC-DFTB, a Root



21

Table 2.2: Error (in kecal/mol) Analysis of Solvation Free Energies for Training Set 1 and 2*

Single Point? Optimization® SM64
RMSE MUE MSE RMSE MUE MSE RMSE MUE MSE
Neutral 2.0 1.7 06 21 1.7 04 08 0.7 0.4
Tons 4 3 2 3 3 0 4 4 2
All data 3 3 1 3 2 0 3 2 1
Neutral 1.6 1.3 -0.5 2.0 1.9 -1.3 1.5 0.9 0.6
Ions 4 D ) 4 4 2 4 5 )
All data 4 3 2 4 3 0 4 3 2

a. First three rows are for the first training set (for SCC-DFTB), and the three bottom rows are for the

second training set (for SCC-DFTBPR). RMSE: Root-Mean-Square-Error; MUE: Mean-Unsigned-Error;

MSE: Mean-Signed-Error.

All errors measured against experimental solvation free energies, which have

typical uncertainties of 0.2 kcal/mol and 3 kcal/mol for neutral molecules and ions, respectively. b. With

gas-phase geometries. c.

obtained by MPW1PW91/6-31+G(d,p).

With solution phase geometry optimizations (see Methods). d. Results are

Table 2.3: Error Analysis (in kcal/mol) of Solvation Free Energies for Test Set 1 and 2°

Single Point Optimization SM6
RMSE MUE MSE RMSE MUE MSE RMSE MUE MSE
Neutral 2.2 1.8 0.7 23 1.9 0.2 1.0 0.8 -0.2
Ions 5 4 2 4 3 1 6 5 2
All data 4 3 1 3 3 0 4 2 1
Neutral 1.5 1.4 -1.2 21 2.1 -2.0 09 0.7 -0.1
Tons 7 6 2 7 5 0 7 7 )
All data 4 3 0 4 3 -1 5 3 2

a. See Table 2.2 for format.
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Mean Square Error (RMSE) of 1.1 kcal /mol was obtained for 60 neutral molecules containing
C, H, O, N and S when the non-polar parameters were optimized. On the other hand, we
note that for most chemical reactions of biological relevance, the non-polar contribution
likely plays a much less significant role compared to the electrostatic component. Finally, as
shown in Supporting Information, our solvation model gives rather large errors for amine
and amide molecules; for example, the error for ammonia is more than 3.2 kcal/mol with
or without solution geometry optimization, which is more than 70% off the experimental
value. This behavior was noted in previous analysis of implicit solvation models [70], and it
was argued that hydrogen-bonding energies are poorly correlated with classical electrostatic
interaction energies and therefore more sophisticated treatments are needed for such short-

range interactions.

2.3.2 MMP hydrolysis reaction with neutral water as nucleophile

Experimental studies of MMP hydrolysis reaction [138-140] determined that the reaction
rate peaks at pH 4-5 with activation energy of 31 kcal/mol. The reaction mechanism is
traditionally regarded as dissociative though dispute still exists. [34] Here as a benchmark
calculation for the new solvation model we investigate the first steps of both dissociative
and associative pathways (see Scheme 1) and compare the results with previous theoretical
studies [3,4,46].

For the dissociative pathway, the adiabatic map in solution with our new solvation model
(Fig. 2.1a) is qualitatively consistent with previous PMF result obtained using explicit
solvent SCC-DFTBPR/MM simulations [46]. The transition state region involves largely an
intramolecular proton transfer from the protonated oxygen in MMP to the oxygen in the
leaving group (OX9), and the P — O™ bond is only slightly stretched compared to MMP. As
discussed in Ref. [46], the P — O9 bond in the transition state decreases significantly from
the gas phase (~2.1 A) to solution (~1.7-1.8 Ain SCC-DFTBPR/MM PMF simulations);

thus our model has captured this solvation effect adequately. Following the proton transfer,
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a zwitterionic intermediate is formed, which is again in qualitative agreement with both
SCC-DFTBPR/MM PMF calculations [46] and previous DFT-PCM study [3].

More quantitatively, the fully optimized structures for MMP, the transition state (dis_ts)
and the zwitterionic intermediate (dis_zt) at the SCC-DFTBPR level are in decent agree-
ment with previous calculations; the optimized structure does not depend sensitively on the
grid size in the PB calculations (for comparison of 0.2 vs. 0.4 A grid sizes, see Fig.2.2,
which also contain an illustration for the imaginary mode in the optimized transition state,
dis_ts, with a frequency of 1742icm~!). Compared to the work of Vigroux et al. [3], in which
the structures were optimized at the level of BSLYP-PCM and a double-zeta quality basis
set plus diffuse and polarization functions, and pseudo-potential for non-hydrogen atoms,
the only major difference is that their optimized P — O™ distances in dis_ts and dis_zt are
longer by ~0.1 A and 0.25 A, respectively. The study of Florian et al. [4] did not examine the
zwitterionic intermediate, and the P — O distance in their transition state is substantially
longer than both values from this work and from Ref. [3]; this is likely because geometries
of Florian et al. [4] were mainly optimized in the gas-phase and the transition state in solu-
tion was only approximately located by single point Langevin dipole calculations along the
minimum energy path from gas phase calculations.

For the energetics, the free energy barrier estimated with the current SCC-DFTBPR
based solvation model is 34.8 kcal/mol; including single point B3LYP/6-311++G(d,p) gas-
phase correction lowers the barrier to be 31.3 kcal/mol. As shown in Table 2.4, these values
are consistent with previous calculations [3,4] and experimental studies [141], which range
from 30.7 to 34 kcal/mol. For the zwitterionic intermediate, which was first discussed in the
work of Bianciotto et al. [3,121] the current solvation model with SCC-DFTBPR predicts
a free energy of 13.7 kcal/mol above the MMP reactant; with the B3LYP correction, the
value becomes 21.1 kcal/mol. The large magnitude of the gas-phase correction was discussed
in our previous study [46], which emphasized that the SCC-DFTBPR model was developed
without any information concerning the zwitterionic region of the potential energy surface.

The B3LYP corrected free energy value is in close agreement with the DFT-PCM study
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Figure 2.1: Adiabatic mapping results (energies in kcal/mol) for the first step of (a) the
dissociative (b) associative pathway for the hydrolysis of Monomethyl Monophosphate es-
ter (MMP). The O™ stands for the oxygen in the leaving group (see Scheme 1), which is
methanol in this case; ON* stands for the oxygen in water (see Scheme 1). In (a) the pro-
ton transfer coordinate is the antisymmetric stretch that describes the intramolecular proton
transfer between the protonated oxygen in MMP and O9; in (b), the proton transfer coordi-
nate is the antisymmetric stretch that describes the proton transfer between the nucleophilic

water and the basic oxygen in MMP.
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Figure 2.2: Geometries of reactant, transition state and the zwitterionic intermediate for

the first step of the dissociative pathway for the hydrolysis of Monomethyl Monophosphate

ester (MMP). (a) Values (in A) without parentheses are from the current SCC-DFTBPR

based solvation model calculations with a grid size of 0.2/0.4 A; values with parentheses are

from Ref. [3], which were obtained with BSLYP-PCM and a double-zeta quality basis set

plus diffuse and polarization functions; values with brackets are from Ref. [4], which were

obtained with HF/6-31G(d) in the gas phase with approximate adjustments for solvation

using the Langevin dipole model. (b) An illustration of the imaginary vibrational mode in

dis_ts.
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Table 2.4: Energetics for the first step of the dissociative pathway of MMP hydrolysis from

current® and previous studies’

Species AE* TAS® AZPE° AG® Ref. [46] Ref. [3] Ref. [4] Exp. [141]

MMP  -11774.6 24.5  39.8 -11759.2
dis ts 39.0/35.5 1.4 -2.8 34.8/31.3 32 33.5 34 30.7
dis .zt 12.6/20.0 -0.1 1.0 13.7/21.1 -3 21.2

a. For MMP, the total energies are given (in italics), for other species, energetics relative to MMP are
given in kcal/mol. The entropic contribution (TAS, T=373K in all Tables, including for the experimen-
tal rate constants) and zero-point energy correction (ZPE) are calculated with the SCC-DFTBPR based
solvation model and harmonic-oscillator-rigid-rotor approximation. b. Ref. [46] employs explicit solvent
SCC-DFTBPR/MM PMF simulations; Ref. [3] used B3LYP-PCM and a double-zeta quality basis set plus
diffuse and polarization functions, and pseudo-potential for non-hydrogen atoms; in Ref. [4], geometries were
obtained with HF /6-31G(d) in the gas phase with approximate adjustments for solvation using the Langevin
dipole model, single point calculations are performed at the MP2/6-31+G(d,p) level with Langevin dipole
for solvation. c¢. Numbers before slash are SCC-DFTBPR results; numbers after slash are results after single

point gas-phase correction at the level of BSLYP/6-311++G(d,p).
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of Bianciotto et al. [3], who predicted a value of 21.2 kcal/mol. Most importantly, our
solvation model does not suffer from the unphysically large stabilization found in explicit
solvent SCC-DFTBPR/MM simulations, which predicted that the zwitterionic intermediate
is lower than the reactant (MMP) by ~3 kcal/mol. As discussed in Ref. [46], such signif-
icant overstabilization of the zwitterionic intermediate highlighted the need of improving
QM /MM interactions beyond the typical form with parameters that do not reflect the elec-
tronic structure of the QM region [142]. The success of the current solvation model, on the
other hand, illustrates the charge dependence required in QM /MM interactions can be effec-
tively covered by the charge dependent radii when studying solution reactions that involve
large charge redistribution.

For the associative pathway, the adiabatic map (Fig.2.1b) is qualitatively similar to the
PMF from explicit solvent SCC-DFTBPR/MM simulations [46]. For example, the potential
energy surface is rather flat in regions with long P —O™* distances but positive proton trans-
fer coordinate, which suggests that proton transfer from the nucleophillic water to MMP can
occur prior to the nucleophillic attack. Indeed, we obtained a local minimum with geometry
optimization that corresponds to a molecular complex between OH™ and protonated MMP
(HMMP) on the potential energy surface. Compared to the reaction complex between water
and MMP (asc_pre), this complex (asc_hydro) is substantially higher in energy by ~15
kcal/mol; including the B3LYP/6-311++G(d,p) gas-phase correction further increases the
value to ~26.2-3.6=22.6 kcal/mol (see Table 2.5). Once again, the large magnitude of the
correction reflects deficiency in the current SCC-DFTBPR approach for balancing proton
affinity of phosphate and non-phosphate species, which remains an interesting challenge for
future improvement [46].

Both the adiabatic mapping and saddle point optimization point to an associative transi-
tion state in which the P — O™ distance is ~ 2A and the water proton is already transferred
to the phosphate oxygen (see Fig.2.3 for the structure of the transition state, asc_ts). Com-
pared to the structure optimized by Florian et al. [4] with the Langevin dipole model, the key

difference is that the proton transfer is halfway in their structure, with a ON* — H distance



Table 2.5: Energetics for the first step of the associative pathway of MMP hydrolysis®

Species AE TAS AZPE AG Ref. [46] Ref. [4] Exp. [141]

MMP + HyO  -14345.9 38.8 531  -14331.2
asc_pre -8.8/-70 -93 1.3 1.8/ 3.6

asc_hydro 6.8/16.5 -9.1 0.6 16.5/26.2
asc_ts 22.6/27.0 -9.6 0.8 33.1/37.5 34 35 30.7
asc_int 20.6/23.0 -104 1.4 32.5/34.9 29

a. Same format as in Table 2.4; the reference is infinitely separated MMP and H»O.
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of 1.44 A, compared to the value of 2.18 A in our case. Since our structure is consistent with
the previous PMF results based on SCC-DFTBPR/MM simulations, we suspect that the
difference is again due to the limited solution geometry optimization in the work of Florian
et al. [4] (see discussions above for the dis_ts). The agreement in the optimized structures
for the penta-valent intermediate, asc_int, from the two sets of studies is much better, as
expected (see Fig.2.3).

As for the energetics for the associated pathway, the SCC-DFTBPR based solvation
model gives a free energy barrier of 33.1 kcal/mol, which increases slightly to 37.5 kcal/mol
when gas-phase B3LYP correction is included. These values, especially the one with BSLYP
correction, are close to previous computational studies (see Table 2.5) but somewhat higher
compared to the experimental value of 30.7 kcal/mol [141]. The pentavalent species, asc_int,
is also less stable by a few kcal/mol compared to the study of Florian et al. [4]. We note that
all calculations found that the barrier for the associative pathway is higher than that in the
dissociative pathway, although the difference is fairly small (~1-2 kcal/mol) with either SCC-
DFTBPR/MM or the Langevin dipole model, while SCC-DFTBPR based solvation model
gives the largest difference (~6 kcal/mol) when B3LYP correction is included. Before more
systematic analysis into the quantitative nature of B3LYP correction, it remains premature

to conclude that MMP hydrolysis strongly prefers a dissociative pathway.

2.3.3 HMMP and TMP hydrolysis with OH™ as nucleophile

A long-standing mechanistic postulate for MMP hydrolysis is that it is possible to exclude
the nucleophilic attack of OH™ on the neutral phosphate. The argument was based on the
high activation energy measured for the OH™ attack of trimethyl monophosphate (TMP)
at high pH, which is around 25 kcal/mol (at 373K) [143], and the underlying assumption
was that HMMP and TMP hydrolysis reactions have similar activation barriers. However,
as pointed out by Warshel et al. [136], this analogy was not necessarily valid, and their
calculations based on MP2 and Langevin dipole solvation model found that the barriers for

OH™ attack of HMMP and TMP differ by more than 10 kcal/mol. Moreover, the barrier
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Figure 2.3: Similar to Fig.2.2, but for structures along the the first step of the associative
pathway for MMP hydrolysis.
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Table 2.6: Relative free energies of key species for the hydrolysis of MMP and TMP along

associative pathway with hydroxide as the nucleophile®.

Species AE TAS AZPE AG Ref. [136] Exp. [141,143]

asc_.ts 156/ 7.0 -6.9 1.4 24.0/15.4 11.7
tmp_ts 21.9/194 -79 1.2 30.9/28.5 24.7 24.6

a. Same format as in Table 2.4; the reference is infinitely separated HMMP/TMP and hydroxide.

of ~ 12 kcal/mol found for HMMP was sufficiently low to make the OH™ attack pathway a
competing mechanism of MMP hydrolysis. As an interesting benchmark of our solvation and
the transferability of SCC-DFTBPR, we compare the barriers for the hydrolysis of HMMP
and TMP with OH™ as nucleophile (see Scheme 2).

As shown in Fig.2.4, the overall energy landscapes are quite similar for HMMP and
TMP, both undergoing an associative mechanism with the new P-Of"™"9 hond largely
formed before the P-O"¢%"9 break. The transition state from the adiabatic mapping for
HMMP is very consistent with the optimized saddle point asc_ts, which clearly is more
appropriately classified as the transition state for OH™ attack of HMMP. According to Table
2.6, the corresponding energy barriers are 24.0 and 30.9 kcal /mol, with the TMP case higher
by ~ 7 kcal/mol. Including single point BSLYP /6-311++G(d,p) gas phase correction further
increases the gap to ~ 13 kcal/mol, which agrees very well with the result of Warshel and
Florian [136]. This is a satisfying observation since SCC-DFTBPR was mainly parameterized
based on MMP and Di-methyl monophosphate ester (DMP) hydrolysis; as speculated in our
original work [46], however, the parameters are likely transferrable to other phosphates that
follow similar reaction mechanisms because the number of parameters is fairly small. On the
absolute scale, it appears that our estimates (for both HMMP and TMP) are systematically
higher, by ~ 4 kcal/mol, than the results of Warshel et al. [136] and the experimental barrier
for TMP [143].
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Figure 2.4: Adiabatic mapping results (energies in kcal/mol) for the hydrolysis of (a) Hydro-
gen Methyl Monophosphate ester (HMMP) and (b) Trimethyl Monophosphate ester (TMP)
by hydroxide. See Table 2.6 for the summary of the barrier heights, in which the reference

is infinitely separated reactant molecules.
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2.4 Conclusion

We report the development of an implicit solvent model for SCC-DFTB(PR) in which the
solvation free energy is computed based on Poisson-Boltzmann for electrostatics and a surface
area term for non-polar contributions. The unique aspect of our model is that the atomic
radii that define the dielectric boundary of the solute are dependent on the solute charge
distribution and are determined in a self-consistent fashion with the electronic structure of
the solute. This self-consistency makes it possible to balance the solvation treatment of
species with different charge distributions, such as neutral vs. ionic species and structures
along a chemical reaction pathway. Indeed, benchmark calculations have shown that, even
for ions, our model leads to results of comparable accuracy to the much more sophisticated
SM6 model; this is very encouraging since SCC-DFTB(PR) calculations are at least hundreds
of times faster than the DF'T calculations required in the SM6 model.

Since our implementation has analytic first derivatives, the solvation model can be read-
ily used to explore potential energy surfaces for solution reactions. This is demonstrated
with a brief study of dissociative and associative pathways of MMP hydrolysis, as well as
the hydrolysis of protonated MMP and TMP with OH™ as the nucleophile. The results (ge-
ometries and energetics) are largely in good agreement with previous computational studies
using QM /MM or ab initio/DFT in conjunction with dielectric continuum models, as well
as with available experiments. In particular, the solvation model avoids the overstabiliza-
tion of the zwitterionic species along the dissociative pathway as found in explicit solvent
SCC-DFTBPR/MM simulations [46]. This highlights the complementary nature of implicit
solvent model to explicit solvent approaches for studying solution reactions that involve
significant charge reorganizations.

Due largely to the computational efficiency of SCC-DFTB(PR), we anticipate that the
current solvation model can be effectively used in semi-quantitative exploration of mecha-
nisms for solution reactions, such as ruling out certain reaction pathways and obtaining ap-

proximate structures of key transition states and intermediates, which can be further refined
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with higher-level calculations. As further developments, it would be interesting to extend the
formulation of charge-dependent radii to more approximate solvation models such as Gener-
alized Born [127], which can be computationally more efficient than Poisson-Boltzmann; this
is particularly true in molecular dynamics simulations, which can be effective for estimat-
ing entropic contribution to reaction energetics in the framework of quasiharmonic analysis.
Along this line, as extensively discussed in the literature, the first solvation shell of the solute
can be treated explicitly, either at the same level of QM theory [67,70] or with a Molecular
Mechanics model [144,145]. Since SCC-DFTB(PR) is fast, making such extension of the
molecular model for better treatment of solvation is likely more cost effective than with ab

initio/DFT methods.
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Chapter 3

Charge-dependent QM /MM interactions with the Self-
Consistent-Charge Tight-Binding-Density-Functional The-
ory

3.1 Introduction

With the increase of computational power, the analysis of chemical events in complex
systems attracts more and more interests, e.g., the study of enzyme catalysis, enzyme en-
gineering and redesign, which further pushes the development of de novo computational
techniques for better accuracy and efficiency. In the presence of chemical reactions, quan-
tum mechanics (QM) is required to describe the breaking and formation of chemical bonds.
Despite the remarkable efforts and progress of new computation algorithm, large scale paralle

The total Hamiltonian for the molecular system under consideration in the QM/MM

framework is

H = HOM 4 geM/MM . [pMM (3.1)

where HOM/MM Jegcribes the interaction between the QM and MM atoms governed by
HOM and HMM | respectively. The HOM/MM tynically contains terms for the electrostatic,

van der Waals (vdW), and bonded interactions

TQM/MM _ £5QM/MM QM /MM ArQM /MM
HQ / - HvdW + Helec + Hbonded (32)
. N . ) FQM/MM - .
The major contributions for long range interactions usually come from the H ;. while

[QM/MM

oV plays an important role in the short range to estimate dispersion attractions that
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fall off as »~% and to prevent molecular collapse being strongly repulsive at short interaction
distances. The Hﬁ%/ei\l/[M is required when partitioning a single molecule into quantum and
molecular mechanics regions, whereas the valency of the QM region is satisfied with the
addition of link atom [146] or frontier bonds. [147,148]

In spite of the tremendous success of the conventional QM /MM interaction scheme, some
limitations also exist and need to be improved for better performance. The first is that the
vdW parameters are typically assigned based on pre-defined atomic types and fixed through
chemical reactions, even though the chemical properties of the system can undergo drastic
change, which is very common for highly charged systems, such as phosphate hydrolysis
reactions. For example, when a water goes to attack a phosphate ester, it can lose its proton
to the nonbridging phosphate oxygen first to form a hydroxide, then forms the P-O bond
and finally transfers the other hydrogen to become a nonbridging phosphate oxygen. The
chemical properties of the water oxygen experience drastic changes and are quite problematic
to be described by a single set of vdW parameters. Element type of vdW parameters can
avoid the trouble of pre-assignment but the performance is typically compromised (see the
result part for some examples). The second problem is related to the semi-empirical QM
method we use in the QM /MM framework. The Self-Consistent-Charge Density-Functional-
Tight-Binding (SCC-DFTB) theory [45] is an approximation to Density Functional Theory
with balanced performance and efficiency. The I:ISe]\f/ MM, in the SCC-DFTB framework, is
modeled by point charge interactions, i.e., the Mulliken charges of QM atoms and atomic
charges of MM atoms, instead of solving one-electron integrals rigorously which is typically
adopted by ab initio QM methods. Therefore the spatial distributions of the electron density
are poorly modeled and result in increased errors at the short range.

In order to solve the first problems, the York group made impressive pioneering work of
developing a charge-dependent vdW interaction model. [149] But the method has a number
of parameters and has only been applied to simple systems. Alternatively, we are inspired
by the popular way of treating two-center two-electron integrals in semi-empirical QM field

where the Klopman-Ohno (KO) type of scaling [150,151] is usually applied. This scaling form
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smoothly connects the classic electrostatic interaction in the long range limit with the self
interaction in one-center limit and lead to improved performance in intermediate distance.
[152] Along this line, the KO scheme can be used for a better description of the deviations
from classical point charge interactions due to the interactions of electronic orbitals when a
QM atom and a MM atom are close to each other. With a set of element type dependent
vdW parameters, the KO algorithm adds little extra cost, yet is able to significantly improve
the QM /MM descriptions of chemical reactions.

In this work, we implement and parametrize the KO scheme with the SCC-DFTB method
which is based on a second-order expansion of DFT total energy around a reference electron
density. With respect to computational efficiency, SCC-DFTB is comparable to the widely
used semi-empirical methods such as AM1 and PM3, i.e., being 2-3 orders of magnitude faster
than popular DFT methods. In terms of accuracy, fairly extensive benchmark calculations
have indicated that it is particularly reliable for structural properties, while energetics are
generally comparable to AM1 and PM3 [103-105]. There are several recent developments of
SCC-DFTB [106,107,153] for metal ions [108-111] and a few other elements that require d
orbitals for a reliable description (e.g., phosphorus [46]).

The paper is organized as follows: in Sect.3.2 we summarize computational methods
and simulation setup. In Sect.3.3, we first present results for simple cluster model, and
then demonstrate the performance for phosphate monoester dianion hydrolysis reactions in

solution. Finally we draw some conclusions.

3.2 Theory and Methods
3.2.1 Conventional QM /MM Energy Evaluation.

According to eq 3.1, the energy of QM/MM simulations is determined by combining the
Hamiltonians of the quantum mechanical and molecular mechanical regions with a QM /MM
coupling term composed of electrostatic, bonded, and vdW contributions

U = (DY + B3 0) + UG+ US + U (3.3)

elec
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The QM approach used here is SCC-DFTB, [45] which is very efficient due mainly
to approximations to the two-electron integrals. This method introduces the charge self-
consistency at the level of Mulliken population and, accordingly, the QM atoms interact

with the MM sites electrostatically through Mulliken partial charges [55]

ACIB
goM/MM _ @a 3.4
elec Z Z |RA o RB| ( )

AeMM BeQM

where () 4 and Aqg are the MM partial charges and Mulliken partial charges, respectively.
We note that although other definitions of charges in SCC-DFTB and SCC-DFTB/MM
calculations can in principle be used instead of the simple Mulliken charges, important
parameters in SCC-DFTB (e.g., repulsive potentials) were optimized within the Mulliken
framework.

The vdW term consists of predetermined parameters described by

UG = 57 ST eapl(H2E)2 — 22 (3.5)
AEMM BeQM RAB Rap

where A and B are the indices for the MM and QM nuclei, respectively, and Rp is the
distance between QM and MM nuclei. The vdW parameters are defined by the standard
combination rules: e p = (eqep)/? and oap = 1/2(0c4 + 0p), where ¢ and o describes
the well depth and atomic radius, respectively. These parameters are typically atomic type

based, therefore could be problematic for describing chemical reactions.

3.2.2 Klopman-Ohno type of QM /MM interaction scheme

The Klopman-Ohno (KO) formula was originally developed for evaluating s-orbitals in-
teractions and later widely used in semi-empirical QM methods, such as MNDO, [152] as

the damping function for two-center two-electron integrals. The original functional form is

AQaQI
HEMIVIM 3.6
elec, KO Z \/R2I—|—025<1/U +1/U[) ( )
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U, is the Hubbard parameter which is related to chemical hardness n,: U, ~ [, — A, ~
21, and proportional to the atomic radii assuming a spherical charge density. [45] Therefore,
the KO functional form allows an empirical damping of point charge interaction scheme
in the short distance and effectively accounts for the deviations due to the increasing of
electronic orbital interactions. When used in QM/MM framework, the MM “Hubbard”
parameter is not well defined, although it can be taken from atomic electronic structure
calculations or treated as a parameter similar to the width of the “Gaussian blur” in the
approach introduced by Brooks and co-workers [154], or simply set to zero.

In this work, the KO functional form is further modified to include more flexibility,

QU _ § AgaQ1 (3.7)

elec, KO
’ 2 _ 1 1 \2,-baRa
ol \/Ral +aa(Ua(Aqa) + UI) e—baRar

In this expression, U,(Aq,) takes a linear relationship with atomic Mulliken charge via

Uua(Ags) = U+ Aq,U? and U4 is Hubbard derivative with respect to atomic charge. For spe-
cific parametrization, see our previous work. [46] It is worth mentioning that by including the
charge dependence into the Hubbard parameter, the modified KO functional form explicitly
introduces the state dependence into the scaling of QM /MM interactions. The parameters
a, and b, are based on element type so the current scheme only introduces two extra pa-
rameters for each element. With the inclusion of charge dependence into KO expression, the
actually pair-wise functional form is determined self-consistently and can be adjusted with
respect to different circumstances. Correspondingly, the SCC-DFTB interaction energy is

slightly modified as

occ

1
EscC E:(¢¢|HO|¢1‘>+§ § YaBAqaAqp + E Vrit,aABQaAqE
p A,BEQM AeMM,
BeQM

1
+6 Z A?)CIAU;i; +Erep (38)
AcQM

where
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1
Vrit = - - — (3.9)
VB +alggsy + oy)%e

The matrix element also needs to be modified correspondingly as

1 1
H,, = HSU + ES,w Z (veB + vpB)AgB + §S;u} Z [(Vfit,ac + Vit aD)
BeQM AeMM

chfy?it,ACUg‘ace_bCRAC AquY‘?it,ADUgaDe_bDRAD
( 0z 0 N

S,w Z aUAA 2 (3.10)

AeQM

where p € C;v € D

The force expression also needs to be modified accordingly.

Besides the improvement of electrostatic interactions, the vdW interactions in principle
can also be made state dependent. For example, since the Hubbard parameter is directly
related to the chemical hardness, including the charge dependence in the Hubbard parameter
would also make the chemical hardness charge dependent. As discussed before, [107,155-158]
the correlation between atom size and chemical hardness can be adopted as inversely related
as U = %. Therefore, it is conceivable to use this relationship to make the radii of the
vdW interaction charge dependent as well. However, the inclusion of charge dependence
in vdW interactions requires extra work in the SCF calculations, therefore, can increase
the computational overhead a lot based our test calculations. Alternatively, by adopting a
set of element type dependent vdW parameters with the KO scheme, we are already able
to achieve significant improvement compared with the conventional QM/MM interaction
scheme. Thus, we leave the development of the state dependent vdW interactions as further

work.
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3.2.3 Parameter Optimization

To summarize, the new parameters in the KO interaction scheme are the a;, b; in Eq.3.7.
In addition, the vdW parameters are made to depend only on the element type and hence
need to be reparametrized. In principle, the MM Hubbard parameters can also be optimized
to allow additional flexibility. In this work, we test two approaches: simple set the MM
Hubbard parameters as zero which is referred as KO or use the atomic electronic structure
calculation results which is referred as KO-MM. The solute-solvent (water in this work)
interaction energy is used as the target property. Because our main interests are for con-
dense phase performance which involves important multibody interactions, a cluster type
of training set model is adopted in which we include the solute and all its nearby water,
instead of the pair-wise training set model used in Ref. [57]. Based on our test, it is cru-
cial to include the multibody interactions in parametrization as the pair-wise model fails
to produce satisfactory parameter sets for solution reactions. The training set includes 23
molecules containing C, H, O, P, mimicking protein sidechains and phosphate species with
various charge states. Each molecule in the training set is solvated with a water sphere of
25 A radii, followed by 50 ps MD at 300 K from which 10 snapshots are taken out with even
interval. For each snapshot, the solute and water molecules that are within 4 A are kept
while the rest are deleted to obtain the final cluster model with typically 15 water. The
binding energy between solute and water molecules by full SCC-DFTB calculations serves
as the reference. In particular, a special version of SCC-DFTB which is developed for phos-
phate hydrolysis reactions is used and referred as SCC-DFTBPR. In addition, a test set of 12
different molecules are also constructed via a similar fashion to evaluate the transferability
of parameters in different QM /MM interaction schemes.

The parameters are optimized using a Genetic Algorithm (GA) [129] in which the “fit-
ness” (£) is defined as the inverse of a weighted sum of difference between binding energies

determined from full SCC-DFTB calculation and SCC-DFTB/MM calculation:
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Yo WAEN(SCC) — AEX(QM /M M)]?
D i1 Wi 7

where 7 is the index of species in the training set and the sum is over all molecules in the

e =

(3.11)

training set. During optimization, a micro-GA technique with a population of 10 chromo-
somes that is allowed to operate for 500 generations with uniform crossovers; see Ref. [130]
for detailed descriptions and recommendations for GA options. For a fair comparison, we
also reparametrized the vdW parameters via a similar fashion for the conventional QM /MM

interaction scheme.

3.2.4 Potential of mean force (PMF) simulations for aqueous phos-
phate hydrolysis reactions

In order to evaluate the performance of different QM /MM interaction schemes for con-
dense phase reactions, we study the aqueous hydrolysis reactions of two phosphate mo-
noesters, methyl monophosphate?~ (MMP?~) and p-nitrophenyl phosphate?~ (pNPP?™) (see
Fig. 3.1), with the water molecule as the nucleophile. These reactions serve as perfect ex-
amples for benchmark purpose as there are extensive previous experimental [159] and com-
putational [4,5] studies. In addition, these phosphate monoesters are the typical substrates
of phosphatase, [27, 160] therefore the results also provide important reference for future
enzyme studies.

The solute (MMP?~ or pNPP?7) is solvated by the standard protocol of superimposing
the system with a water droplet of 25 A radius and removing water molecules within 2.8
A from any solute atoms. [161] Water molecules are described with the TIP3P model [162]
without any modifications. The QM region includes the solute and the nucleophile water.
The generalized solvent boundary potential (GSBP) [124,163] is used to treat long range
electrostatic interactions in MD simulations. To be consistent with the GSBP protocol, the
extended electrostatic model [164] is used to treat the electrostatic interactions among inner
region atoms in which interactions beyond 12 A are treated with multipolar expansions,

including the dipolar and quadrupolar terms. The deformable boundary forces [165] are
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Figure 3.1: The phosphate monoester dianions hydrolysis reactions studied in this work.
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added in the boundary region to constrain water molecules within the sphere. An additional
weak GEO type of potential is added the the QM region to keep it in the center of the water
sphere. An angle constraint potential is added to the nucleophile water, the phosphate atom
and the leaving group oxygen to guarantee the “in line” attacking. All bonds involving
hydrogen in MM water are constrained using the SHAKE algorithm, [166] and the time step
is set to 1 fs.

The 2D PMF calculations are carried out for the aqueous reactions. The whole system
is optimized and slowly heated to 300 K and equilibrated for 50 ps. The reaction coordinate
is defined as POY-PO™ and OH¥*-OHP°. The umbrella sampling approach [167] is used to
constrain the system along the reaction coordinates. In total, more than 250 windows are
used for each PMF and 50 ps simulations are performed for each window. The first 10 ps
trajectories are discarded and only the last 40 ps are used for data analysis. Convergence of
the PMF is monitored by examining the overlap of reaction coordinate distributions sampled
in different windows and by evaluating the effect of leaving out segments of trajectories. The
probability distributions are combined together by the weighted histogram analysis method
(WHAM) [168] to obtain the PMF along the reaction coordinate.

As additional benchmarks focusing on the quality of the QM method rather than other
technical details such as QM /MM coupling and sampling, we use a previous developed im-
plicit solvent model [52] to study these aqueous reactions of phosphate monoesters. In this
model, the solute radii are dependent on the charge distribution, which makes it particularly
useful for studying solution reactions that involve highly charged species; our previous bench-
mark calculations suggest that the method has comparable accuracy as the SM6 model [89],
while being much more efficient (due to the use of SCC-DFTB) and having only a small
number of parameters. The reaction coordinates are similar to QM /MM simulations. Each
point in the 2D PES is obtained by starting the constrained optimization from several dif-
ferent initial structures and taking the lowest energy value. The initial grid size is 0.2 A
due to the large number of points that need to optimize. Later a finer grid size (0.1 A) is

used to scan the TS region and locate the TS structure. Finally, frequency calculations are
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Table 3.1: Optimized parameters for different QM /MM interaction schemes

vdW opt® KO KO-MM?

€ o € o a b € o a b
-0.18 1.92 -0.03 2.05 0.068 0.017 -0.06 1.88 0.042 0.021
-0.06 2.15 -0.07 2.11 0.046 0.059 -0.05 2.15 0.026 0.069
-1.23 2.36 -0.52 2.39 0.060 0.001 -0.26 2.42 0.054 0.001
-0.02 0.82 -0.04 0.76 0.211 0.055 -0.02 0.81 0.066 0.053

D™ U Q O

a. Optimized vdW parameters for conventional QM/MM interaction scheme; b. KO scheme with MM

Hubbard parameters included.

carried out to confirm the nature of the stationary points and to compute the vibrational
entropy and zero point energies to obtain approximate activation free energy; although using
a harmonic approximation to estimate activation entropy is known to be of limited accuracy,
previous studies of phosphate diester hydrolysis found that activation entropy does not differ
much between different diesters [6,169].

To account for intrinsic errors of SCC-DFTBPR energies, we explore corrections based
on gas phase single-point energy calculations with MP2/6-311++4G** at SCC-DFTBPR
geometries. As discussed in the literature, [135] such a simple correction may not always
improve the energetics for semi-empirical methods given the errors in geometry; however,
our previous tests [46,52,169] indicated that this correction scheme appears useful for SCC-

DFTBPR since the method gives fairly reliable structures, even for transition states.

3.3 Results and Discussions
3.3.1 Cluster model binding energies in training set and test set

As the condense phase performance is the main concern, we adopt the cluster type of
model to implicitly include the important multibody interactions. Our test indicates that

using the pair-wise solute water model as in Ref. [57] fails to produce satisfactory parameters.
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The training set (Table 3.2) includes 23 molecules and ions for amino acid sidechains and
phosphate species with great chemical properties and various charge states. It is obvious to
see that the binding energies of ions are typically one magnitude larger than those of neutral
molecules, therefore we deliberately put more weights on ions.

Besides the conventional QM /MM interaction scheme, we optimize two sets of KO pa-
rameters with respect to different MM Hubbard parameters. In one set, we simply set MM
Hubbard parameters as zero, thus, only consider the “size” of QM atoms; in the other set,
we use atomic Hubbard parameters from electronic structure calculations. The three sets of
schemes are referred as QM /MM, KO and KO-MM, respectively. As shown in Table 3.2, for
the binding energies of the training set, KO-MM gives the best performance, consistent with
the fact that a better physical picture is described by including MM “atomic size”. Although
KO gives only slightly better results than the conventional QM /MM interaction scheme with
the set of optimized vdW parameters in this work, it obtains tremendous improvement com-
pared with the results by the parameters in Ref. [57] which gives the Mean Unsigned Error
(MUE) as 14.1 kcal/mol. Therefore the current optimization protocol, together with the
KO interaction scheme, can significantly improve the computational accuracy for the model
cluster in the training set.

To test the transferability of the parameter sets, we also construct a test set with twelve
molecules that are not included in training set (see Table 3.3). Similar to the results of train-
ing set, KO-MM gives the best performance while the conventional QM /MM produces the
largest error. It is very encouraging to see that the performance of KO and KO-MM do not
deteriorate compared to that for the training set, indicating good parameter transferability
in KO scheme. On the contrary, the MUE increases drastically for the conventional QM /MM
scheme, cautioning the fact that although it is possible to obtain specific parameters for given
problems, the transferability of those parameters is questionable.

In addition, we test the performance for phosphate hydrolysis reactions by 10 RNA model
reactions from QCRNA database established by York group. [170] These includes 16 stable

states and 24 transition states. The similar cluster model is constructed with fixed solute
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Table 3.2: Error (in kcal/mol) analysis of binding energies for training set

Unsigned Error®

Solute Escc KO KO-MM vdW,,
Propane -0.6 4.3 3.8 3.4
Isobutene -1.6 5.4 5.0 4.6

Butane -1.1 5.4 4.7 4.5
Toluene -3.5 5.6 4.5 4.5
4-cresol -10.5 2.6 2.5 2.4
Methanol 9.2 21 1.9 2.5
Ethanol -9.0 1.5 1.3 2.0

Acetaldehyde -6.7 1.3 1.1 1.8
Methylacetate -9.3 1.9 1.6 2.8
Acetic acid -7.6 1.5 1.2 2.7
Propanic acid -15.8 44 3.7 5.6
Dimethyl ether -42 1.6 1.3 2.0
Methylphosphate 219 74 5.3 8.6
Dimethylphosphate -15.9 28 3.3 5.2
Acetate (-1) -784 3.0 2.8 6.8
Propanate (-1) -88.3 25 2.7 2.1
4-cresol (-1) -83.2 6.5 5.8 7.0
Methoxide (-1) -94.0 5.3 3.7 7.4
Ethoxide (-1) -95.5 6.7 4.1 10.0
Hydroxide (-1) -68.6 8.8 6.9 5.4
Methylphosphate (-1) -84.1 6.4 5.3 5.5
Dimethylphosphate (-1) -79.5 3.6 1.8 5.5
Methyl phosphate (-2) -249.6 7.6 5.6 8.6

Error Analysis’

MUE 4.3 3.3 4.8
MSE -0.5 -0.8 -0.8

a. The unsigned error is averaged over 10 snapshots for each solute; b. MUE: mean unsigned error; MSE:

mean signed error.



Table 3.3: Error (in kcal/mol) analysis of binding energies for test set®

Unsigned Error

Solute Esce KO KO-MM  vdW,,
Methane -0.9 0.9 0.9 0.8
Phenol -6.3 4.8 4.2 4.7
Propanol -10.8 4.2 3.7 4.5
Formaldehyde -3.1 1.2 1.0 1.6
Formic acid -21.6 2.0 1.6 3.2
Trimethyl phosphate -21.0 7.2 6.4 12.0
Formate (-1) -93.6 5.6 1.7 10.8
Benzoate (-1) -94.1  10.7 5.3 15.1
Propanoate (-1) -96.5 6.8 3.1 10.9
Dihydrogen phosphate (-1)  -105.4 2.6 2.6 9.0
Methyl phenyl phosphate (-1) -110.5 9.0 5.8 17.0
Hydrogen phosphate (-2) -271.5 2.1 5.9 17.1

Error Analysis’

MUE 4.7 3.5 8.9
MSE -4.2 -2.0 -8.8

48

a. The unsigned error is averaged over 10 snapshots for each solute; b. MUE: mean unsigned error; MSE:

mean signed error.
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geometries obtained in gas phase reactions. The results (Table 3.4) indicate that KO-MM
gives the best performance while KO is slightly worse. The conventional QM /MM interaction

scheme results in quite large errors.

Table 3.4: Energetics Benchmark Calculations for different QM /MM interaction schemes
based on 10 phosphate reactions from the QCRNA database®

Reactions States SCC binding Errors

QM/MM KO KO-MM

CH30...P(0)(0)(OH)(OCH3) £s12 -255.0 280 140 24
HO...P(O)(O)(OH)(OCHS3) ts12 -252.3 258 118 4.2
HO...P(0)(OH)(OH)(OCH3) £s12 -96.7 120 35 5.8
min2 -100.5 105 3.1 3.6

£s23 -98.2 106 3.1 3.4

HOH...P(0)(0)(OCH3)(OCH3) minl -99.3 112 36 5.2
ts12 -102.1 120 34 6.6

min2 -98.7 120 3.9 7.3

£s23 -100.2 108 28 6.2

min3 -109.1 109 3.1 2.5

ts34 -96.5 133 5.1 2.2

min4 -98.4 113 38 2.0

ts45 -98.6 144 6.4 1.9

minl 945 116 40 2.3

HO...P(0)(0)(OCH3)(OCH3) £s12 -257.6 23.0 7.6 2.1
min2 -274.0 263 114 2.3

£s23 -267.2 245 104 1.7

CH30...P(0)(0)(OCH3)(OCH3) £s12 -244.1 321 189 28

CH30...P(O)(OH)(OH)(OCH3) ts12 -102.0 131 48 1.9



min?2 -93.3 13.2 4.9 3.9
ts23 -99.6 14.4 6.0 2.6
CH30...P(O)(OH)(OCH3)(OCH3) ts12 -94.8 16.6 9.1 3.3
min?2 -98.1 13.2 5.2 6.0
ts23 -107.4 16.1 7.6 4.0
minJd -96.4 13.0 5.5 12.1
ts34 -103.5 14.4 6.5 2.4
CH30...P(O)(OCH3)(OCH3)(OCH3)  tsl2 -97.9 18.9 10.5 2.6
min?2 -106.2 16.5 8.7 3.6
ts23 -103.5 17.2 9.4 6.4
minJ3 -99.4 16.9 9.0 2.6
ts34 -92.0 17.4 10.0 4.5
min4 -103.3 14.6 7.1 3.4
ts4b -102.8 19.5 11.3 3.9
HO...P(O)(OCH3)(OCH3)(OCH3)  ts12 1138 193 27 69
min?2 -94.6 15.4 7.2 5.4
23 -96.9 16.5 8.5 6.1
min3 -101.0 14.6 6.3 5.6
ts34 -96.6 13.8 6.0 6.7
min4 -98.3 16.5 8.0 4.9
ts4b -96.5 17.6 9.4 7.4
Error Analysis®
Overall Performance MUE 16.2 7.1 4.3
Stable States Performance MUE 14.2 5.9 3.5
Transition States Performance MUE 17.6 7.9 4.8
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a. The unsigned error is averaged over 10 snapshots for each solute; b. MUE: mean unsigned error; MSE:

mean signed error.

3.3.2 PMF for phosphate monoester reactions
3.3.2.1 MMP?" hydrolysis reaction

Since our goal is to use the KO scheme for condense phase chemical reactions, it is
necessary to investigate its performance for more realistic systems other than the cluster
type of model. MMP?~ is a simple phosphate monoester and its solution reaction has been
extensively studied by experimental and computational methods. In aqueous, the nucleophile
has been determined as a water molecule and the experimental free energy barrier is 44.3
kcal/mol at 298K calculated by transition state theory. [159] Computationally the barrier has
been well reproduced as 47 kecal/mol at 312 K by BSLYP/COSMO model. [5] The calculated
transition state structure indicates that the water first transfers a proton to MMP?~ to
become a hydroxide that further attacks the protonated phosphate monoester. The P-OY
P-O™ bond lengths are 1.8 and 2.0 A, respectively.

Before studying this reaction by different QM/MM interaction schemes, it is crucial to
establish the intrinsic error of the QM method in use, i.e., dissecting the errors in QM/MM
simulations from the QM method and from the QM /MM framework. For this purpose, we
use a recently developed implicit solvent model that combines SCC-DFTB method with
Poisson-Boltzmann (PB) and a set of charge dependent radii. [52] It has been demonstrated
that the SCC-DFTB/PB model can describe the aqueous reactions for highly charged species
comparable to SM6 method. [89] More importantly, by using the implicit solvent model, we
can avoid the potential sampling issue in QM /MM simulations to quantify the inherent errors
from the QM method. In the calculated potential energy surface shown in Fig. 3.2(a), the
reactant state corresponds to the bottom left corner while the product state corresponds to
the upper right corner. The first step involves an exothermic proton transfer reaction from
the water to MMP?~, followed by the nucleophilic attacking, which is consistent with the

picture in previous studies. Rescanning the TS region by a finer grid size, the reaction barrier
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is estimated as 30.5 kcal/mol. By adding entropy effects and zero point energy corrections
at 300 K, the free energy barrier is 39.5 kcal/mol which agrees with previous studies. The
calculated transition state has the reaction coordinate of POY-PO™ as 0.0 A and the proton
transfer coordinate as 1.1 A. The POY and PO™ bond lengths are both 1.95 A, also con-
sistent with previous theoretical studies. Based on our experience, adding MP2 single point
energy corrections can usually improve the accuracy of SCC-DFTB/PB. Indeed, the reaction
barrier is further refined to 45.7 kcal/mol and the overall PES landscape (Fig. 3.2(c)) is sim-
ilar to that of SCC-DFTB/PB. However, it is obvious that SCC-DFTB(PR) systematically
underestimates the relative energy compared with infinite separated reactants, especially for
the upper left corner which corresponds to the exothermicity of the proton transfer step. It
has been noted before that SCC-DFTB(PR) can be problematic for calculating the proton
affinity of phosphate species and the inclusion of full third order terms in principle can im-
prove the results. [46, 153] Overall, the current SCC-DFTB(PR) method can describe the
MMP?2~ hydrolysis reaction accurately although the description of the exothermicity of the
first proton transfer process is less satisfactory.

We further study this reaction by QM/MM simulations with the conventional QM/MM
interaction scheme (QM/MM), KO and KO-MM schemes (see Fig.3.3 and Table 3.5 for
details). By using the conventional QM /MM scheme with optimized vdW parameters, the
reaction barrier is calculated as 55 kcal/mol, which is about 10 kcal/mol higher than the
experimental value. With the KO or KO-MM schemes, the results are improved to be 41 and
40 kcal/mol, respectively. One point worth mentioning is that for the conventional QM /MM
scheme, the first proton transfer step is exothermic while for KO and KO-MM it becomes
endothermic by a magnitude of 10 kcal/mol. Warshel and coworkers studied this step [4]
by MP2/LD method and obtained an endothermic reaction with 9 kcal/mol difference. As
noted above, the SCC-DFTB(PR)/PB model (Fig. 3.2) has quite large errors in this region
due to the QM method. Since the overall performance of QM/MM interactions relies on
the QM method, this error is inherited in all three QM/MM schemes. However, the error

cancellations in KO and KO-MM schemes partially compensate for the intrinsic errors in
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Figure 3.2: Potential energy surface (PES) of MMP?~ hydrolysis reaction (kcal/mol). (a) 2D
PES of MMP?~ hydrolysis reaction by SCC-DFTB(PR)/PB; (b) 2D PES of the TS region
with a finer grid size by SCC-DFTB(PR)/PB; (¢) 2D PES by adding MP2/6-311++G**
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schemes (kcal/mol). (a) Conventional QM/MM scheme with optimized vdW parameters;
(b) KO scheme; (¢) KO-MM scheme ; (d) The transition state structure. The numbers
without parenthesis are calculated by KO-MM, with parenthesis are calculated by SCC-
DFTB(PR)/PB, with bracket are taken from Ref. [5].



25

SCC-DFTBPR method, resulting in a better description. The calculated free energy surface
indicates a similar reaction mechanism as in previous studies: the proton transfer takes
place first, followed by the nucleophilic attacking. The transition state region calculated by
KO scheme is at reaction coordinate POY-PO™ slightly less than 0 A and proton transfer
coordinate at 1.2 A. The averaged PO¥ and PO™ bond lengths are 1.94 and 2.04 A, similar
to those in previous studies [5] and the SCC-DFTB(PR)/PB model.

3.3.2.2 pNPP?" hydrolysis reaction

In addition to MMP?~, we also study another phosphate monoester, pNPP2~, which
has quite different ester group. pNPP?~ is an important substrate for phosphatase studies,
therefore the aqueous results provide important reference for enzyme studies. Since we do
not have KO parameters for nitrogen, the parameters of oxygen are used instead and the
effects are expected to be small.

Similar to the MMP?~ reaction, we also use SCC-DFTB(PR)/PB method to estimate
the inherent error in the QM method. The overall potential energy landscape (Fig. 3.4(a))
is similar to that of MMP?~ in which the phosphate nonbridging oxygen first abstracts a
proton from the water and then a nucleophilic attacking follows. The free energy barrier is
calculated as 29.3 kcal/mol after adding entropic effects and zero point energy corrections
and further refined to 27.0 kcal/mol after adding MP2 single point energy corrections. The
experimental value is 31.8 kca/mol at 298 K which is in decent agreement with our results.
The transition state structure (Fig. 3.4(b)) has the reaction coordinate PO¥-PO™ as -0.3
A and the proton transfer coordinate as 1.0 A. The POY bond length is 1.95 A similar to
that of MMP2~; however, PO™ bond length increases to 2.26 A and the overall transition
state structure becomes looser than that of MMP?~ (described by the sum of PO™ and
POY¥). These observations are also consistent with the trend in previous studies that the
transition state changes from associative to dissociative upon decrease in the pKa of the
leaving group. [5] Therefore, the SCC-DFTBPR method is able to describe this reaction at

the satisfactory level.
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Table 3.5: Free energy barriers (kcal/mol) of phosphate monoester hydrolysis reactions by
different methods®

Solute Method AGH

MMP?2~ Exp® 44.3 (298K)
MP2/LD¢ 43 (312K)
SCC/PB? 39.5/45.7

QM/MM opt 55
KO 41
KO-MM 40
pNPP2- Exp® 31.8 (298K)
SCC/pPB¢ 29.3/27.0
KO 33
KO-MM 32

a. All results are under 300 K unless noted otherwise; b. Results taken from Ref. [159]; c¢. Results taken

from Ref. [5]; d. The number before slash is SCC-DFTB/PB result with entropic and ZPE corrections; the

number after slash is with MP2/6-3114++G** single point corrections; e. Results taken from Ref. [171].
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parenthesis are by SCC-DFTB(PR)/PB.
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We also apply the KO and KO-MM schemes to obtaining the 2D PMF for this reaction
(see Fig. 3.4(c),(d)). The calculated reaction barrier is 33 kcal/mol which is very close to
the experimental results. The transitions state structure is also consistent with the SCC-
DFTB(PR)/PB results. The averaged PO¥ and PO™ bond lengths are 1.84 and 2.14 A,
respectively, also in decent agreement with the trend calculated by SCC-DFTB(PR)/PB and

previous theoretical studies.

3.4 Concluding remarks

QM/MM protocol has been demonstrated as an effective approach of balancing the com-
putational accuracy and cost for condense phase chemical reactions, therefore widely used in
studying enzyme catalysis. Usually semi-empirical type of QM methods are used due to the
demanding requirements of the problem size and time scale. However, the lack of one elec-
tron integral and predetermined vdW parameters significantly undermine its performance for
systems that involve large amount of charge redistribution. Although it may be possible to
develop specific parameter sets for a given problem, the conventional QM /MM scheme lacks
general flexibility and parameter transferability, therefore requires further improvement.

In this study, we develop a state-dependent QM /MM interaction scheme based on the
Klopman-Ohno functional form. The major part of the state-dependence is accounted by
the damped electrostatic interactions that is correlated to the “atomic size” via Hubbard
parameters. With careful parametrization with respect to condense phase properties, the
accuracy of QM /MM interactions can be significantly improved for highly charged systems,
making it especially useful for studying phosphate hydrolysis in biological systems. The
extensive benchmarks for training and test sets and an independent set constructed from
QCRNA database demonstrate its good performance for both stable state and transition
state, which is crucial for producing reliable results for chemical reactions. The element

type dependent parameters significantly simply the algorithm and result in good parameter
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transferability. With the KO scheme, we study the aqueous hydrolysis reactions of two phos-
phate monoesters, MMP?~ and pNPP?~, and achieve decent agreement with experimental
energetic data and previous high level theoretical results.

Besides the general success of the KO scheme, our work also indicates several limitations
that need to be better addressed in the future work. The first and foremost is that the
quality of the QM method directly affects the overall performance, as demonstrated in the
aqueous phosphate hydrolysis studies. Therefore, the further improvement of SCC-DFTB
method is imperative which includes the full third order expansion [153] and systematic
reparametrization for phosphate hydrolysis. In addition, as the current work focuses on the
collective condense phase properties, e.g., the parametrization implicitly takes the multi-body
interactions into account, its performance for individual interactions can be compromised.
Hence, we caution that the QM /MM boundary still needs to be carefully selected to avoid
cutting any important specific interactions. Last but not least, the parametrization of KO
scheme is subject to a few factors that can limit its performance. For example, the cluster
models are taken from the snapshots produced by conventional QM /MM scheme. Although
our tests indicate that the effects are negligible, bias can exist for the cluster configurations.
Moreover, the reference is chosen as full SCC-DFTB(PR) method which may also limit the
overall accuracy. However, an estimation of the quantitative influence requires extensive

benchmarks which we leave for further work.
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Chapter 4

QM /MM analysis suggests that Alkaline Phosphatase
(AP) and Nucleotide pyrophosphatase/phosphodiesterase
slightly tighten the transition state for phosphate di-
ester hydrolysis relative to solution: implication for cat-
alytic promiscuity in the AP superfamily

4.1 Introduction

Although a high-level of catalytic specificity has been regarded as an important hallmark
of enzymes, it is increasingly recognized that many enzymes have promiscuous catalytic ac-
tivities. [7-11] Moreover, it has been proposed that catalytic promiscuity plays an important
role in enzyme evolution since it can give an enzyme an evolution “head start”, providing
a modest rate enhancement that is sufficient as a selective advantage [7,12,13,172,173].
Therefore, identifying factors that dictate the level of catalytic promiscuity in enzymes can
help better understand enzyme evolution and improve design strategies for evolving new
catalytic functions.

In this context, members in the Alkaline Phosphatase (AP) superfamily present striking
examples of catalytic specificity and promiscuity. [25,26] They have been demonstrated to
catalyze the hydrolysis of a broad range of substrates that differ in charge, size, intrinsic
reactivity and transition state (T'S) nature [174]. For example, E. coli AP catalyzes the
hydrolytic reaction of phosphate monoesters for its physiological function but also exhibits

promiscuous activity for the hydrolysis of phosphate diesters and sulfate esters of diverse
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structural /chemical features. Similarly, although the main function of Nucleotide pyrophos-
phatase/phosphodiesterase (NPP) is to hydrolyze phosphate diesters, it can also cleave phos-
phate monoesters and sulfate esters with considerable acceleration over solution reactions.
The catalytic proficiencies (defined by the ratio of k..;/Kj and rate of the uncatalyzed re-
action in solution, k) vary greatly, ranging from > 10?" for the cognate activity [28,175] to
~ 109 for the promiscuous activity [176]. The reaction specificities of AP and NPP (char-
acterized by ratios of k.. /Ky for cognate and promiscuous substrates in the two enzymes)
for phosphate mono- and di-esters differ by up to a remarkable level of 10'® fold. [27, 28]
These significant levels of catalytic specificity and promiscuity are particularly striking in
light of the fact that AP and NPP are very similar in their active site features yet have
limited sequence identity (8%): as illustrated in Fig.4.2, both AP and NPP feature a highly
conserved bi-metallo zinc active site with the same set of metal ligands (three Asp and three
His residues). These characteristics make this pair of enzymes ideal for in-depth comparative
analyses, i.e., to understand how they combine the high levels of catalytic proficiency and
promiscuity by making use of similar active sites.

Extensive work has been carried out to characterize the structure and function of AP and
NPP. Crystal structures [27,177] show that, in spite of the similarities, several differences
can be noted between these enzymes. First, the AP active site has additional positively
charged motifs, in particular a magnesium ion and Argl66; these are replaced in NPP by
charge-neutral residues, Thr205 and Asn111, respectively. The extra positive charges in AP
likely help stabilize phosphate monoesters over diesters due to difference in the charge states
of these substrates (dianionic vs. monoanionic). Second, the NPP active site is featured
with additional hydrophobic residues (e.g., Leul23, Phe91 and nearby residues, see Fig.4.2),
which are expected to help bind diesters more tightly than monoesters. Motivated by these
observed differences, systematic analyses over the last few years have helped quantitatively
account for a significant fraction of the 10'® fold differential catalytic specificity in AP and

NPP: [27,28] (1) Argl66 in AP interacts favorably with two negatively charged nonbridging
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phosphoryl oxygen atoms present in phosphate monoesters but not diesters, giving a pref-
erence to monoesters of ~ 10 fold; (2) the hydrophobic R’ binding pocket of NPP provides
~ 10* fold preference to diester catalysis; (3) the Mg?" site in AP contributes through water-
mediated hydrogen-bonding interaction with the transferred phosphoryl group, which bears
less negative charge in the case of diesters, to favor the monoester reaction by a ~ 10* fold.

Despite progress, crucial questions remain to be answered for catalysis in AP and its su-
perfamily members. In particular, a fundamental hypothesis regarding catalytic promiscuity
in AP/NPP, which was motivated by experimental linear free energy relation (LFER [178])
and kinetic isotope effect (KIE) data [29-33], is that AP and NPP do not alter the nature
of phosphoryl transfer TS relative to solution reactions, instead they recognize and stabi-
lize TSs of different nature for cognate and noncognate substrates. This property has been
proposed to assist in the evolutionary optimization of promiscuous activities and challenges
the traditional notion that an enzyme active site is evolved to stabilize a single type of T'S.
Recent QM /MM calculations [1,2,179] using the AM1(d)-PhoT method [180] as the QM
level, however, do not seem to support this model. Although the calculations found that
phosphate monoester hydrolysis in AP proceeds via a loose TS [179], similar to in aqueous
solution, the TS for phosphate diester was found to change from synchronous in solution
to very loose in both NPP [1] and AP [2]. The latter is in contrast to conclusions from
LFER analysis for phosphate diester hydrolysis in AP [32], in which the TS is determined
to be synchronous, similar to its solution reference. Nevertheless, citing the previous discus-
sion [6] of ambiguity in using LFER data to infer the structure of TS, the authors of Ref. [2]
proposed a picture for the evolution (and catalytic promiscuity) of the AP superfamily in
which the nature of the TS (loose) is maintained for different substrates (e.g., mono- and
di-esters) [2]; this scenario has been established to explain catalytic promiscuity observed for
protein phosphatase-1 [181]. It should be noted, however, that whether the computational
method was sufficiently reliable in the recent QM/MM studies is not clear; for example,
the Zn?T-Zn?" distance was found to vary greatly during the reaction for both mono- and

di-ester substrates in AP and NPP [1,2,179], reaching 7.0 A as compared to the value of
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~4 A in the crystal structure [27,182] and other structural characterizations (Lassila and

Herschlag, private communications).
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Figure 4.1: Methyl p-nitrophenyl phosphate (MpNPP™) and its two diester analogs studied

in this work.

To help clarify the situation, we set out to use combined QM/MM potential to sys-
tematically investigate the hydrolysis reaction of various cognate/noncognate substrates of
AP/NPP in solution and enzymes. In this paper, we focus on the hydrolysis reactions
for the same diester substrate studied in previous QM /MM calculations [1,179], MpNPP~
(Fig.4.1), and its phosphorothioate analog (MpNPPS™), in solution, two experimentally well-
characterized variants of AP (R166S and R166S/E322Y), and the wild type NPP. Since the
active sites of AP and NPP are fairly open and readily accessible to solvents (which is what
made it possible to carry out LFER studies for these systems), conformational sampling is ex-
pected to be crucial. This consideration together with the fairly large size of the bi-metallic
zinc catalytic center suggest that an appropriate approach is to use the Self-Consistent-
Charge Density-Functional-Tight-Binding (SCC-DFTB) [45] as QM in a QM/MM frame-
work. With respect to computational efficiency, SCC-DFTB is comparable to widely used
semi-empirical methods such as AM1 and PM3 [183], i.e., it is 2-3 orders of magnitude faster
than popular DFT methods. In terms of accuracy, fairly extensive benchmark calculations
have indicated that it is particularly reliable for structural properties, while energetics are
generally comparable to AM1 and PM3. [103-105] For phosphoryl transfer reactions, how-

ever, a reaction-specific parameterization based on hydrolysis reactions of model phosphate



64

species, referred to as SCC-DFTBPR, [46] appears to be more effective than standard semi-
empirical methods and has been found successful in several applications to solution and
enzyme systems. [47-49]

Here we further test the reliability of SCC-DFTBPR for MpNPP~ in different environ-
ments (solution, AP and NPP) by comparing results to higher-level QM (QM/MM) calcula-
tions as well as available experimental data. A more systematic comparison with LFER and
KIE data requires much more extensive calculations and is left as a separate study. Never-
theless, the encouraging benchmark results obtained so far suggest that the SCC-DFTBPR
based QM/MM approach can be used to probe the nature and energetics of phosphoryl
transfer TS in AP and NPP at a semi-quantitative level. In contrast to recent QM/MM
calculations [1,179], which found a much looser TS in NPP than in solution, the results
here support that the nature of the phosphoryl transfer TS for phosphate diesters is not
loosened in neither AP nor NPP relative to solution; in fact, the TS becomes slightly tighter
in AP and NPP than in solution, due in part to the geometry of the bimetallic zinc motif.
Therefore, our study highlights the importance of using a carefully benchmarked QM /MM
model to investigate the nature of phosphoryl transfer T'S; moreover, these data provide the
first explicit computational support of the hypothesis that the nature of TS for the same
substrate is similar in the AP family and in solution.

The paper is organized as follows: in Sect.4.2 we summarize computational methods and
simulation setup. In Sect.4.3, we first present results for the reference solution reactions,
and then analysis of the phosphoryl transfer TS for phosphate diesters in several variants
of AP and wild type NPP; we also analyze the effect of thio substitution of the diester
substrate, which was used experimentally to probe the orientation of the substrate in the
active site. Since the Zn?"-Zn?" distance exhibits rather different behaviors in this and
previous QM /MM simulations of AP/NPP [1,179], we also explicitly analyze the impact
of this fundamental geometrical feature of the bimetallic zinc site on the catalysis. Before

concluding in Sect.4.4, we summarize the key differences between our and recent QM /MM
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studies [1,2,179] and also a number of issues that we recommend to examine by future

experiments.

4.2 Computational Methods

4.2.1 Diester hydrolysis in solution with the SCC-DFTBPR based
implicit solvent model

As an important benchmark and reference, we first study the hydrolysis of MpNPP~ and
two of its analogs (Fig.4.1) in solution, which have been thoroughly studied experimentally.
To focus on the quality of the QM model rather than other technical details such as QM /MM
coupling and sampling, we use the implicit solvent model that we have implemented and
parameterized for SCC-DFTBPR. [52] In this model, the solute radii are dependent on the
charge distribution, which makes it particularly useful for studying solution reactions that
involve highly charged species; our previous benchmark calculations suggest that the method
has comparable accuracy as the SM6 model [89], while being much more efficient (due to
the use of SCC-DFTB) and having only a small number of parameters.

The potential energy surface (PES) relevant to the hydrolysis reaction is first explored
by adiabatic mapping calculations, in which the reaction coordinates are the P-O% and P-
O™ distances; here hydroxide is the nucleophile, and “O%” and “O"*” indicate the reactive
oxygen in the leaving group and nucleophile, respectively. Each point in the 2D PES is ob-
tained by starting the constrained optimization from several different initial structures and
taking the lowest energy value. Following the adiabatic mapping calculations, structures
along the approximate reaction path are examined carefully to ensure that the change of
geometry is continuous along the path; subsequently, the saddle point is fully optimized by
conjugated peak refinement (CPR) [133] to obtain more precise T'S structure and energy.
Finally, frequency calculations are carried out to confirm the nature of the stationary points
and to compute the vibrational entropy and zero point energies to obtain approximate acti-
vation free energy; although using a harmonic approximation to estimate activation entropy

is known to be of limited accuracy, previous studies of phosphate diester hydrolysis found
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that activation entropy does not differ much between different diesters [6]. The vibrational
frequencies are also used to estimate *O kinetic isotope effects (KIEs) for MpNPP~ as an
additional benchmark of the methodology (see Supporting Information).

To correct for intrinsic errors of SCC-DFTBPR energies, we explore corrections based
on gas phase single-point energy calculations with both B3LYP/6-311+4G** and MP2/6-
3114++G** at SCC-DFTBPR geometries; the B3LYP level was found to give very similar
results to MP2 for simple phosphate hydrolysis reactions [46] (however, see below). As dis-
cussed in the literature, [135] such a simple correction may not always improve the energetics
for semi-empirical methods given the errors in geometry; however, our previous tests [46,52]
indicated that this correction scheme appears useful for SCC-DFTBPR since the method
gives fairly reliable structures, even for transition states.

To further facilitate the analysis of sources of errors in both QM and QM/MM calcula-
tions, additional analysis for gas-phase/solution proton affinities (PA) for the leaving groups
in MpNPP~ and its analogs. QM-only calculations are carried out by Gaussian03 [184];
PCM [71] and SM6 [89] models are employed to describe solvation effects. To test the ac-
curacy of QM /MM coupling, solution PAs are also calculated using SCC-DFTB/MM based

free energy perturbation calculations [185].

4.2.2 Enzyme Model Setup

For the hydrolytic reaction catalyzed by the AP superfamily members, a two-step mech-
anism is usually followed, [22] in which an oxygen nucleophile (e.g., Ser or Thr) first attacks
the phosphorus/sulfur, then a water (hydroxide) replaces the leaving group in a step that is
essentially the reverse of the first; for some family members of the superfamily, however, the
mechanism can be more complex [186]. In this work, to understand the catalytic mechanism
of AP with phosphate diesters, we investigate the first step of the hydrolysis reaction of
MpNPP~ in an FE. coli AP variant in which Argl66 is mutated to Ser; this is expected to be
the rate-limiting step given the experimental leaving group LFER analysis. Experimentally,

this mutant was used to avoid inhibition by P;, [32] and it is believed that the mutation
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does not alter the reaction mechanism of AP since LFERs are similar in the mutant and
WT. [30,187] Moreover, the chemical step is fully rate-limiting in this mutant. We also study
a double mutant, R166S/E322Y AP, which was constructed in recent experimental studies
to analyze the contribution(s) from the Mg?* site in AP. For NPP, we study the wild type
enzyme from Xanthomonas axonopodis pv. citri (Xac).

The enzyme models are constructed based on the X-ray structures for the E. coli AP
mutant R166S with bound inorganic phosphate at 2.05 A resolution (PDB code 3CMR [182])
and Xac NPP with bound Adenosine Mono-Phosphate (AMP) at 2.00 A resolution (PDB
code 2GSU [27]). The enzyme model for R166S/E322Y AP is constructed based on the
crystal structure of E322Y AP (PDB code 3DYC [28]) by mutating Argl66 to serine. In
each case, starting from the PDB structure, the ligand is first “mutated” to the substrate
of interest, MpNPP~ or MpNPPS™; two possible orientations of the substrates are consid-
ered for the AP active site, with the -OMe group oriented towards either the magnesium
ion or Ser102 backbone amide (see additional discussions in Sect.4.3). Hydrogen atoms are
added by the HBUILD module [188] in CHARMM. [189] All basic and acidic amino acids
are kept in their physiological protonation states except for Ser102 and Thr90 in AP and
NPP, respectively, which are assumed to be the neucleophiles and deprotonated in the reac-
tive complex. Water molecules are added following the standard protocol of superimposing
the system with a water droplet of 27 A radius centered at Zn1?t (see Fig.4.2 for atomic
labels) and removing water molecules within 2.8 A from any atoms resolved in the crystal
structure. [161] Protein atoms in the MM region are described by the all-atom CHARMM
force field for proteins [190] and water molecules are described with the TIP3P model. [162]
The QM region includes groups most relevant to the reaction: the two zinc ions and their 6
ligands (Asp51, Asp369, His370, Asp327, His412, His331), Ser102 and MpNPP~ for R166S
AP; for NPP, this includes two zinc ions and their 6 ligands (Asp54, Asp257, His258, Asp210,
His363, His214), Thr90 and MpNPP~. Only side chains of protein residues are included in
the QM region and link atoms are added between C, and Cz atoms. A larger QM region

also has been tested for R166S AP which further incorporates the entire magnesium site,
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Figure 4.2: The active sites of Alkaline Phosphatase (AP) and Nucleotide PyrophosPhatase/
phosphodiesterase (NPP) are generally similar, with a few distinct differences. (a) E. coli
AP active site. (b) Xac NPP active site. The cognate substrates for AP and NPP are
phosphate monoesters and diesters, respectively. The labeling scheme of substrate atoms is
used throughout the paper. We propose that diesters and monoesters have different binding

modes in the active site (see Sect.4.3.2 for discussions).
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including Mg?*, sidechains of Thr155, Glu322 and three ligand water molecules. Comparison
of optimized structures using different QM regions indicates fairly similar optimized struc-
tures (see Supporting Information for details), thus the smaller QM region is used for the
majority of the calculations. The treatment of the QM /MM frontier follows the DIV scheme
in CHARMM; previous benchmark calculations have shown that this scheme generally gives
reliable results for structure and energetics in QM /MM calculations provided that the MM
charge is small near the QM /MM boundary. [191] Since the Mg®" near the QM region in AP
is treated as a point charge (otherwise the QM region will become substantially larger), to
avoid over-polarization of nearby QM groups, a NOE potential is added to the C-O bonds
in Asp51, which is coordinated to both Mg?*" and Zn?*. The NOE potential takes the form:

ER = 0.0 Rmzn <R< Rmax

= 0.5 Koz - (R — Rnaz)? Rpae < R (4.1)

in which R,,;, and R,,.. set the interval between which the restraining potential is zero; they
are taken to be 0 and 1.28 A, respectively. K,q. is set to be 10*kcal /(mol - A?).

Due to the fairly large size of the QM region (more than 80 atoms) and extensive sampling
required for the open active site of AP and NPP, the SCC-DFTBPR method [46] is used
for PMF calculations. Extensive benchmark calculations and applications indicate that it
is comparable to the best semi-empirical method available in the literature for phosphate
chemistry. [180,192]

The generalized solvent boundary potential (GSBP) [124,163] is used to treat long range
electrostatic interactions in geometry optimizations and MD simulations. The system is
partitioned into a 27-A spherical inner region centered at the Znl atom, with the rest in the
outer region. Newtonian equations-of-motion are solved for the MD region (within 23 A), and
Langevin equations-of-motion are solved for the buffer regions (23-27 A) with a temperature
bath of 300 K; protein atoms in the buffer region are harmonically constrained with force

constants determined from the crystallographic B-factors. [193] All bonds involving hydrogen
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are constrained using the SHAKE algorithm, [166] and the time step is set to 1 fs. All water
molecules in the inner region are subject to a weak GEO type of restraining potential to keep
them inside the inner sphere with the MMFP module of CHARMM. The static field due
to outer-region atoms, ¢, is evaluated with the linear Poisson-Boltzmann (PB) equation
using a focusing scheme with a coarse cubic grid of 1.2 A spacing, and a fine grid of 0.4 A
spacing. The reaction field matrix M is evaluated using 400 spherical harmonics. In the
PB calculations, the protein dielectric constant of €, = 1, the water dielectric constant of
ew = 80, and 0.0 M salt concentration are used; the value of ¢, is not expected to make a
large difference in this particular case because the active site is already very solvent accessible
and the inner/outer boundary is far from the site of interest. The optimized radii of Nina
et al. [194,195] based on experimental solvation free energies of small molecules as well as
the calculated interaction energy with explicit water molecules are adopted to define the
solvent-solute dielectric boundary. To be consistent with the GSBP protocol, the extended
electrostatic model [164] is used to treat the electrostatic interactions among inner region
atoms in which interactions beyond 12 A are treated with multipolar expansions, including

the dipolar and quadrupolar terms.

4.2.3 Benchmark enzyme calculations based on minimizations and
reaction path calculations

To further test the applicability of SCC-DFTBPR/MM to AP and NPP, geometry op-
timization for the reactant (Michaelis) complex is compared to results from B3LYP [196-
198]/MM calculations. The basis set used in the BSLYP/MM calculations is 6-31G* [199],
and the calculations are carried out with the QChem [200] program interfaced with CHARMM
(c36a2 version). [201] Due to the rather large size of the QM region and the high cost of
ab initio QM /MM calculations, atoms beyond 7 A away from Zn1 are fixed to their crystal
positions in these minimizations (note that these are not fixed in the potential of mean force
simulations, see below. Also, test calculations at the SCC-DFTBPR level show that fixing

atoms beyond 7 A from Zn1 in minimizations do not lead to much difference as compared to
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a fully flexible inner-region calculation within the GSBP framework). The convergence cri-
teria for geometry optimization are that the root-mean-square (RMS) force on mobile atoms
is smaller than 0.30kcal/(mol - A) and the maximum force smaller than 0.45kcal/(mol - A).

The Minimum Energy Path (MEP) calculations are carried out by one-dimensional adia-
batic mapping at both SCC-DFTBPR and B3LYP/6-31G* levels; the reaction coordinate is
the antisymmetric stretch involving the breaking and forming P-O bonds (POY-PO™), and
the step size for the adiabatic mapping is 0.2 A. At the SCC-DFTBPR level, the transition
state is further refined using CPR.

4.2.4 1D and 2D Potential of mean force (PMF) simulations

To study the free energy profile of enzyme reactions, PMF simulations have been car-
ried out for R166S AP, R1665S/E322Y AP and NPP with MpNPP~ and MpNPPS™ as the
substrates. After the initial minimizations starting from the relevant crystal structure, the
enzyme system is slowly heated to 300 K and equilibrated for 100 ps. The reaction coordi-
nate is defined as POY-PO™. The umbrella sampling approach [167] is used to constrain
the system along the reaction coordinate by using a force constant of 150 kcal/ mol-A=2. In
total, more than 51 windows are used for each PMF and 100 ps simulations are performed
for each window. The first 50 ps trajectories are discarded and only the last 50 ps are used
for data analysis. Convergence of the PMF is monitored by examining the overlap of reac-
tion coordinate distributions sampled in different windows and by evaluating the effect of
leaving out segments of trajectories. The probability distributions are combined together
by the weighted histogram analysis method (WHAM) [168] to obtain the PMF along the
reaction coordinate. The averaged key structural properties for each window are calculated
and summarized in Table 4.4.

In a separate set of PMF calculations, the Zn?T-Zn?* distance is constrained to be 3.6, 4.1
and 4.6 A, respectively, by a strong constraint with a force constant of 2,000 kcal / mol- A2,

to investigate the impact of this fundamental variable of the bimetallic site on catalysis in
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AP and NPP. For reference, the Zn?*-Zn?" distance found in the various crystal structures
for AP and NPP is close to be 4.1 A.

To verify that the 1D PMFs capture the nature of the phosphoryl transfer transition
state, we also carry out 2D PMF calculations for the « orientation of MpNPP~. The reaction
coordinates are defined as the P-O% and P-O™ distances, and the range of each distance
is similar to that in the 1D PMF calculations. In total, 272 windows are used, and a force
constant of 200 kcal/mol-A~? is used for all windows; for each window, 100 ps simulations

are carried out and only the last 50 ps are used for the subsequent WHAM analysis.

4.3 Results and Discussion
4.3.1 MpNPP~ hydrolysis in solution

The hydrolysis of MpNPP~ has been studied extensively by experiments and computa-
tions. Experimental studies [32] determined the activation free energy of 25.7 kcal/mol at
42°C with hydroxide as the nucleophile, and the mechanism is established as concerted with a
synchronous TS based on LFER analysis. Several computational work also studied the same
reaction by employing various levels of theory. By using B3LYP/6-314G* and the PCM
model, Rosta and coworkers obtained a fairly loose TS with P-O% and P-O™ as 1.86 and
2.49 A, respectively. [6] By using B3LYP/6-311+G** with the COSMO continuum model on
PCM-minimized geometries and a careful treatment of solute configurational entropy, they
obtained an activation free energy barrier of 24.4 kcal/mol. In the more recent QM/MM
simulations using explicit solvent (TTP3P) and AM1(d)-PhoT [180] as QM, Lépez-Canut et
al. obtained a free energy barrier of 20.5 kcal/mol; the transition state was featured with
the P-O% and P-O™ distances of 1.81 and 2.23 A, respectively, somewhat more compact
compared with the PCM result.

With our SCC-DFTB(PR)/PB method and charge dependent atomic radii [52], the adi-
abatic map for MpNPP~ hydrolysis (Fig. 4.3a) is qualitatively consistent with previous
studies and indicates a synchronous TS with an energy barrier of around 30 kcal/mol. After

adding higher level (B3LYP or MP2) single point energy corrections, the general landscape
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Figure 4.3: Aqueous hydrolysis of phosphate diesters with hydroxide as the nucleophile. Key
distances are labeled in A and energies are in kcal/mol. (a) Adiabatic mapping results for
MpNPP~ by SCC-DFTBPR/PB. (b) Adiabatic mapping results for MpNPP~ after includ-
ing single point gas phase correction at the MP2/6-311++G** level. (c-e) Hydrolysis tran-
sition state optimized with Conjugate Peak Refinement (CPR) calculations for MpNPP~,
MmNPP~ and MPP~. Numbers without parentheses are obtained by SCC-DFTBPR/PB;
those with parentheses are taken from Ref. [6]. As shown in the Supporting Information,
including the MP2 correction tends to slightly tightens the transition state, especially along
P-O%,



74

Table 4.1: Energetics for diester hydrolysis reactions in solution from experiments and cal-

culations

Diester pK® AGY, =~ AGS, AGY, AGE

exp calc
MpNPP~ 7.14 25.7 24.4 20.5 29.3/21.3/24.4
MmNPP~ 8.35 26.3 27.3 33.3/28.1/27.2
MPP~ 9.95 28.6 29.9 39.8/30.5/30.6

a. Leaving group pKa. b. Experimental result taken from Ref. [32] ¢. Calculation result taken from
Ref. [6] d. Calculation result taken from Ref. [1] e. For each entry, the numbers are: SCC-DFTBPR/PB,
SCC-DFTBPR/PB result including gas-phase B3LYP/6-311++G** single point energy correction, and SCC-

DFTBPR/PB result including gas-phase MP2/6-311++G** single point energy correction.

of the adiabatic map does not change (Fig. 4.3b); the synchronous TS is still preferred with
the barrier lowered to around 25 kcal/mol when MP2 corrections are used. After CPR refine-
ment, the fully optimized TS (Fig. 4.3c) has a P-O% of 2.23 A and P-O™ of 2.43 A i.e., the
P-O% distance is longer compared with previous theoretical results, while P-O™ is similar.
We note, however, the PES is rather flat near the transition state. The free energy barrier
by including ZPE and solute configurational entropy is 29.3 kcal/mol at the SCC-DFTBPR
level, which is decreased to 24.4 kcal/mol by including gas phase single point energy correc-
tion at the MP2/6-311++G** level (Table 4.1); the latter value compares favorably with
experimental value.

In addition, we study the hydrolysis of two other related diesters (Fig. 4.1), methyl 3-
nitrophenyl phosphate (MmNPP~) and methyl phenyl phosphate(MPP~) with the approach.
Experimentally, the trend is that the hydrolysis barrier increases as the pK, of the leaving
group increases (Table 4.1) [32]. This trend has been reproduced by a previous theoretical
study [6] in which the nature of transition states is found to be synchronous and becomes
looser as the pK, of the leaving group decreases; P-O% ranged from 1.84 to 1.86 A and
P-O™ ranged from 2.33 to 2.49 A. With our SCC-DFTBPR/PB method, this trend is
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also qualitatively reproduced, regardless of whether the gas-phase correction at higher level
(B3LYP or MP2) is included. At a quantitative level, however, the SCC-DFTBPR/PB
barriers are too high and the effects of the substitution are overestimated (see Table 4.1); for
example, the barrier difference between MpNPP~ and MPP~ is only 2.9 kcal /mol according
to experiment, but 10.5 kcal/mol at the SCC-DFTBPR/PB level. The discrepancy remains
fairly large even with B3LYP corrections, while including the MP2 gas-phase corrections
significantly improves the agreement with experimental value. The nature of the TS also
becomes somewhat tighter (especially P-O%, by ~ 0.2 A) when MP2 correction is included
(see Supporting Information).

To better understand the quantitative differences between SCC-DFTBPR, B3LYP and
MP2 results, we examine the relative PAs of the leaving groups in the three phosphate
diesters in both gas-phase and solution; gas-phase PAs reflect the intrinsic accuracy of the
QM method, while solution PA calculations also examine the accuracy of either the implicit
solvent model or QM/MM interactions in explicit solvent simulations [202]. As shown in
Table 4.2, all DFT methods, which include both SCC-DFTB(PR) and B3LYP, have errors
much larger than “chemical accuracy” (1 kcal/mol) for the relative gas-phase PAs, especially
concerning the effect of introducing the nitro group; by comparison, MP2 does a much better
job. The errors in the relative solution PAs follow the same trend as the relative gas-phase
PAs, suggesting that errors in the gas-phase PAs are the major source of error; this is
confirmed by the observation that computed relative solvation free energies for the leaving
groups considered here are in good agreement with experimental values using both SCC-
DFTB(PR) and B3LYP based implicit solvent models, with the exception of B3LYP and
UAKS radii (see Supporting Information).

As additional benchmark for the nature of the TS, 80 KIE calculations for MpNPP~ in
solution are carried out with the SCC-DFTBPR transition state and harmonic vibrational
frequencies. As shown in Table S2, the trends are in qualitative agreement with experimental
results [205,206] and previous AM1(d)-PhoT and B3LYP results. [207] On the other hand, we
note that SCC-DFTBPR overestimates the magnitude of the KIEs, especially for the effects



76

Table 4.2: Relative proton affinities (in kcal/mol) for leaving groups in the studied diesters®

Diester Exp® SCC-DFTBPR* SCC-2nd¢ B3LYP* MP2¢

MpNPP- 0 0 0 0 0
MmNPP~ 6.6 (1.7)  8.7/9.7 (4.7) 7.6/8.3(3.3) [49]  9.1/11.1 (1.1)  5.5/7.9
MPP~ 214 (3.8) 28.3/30.0 (10.0) 26.7/27.8 (6.8) [10.1] 25.3/28.2 (2.2) 21.2/24.1

a. Since only relative proton affinities (PAs) are of interest, no zero-point energy or thermal corrections
has been included. The numbers without parenthesis are gas-phase PAs calculated at gas-phase/solution
optimized structures; those with parenthesis are solution PAs. Numbers with bracket are obtained by explicit
solvent QM /MM free energy perturbation. b. Experimental values for gas-phase PA are taken from ref [203].
The solution PAs are converted based on experimental pK, differences at 298K [204]. c. The solution
geometries are optimized by SCC-PB [52] at the corresponding level; “SCC-2nd” indicates the standard
second-order SCC-DFTB [45]. d. Gas-phase geometries are optimized with B3LYP/6-3114++G(d,p); solution
geometries are optimized with PCM/UAKS at the same level of theory. e. Gas-phase geometries are
optimized with B3LYP/6-3114++4G(d,p); solution geometries are optimized with PCM/UAKS at the same

level of theory. Single point energies are calculated with MP2/6-3114++G(d,p).
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associated with the leaving group oxygen and the non-bridging oxygen. This is consistent
with the trend discussed above that SCC-DFTBPR predicts a solution TS that is looser as
compared to previous theoretical calculations, with most notably a weaker and longer P-O%
bond.

In short, the benchmark calculations for the phosphate diesters and their leaving groups
suggest that SCC-DFTBPR can provide fairly reliable structural properties of these species
and a semi-quantitative description of energetics and the nature of hydrolysis transition state,

especially for relative trends associated with different substituents on the leaving group.

4.3.2 First step of MpNPP™ hydrolysis in R166S AP

Based on the crystal structure of the AP R166S mutant complexed with inorganic phos-
phate, the phosphate ligand is “mutated” to MpNPP~ by adding necessary functional groups
to phosphate oxygen. The leaving 4-nitrophenyl group is added to O1 due to the geomet-
rical requirement of the in-line attack from Ser102 (see Fig. 4.2a). The methyl group can
be added to O3 or O4, which correspond to two different substrate orientations (denoted as
a and (3 orientations, respectively, following the notation of Ref. [28]). Recent experimental
studies [28] using a double mutant AP with the Mg?" site removed and phosphorothioate
diesters suggested that the « orientation is preferred over the § orientation. As discussed be-
low (see Sect.4.3.3), however, the interpretation of those elegant experiments may not be as
clearcut as presented. Moreover, even if the o orientation is indeed dominant, it is not clear
if the discrimination comes from binding or the chemical step. Therefore, it is informative
to study both orientations.

The comparison of optimized structures by B3LYP /MM and SCC-DFTBPR/MM shows
good agreement between the two levels (Fig.4.4a). The Ogeq102-P distance increases from
3.1 A in the crystal structure to 3.4 (3.3) /3.8 (3.9)A in B3SLYP/MM (SCC-DFTBPR/MM)
optimized structure for the «/f3 orientation, leading to a stable reactant complex. The
02 of the substrate coordinates to one of the zinc ions and O1 with the phenyl group is

solvated by water molecules. Interestingly, the slight shift of the substrate position also
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Figure 4.4: Benchmark calculations for MpNPP™ in enzymes. Key distances are labeled
in A. Numbers without parentheses are obtained with B3LYP/6-31G*/MM optimization;
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AP with the substrate methyl group pointing toward Ser102 backbone (the 3 orientation).
(b) In NPP with the substrate methyl group pointing toward the hydrophobic pocket. (c)
Comparison of transition state obtained by adiabatic mapping for the § orientation in R166S
AP. In (a,c), Asp369, His370 and His412 are omitted for clarity, while in (b), Asp257, His258,
His363 are omitted for clarity.
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increases the distance between a Mg?"-bound water (Watl) and substrate O3 such that a
hydrogen bond is formed between Watl and the Zn?*-activated Ser102, instead of with an
inorganic phosphate oxygen as in the crystal structure (this holds also in MD simulations
at the SCC-DFTBPR/MM level; also see discussion below for interactions in the TS). O4
and the nearby Ser102 backbone amide forms the only direct hydrogen bond between the
substrate and the enzyme, which is shorter (1.9 A vs. 3.3 A) with the substrate in the o
orientation than in the 3 orientation. If this is the only major difference between those two
orientations, the binding affinity of MpNPP~™ to the enzyme is likely stronger with the «
orientation than with the § orientation, although a more quantitative estimate remains to
be carried out with free energy simulations, which we defer to a future study. Many other
hydrogen-bonding distances (e.g., between Wat1 and Ser102, MpNPP~ and Ser102 backbone
amide) and distances involving the zinc ions (e.g., between Ser102/MpNPP~ and the zinc
ions) are similar at the two levels of theory (see Fig.4.4). The Zn?**-Zn?* distance is generally
shorter at the SCC-DFTBPR /MM level (by ~0.1-0.2 A) while the distances between Zn and
its ligand oxygen are generally longer. Overall, however, the agreement between optimized
structures at the two levels of theory is excellent, supporting the use of SCC-DFTBPR/MM.

In addition to the structural similarity in optimized reactants, the MEP results (for g
orientation) from adiabatic mapping also show good agreement (16.9 vs. 15.7 kcal/mol)
between SCC-DFTBPR/MM and B3LYP/6-31G* /MM calculations, which further supports
the use of SCC-DFTBPR/MM; the adiabatic mapping and CPR calculations at the SCC-
DFTBPR/MM level give similar transition states (see Supporting Information), although
the barrier height is slightly lower with fully (CPR) optimized saddle point (see Table 4.3).
As shown in Fig.4.4c, the main differences between SCC-DFTBPR/MM and B3LYP/MM
transition states include a shorter Zn?*-Zn?* distance at the former level, a shorter P-
Oger102 bond length and hydrogen-bond distances for the interaction between the substrate
and nearby groups (e.g., Ser102 backbone amide and Mg?t-bound Wat1l). We note that,
in those MEP calculations with SCC-DFTBPR, the Zn?"-Zn?" distance appears somewhat
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shorter in the TS for the [ orientation than the « orientation (see Supporting Informa-
tion), although the difference is much smaller in the PMF calculations (see below), again
highlighting the importance of sampling protein fluctuations. Nevertheless, there is room to
further improve the SCC-DFTBPR method, which may require including complete third-
order terms in the SCC-DFTB expansion [208] and a more systematic refitting of the P-O
repulsive potential [209].

For both substrate orientations, the PMF peaks at the reaction coordinate (POY-PO™)
slightly less than 0 A and then drops in the product region, corresponding to an exothermic
reaction (Fig. 4.5a, 4.7a). The free energy barriers are 23.4 and 19.6 kcal/mol for the «
and [ orientations, respectively (see Table 4.3). It is worth mentioning that these barriers
correspond to the free energy difference between the TS and the Michaelis complex, i.e.,
Kecat, while experimentally reported values are k. /K, which prevents a direct comparison
between calculation and experiment. Nevertheless, the measured k., /Kjs for R166S AP
with MpNPP~ corresponds to a free energy barrier of 18.0 kcal/mol, which gives the lower
bound for the free energy barrier for the chemical step. Therefore, our calculated barriers
for the chemical step are qualitatively consistent with the measured k.. /Ky value. The
calculations also suggest that the « orientation has a higher barrier for the chemical step.
Therefore, for the « orientation to be at least as competitive as the § orientation in terms
of kear/ K, the corresponding binding free energy should be at least 3.8 kcal/mol stronger,
which is qualitatively consistent with the above observation of a stronger hydrogen bonding
interaction between the enzyme and MpNPP~ in the « orientation. Although further binding
free energy calculations need to be carried out, the results suggest that the model [28] in which
the a orientation is the only productive binding mode seems oversimplified (see Sect.4.3.3
below for additional discussions).

The key structural properties of the active site are averaged over the trajectory of each
window and plotted as functions of the reaction coordinate (Fig. 4.5b, 4.7b). The changes of
P-OY% and P-O™ clearly show that the concerted pathway with a synchronous TS is operative

for both substrate orientations and similar to the reaction in aqueous solution, supporting
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Table 4.3: Barriers and experimental rates for the first step of MpNPP~ hydrolysis in AP

variants and wild type NPP

System® Substrate ko /Ky Exp® a/R, ¢ B/S, 4
R166S AP MpNPP~ 0.48 18.0 23.47 (13.19) 19.67 (12.19/15.7")
MpNPPS~ 1.1 x1073 21.6 255/ (15.29) 33.4/ (20.79)

R166S/E322Y AP MpNPP~ 0.24 18.4 2267 >30/

MpNPPS~ 3.0 x10~® 21.0 19.7/ >407

NPP MpNPP~ 2.3 x10% 14.3 20.2¢f
R166S AP cons-3.6 MpNPP~ 19.0
R166S AP cons-4.1 MpNPP~ 22.7
R166S AP cons-4.6 MpNPP~ >29
NPP cons-3.6 MpNPP~ 17.0
NPP cons-4.1 MpNPP~ 19.2
NPP cons-4.6 MpNPP~ 24.9

a. In the “cons” simulations, the Zn?*-Zn?* distance is constrained to be a specific value; b. Free energy

barrier (kcal/mol) calculated by transition state theory at 300 K based on experimental k.q: /K s value; c. For

MpNPP~, the substrate methyl group points toward the Mg site; for MpNPPS™, it’s the R, enantiomer.

d. For MpNPP~, the substrate methyl group points toward the Ser102 backbone; for MpNPPS™, it’s the

Sp enantiomer. e. the substrate methyl group points toward the hydrophobic pocket of NPP; f. PMF

barrier with SCC-DFTBPR/MM; g. Barrier from CPR calculations with SCC-DFTBPR/MM,; h. adiabatic

mapping barrier with BSLYP/6-31G*/MM.
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Figure 4.5: Potential of Mean Force (PMF) calculation results for MpNPP~ hydrolysis in
R166S AP with the substrate methyl group pointing toward the Mg?" site (the a orien-
tation). Key distances are labeled in A and energies are in kcal/mol. (a) PMF along the
reaction coordinate (the difference between P-O% and P-O™); (b) changes of average key
distances along the reaction coordinate; (¢) A snapshot for the reactant state, with average
key distances labeled. (d) A snapshot for the TS, with average key distances labeled. In
(c-d), Asp369, His370 and His412 are omitted for clarity.
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Figure 4.6: 2D Potential of Mean Force (PMF) calculation results for MpNPP~ hydrolysis in
R166S AP with the substrate methyl group pointing toward the Mg?" site (the a orientation).
Key distances are labeled in A and energies are in kecal/mol. (a) The 2D PMF along the
reaction coordinates; (b) A snapshot for the TS, with average key distances labeled. Asp369,
His370 and His412 are omitted for clarity. Note that the 2D PMF results are consistent with

the 1D PMF results shown in Fig.4.5.
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that AP does not significantly alter the nature of hydrolysis TS for phosphate diesters;
this is in qualitative agreement with LFER data for R166S AP and a series of substituted
methyl phenyl phosphate diesters [32]. The nature of the calculated TS is not sensitive to
the definition of the 1D reaction coordinate, since the 1D (Fig.4.5) and 2D (Fig.4.6) PMF
calculations show very consistent results in terms of both structures and energetics. In terms
of the tightness coordinate (TC=POY+PO"™), it decreases from 4.66 A in solution to 3.89
(o) and 3.94 A () in R166S AP (Table 4.4); this decrease is likely due to the bi-metallic
zinc motif in AP, since both MpNPP~ and Ser102 are coordinated with Zn?** ions, which
are separated by ~ 4 A throughout the reaction. We note that the degree of tightening is
likely not as large as the values for TC imply since our calculations appear to overestimate
the value of TC for solution reactions as compared to previous calculations [1,6].

We note that recent QM /MM simulation of WT AP with both mono- and di-esters [2,179]
showed rather large structural changes compared to the crystal structure; for example, the
Zn**t-Zn** distance increases up to 7 A, while no such major distortion is observed here (also
see discussions below in Sect.4.3.5). In the TS for the 8 orientation (Fig.4.7d), Watl of the
Mg?* breaks the hydrogen bond with Ser102 and forms a new one with O4 of MpNPP~,
which is presumably due to the larger reduction of charge on the Ser102-O than the substrate
04; the average Mulliken charges for Ser102 O and O4 are -0.79 and -0.92, respectively, in
the reactant, -0.56 and -0.89, respectively, in the TS. This change of hydrogen-bonding
interactions likely helps lower the reaction barrier compared with the a orientation in which
Watl interacts loosely with both Ser102-O and O3 in the TS (see Fig.4.5d); the average
Mulliken charges for Ser102 O and O3 are -0.79 and -0.32, respectively, in the reactant, -0.50
and -0.40, respectively, in the T'S.

Another interesting observation is that the leaving group does not form a direct interac-
tion with any zinc ion in either the reactant state or TS; rather, it is “solvated” by water
molecules accessible to the fairly open active site. This binding mode (especially in the

TS) is in contrast to that observed for vanadate, a widely used transition state analog for
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Table 4.4: Calculated key structural properties for the first step of MpNPP~ hydrolysis in
AP variants and wild type NPP

solution R166S AP NPP
a® b HP®
reactant TS reactant TS reactant TS reactant TS

P-Ol9 1.67 2.23 1.6540.03 1.8940.07 1.66+0.03 1.86+0.06 1.634+0.03 1.83+0.06

p-OnY oo 2.43 3.5340.07 2.0040.09 3.8340.07 2.0840.08 3.5140.06 2.0340.09

RrRcd —oo -0.20 -1.8840.06  -0.1140.07  -2.1740.06  -0.2240.08  -1.8840.06  -0.20£0.07

TC® ) 4.66 5.1840.09 3.8940.14 5.4940.08 3.9440.13 5.1440.08 3.8640.14

(4.05)  (5.85) (5.00) (6.29) (5.66)

Zn?t-zZn2t+ 4.28+0.22 3.93+40.18 4.2140.22 3.86+0.16 4.38+0.21 3.9240.17
Cons—&(}f

TC® 4.6540.09 3.8840.13 4.6540.09 3.8540.11
Cons-4.1F

TC® 5.3140.09 3.9740.18 5.0840.08 3.9740.16
Cons-4.65

TC® 5.8340.10 4.0840.25 5.3440.08 4.0940.19

a. The substrate methyl group points toward the Mg?* site (the « orientation); b. the substrate methyl
group points toward the Ser102 backbone (the 8 orientation); c. the substrate methyl group points toward
the hydrophobic pocket; d. The Reaction coordinate (RC) is defined as the difference between P-O' and
P-O™; e. The Tightness coordinate (TC) is defined as the sum of P-O! and P-O™"; in parentheses are
values from previous QM/MM simulations [1]. f. Zn>*-Zn?* distance constrained at 3.6, 4.1 and 4.6 A

respectively. The RMS fluctuations are 0.01 A.
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phosphoryl transfers, in the crystal structures for AP-vanadate and NPP-vanadate com-
plexes [27,210]; these structures suggest a binding mode in which one non-bridging oxygen
and the leaving oxygen interact directly with one of the zinc ions. Benchmark calculations
suggest that our QM /MM protocol is able to reproduce the binding mode of vanadate in
the active site of both AP and NPP, and that SCC-DFTBPR describes the interaction be-
tween the di-metallic zinc motif and phosphate diesters in good agreement with B3LYP (see
Supporting Information). Moreover, MD simulations starting from the vanadate binding
mode with the reaction coordinate constrained to be zero converge to the same binding mode
shown in Figs.4.5-4.7. Collectively, these results suggest that the binding mode observed in
the current work is unlikely an artifact of the computational methodology and indeed ener-
getically favorable for systems studied here. We note that the TS for diesters in AP (and
NPP, see below) is rather tight in nature, thus the leaving group oxygen doesn’t bear any
significant formal charge. Therefore, the binding mode captured in the vanadate structures
better reflects the situation for monoesters, which feature a much looser TS in which the
leaving group is substantially more charged. Our preliminary calculations for monoesters in
AP indeed find tighter interactions between the zinc ion and the leaving group (Hou and

Cui, work in progress).

4.3.3 Additional analysis of substrate orientation: activity in the
double mutant (R166S/E322Y) and thio effects in R166S
AP

To further clarify the issue of substrate orientation in AP, we carry out simulation studies
to analyze two sets of experiments that were designed to answer the same question. In
the first set of experiments, Zalatan and coworkers constructed mutants with the Mg?* site
removed (E322Y, E322A, R166S/E322Y) and measured the catalytic activities for phosphate
monoester, phosphate diester and sulphate monoester in these mutants [28]. Based on the
observed large detrimental effects of Mg?* removal on phosphate monoester and sulphate

monoester hydrolysis but negligible effect on phosphate diester hydrolysis, they concluded
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that the « orientation is preferred over the [ orientation (also see the discussion on thio
effects below). However, these observations alone do not rule out the possibility that the
two orientations are in fact similar in activity in the WT (and R166S) enzyme, which is
what we have observed in this study (see Table 4.3). In a mutant where one pathway is
significantly perturbed, the other can still provide an alternative route, which may explain
the only 2 fold decrease in k. /Ky for R166S/E322Y AP as compared to R166S AP (both
with MpNPP~ as the substrate). To support this, we explicitly carry out calculations for
the double mutants.

As mentioned in Computational Methods, the R166S/E322Y double mutant simula-
tions are prepared based on the crystal structure of E322Y AP [28], in which the hydroxyl
group of Tyr322 occupies the region corresponding to the Mg?* site in WT AP and forms
a hydrogen bond with Asp51; the bimetallic zinc site is largely unaffected. Based on the
comparison of results for the a and (3 orientations in R166S AP (Figs.4.5-4.7), we expect
that mutating away the Mg?* site, which turns off interactions between the Mg?*-bound
water and substrate oxygen, will result in a large detrimental effect on the 3 orientation but
a much smaller effect on the « orientation. This is exactly what we observe from the double
mutant calculations; as shown in Table 4.3, the reaction barrier is slightly decreased to 22.6
kcal/mol for the o orientation but is increased to be over 30 kcal/mol for the 5 orientation.
These results directly support the important role of the Mg?* site in reducing the barrier
for the 3 orientation, and by inference, for the hydrolysis of phosphate monoesters, as ob-
served experimentally [28]. Analysis of structures from PMF calculations also indicates that
a water molecule penetrates into the double mutant active site for the  orientation to fur-
ther stabilize the nucleophile in the reactant state, thus also contributing to the significant
increase of the barrier; no such water penetration is observed for the a orientation since the
hydrophobic -OMe group in the substrate helps block additional water from the active site.
The double mutant calculations also explicitly support that the « orientation is not affected
much by the Mg?" site, in agreement with the experimental observation [28] that the activity

of phosphate diesters remains largely unperturbed in the Mg?*-site mutants. In short, our
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model that both o and [ orientations are productive binding modes in R166S AP while only
« is reactive in the Mg?*-site mutants is consistent with available experimental data.

In the second set of experimental studies, Zalatan and coworkers analyzed the reactivities
of phosphorothioate diesters in several variants of AP [28]. Take MpNPPS™ as an example
(Fig.4.8), the key observation was that R166S AP reacts with the R, enantiomer at least 10?
times faster than with the S, enantiomer, suggesting that the binding mode with the R’ (Me)
group toward the Mg?™ site and the sulfur toward the Ser102 backbone amide is dominant; a
relevant piece of information here is that previous experiments in the same group established
that the sulfur is not placed between the Zn?* ions [176]. We note, however, these discussions
rely on the assumption that phosphorothioate diesters behave, in terms of hydrogen bonding
with active site groups, similarly to phosphate diesters, which may not be as clearcut as
commonly believed. For example, NBO charge analysis in both gas phase and solution (see
Fig. 4.8) shows that in MpNPPS™ the oxygen bonded with the methyl group is in fact
more negatively charged than the sulfur; i.e., it is not obvious that the R, enantiomer of
MpNPPS™ reflects the a-orientation of MpNPP~. Therefore, although the experimental
observation that removal of the Mg site (R166S/E322Y AP vs. R166S) has a similar
impact on the hydrolysis of MpNPPS™ and MpNPP~ suggests that interactions from the
Mg?* site are similar in the phosphorothioate and phosphate esters, it is not clear if the thio
effects can unambiguously infer the binding mode of phosphate diester.

To help better understand the thio effects, we calculate the PMF for MpNPPS™ hydrolysis
in both R166S AP and R166S/E322Y AP. The results support that in R166S AP, the R,
enantiomer is indeed favored over S, enantiomer by 7.9 kcal/mol for the chemical step (see
Table 4.3), in qualitative agreement with experimental findings. The experimental thio effect
(the ratio of rate constant for phosphate ester substrate over that for the phosphorothioate
analog) corresponds to a free energy barrier difference of 3.6 kcal/mol, while our calculated
value is 2.1-5.9 keal /mol, depending on whether the « or 3 orientation for MpNPP~ is used as
reference; note again, however, the experimental value is based on k.q; /K while our values

are based on the chemical step only. One point worth mentioning is that due to the weaker
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Figure 4.8: NBO charge analysis for MpNPPS™ and MpNPP~ in gas phase and solution.
Geometries are optimized in gas phase by B3LYP/6-3114++4G(d,p). Solvation effects are
added by PCM with UAKS radii. Numbers before/after slash are gas-phase/solution NBO
charges. (a) Enantiomers of MpNPPS~; (b) MpNPP~.
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substrate binding following thio substitution, the Solvent Accessible Surface Area (SASA) of
the sulfur in MpNPPS™ is much larger than that for the corresponding oxygen in MpNPP~,
especially for the S, enantiomer (see Table 2 in Supporting Information); this does not
occur at the transition state. The larger SASA provides extra solvent stabilization for the
reactant state and probably accounts partially for the much larger thio effects calculated for
the S, enantiomer (13.8 kcal/mol higher in barrier relative to the 5 orientation of MpNPP~).
The PMF profiles for MpNPPS™ also peak at where the value of the reaction coordinate is
slightly less than 0 while the position of the reactant state is decreased from ~2 A in MpNPP~
to ~-2.5 to -3 A, reflecting the larger substrate size and weaker binding interactions with
the active site than MpNPP~ (see Supporting Information); the transition state is still
synchronous in nature and slightly tighter than MpNPP~.

The effect of removing the Mg?* site (in R166S/E322Y AP) on the hydrolysis of MpNPPS™
is expected to be small for both enantiomers since the interactions between Mg?"-water and
either the -OMe or -5~ are fairly weak. Indeed, for the R, enantiomer, the barrier actu-
ally decreases in the R166S/E322Y mutant relative to the R166S AP to 19.7 kcal/mol; this
value is slightly lower than the experimental k.. /Ky value of 21.0 kcal/mol. For the S,
enantiomer, surprisingly, the barrier increases to be over 40 kcal/mol. A closer examination
of the simulation snapshots shows that for the reactant state with the S, enantiomer a sol-
vent water penetrates into the active site and forms a hydrogen bond with the nucleophile
(Ser102 oxygen), as illustrated by the comparison of integrated water distribution near the
nucleophilic oxygen in Ser102 in the reactant state (see Supporting Information). As
mentioned above for the # orientation of MpNPP~ in R166S/E322Y AP, which also fea-
tures a significantly increased barrier (Table 4.3), a similar water penetration is observed as
well. The water penetration to Ser102 only happens for these two cases and is reproducible
in simulations in which the penetrated water is first deleted and then the system further
equilibrated. We note that in R166S AP the active site is already rather open to solvent
molecules, thus additional water penetration into the active site is not unexpected when the

Mg** site is removed; the (3 orientation and the S, enantiomer are particularly susceptible to



92

water penetration since they lack the bulky methyl group near Ser102. Nevertheless, water
penetration in AP mutants remains an interesting issue that deserves in-depth analysis from
future experimental and computational studies.

Considering the results for MpNPP~ and those for the R, enantiomer for MpNPPS™ in
the two AP variants, our calculations qualitatively reproduced key experimental observa-
tions concerning the effects of Mg?* site removal and thio substitution, further supporting
the argument in the last subsection that experimental data so far can not be used to unam-
biguously determine the orientation of diester substrates in the AP active site. In the broader
context, as we mentioned above, the charge distributions for MpNPP~ and MpNPPS™ bear
some nontrivial differences (Fig.4.8); in addition, the possibilities of water penetrating into
the active site for certain orientation of the (thio-substituted) substrate and that different
substrate orientations are dominant in different variants of AP (R116S vs. R116/E332Y)

further complicate interpretation of the observed thio effects.

4.3.4 First step of MpNPP~ hydrolysis reaction in NPP

The hydrophobic groove in NPP has been suggested to contribute at least 10*-fold to
the catalysis of phosphate diester reactions [27] by favorable interactions with the extra R’
group in diesters (Fig.4.2b). Therefore, only one orientation is studied here for MpNPP~ in
which the methyl group points toward the hydrophobic pocket. Similar to the comparisons
made above for AP, SCC-DFTBPR/MM minimizations for MpNPP~-NPP also give similar
reactant complex structure to B3LYP /MM calculations (Fig.4.4b). The Ogp90-P distance
increases from 3.2 A in the crystal, which contains AMP as the inhibitor, to 3.6 (3.6) A at
the SCC-DFTBPR/MM (B3LYP/MM) level. The substrate O2 coordinates with Znl while
04 forms hydrogen bonds with Asn111 and the backbone amide of Thr90. The optimized
Zn?*T-Zn* distance is 4.47 (4.40) at the B3LYP/MM (SCC-DFTBPR/MM) level. The
two hydrogen bonds formed between O4-Asnl111 and O4-Thr90-backbone-amide are also in
decent agreement at different levels of theory (Fig.4.4b).
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The PMF calculation shows that the free energy profile corresponds to an exothermic
process with the barrier located at POY-PO™~-0.20 A and a barrier height of 20.2 kcal /mol.
The measured k.4 /Ky corresponds to 14.3 kcal/mol at 300 K [27] and sets the lower limit for
the chemical step barrier. Compared with AP, the calculated barrier for NPP is close to the
orientation but lower than that in the « orientation. Since MpNPP™ is the cognate substrate
of NPP and therefore expected to bind tighter to NPP than to AP, the calculated barrier
implies a higher k. /Ky value for NPP than for AP, which is consistent with experimental
observations. In other words, the calculations explicitly support that although diesters are
cognate substrates for NPP and promiscuous substrate for AP, the chemical step in NPP is
not much accelerated over (R166S) AP.

The changes of P-O% and P-O™ (Fig. 4.9b) show that the concerted pathway is also
operative for NPP, with a TS similar to that in aqueous solution and AP. For example, the
tightness coordinate is 3.86 A (Table 4.4), as compared to the values of 3.89(c)/3.94(3) and
4.66 A, respectively, in R166S AP and solution, respectively. Considering that the tightness
coordinate for solution TS seems overestimated by our method compared to previous work
[1,6], our calculations support the idea motivated by LFER data [32] that, instead of altering
transition state structure, NPP and AP catalyze phosphoryl transfer reactions by recognizing

and stabilizing transition states similar to those in aqueous solution.

4.3.5 Comparison to recent QM /MM simulations [1, 2]

As just stated, our calculations find that the transition states for diester hydrolysis in
AP and NPP are similar and slightly tighter than that in solution. This is in direct contrast
to the recent QM/MM studies [1,2] which found that the TS in AP/NPP is much looser
in nature with the tightness coordinate of 5.66 (NPP)/5.00 (AP) vs. a value of 4.05 in
solution. Several pieces of evidence suggest that those calculations are less reliable than our
SCC-DFTBPR/MM calculations. First, as noted above for AP, their calculations led to large
structural distortions in the bi-metallic zinc motif relative to the crystal structure, while no

such distortions occur in our calculations; the same trends hold for NPP calculations, and the
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Figure 4.9: Potential of Mean Force (PMF) calculation results for MpNPP~ hydrolysis in
NPP with the substrate methyl group pointing toward the hydrophobic core. Other format
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loose TS found in previous work [1,2] might be a result of the substantially elongated Zn*"-
Zn?* distance. Another example concerns the hydrogen-bond between Asn111 and MpNPP~
in NPP, which is observed in the crystal structure (with AMP and vanadate) and throughout
our simulations; by contrast, this interaction was broken in the recent QM /MM simulations.
[1] Second, our calculated barrier heights are consistently higher than the barriers that
correspond to experimentally measured k.. /K values, while this is not the case for recent
QM/MM calculations for both NPP [1] and AP [2]. For example, for NPP with the same
substrate, their best estimate of the barrier [1] was ~11 kcal/mol, which is even lower than the
barrier estimated based on experimental k..;/ Ky, casting further doubt on the quantitative
nature of their result.

What could be the origin for the differences between our and the recent QM /MM calcu-
lations [1,2]? Since the AM1(d)-PhoT approach seems to give fairly reasonable results for
the solution reaction, both in terms of energetics and KIEs [207], we suspect that the main
cause is the use of AM1 for zinc in Refs. [1,2]. Although AM1/PM3 has been used success-
fully to describe a number of metalloenzymes that catalyze phosphoryl transfers [211,212],
combining AM1 for zinc and AM1(d)-PhoT for phosphoryl transfers in zinc enzymes has
not been carefully tested. In this regard, although it is possible that the crystal structure
with an inhibitor (e.g., inorganic phosphate) doesn’t capture all structural features (e.g.,
variation in the zinc-zinc distance) of the transition state, the fact that the active site un-
dergoes little change with a transition state analogue (vanadate, see discussions in Sect.4.3.2
and also Supporting Information) suggests that large variations in the zinc-zinc distance
seen in the recent QM/MM simulations [1,2] (including in the Michaelis complexes!) are
unlikely realistic. Since the large increase in the zinc-zinc distance occurs in their calcula-
tions of several AP and NPP variants [1,2], the effect likely cancels out for relative trends;
this explains why mutation effects were adequately captured in Ref. [2]. Finally, we noted
that the QM/MM boundary in Refs. [1,2] cuts across fairly polar covalent bonds yet the

simple link-atom scheme was used. As emphasized by several researchers [59, 64,191, 213],
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extra care needs to be exercised when the QM/MM boundary involves polar bonds. This

technical detail likely also contributes to the uncertainty of the results in Refs. [1,2].

4.3.6 Why is the nature of TS for phosphate diesters in AP and
NPP similar to that in solution?

As another way to evaluate the conflicting findings in the current and previous QM /MM
studies, we further dissect whether our observation that the nature of TS for phosphate
diesters in AP and NPP is similar to that in solution is consistent with other known experi-
mental facts. We do so with the scheme outlined in Fig.4.10, which is qualitatively similar
to that used by Herschlag and co-workers [32,33,178|.

For aryl phosphate diester hydrolysis in solution, the measured reaction barrier, AG#¢)
is ~26 kcal/mol (e.g., see Table 4.1 for MpNPP~); the corresponding barrier in the enzyme,
AGHE) i, for R166S AP, 18.0 kcal/mol (see k.qu:/ Ky in Table 4.3). Therefore, the enzyme
binds to the TS, which is shown here to be of rather similar synchronous nature in solution
and AP/NPP (Table 4.4), by about 8 kcal/mol (AAGgyni).

For the enzyme to shift the nature of T'S from synchronous to loose, the driving force needs
to be large enough to overcome the binding energy for the synchronous TS (AAGZyni) plus
the energy gap between these two kinds of structures in solution (AAGﬁ;flq}loose). The latter,
although not measurable directly with experiments, can be estimated based on calculations;
our calculations shown in Fig.4.3 give a value ~ 8 kcal/mol (the “loose” structure is taken
to have a tightness coordinate of ~5.7A as found for the TS in NPP in previous QM /MM
calculations [1]). In other words, the enzyme needs to bind to the loose TS by more than
16 kcal /mol (AAGZyni_I—AAGiéiLq/)loose:S + 8) to make the loose TS more favorable in the
enzyme than a synchronous one.

Considering what we know about the activity of AP toward phosphate monoesters, how-
ever, we argue that such a strong binding is unlikely for phosphate diesters. For a phos-

phate monoester related to the diesters studied here, such as pNPP?~ (p-nitrophenyl phos-
phate), the solution barrier is about 32 kcal/mol [178] and the barrier in R166S AP is 10.6
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Figure 4.10: A scheme that illustrates how relative energetics of synchronous and loose
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loose transition state structures in solution. For the enzyme to shift the nature of TS from

synchronous to loose, AAGb ..+ needs to be larger than AAGb i AAGﬁyiq/loose, which we

argue is unlikely for AP and diesters (see text for discussions).
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kcal/mol [160]. Since LFER data indicate that the nature of TS is loose in both AP and
solution [30, 160], these results suggest that R166S AP binds a loose TS for monoesters by
~21 kcal/mol. Since diesters feature less charge and are promiscuous substrates of (R166S)
AP, we expect that the binding energy of a loose TS for diesters to R166S AP is substantially
lower than 21 kcal/mol. Therefore, we don’t expect that R166S AP is able to shift the TS
for diesters to be much looser in nature, in agreement with our QM /MM calculations.

For NPP, the diesters are cognate substrates, thus it is conceivable that the active site has
been evolved to optimize the catalysis of diester hydrolysis, which might involve modifying
the nature of TS relative to solution. However, we note that at least for the diester substrate
studied here, the calculated chemical step barrier in NPP (20.2 kcal/mol) is not significantly
lower than that in solution (25.7 kcal/mol). Therefore, it is not unreasonable that the nature
of TS in NPP is not significantly changed relative to solution and a significant component

of rate enhancement over solution (k. /Ky relative to k) is due to substrate binding.

4.3.7 The effects of Zn>t-Zn?" distance on reaction energetics

Since the bimetallic zinc site is a prevalent catalytic motif [214-218], it is of interest
to establish what features (e.g., structural vs. electrostatic) are important to the catalytic
proficiency. In this work, motivated in part by the fact that the Zn?T-Zn?* distances behave
rather differently in the current and previous QM /MM calculations [1,179] of AP and NPP,
we examine the effect of this fundamental structural feature on the catalysis in AP and NPP.

Specifically, we design two sets of simulations for R166S AP and NPP with MpNPP~
(o orientation only) to study the effects of Zn**-Zn?* distance fluctuation and variation. In
the first set, we constrain the Zn?*-Zn?* distance close to the value in crystal structures of
AP and NPP (4.1 A). Due to this constraint, the Zn?*-Zn?* distance fluctuations in PMF
simulations are significantly damped (root-mean-square-fluctuation, rmsf, of ~0.01 A) as
compared to unconstrained simulations (rmsf~0.2 A). As shown in Fig.4.11a-b, the PMFs
for AP and NPP do not exhibit much change, especially in the barrier height, due to the

constraint; the nature of the TS (see Supporting Information) also does not change.
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These observations suggest that fluctuation of the Zn?t-Zn%** distance during the reaction
is not critical to the reaction barrier or the nature of the T'S. The significant overlaps of the
PMF's also indirectly support the reproducibility and convergence of our PMF simulations.

In the second set of simulations, the Zn**-Zn?* distances are constrained at 3.6 and 4.6 A,
respectively, which represent the two extreme values observed in unconstrained simulations.
The changes of PMF are similar in AP and NPP (see Fig.4.11c-d): the reactant state position
is shifted to a less negative value and the barrier height is reduced as the Zn?*-Zn?* distance
is decreased from 4.6 to 3.6 A. In terms of the nature of TS, there is no qualitative change as
reflected by the essentially invariant peak position of the PMFs. At the quantitative level,
there are variations as reflected by the average tightness coordinate (see Table 4.4) and
other structural parameters (see Supporting Information); for example, the tightness
coordinate (TC) increases, as expected, as the Zn?*-Zn** distance increases.

In short, these calculations explicitly demonstrate that the Zn?T-Zn?" distance of the
bi-metallic zinc site plays an important role in tuning the catalysis. This is not unexpected
since the distance between the zinc ions influences the electrostatic properties in the active
site, which are crucial to the phosphoryl transfers [219]. Nevertheless, the results clearly
underlines the importance of reproducing geometrical properties of a bimetallic site for a

meaningful analysis of its catalytic properties.

4.3.8 Issues worthwhile investigating with future experiments

The key objective of this work is to characterize the nature of the hydrolysis TS of
phosphate diesters in AP and NPP so as to evaluate different hypotheses [2,32] regarding
the catalytic promiscuity in these enzymes. To evaluate the main findings of this work, we
propose that the following experimental studies are worthwhile.

First, unlike the recent QM /MM simulations [1,2], our calculations suggest that the
nature of diester hydrolysis TS is largely similar in AP, NPP and solution. Along this line,
LFER and KIE studies for diester hydrolysis in NPP will be highly informative.
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Figure 4.11: Potential of Mean Force (PMF, in kcal/mol, along the reaction coordinate
defined as the difference between P-O% and P-O™) comparisons for MpNPP~ hydrolysis in
R166S AP and NPP with the Zn?>"-Zn?" distance constrained at different values. (a) Between
unconstrained and constrained (4.1 A ) simulations for R166S AP. (b) Between unconstrained
and constrained (4.1 A ) simulations for NPP. (c¢) Between constrained simulations at 3.6,
4.1 and 4.6 A for R166S AP. (d) Between constrained simulations at 3.6, 4.1 and 4.6 A for

NPP. For structural information, see Table 4.4 and Supporting Information.
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Second, our calculations find that the leaving group does not interact strongly with
the zinc ion in either the reactant or TS for diester hydrolysis in AP/NPP. This is rather
unexpected considering the crystal structures of vanadate-AP/NPP complexes [27,210] and
therefore worth further investigations. Note that this result does not suggest that the second
zinc ion does not play an essential role in catalysis since it coordinates with the bridging
oxygen. The leaving group is stabilized by active site solvent molecules, suggesting that
the dependence of the catalytic rate with respect to the substitution of the leaving group,
including both chemical and isotope substitutions, should be close to that in solution.

We have extensively discussed in Sect.4.3.3 the issue of different binding orientations of
the substrate and relation of current calculations with available experimental studies. As
highlighted by the NBO charges shown in Fig.4.8, one complicating factor for the interpreta-
tion of thiol experiments is that phosphorothioate and phosphate esters have rather different
charge distributions; in MpNPPS™ the oxygen bonded with the methyl group is in fact more
negatively charged than the sulfur. Therefore, it will be valuable to explore the reactivity
of thiol substrates with both well-defined stereochemistry and relative charge distributions
closer to the phosphate esters, such as by replacing both O3 and O4 in MpNPP by sulfur.

Finally, as alluded to in Sect.4.3.7, the metal-metal distance appears to be essential to
both the barrier height and the nature of the transition state; the barrier is higher and the
nature of TS looser with a longer metal-metal distance. This can be tested by substituting
the zinc ions with other metals of different size (e.g., replacing Zn** by Co®") and performing
kinetic and LFER analyses. Along this line, analysis of T'S nature with synthetic analogs
of di-metallic zinc motifs [220, 221] will be highly informative, since the structure of such

artificial catalysts can be better controlled and monitored.

4.4 Concluding remarks

In this work, we have studied the hydrolysis of MpNPP~ and its several analogs in so-
lution, two experimentally well characterized variants of AP (R166S and R166S/E332Y)
and wild type NPP using SCC-DFTBPR/MM simulations. The main goal is to investigate



102

whether the nature of phosphoryl transfer transition state for the same substrate is signifi-
cantly different in these enzymes and in solution, a question that has a direct implication to
the remarkable catalytic promiscuity exhibited by members of the AP superfamily.

Overall, our results are consistent with available experimental observations. In solu-
tion, we show that our calculations are able to capture trends in the hydrolysis barrier for
MpNPP~ and its two analogs, and the reaction proceeds through a synchronous TS, con-
sistent with expectation based on experimental LFER data. For several variants of AP, our
simulations support that the nature of T'S is not perturbed significantly relative to solution,
with a small degree of tightening due presumably to the interaction with the bi-metallic zinc
motif; these are also in qualitative agreement with LFER data for AP variants. Therefore,
our calculations support the picture that although the native function of AP is to catalyze
the hydrolysis of phosphate monoesters through a loose transition state, its active site ac-
commodates the tighter transition state for diesters. Such active site “plasticity” has been
proposed to be related to the catalytic promiscuity of AP. Our analysis (Fig.4.10) of the
free energy surfaces for phosphate diester hydrolysis in solution and AP/NPP supports a
simple interpretation of such functional plasticity: the binding of AP to diester substrates
is simply not strong enough, presumably due to their lower charge compared to monoesters,
to significantly shift the nature of the transition state from synchronous to loose.

For NPP, for which diesters are cognate substrates, our calculations also do not support
any major change in the nature of TS relative to solution, in contrast to the recent QM/MM
calculations [1]. Since both structural features of the active site and energetics from our
calculations are in better agreement with available experimental data, we expect that the
nature of TS from the current work is more realistic. The lack of any significant change
in the nature of TS relative to solution is not unexpected considering that the calculated
chemical step barrier in NPP is not significantly lower than that in solution. Nevertheless,
we hope the current work will stimulate additional LFER studies for NPP to further confirm

the nature of TS.
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The calculations also reveal several features and underlying complexity of AP catalysis
not thoroughly recognized by previous work. For example, concerning the orientation of
a diester substrate in the AP active site, our calculations for two variants of AP and two
diester substrates collectively indicate that the experimental data alone can’t be used to
unambiguously show that a single orientation («) is the only reactive binding mode. In fact,
we find that the [ orientation with the substrate methyl group pointing toward the Ser102
backbone amide has a reaction barrier lower than that for the a orientation, which has
the substrate methyl group pointing toward the Mg?* site; however, it is possible that the
binding free energy for the « orientation is larger to make the overall free energy profile at
least comparable to the 3 orientation. We also argue that the thio-substitution experiments
are not always straightforward to interpret, because there is nontrivial differences in the
charge distributions for phosphorothioate and phosphate esters; the possibilities of water
penetrating into the active site for certain orientation of the (thio-substituted) substrate
and that different substrate orientations dominate in different variants of AP (R116S vs.
R116/E332Y) further compromise the clarity of interpretation of thio effects. Finally, we
discuss results supporting that the Zn?t-Zn?* distance plays a significant role in modulating
the energetics, especially barrier, of phosphoryl transfer in AP and NPP. This result can be
probed experimentally by metal substitution and underlines the importance of reproducing
geometrical properties of a bimetallic site for a meaningful computational analysis of its
catalytic properties.

For a more thorough understanding of catalytic promiscuity and functional evolution of
the AP superfamily, it is crucial to carry out similar systematic benchmark and analyses for
monoester hydrolysis in solution and AP family enzymes. Since phosphate monoesters bear
higher charges than diesters, and that SCC-DFTBPR has been developed based mainly
on diesters, it is likely that further improvements of the computational methodology are
needed [208,209]. Once validated for AP and NPP, the computational approach coupled
with other methodological advances [222-225] is potentially applicable in the prediction and

rational design of catalytic promiscuity in other enzyme families.
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Chapter 5

QM /MM studies of Linear Free Energy Relationship of
a series of phosphate diesters in solution and Alkaline
Phosphatase superfamily

5.1 Introduction

With the increasing recognition that many enzymes have promiscuous catalytic activ-
ities besides their high catalytic proficiencies for cognate substrates, enzyme promiscuity
has become an interesting subject and attracts more and more studies. Understanding the
principles that control enzyme promiscuity and their significance in physiological and evo-
lutional functions can benefit our understanding of enzyme catalysis and provide invaluable
directions for related engineering work. [7-13,172,173] In this context, members in the Al-
kaline Phosphatase (AP) superfamily present striking examples of catalytic specificity and
promiscuity. [25,26] They have been demonstrated to catalyze the hydrolysis of a broad
range of substrates that differ in charge, size, intrinsic reactivity and transition state (TS)
nature. [174] For example, E. coli AP mainly catalyzes the hydrolytic reaction of phosphate
monoesters, presumably to harvest phosphate for nucleic acids and metabolites, but also
exhibits promiscuous activities for the hydrolysis of phosphate diesters and sulfate esters.
The catalytic proficiencies (defined as ket /Kyr/ky) ranges from > 10?7 for the cognate ac-
tivities [28,175] to ~ 10° for the promiscuous activities. [176] Similarly, although the main
function of Nucleotide pyrophosphatase/phosphodiesterase (NPP) is to hydrolyze phosphate
diesters, it can also cleave phosphate monoesters and sulfate esters with considerable acceler-

ation over solution reactions. The reaction specificities of AP and NPP for phosphate mono-
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and di-esters differ by up to a remarkable level of 10" fold! [27,28] This is particularly strik-
ing in light of the fact that AP an NPP have very similar active sites. These interesting
features make this pair of enzymes ideal for in-depth comparative analyses.

Extensive experimental work through the past years has gleaned precious understanding
of AP and NPP catalysis. Crystal structures [27,177] demonstrate many similarities in
their active sites: a bimetallo zinc site with the same six ligands (3 Asp, 3 His) exists in
both enzymes; an arginine/asparagine residue in AP /NPP is positioned to provide favorable
interactions with the substrate; a serine/thereonine alkoxide displaces the leaving group in
the first step of the reaction to produce a covalent enzyme-phosphate intermediate (Fig.5.1).
Besides these similarities, several differences also exist: in AP there are extra positive charged
motifs including a third Mg*™ ion that coordinates with one of the Zn?T ligand (Asp51)
and lies within hydrogen bond distance of the substrate and the serine alkoxide; in NPP,
a hydrophobic pocket close to the active site provides extra stabilization for its cognate
substrate. With respect to their functions, it has been proposed that AP and NPP stabilize
TSs closely related to solution analogs as this would require the least amount of stabilization.
Indeed, linear free energy relation (LFER) [178] and kinetic isotope effect (KIE) data [29-33]
strongly suggest that AP and NPP catalyze phosphate monoester and diester reactions via
loose and synchronous T'Ss analogous to solution reactions.

However, recent QM /MM calculations [1,2,179] do not support this proposal. The calcu-
lations found that phosphate monoester hydrolysis in AP proceeds via a two-step mechanism,
fundamentally different from the one-step mechanism with a loose TS in solution; although
similar to aqueous reactions, a one-step mechanism is also adopted for phosphate diesters,
the T'S was found to change from synchronous in solution to very loose in AP and NPP. [1,2]
Therefore, the computational work reached completely distinct conclusions from experimen-
tal studies of AP and NPP catalysis. [32] Nevertheless, it should be noted that whether the
computational method was sufficiently reliable in previous QM /MM studies is not clear; for
example, the Zn?T-Zn?** distance was found to vary greatly during the reaction, reaching 7.0

A as compared to the value of ~4 A in the crystal structure.
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To better address the conflicts between previous experimental and theoretical studies, in
our recent paper, [58] we studied the hydrolysis of a phosphate diester, MpNPP~, in solu-
tion, two experimentally well-characterized variants of AP (R166S AP, R166S/E322Y AP)
and wild type NPP by carefully benchmarked QM /MM calculations. The good agreements
for structural and energetic properties in solution and enzyme with available experimental
data support the use of our enzyme model for a semi-quantitative analysis of the catalytic
mechanisms in AP and NPP. The calculations suggest that the hydrolysis reactions of phos-
phate diesters catalyzed by AP and NPP feature similar synchronous transition states that
are slightly tighter compared to in solution. Therefore, it supports the proposal based on
previous experimental observations that enzymes in the AP superfamily catalyze cognate
and promiscuous substrates via similar transition states to those in solution; it does not sup-
port the finding of previous QM /MM study, which suggested that the same diester substrate
goes through a very loose transition state in AP and NPP, a result likely biased by the large
structural distortion of the bimetallic zinc site in their simulations.

As a following work, we further analyze two similar aryl phosphate diesters, MmNPP~
and MPP~ (see Fig. 5.2) in R166S AP and NPP which have been systematically studied by
LFER. Together with the previous work of MpNPP ™ these efforts serve as a more stringent
benchmark of our enzyme models. Although we successfully reproduce the correct trend
of experimental measured reaction energetics for these similar substrates, the substitution
effects of the leaving group are over exaggerated, mainly due to the semi-empirical feature of
the QM method we use as indicated by the model benchmark analysis. Therefore, we further
explore the possible approaches of adding corrections by a one-step free energy perturbation
(FEP) by high level ab initio QM methods to improve the quantitative agreement with
experimental data.

The paper is organized as follows: in Sect.5.2 we summarize computational methods and
simulation setup. In Sect.5.3, we first present results for enzyme PMF calculations, and

then analysis of the errors in those calculations; we also explore the FEP corrections for
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the intrinsic error of the semi-empirical QM method we use. Finally, we summarize a few

conclusions in Sect.5.4.

5.2 Computational Methods

5.2.1 Enzyme Model Setup

The construction of enzyme model is similar to our previous study [58] so we only sum-
marize several key points briefly. The enzyme models are constructed based on the X-ray
structures for the E. coli AP mutant R166S with bound inorganic phosphate at 2.05 A
resolution (PDB code 3CMR [182]) and Xac NPP with bound Adenosine Mono-Phosphate
(AMP) at 2.00 A resolution (PDB code 2GSU [27]). Starting from the PDB structure, the
ligand is first “mutated” to the « orientation of substrate of interest with the -OMe group
oriented towards the magnesium ion. Hydrogen atoms are added by the HBUILD mod-
ule [188] in CHARMM. [189] All basic and acidic amino acids are kept in their physiological
protonation states except for Ser102 and Thr90 in AP and NPP, respectively, which are as-
sumed to be the nucleophiles and deprotonated in the reactive complex. Water molecules are
added following the standard protocol of superimposing the system with a water droplet of
27 A radius centered at Zn1?* (see Fig.5.1 for atomic labels) and removing water molecules
within 2.8 A from any atoms resolved in the crystal structure. [161] Protein atoms in the
MM region are described by the all-atom CHARMM force field for proteins [190] and water
molecules are described with the TIP3P model. [162] The QM region includes the two zinc
ions and their 6 ligands (Aspb1, Asp369, His370, Asp327, His412, His331), Ser102 and the
substrate for R166S AP; for NPP, this includes two zinc ions and their 6 ligands (Aspb4,
Asp257, His258, Asp210, His363, His214), Thr90 and the substrate. Only side chains of
protein residues are included in the QM region and link atoms are added between C, and Cg
atoms. The treatment of the QM /MM frontier follows the DIV scheme in CHARMM. [191]
A similar NOE potential is added to the C-O bonds in Asp5l in AP as before.

The SCC-DFTBPR method [46] is used for PMF calculations with the generalized sol-
vent boundary potential (GSBP) [124, 163] setup. The system is partitioned into a 27-A
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Figure 5.1: The active sites of Alkaline Phosphatase (AP) and Nucleotide PyrophosPhatase/
phosphodiesterase (NPP) are generally similar, with a few distinct differences. (a) E. coli
AP active site. (b) Xac NPP active site. The cognate substrates for AP and NPP are
phosphate monoesters and diesters, respectively. The labeling scheme of substrate atoms is

used throughout the paper.
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spherical inner region centered at the Znl atom, with the rest in the outer region. Newto-
nian equations-of-motion (EOM) are solved for the MD region (within 23 A), and Langevin
EOM are solved for the buffer regions (23-27 A) with a temperature bath of 300 K; protein
atoms in the buffer region are harmonically constrained with force constants determined from
the crystallographic B-factors. [193] All bonds involving hydrogen are constrained using the
SHAKE algorithm, [166] and the time step is set to 1 fs. All water molecules in the inner
region are subject to a weak GEO type of restraining potential to keep them inside the inner
sphere with the MMFP module of CHARMM. The static field due to outer-region atoms,

‘o is evaluated with the linear Poisson-Boltzmann (PB) equation using a focusing scheme
with a coarse cubic grid of 1.2 A spacing, and a fine grid of 0.4 A spacing. The reaction
field matrix M is evaluated using 400 spherical harmonics. In the PB calculations, the pro-
tein dielectric constant of €, = 1, the water dielectric constant of €, = 80, and 0.0 M salt
concentration are used. The optimized radii of Nina et al. [194,195] based on experimental
solvation free energies of small molecules as well as the calculated interaction energy with
explicit water molecules are adopted to define the solvent-solute dielectric boundary. To be
consistent with the GSBP protocol, the extended electrostatic model [164] is used to treat
the electrostatic interactions among inner region atoms in which interactions beyond 12 A

are treated with multipolar expansions, including the dipolar and quadrupolar terms.

5.2.2 Potential of mean force (PMF) simulations

To study the free energy profiles of enzyme reactions, PMF simulations have been carried
out for R166S AP and NPP with MmNPP~ and MPP~ as the substrates. After the initial
minimizations starting from the relevant initial structure, the enzyme system is slowly heated
to 300 K and equilibrated for 100 ps. The reaction coordinate is defined as POY-PO™,
The umbrella sampling approach [167] is used to constrain the system along the reaction
coordinate by using a force constant of 150 kcal/ mol-A~2. In total, more than 51 windows
are used for each PMF and 100 ps simulations are performed for each window. The first 50 ps

trajectories are discarded and only the last 50 ps are used for data analysis. Convergence of
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the PMF is monitored by examining the overlap of reaction coordinate distributions sampled
in different windows and by evaluating the effect of leaving out segments of trajectories.
The probability distributions are combined together by the weighted histogram analysis
method (WHAM) [168] to obtain the PMF along the reaction coordinate. The averaged key

structural properties for each window are calculated and summarized in Table 5.3.

5.2.3 Active site model benchmark calculations

To analyze the source of errors in PMF calculations, an active site model is constructed
including all atoms in the QM region in QM /MM enzyme model with the valence saturated
by hydrogen atoms. The 3 carbon and the link hydrogen atoms are fixed at their positions
in crystal structure during geometry optimization. The reactant (Michaelis) complex and
transition state are located for MpNPP~, MmNPP~ and MPP~ under SCC-DFTBPR and
B3LYP [196-198] with 6-31G* [199] basis set. Then single point energy calculations are
carried out by B3LYP, M06 [226] and MP2 methods at 6-3114++G** level. The calculations
are carried out with the CHARMM [189] and Gaussian09 [227] software packages respectively.

5.2.4 MO06/MM correction

As demonstrated by model benchmarks, there are systematic errors in SCC-DFTBPR
for the energetics of phosphate diester reactions in AP, so it is necessary to include high level
QM method corrections. MO06 functional is used with 6-314+G** basis set which appears
to give the best balance between accuracy and computational cost. The comparison with
a large basis set (6-3114++G**) used in model calculations indicates negligible differences.
In addition, in the SCC-DFTB/MM method, the electrostatic interaction between QM and

MM atoms is calculated based on point charge interactions

2 Aqy
HytM = 3 & (5.1)
remm jeom 1Y

where Agy is the Mulliken charge on QM atom J. The more rigorous QM/MM cou-

pling treatment includes the contribution from the MM point charges in the one-electron
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integrals, which is done in M06/MM calculations. Therefore, correcting SCC-DFTB/MM
results based on M06/MM calculations improves not only the QM level, but the QM/MM
interactions as well. The correction is done on the basis of a straightforward one-step free

energy perturbation calculation

AGyo6—sco = —kTIn < e~ PUntos/mm—Usceymnr) > sc0/MM (52)

at both end states (A = 0.0 or 1.0). The difference between the perturbative correction
at the two end states gives the M06/MM correction to the reaction free energy. Since only
a small number of snapshots from SCC-DFTB/MM trajectories are used, a second-order

cumulant expansion is used to improve the numerical stability of the perturbation calculation

AGyo6—sce =< Unrosymnr — Uscommr >scemm —

[< (Untosyminr — Uscepmn)? >scome — < Unrosyarns — Uscoynr > (5.3)

N

As discussed extensively in the literature, [228] such one-step perturbation is effective
only if the configuration space at the two levels overlaps significantly; this is assumed to be
the case considering the previous observations [105,229] that SCC-DFTB often gives reliable

geometries and energetics compared to DFT.

5.3 Results and Discussions

5.3.1 PMF for the first step of a series of phosphate diester reac-
tions in R166S AP and NPP

AP and NPP feature a highly conserved bi-metallo zinc active site with essentially the
same set of metal ligands. They catalyze the hydrolytic reactions of various phosphates via
a two-step mechanism: an oxygen nucleophile first attacks the phosphorus, then a water
(hydroxide) replaces the leaving group in a step that is essentially the reverse of the first.
In a previous study, we explored the PMF of a particular phosphate diester, MpNPP~,

in AP and NPP and demonstrated that synchronous TSs are favored similar to those in
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solution reaction, consistent with previous experimental observations. As a following work,
we calculate the PMF of two similar phosphate diesters: MmNPP~ and MPP~ (see Fig. 5.2)
in R166S AP and NPP by similar ways. The corresponding aqueous reactions have been
studied in our previous work. For simplicity, we only studied the « orientation of different
substrates in AP; for NPP, it is proposed that the extra methyl group points toward a
hydrophobic groove nearby due to favorable hydrophobic interactions. [27]

Experimentally, the reaction barriers calculated from k., /K, by transition state theory
increase from 18.0 to 20.9 with the increase of leaving group pKa. This correlation (LFER)
has been used to support the hypothesis that AP catalyzes phosphate diester reactions via
a synchronous TS similar to aqueous reactions. [32] It is worth mentioning that the mea-
sured reaction barrier composes of two parts: the substrate binding that corresponds to K,
and the chemical step that corresponds to k.. A complete comparison with computation
requires not only the PMF of the reaction pathway, but the binding free energy as well.
A quantitative estimation of the latter requires much more efforts, due to the difficulty of
obtaining converged results. Therefore, we only focus on the calculation of the chemical step
(keqr) in this work, for which the experimental data set the lower limit. Nevertheless, consid-
ering the high degree of similarities of the substrates structures and chemical properties, the
differences of binding free energies are likely to be small, so the general trend of the reaction

barriers for the chemical step (ke ) is likely to resemble the LFER (keat/Kon).
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Figure 5.2: Methyl p-nitrophenyl phosphate (MpNPP™) and its two diester analogs studied

in this work.
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Figure 5.3: Potential of Mean Force (PMF) calculation results for MpNPP—, MmNPP~ and MPP~ hydrolysis in R166S
AP. Energies are in kcal/mol. (a) MpNPP~ PMF along the reactant coordinate (the difference between P-O!9 and P-O™*); (b)

MpNPP~ changes of average key distances along the reaction coordinate; (¢c) MmNPP~ PMF along the reactant coordinate;

(d) MmNPP~ changes of average key distances along the reaction coordinate; (¢) MPP~ PMF along the reactant coordinate;

(f) MPP~ changes of average key distances along the reaction coordinate.
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Figure 5.4: Potential of Mean Force (PMF) calculation results for MpNPP~, MmNPP~ and MPP~ hydrolysis in NPP.
Energies are in kcal/mol. (a) MpNPP~ PMF along the reactant coordinate (the difference between P-O! and P-O™%); (b)
MpNPP~ changes of average key distances along the reaction coordinate; (¢c) MmNPP~ PMF along the reactant coordinate;
(d) MmNPP~ changes of average key distances along the reaction coordinate; (¢) MPP~ PMF along the reactant coordinate;

(f) MPP~ changes of average key distances along the reaction coordinate.
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Table 5.1: Diester hydrolysis reaction in R166S AP and NPP from experiments and calcu-

lations

Substrate Exp® SCC/MM? MO06/MM¢

R166S AP  MpNPP~ 18.0 23.4 24.4+£7.9
MmNPP~ 184 31.1 29.44+6.8
MPP~ 20.9 36.0 29.7+9.6
NPP MpNPP~ 14.3 20.2
MmNPP~ 27.0
MPP~ 31.1

a. Free energy barrier (kcal/mol) calculated by transition state theory at 300 K based on experimental
keat/ K value; b. Only « orientation is considered for R166S AP; the calculated results correspond to the

kcar in experiment; c. SCC/MM results after M06/MM corrections.

The calculated PMFs of the first step in AP and NPP catalysis for these aryl phosphate
diesters (Fig. 5.3,5.4) are similar to MpNPP~. The reaction mechanism is a one-step reaction
with a TS peaking at the reaction coordinate (POY-PO™) around 0 A. The reaction barriers
increase (see Table 5.1) with the increase of leaving group pKa, consistent with the trend
in LFER. The calculated result for each substrate is higher than the experimental result
(keat/ K pr) and the difference, in principle, corresponds to the contribution from binding free
energies. Although the LFER of phosphate diesters in NPP has been not measured before,
according to the estimation from our calculations, it should be similar to that of AP.

From a more quantitatively point of view, it is obvious that the nitro group substitution
effects of different substrates are overestimated (Table 5.1). For example, the difference of
keat/ Km between MpNPP~ and MPP~ in R166S AP is only 2.9 kcal/mol, but the com-
putational result gives 12.6 kcal/mol. A similar overestimation has also been observed for
aqueous reactions in our previous work and the analysis suggests that it is due to the in-

trinsic accuracy of the SCC-DFTBPR method. [58] To evaluate the contribution from the
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QM method, we construct an active site model by taking the QM region out of the enzyme
model. The TSs of different substrates are rigorously calculated by B3LPY/6-31G* and
SCC-DFTBPR. The structures from B3LYP calculations are further used for high level en-
ergy corrections, including B3LYP, M06 and MP2 at the 6-3114++G** basis set level (Fig.
5.5). The MP2 method has been shown to give good estimation of gas phase proton affinity
compared with experimental values while DF'T type of methods tend to produce quite large
errors. The M06 functional is parametrized including both transition metals and nonmetals
and has been demonstrated by extensive benchmarks for it excellent performance for appli-
cation in organometallic and inorganometallic chemistry. In the calculated reactant and TS
geometries (Fig.5.5), several important features, such as the P-O bond distances and Zn**-
Zn?T distance, are closely reproduced by SCC-DFTB compared to B3LYP, indicating a good
agreement of structural properties. For the reaction energetics, indeed, the substitution ef-
fects are once again over estimated by SCC-DFTB and B3LYP (Table 5.2). For example,
the difference of reaction barriers between MpNPP~ and MPP is 5.4 kcal/mol by MP2 but
SCC-DFTB and B3LYP give 15.7 and 9.2 kcal/mol, respectively. Alternatively, the M06
functional achieves better agreement with MP2, thus could be a good candidate to correct
the intrinsic errors of SCC-DFTBPR. Overall, the analysis indicates that the large errors of
substitution effects in PMF calculations are likely stemming from the semi-empirical feature
of the QM method we use. With the use of DFTB3 by adding the full third order expan-
sion [230] and a systematic reparametrization for phosphate hydrolysis that is underway,
improvements are expected.

In Fig.5.3,5.4, several key structural properties in enzyme active site are averaged over the
trajectory of each window and plotted as functions of the reaction coordinate. The averaged
Zn?**t-Zn*T distance slightly decreases from reactant state to TS, then increases again in
the product region. The changes of P-O% and P-O™ bond lengths of all substrates in AP
and NPP demonstrate similar features, indicating a concerted pathway with a synchronous
TS that is similar to aqueous reaction. Comparing different TSs, the P-O% bond length
increases while P-O™ bond length decreases from MpNPP~ to MPP~ in AP and NPP (see
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Figure 5.5: AP active site model with MpNPP~, MmNPP~ and MPP~. Geometries are
optimized in gas phase by B3LYP/6-31G*. (a) MpNPP~ reactant state; (b) MpNPP~ TS;
(¢) MmNPP~ reactant state; (d) MmNPP~ TS; (e) MPP~ reactant state; (f) MPP~ TS.
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Table 5.2: MEP results for diester hydrolysis reaction in enzymes by a cluster model

Substrate SCC B3LYP M06 MP2

MpNPP~ 7.8 11.2 4.2 4.8

MmNPP~ 14.1 11.2 7.7 10.1
MPP~ 235 204 13.0 10.2

a. Basis set is 6-311+4G**,

Table 5.3), which are consistent with the trends in our previous solution calculations, [58]
probably due to the better water stabilization for leaving group with the increase of its
basicity. This underscores the potential role that solvent water may play due to the open
active site feature in AP and NPP as we cautioned in our previous work. The TS tightness
coordinate (TC=POY+PO™) increases from 3.89 in AP and 3.86 in NPP for MpNPP~ to
4.11 and 3.91 for MPP~ respectively, slightly decreased compared with solution reactions due
to the constraints from bimetallo zinc motif. This is consistent with our previous conclusion
that the nature of TS for phosphate diester is slightly tightened from solution to enzyme.
As shown in the averaged structures (Fig.5.6), the reactant states for MmNPP~ and
MPP~ in R166S AP are similar to MpNPP~ in which one magnesium ligand water (Wat1)
forms a hydrogen bond with the deprotonated Ser102 oxygen; one nonbond oxygen binds
with Znl while the other forms a hydrogen bond with Ser102 backbone amide. In TSs, the
hydrogen bond with Watl is almost broken and a new hydrogen bond is formed between
Watl and the bridging oxygen which has been suggested to help lower the reaction barrier.
Similarly, in the reactant state in NPP (Fig.5.7), one nonbond oxygen also binds with Znl
while the other forms hydrogen bonds with Asnl1l and Thr90 backbone amide. In TS,
the substrate binding mode does not change with respect to different substrates; this is on
contrary to previous theoretical studies [1] in which the authors find similar T'S binding mode
for MpNPP~ as our results, however, for MPP~, the leaving group oxygen also binds with

Zn1 instead of being solvated by water as in our model. It would be much more informative



Table 5.3: Key structural properties of the transition states for the first step of phosphate

diester hydrolysis in AP and NPP
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Substrate RC® TC? P-OY P-O™  Zn?t-Zn**

R166S AP MpNPP~ -0.11£0.07 3.8940.14 1.924+0.08 2.00+0.11 3.9340.18
MmNPP~ -0.01£0.08 4.094+0.23 2.07£0.13 2.07£0.13 3.96+0.20

MPP~ 0.08£0.07 4.1140.18 2.10£0.10 1.98+0.11 3.93+0.18

NPP MpNPP~ -0.204+0.07 3.86+0.14 1.8840.08 2.06+£0.10 3.92+0.17
MmNPP~ -0.01£0.07 3.83+0.10 1.91£0.08 1.93+£0.07 4.13+£0.15

MPP~ 0.00£0.08 3.91+0.16 1.9840.11 1.96+£0.09 4.05+0.18

a. The Reaction coordinate (RC) is defined as the difference between P-O! and P-O™%; b. The Tightness

coordinate (TC) is defined as the sum of P-O% and P-O™*.
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to find out the possible reason for this change if the corresponding energetic properties had
been reported. On the other hand, as we discussed before, due to the synchronous nature
of TS for phosphate diester, the extent of P-O% bond breaking and charge accumulation on
leaving group oxygen are much less compared with monoester that goes through a loose TS,
therefore the interactions between leaving group oxygen and Znl is likely to be much weaker

and does not favor the bi-dentate coordination of Znl.

5.3.2 Corrections of PMF by high level ab initio QM methods

The semi-empirical feature of the SCC-DFTBPR method allows reasonable amount of
samplings of the relatively large QM region in the enzyme model at the cost of compromised
accuracy, as demonstrated by the overestimation of the substitution effects and the cluster
model analysis. However, it is encouraging to see that the structural properties calculated
by SCC-DFTBPR are more reasonable, therefore allows a post correction scheme based on
the sampled conformations. We explore the corrections by M06 functional that gives a good
balance between accuracy and efficiency, as indicated in our model cluster benchmarks and
abundant benchmarks in previous work. [226] A one-step free energy perturbation scheme is
used to evaluate the difference of the energy surface by M06 functional and SCC-DFTBPR.
The underlying assumption is that the sampled conformational space by SCC-DFTBPR is a
reasonable estimation of that by M06, which is likely the case based on our model analysis.
Due to the large number of snapshots in the calculation, a modest basis set (6-31+G**) is
used. Our test of this basis set on the cluster model shows negligible difference compared to
the larger basis set (6-3114++G**).

Indeed, the overestimation of substitution effects is significantly reduced by M06/MM
corrections (Table 5.1). The difference of reaction barriers between MpNPP~ and MPP~ is
reduced from 12.6 kcal/mol to 5.3 kcal/mol, much more consistent with the experimental
results. Therefore, the one-step FEP correction can be useful to quantitatively improve the
results by our enzyme models. However, the standard deviations of these corrections are

typically 4-6 kcal/mol with 300 snapshots included. A scrutiny of the convergence of the
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Figure 5.6: Snapshots of MpNPP~, MmNPP~ and MPP~ hydrolysis in R166S AP with
average key distances labeled in A. Asp369, His370 and His412 are omitted for clarity. (a)
MpNPP~ reactant state; (b) MpNPP~ TS; (¢) MmNPP~ reactant state; (d) MmNPP~ TS;

(e) MPP~ reactant state; (f) MPP~ TS.
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corrections with respect to the number of snapshots (see Fig.5.8 for an example) indicate a
large fluctuation within 100 snapshots. Even by including 300 snapshots, the fluctuation is
still not small. Therefore, we caution a careful interpretation of the corrections and and a

stringent check of the convergence before any quantitative conclusions can be reached.

5.4 Concluding remarks

The unique features of AP/NPP active site make it especially challenging for obtaining
any meaningful results by computational studies: the open active site requires reliable treat-
ment of solvent water perturbation; the bi-metallo zinc motif and the extra magnesium ion
in AP require a good description of the electronic structures; several extra charged motifs
and the negatively charged substrate require accurate account of charge-charge interactions.
Therefore, it is highly desired to carry out careful and extensive benchmarks with respect
to crucial experimental data to understand the creditability and limitation of the enzyme
model and computation method. Under this context, we did more systematic studies of the
reaction energetics of a series of phosphate diesters in solution, AP and NPP in this study.
By using our enzyme model and SCC/MM method, we successfully reproduced the correct
trend of the experimental LFER. By including M06/MM energy corrections for the intrinsic
error in SCC method, a semiquantitative agreement can be achieved, highlighting the relia-
bility of our model and the simulation protocol. We reported the first LFER of phosphate
diesters in NPP that features the similar trend as R166S AP, enabling the comparison with
future experimental data.

Our studies for all three phosphate diesters indicate that it is general for AP and NPP
to utilize the similar synchronous TS in solution to catalyze the hydrolysis reactions for
phosphate diesters. These results agree with the experimental results and the proposal that
AP and NPP can recognize different substrates and catalyze them via similar TS to solution

reactions, a hypothesis that has implications for enzyme promiscuity.
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Chapter 6

QM /MM Studies of Phosphate Monoester Hydrolysis
Reactions in Alkaline Phosphatase Superfamily

6.1 Introduction

Alkaline Phosphatase (AP) superfamily contains a set of evolutionarily related enzymes
that are structurally related to AP. [20,21] They catalyze the hydrolytic reactions of various
phosphates and sulfates with distinct structures and charge states via a two-step mechanism:
an oxygen nucleophile (e.g., Ser or Thr) first attacks the phosphorus/sulfur, then a water
(hydroxide) replaces the leaving group in a step that is essentially the reverse of the first.
In particular, as one of the most powerful enzymes, AP catalyzes phosphate monoester
hydrolysis up to amazingly 10?7 faster than solution reactions while maintains a lower activity
(around 10™) of phosphate diester hydrolysis. Conversely, another family member Nucleotide
Pyrophosphatase/Phosphodiesterase (NPP) mainly catalyzes phosphate diesters with 101¢
times speedup , while maintains a lower reactivity (around 10'°) of phosphate monoesters. In
addition, AP and NPP have very similar active site structures (Fig.6.1), e.g., the bi-metallo
zine site and the identical six ligands, the deprotonated Ser/Thr nucleophile, making this
pair of enzymes ideal for comprehensive studies to understand the structural and functional
correlations.

Extensive experimental and computational studies have been carried out to address these
interesting questions. [1,2, 25-28, 3033, 58, 179, 182] Experimental studies by Linear Free
Energy Relationship (LFER), Kinetic Isotope Effects (KIE) and spectroscopy have gleaned

insightful recognitions of the reaction mechanisms and the important structural factors that
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contribute to AP/NPP catalysis. Among these understandings, a crucial proposal is that
members in AP superfamily catalyze cognate and promiscuous substrates by similar natures
of TS to their solution reactions. [25,27] In other words, AP/NPP catalyzes phosphate
mono- and di-ester hydrolysis via a loose and a synchronous TS, respectively, indicating
that although the active site of AP family is evolutionarily optimized for stabilizing the
TS of one type of substrate, it can in fact recognize different types of transition states and
perform noticeable stabilization. From the strategic level, it depicts how evolution shapes
enzymes that share the same ancestor into a functionally related enzyme family.

However, these results have been challenged by theoretical studies, [34] criticizing the
inability of experimental approaches in exploring TS which is a transient species and the
ambiguities on data interpretations. For AP superfamily, Tunon and coworkers have studied
the phosphate monoester reactions in AP [179] and diester reactions in AP and NPP [1,2]
by QM /MM simulations. It is quite surprising that their studies display completely different
pictures of AP catalysis from experimental views: AP catalyzes monoester hydrolysis via a
two-step mechanism with a stable intermediate state, thus fundamentally different from the
one-step mechanism in solution; for phosphate diester reactions in AP and NPP, the similar
loose T'Ss are fostered, also different from the synchronous TS in solution. In other words,
AP /NPP changes the nature of T'S of phosphate mono- and di-esters hydrolysis. It is worth
pointing out that several important structural features in the active site change drastically in
those simulations, e.g., the zinc-zinc distance increases from 4 A in crystal structures to up
to 7 A! Nevertheless, the significant discrepancy in previous studies highlights the important
and controversial feature of this problem and the necessity of further studies.

In our recent work, [58] we carried out systematic theoretical studies of phosphate diester
hydrolysis reactions in AP and NPP based on the enzyme models constructed from crystal
structures. The calculation is under QM/MM scheme [53] that takes the enzyme matrix
effects at modest cost and a semi-empirical QM method that is specifically parametrized
for phosphate reactions. [46] By careful kinetics and structural benchmarks with respect to

available experimental data, we established the semi-quantitative nature of our methods. Our
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studies of a series phosphate diester reactions suggest that neither AP nor NPP significantly
change the nature of TS for diester reactions; instead, they employ similar synchronous
mechanisms to solution reactions, consistent with previous experimental results. The possible
reason is that AP/NPP lacks enough driving force to significantly shift the nature of TS for
phosphate diesters, therefore a more “economical” way is to utilize the similar TS as in
solution. Compared to previous theoretical studies, our models are able to produce more
systematic and consistent energetic and structural data with experimental results.

In this work, we explore the enzyme reactions of the other category of substrates, phos-
phate monoesters, to obtain a complete view of AP catalysis. The corresponding solution
reactions have been studied in our previous work by an implicit solvent model [52] and
QM/MM scheme for which good agreement with experimental data and high level QM
calculations are reached. Due to the large charge redistribution in phosphate monoester
hydrolysis, a novel state-dependent QM /MM interaction scheme (Klopman-Ohno scheme)
with significantly improved accuracy is used. We study a particular phosphate monoester,
pNPP?~ (Fig.6.1(c)) and obtain good agreement with experimental data. Our results suggest
that similar loose T'Ss are adopted in AP and NPP for monoester hydrolysis, qualitatively
different from diester reactions. Hence, these results, together with our previous studies, ren-
der us the complete view of AP superfamily catalysis and support the previous experimental
proposal.

The paper is organized as follows: in Sect.6.2 we summarize computational methods
and simulation setup. In Sect.6.3, we first briefly review the reference solution reactions,
and then analysis of the phosphoryl transfer TS for phosphate monoesters in AP and NPP.
Before concluding in Sect.6.4, we summarize our results for AP catalysis and discuss the

controversies and possible reasons.
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6.2 Computational Methods

6.2.1 Enzyme Model Setup

The enzyme models used in this work are similar to those in previous studies. [58] There-
fore, we only summarize some key features briefly. We investigate the first step of the
hydrolysis reaction of pNPP2~ in an E. coli AP variant in which Argl66 is mutated to
Ser and wild type NPP (Fig. 6.1). It worth mentioning that the chemical steps are fully
rate-limiting in these enzymes.

The enzyme models are constructed based on the X-ray structures for the E. coli AP
mutant R166S with bound inorganic phosphate at 2.05 A resolution (PDB code 3CMR [182])
and Xac NPP with bound Adenosine Mono-Phosphate (AMP) at 2.00 A resolution (PDB
code 2GSU [27]). In each case, starting from the PDB structure, the ligand is first “mutated”
to pNPP?~. Hydrogen atoms are added by the HBUILD module [188] in CHARMM. [189]
All basic and acidic amino acids are kept in their physiological protonation states except for
Ser102 and Thr90 in AP and NPP, respectively, which are assumed to be the neucleophiles
and deprotonated in the reactive complex. Water molecules are added following the standard
protocol of superimposing the system with a water droplet of 27 A radius centered at Zn12+
(see Fig.6.1 for atomic labels) and removing water molecules within 2.8 A from any atoms
resolved in the crystal structure. [161] Protein atoms in the MM region are described by the
all-atom CHARMM force field for proteins [190] and water molecules are described with the
TIP3P model. [162] The QM region includes groups most relevant to the reaction: the two
zinc ions and their 6 ligands (Asp51, Asp369, His370, Asp327, His412, His331), Ser102 and
MpNPP~ for R166S AP; for NPP, this includes two zinc ions and their 6 ligands (Aspb4,
Asp257, His258, Asp210, His363, His214), Thr90 and MpNPP~. Only side chains of protein
residues are included in the QM region and link atoms are added between C, and Cg atoms.
The treatment of the QM/MM frontier follows the DIV scheme in CHARMM. [191] A NOE
potential is added to the C-O bonds in Asp51, which is coordinated to both Mg?** and Zn?*

to avoid over polarization.
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Figure 6.1: The active sites of Alkaline Phosphatase (AP) and Nucleotide PyrophosPhatase/
phosphodiesterase (NPP) are generally similar, with a few distinct differences. (a) E. coli
AP active site. (b) Xac NPP active site. The cognate substrates for AP and NPP are
phosphate monoesters and diesters, respectively. (c¢) The phosphate monoester (pNPP?™)

studied in this work.
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Due to the fairly large size of the QM region (more than 80 atoms) and extensive sampling
required for the open active site of AP and NPP, the SCC-DFTBPR method [46] is used
for PMF calculations. Extensive benchmark calculations and applications indicate that it
is comparable to the best semi-empirical method available in the literature for phosphate
chemistry. [180,192]

The generalized solvent boundary potential (GSBP) [124,163] is used to treat long range
electrostatic interactions in geometry optimizations and MD simulations. The system is
partitioned into a 27-A spherical inner region centered at the Znl atom, with the rest in the
outer region. Newtonian equations-of-motion are solved for the MD region (within 23 A), and
Langevin equations-of-motion are solved for the buffer regions (23-27 A) with a temperature
bath of 300 K; protein atoms in the buffer region are harmonically constrained with force
constants determined from the crystallographic B-factors. [193] All bonds involving hydrogen
are constrained using the SHAKE algorithm, [166] and the time step is set to 1 fs. All water
molecules in the inner region are subject to a weak GEO type of restraining potential to keep

them inside the inner sphere with the MMFP module of CHARMM. The static field due

20
S 7

to outer-region atoms, is evaluated with the linear Poisson-Boltzmann (PB) equation
using a focusing scheme with a coarse cubic grid of 1.2 A spacing, and a fine grid of 0.4 A
spacing. The reaction field matrix M is evaluated using 400 spherical harmonics. In the
PB calculations, the protein dielectric constant of €, = 1, the water dielectric constant of
€w = 80, and 0.0 M salt concentration are used; the value of ¢, is not expected to make a
large difference in this particular case because the active site is already very solvent accessible
and the inner/outer boundary is far from the site of interest. The optimized radii of Nina
et al. [194,195] based on experimental solvation free energies of small molecules as well as
the calculated interaction energy with explicit water molecules are adopted to define the
solvent-solute dielectric boundary. To be consistent with the GSBP protocol, the extended
electrostatic model [164] is used to treat the electrostatic interactions among inner region

atoms in which interactions beyond 12 A are treated with multipolar expansions, including

the dipolar and quadrupolar terms.
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6.2.2 Benchmark enzyme calculations based on minimizations and
reaction path calculations

To test the applicability of SCC-DFTBPR/MM to AP and NPP, geometry optimization
for the reactant (Michaelis) complex is compared to results from B3LYP [196-198]/MM
calculations. The basis set used in the BBLYP/MM calculations is 6-31G* [199], and the
calculations are carried out with the QChem [200] program interfaced with CHARMM (c36a2
version). [201] Due to the rather large size of the QM region and the high cost of ab initio
QM/MM calculations, atoms beyond 7 A away from Zn1 are fixed to their crystal positions
in these minimizations. The convergence criteria for geometry optimization are that the
root-mean-square (RMS) force on mobile atoms is smaller than 0.30kcal/(mol - A) and the

maximum force smaller than 0.45kcal /(mol - A).

6.2.3 State-dependent QM /MM interaction scheme and 1D Po-
tential of mean force (PMF) simulations

Due to the large amount of charge redistribution in phosphate monoester hydrolysis and
the relative open active site of AP and NPP, conventional QM /MM interaction scheme can
result in quite large errors, as demonstrated in our previous studies. [231] Hence, a state-
dependent QM/MM interaction scheme (Klopman-Ohno scheme) has been developed by

modifying the electrostatic interactions,

FgOM/MM _ Z AgaQ1 (6.1)
elec, KO \/R2 +a ( 1 4 L)Qe—baRal .
al ol A\ Uq(Aqa) Ur

where U, (Aq,) takes a linear relationship with atomic Mulliken charge via U,(Agq,) =
U%+ Aq,U? and U? is Hubbard derivative. The conventional 6-12 potential for vdW interac-
tions is untouched. With systematic reparametrization, aiming at condense phase chemical
reactions, the Klopman-Ohno (KO) scheme can result in large improvement for QM/MM
interactions for highly charge systems and have been successfully used to study aqueous

reactions for phosphate monoesters.
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To study the free energy profile of enzyme reactions, PMF simulations have been carried
out for R166S AP and NPP with pNPP?~ as the substrates. After the initial minimizations
starting from the relevant crystal structure, the enzyme system is slowly heated to 300 K
and equilibrated for 100 ps. The reaction coordinate is defined as POY-PO™. The umbrella
sampling approach [167] is used to constrain the system along the reaction coordinate by
using a force constant of 150 kcal/mol-A~2. In total, more than 51 windows are used for
each PMF and 100 ps simulations are performed for each window. The first 50 ps trajec-
tories are discarded and only the last 50 ps are used for data analysis. Convergence of the
PMF is monitored by examining the overlap of reaction coordinate distributions sampled in
different windows and by evaluating the effect of leaving out segments of trajectories. The
probability distributions are combined together by the weighted histogram analysis method
(WHAM) [168] to obtain the PMF along the reaction coordinate. The averaged key struc-

tural properties for each window are calculated and summarized in Table 6.2.

6.2.4 MO06/MM free energy perturbation corrections

As indicated in our benchmarks, SCC-DFTBPR/MM underestimates the reaction bar-
riers of pNPP?~ in enzymes, therefore it is necessary to include high level QM method
corrections. In our previous work, M06 functional with 6-31+G** basis set gives the best
balance between accuracy and computational cost. The correction is done on the basis of a

straightforward one-step free energy perturbation calculation

AG yo06—scc = —kTln < e PWUntos/ s —Usccyynr) > 500 MM (6.2)

at both end states (A = 0.0 or 1.0). The difference between the perturbative correction
at the two end states gives the M06/MM correction to the reaction free energy. Since only
a small number of snapshots from SCC-DFTB/MM trajectories are used, a second-order

cumulant expansion is used to improve the numerical stability of the perturbation calculation
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As discussed extensively in the literature, [228] such one-step perturbation is effective
only if the configuration space at the two levels overlaps significantly; this is assumed to be
the case considering the previous observation [105,229] that SCC-DFTB often gives reliable

geometries and energetics compared to DFT.

6.3 Results and Discussion
6.3.1 First step of pNPP?~ hydrolysis in R166S AP

The wt AP catalyzes pNPP?~ hydrolysis so efficient that the chemical step is no longer the
rate-limiting step. Therefore, a mutant is typically used in experiment in which the Argl66
is mutated to a Serine group to study the enzyme catalysis. This mutation is believed
not affecting the catalysis mechanisms. [30] pNPP?~ is a phosphate monoester that has
been widely studied in solution and AP/NPP with abundant experimental data available.
In addition, a similar phosphate diester, MpNPP~, has been systematically studied in our
previous work, hence making pNPP?~ the perfect choice for phosphate monoester studies.

pNPP2~ is the cognate substrate of AP. The experimental measured reaction barrier
including the binding process (ke.t/K.m) equals to 12.1 kcal/mol (Table 6.1) calculated by
transition state theory at 300K. The reaction barrier for the chemical step (k..;) has also
been measured as 18.0 kcal/mol. [182] Therefore, the estimation of binding free energy is
5.9 kecal/mol. Compared with the similar diester MpNPP~ reaction which has measured
as 18.0 kcal/mol, R166S AP favors pNPP?~ by 5.9 kcal/mol. Since AP active site features
several extra positive charged motifs, e.g., the magnesium site, it is likely that the binding
free energies of phosphate monoesters are larger than those of diesters. Therefore, the energy

difference in actual chemical steps should be less than 5.9 kcal/mol.
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The comparison of optimized structures by BSLYP/MM and SCC-DFTBPR/MM shows
good agreement between the two levels (Fig.6.2). The Oger102-P distances in the optimized
structures are 3.3 (3.2) A in B3LYP/MM (SCC-DFTBPR/MM), very close to the 3.1 A in
crystal structure, leading to a stable reactant complex. The O2 of the substrate coordinates
to one of the zinc ions and O1 with the phenyl group is solvated by water molecules. O4 and
the nearby Ser102 backbone amide forms a hydrogen bond. It is very interesting to see that in
the B3LYP /MM optimized structure, the Wat1l forms a much stronger hydrogen bond with
O3 of pNPP?~ than Ser102. It is the opposite situation for a phosphate diester, MpNPP~, in
our previous studies, in which Wat1 only forms a hydrogen bond with Ser102 in the reactant
state. This change reflects the difference of substrate charge states: the phosphate monoester
is more negatively charged, therefore the hydrogen bond with Watl is favored due to the
stronger electrostatic interactions. The results of phosphate monoester are also closer to the
crystal structure in which a phosphate (PO}") is used as the inhibitor(see Fig.6.2c for the
comparison). However, this change of hydrogen bond interactions is not captured by SCC-
DFTBPR/MM with the KO scheme. Many other hydrogen-bonding distances and distances
involving the zinc ions are similar at the two levels of theory. The Zn?*-Zn?* distance is
generally larger at the SCC-DFTBPR/MM level. Overall, the agreement between optimized
structures at the two levels of theory is excellent, supporting the use of SCC-DFTBPR/MM
with the KO scheme. The minimum energy path (MEP) results from adiabatic mapping
indicate that the SCC-DFTBPR/MM underestimate the reaction barrier compared with
B3LPY/MM (12.2 vs 6.2 kcal/mol). As shown in Figure 6.2, the main differences of the TSs
with SCC-DFTBPR/MM compared with B3LYP/MM includes a tighter P-O', the weaker
interactions between oxygen and zinc and a weaker hydrogen bond with Wat1.

We calculate the PMF with respect to the anti-symmetric stretch of POY and PO™
bonds which has shown to be a good reaction coordinate (RC) in our previous studies. The
PMF profile (Fig. 6.3) indicates a single step exothermic reaction with the barrier peaking
at RC less than 0 A, therefore fundamentally different from the two-step mechanism in

previous theoretical studies. The reaction barrier height is 13.5 kcal/mol, lower than the
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Figure 6.2: Benchmark calculations for pNPP?~ in R166S AP. Key distances are labeled
in A. Numbers without parenthesis are obtained with B3LYP/6-31G*/MM optimization;
those with parentheses are obtained by SCC-DFTBPR/MM optimization with KO scheme.
Asp369, His370, and His412 are omitted for clarity. (a) The reactant state in R166S AP; (b)
The transition state in R166S AP by adiabatic mapping; (c¢) The overlay of crystal structure
with PO}~ (colorful), B3LYP/6-31G*/MM optimized structures with pNPP?~ (blue) and
MpNPP~ (yellow). Hydrogen atoms are omitted.
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Table 6.1: pNPP?~ hydrolysis reactions in solution, R166S AP and NPP from experiments

and calculations

Exp® SCC/MM M06,/MM®
Solution 31.8 32
R166S AP 12.1 (18.0°) 13.5 (12.2/6.2)¢ 20.2
NPP 17.5 14.0 (12.4/8.5)

a. Free energy barriers (kcal/mol) calculated by transition state theory at 300 K based on experimental
kcat/ K values; b. PMF results after M06/MM FEP corrections; c. free energy barriers (kcal/mol) calcu-
lated by transition state theory at 300 K based on experimental k.,; values; d. adiabatic mapping barriers

with BBLPY/MM/6-31G* and SCC-DFTBPR/MM with KO scheme.

experimental estimation by 4.5 kcal/mol, consistent with the MEP benchmark results that
SCC-DFTBPR/MM tends to underestimate the reaction barrier. Therefore, we explore the
MO06/MM corrections by a one-step FEP that has been successfully applied in our previous
work to improve the quantitative agreement with experimental data for phosphate diesters.
Indeed, the reaction barrier after the M06/MM correction is 20.2 kcal/mol (Table 6.1),
much closer to the experimental results. Compared with the 24.4 kcal/mol barrier for the
calculated chemical step of MpNPP~, the monoester reaction is favored by 4.2 kcal/mol.
Overall, these results are qualitatively consistent with the fact that AP favors pNPP?~ over
MpNPP~.

Several important structural properties are plotted with the RC (Fig.6.3). The bond
lengths of P-O% and P-O™ change smoothly and intersect at RC around 0 A. The Zn-Zn
distance fluctuates around 4 A, close to the value in crystal structures. The TS locates at
RC equals to -0.4 A (Table 6.2), more negative than MpNPP~, with averaged P-O% and
P-O"™ bond lengths as 2.04 and 2.46 A, respectively. Compared with the TS of MpNPP—,
both bonds are elongated and the Tightness Coordinate (TC) also increases from 3.89 to
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Table 6.2: Key structural properties for the TS of the first step of phosphate monoester and
diester hydrolysis in solution, AP and NPP

Substrate RCe TCP P-O' P-O™ Zm?*t-Zn?t
Solution pNPPZ_ -0.31 4.21 1.95 2.26
MpNPP~ -0.20 4.66 2.23 2.43

R166S AP pNPP?>~  -0.41+0.07 4.5040.19 2.0440.11 2.46+0.10 4.1040.21
MpNPP~¢ -0.1140.07 3.894+0.14 1.89+0.07 2.00£0.09 3.89+0.14

NPP pNPP?~  -0.4140.07 4.634+0.23 2.114+0.13 2.524+0.11 4.114+0.21
MpNPP~™ -0.20£0.07 3.86£0.14 1.83+0.06 2.03+£0.09 3.924+0.17

a. The Reaction coordinate (RC) is defined as the difference between P-O' and P-O™%; b. The Tightness
coordinate (TC) is defined as the sum of P-O! and P-O™“; c. The two substrate orientations result in very

similar structural properties, therefore only one is shown.
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Figure 6.3: Potential of Mean Force (PMF) calculation results for pNPP?~ hydrolysis in
R166S AP. Key distances are labeled in A and energies are in kcal/mol. (a) PMF along
the reaction coordinate with error bar included; (b) Changes of average key distances along
the reaction coordinate; (c) A snapshot for the reactant state, with average key distances
labeled; (d) A snapshot for the TS, with average key distances labeled. Asp369, His370, and
His412 are omitted for clarity.
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4.50 A. Therefore, pNPP?~ hydrolysis goes through a loose TS, clearly different from diester
reactions.

In the reactant state (Fig.6.3(c)), the substrate binds with Znl via a nonbridging oxy-
gen and forms a hydrogen bond with a backbone amide. Different from the experimental
expectation, [28] Watl forms a hydrogen bond with the deprotonated Ser102, instead of
the substrate, similar to our observation for MpNPP~, probably due to the increased PO™u
distance in the reactant state than the crystal structure. The Zn-Zn distance is slightly
increased to 4.49 A, about the largest value we observed in our calculations. Later, in the
TS (Fig.6.3(d)) the Serl02 goes to attack the substrate while Watl partially breaks the
hydrogen bond with Ser102 and forms a new hydrogen bond with a pNPP?~ nonbridging
oxygen, which has been also observed in MpNPP™ reactions and proposed to help lower the
reaction barrier by providing extra stabilization of TS.

A very interesting fact for the reaction process is that the leaving group oxygen does not
directly interact with Znl but solvated by water instead, which is similar to our previous
observations for MpNPP~ but at odds with the crystal structure of a vanadate TS analog.
To clarify this point, we carry out one calculation with the initial structure prepared so that
the leaving group oxygen is constrained to bind with Znl and later remove the constraint
in the PMF' calculations. The results are very similar to the original simulation starting
from the unconstrained structure and the leaving group oxygen quickly becomes solvated
by water after the removal of constraint. By these comparisons, we believe this observation
is not subject to the bias of the simulation. Actually, if we compare the TC of TS in the
simulation (4.50 A) and the average zinc-zinc distance (4.10 A), the bi-metallo zinc motif
cannot completely accommodate the TS due to the geometric constraint. Alternatively, the
vanadate has a TC of 3.64 A in the crystal structure that can be perfectly fit into the zinc

site. Therefore, the vanadate may not be a good choice for phosphate monoester TS analog.
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6.3.2 First step of pNPP?~ hydrolysis in NPP

Different from AP, NPP catalyzes pNPP?~ hydrolysis promiscuously with lower profi-
ciency than MpNPP~. The measured reaction barrier including binding process (keat/Km)
equals to 17.5 kcal/mol, slight higher than the 14.3 kcal/mol barrier of MpNPP~. There is

no available data for the chemical step (keqt)-
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Figure 6.4: Benchmark calculations for pNPP?~ in NPP. Key distances are labeled in A.
Numbers without parenthesis are obtained with B3LYP/6-31G*/MM optimization; those
with parentheses are obtained by SCC-DFTBPR/MM optimization with KO scheme. (a)
The reactant state in NPP; (b) The transition state in NPP by adiabatic mapping. Asp257,
His258, and His363 are omitted for clarity.

Similar to the comparisons made above for AP, SCC-DFTBPR/MM minimizations for
pNPP?™ in NPP also give similar reactant complex structure to BSLYP/MM calculations
(Fig. 6.4a). The Orpro0-P distance increases from 3.2 A in crystal, which contains AMP as
the inhibitor, to 3.6 (3.7) A at the BSLYP/MM (SCC-DFTBPR/MM) level. The substrate
02 coordinates with Znl, while O4 forms hydrogen bonds with Asnl11 and the backbone
amide of Thr90. The optimized Zn*"-Zn?* distance is 4.46 (4.49) at the B3LYP/MM (SCC-
DFTBPR/MM) level. The two hydrogen bonds formed between O4-Asn111 and O4-Thr90-

backbone-amide are also in decent agreement at different levels of theory. Similar to the
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adiabatic mapping results in AP, the SCC-DFTBPR/MM with KO scheme tends to under-
estimate the reaction barrier compared to B3LYP/MM (8.5 vs. 12.4 kcal/mol). However,
the transition state geometries are quite consistent at the two levels of theory.

The calculated PMF (Fig.6.5) also indicates an exothermic reaction maximizing at RC
slightly less than 0 A. The reaction barrier height is 14.0 kcal /mol, lower than the experimen-
tal value. Together with our AP results, these discrepancies indicate some systematic errors
in our calculation methods that may require further improvement. Similar to AP catalysis,
the TS is at RC equals to -0.4 A, with a TC of 4.63 A (Table 6.2) which is much looser than
the MpNPP~ reaction in NPP (3.86 A). Therefore, these observations indicate that NPP
also catalyzes phosphate mono- and di-esters via different mechanisms. In the reactant state
(Fig.6.5(c)), the substrate binds with Zn1 via a nonbridging oxygen and forms two hydrogen
bonds with a backbone amide and Asn111. The zinc-zinc distance is also slight elongated to
4.52 A. The deprotonated Thr90 serves as the nucleophile and attacks the substrate via a
loose TS (Fig.6.5(d)). Similar to in AP, the leaving group oxygen does not interaction with
Zn1, but solvated by water instead.

6.3.3 Comparisons of AP superfamily catalysis for phosphate mono-
and di-esters

Together with our previous studies of phosphate diester reactions, we obtain a complete
view of the strategy that AP and NPP employ for phosphate hydrolysis. Our calculation
results show that although AP and NPP feature different specificity and promiscuity, they
catalyze the same type of substrates via similar mechanisms: although AP is evolved for
phosphate monoester reactions via a loose TS, it can recognize and catalyze the synchronous
TS of phosphate diesters; similarly, the active site of NPP is evolutionarily shaped for the
synchronous TS of phosphate diesters, but it can also accommodate the loose T'S of phosphate
monoesters and catalyze it as well. These results are consistent with experimental findings
and different from previous theoretical studies which claimed that AP and NPP loosen the

TS of phosphate diesters.
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Figure 6.5: Potential of Mean Force (PMF) calculation results for pNPP?~ hydrolysis in
NPP. Key distances are labeled in A and energies are in kcal/mol. (a) PMF along the
reaction coordinate; (b) Changes of average key distances along the reaction coordinate; (c)
A snapshot for the reactant state, with average key distances labeled; (d) A snapshot for the
TS, with average key distances labeled. Asp257, His258, and His363 are omitted for clarity.
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For the solution reactions which serve as the reference for enzyme catalysis, it is inter-
esting that the TS of phosphate monoester is not necessarily looser than phosphate diester;
on contrary, it is actually tighter for the pair (pNPP?~ vs. MpNPP™) that we studied (3.94
vs. 4.66 A). Considering previous theoretical work, although there are quantitative differ-
ences on the TC of the TSs, the fact that phosphate diester hydrolysis is not tighter than
monoester is consistent. The reason might be due to the difference in nucleophiles: for phos-
phate monoester, it is typically water while for diester it is usually hydroxide. For monoester
reactions, before the nucleophilic attacking, the water actually transfers one proton to the
phosphate monoester which effectively becomes a diester-like substrate. Hence, it may not
be very meaningful to compare the solution reactions directly due to the difference in the

nucleophiles.

6.4 Concluding remarks

In this work, we studied the hydrolysis of pNPP?~ in R166S AP and wild type NPP
using SCC-DFTBPR/MM simulations and a state-dependent QM /MM interaction scheme.
Together with our previous studies of phosphate monoester reactions in solution and diester
reactions in solution and enzymes, it provides us the first complete view from theoretical
perspective of AP superfamily catalysis.

Our calculated reaction barriers for the chemical steps are qualitatively consistent with
experimental results. The direct comparison of T'Ss for AP and NPP reactions show that
the similar loose T'Ss are employed in both enzymes, although phosphate monoester is the
cognate substrate of AP but promiscuous substrate of NPP. The loose TS is clearly different
from the more synchronous TS of diester reactions in solution and enzyme. Therefore,
our results support the proposal that AP superfamily are able to recognize different TSs
and catalyze them via similar mechanisms to solution reactions, hence consistent with the
conclusion from previous experimental studies. Our monoester results are fundamentally

different from the two-step mechanism in a previous theoretical work for an alkyl phosphate
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monoester in AP. [179] Actually, the two-step mechanism is not the typical mechanism for
phosphate monoester aqueous reactions, contrary to the claim from the authors.

For phosphate monoester enzyme reaction, previous crystal structure of a TS analog,
vanadate, suggests that the leaving group oxygen directly interact with one zinc ion. In
our previous diester studies, we did not observe this direct interaction and the reason is
due to the difference of atomic charge of the diester and vanadate: the diester only bears
-1 charge while vanadate has -3. Therefore the leaving group oxygen is significantly less
charged compared with the vanadate in enzyme active site, suggesting that vanadate is not
a good analog for phosphate diesters. In this study, the phosphate monoester pNPP?~ bears
-2 charge, therefore more similar to vanadate for chemical properties. However, the TC in
the TS is more than 4.5 A, much larger than that for vanadate and the zinc-zinc distance
in AP/NPP. So it is impossible to the bi-metallo site to completely accommodate the TS.

These results suggest that vanadate is neither a good analog for phosphate monoester.
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Chapter 7
Concluding Remarks

The long-term goal of our research is to develop state-of-the-art computational approaches
of studying the catalysis mechanisms for phosphoryl transfer reactions, which arguably rep-
resent the most important chemical transformation in biology. Together with experimental
techniques, the computational studies target at understanding the strategies that the biolog-
ical systems adopt to catalyze the reactions with high substrate specificity and promiscuity
and providing useful guidance of modifying or developing enzyme functions in engineering
field.

In Chapter 2, an implicit solvent model for approximate density functional theory, SCC-
DFTB, has been developed, motivated by the need to rapidly explore the potential energy
surface of aqueous chemical reactions that involve highly charged species, which are the typ-
ical references for enzyme catalysis. The solvation free energy is calculated using a popular
model that employs Poisson-Boltzmann for electrostatics and a surface-area term for nonpo-
lar contributions. To balance the treatment of species with different charge distributions, we
make the atomic radii that define that dielectric boundary and solute cavity depend on the
solute charge distribution. Specifically, the atomic radii are assumed to be linearly depen-
dent on the Mulliken charges and solved self-consistently together with the solute electronic
structure. Benchmark calculations indicate that the model leads to solvation free energies
of comparable accuracy to the SM6 model (especially for ions), which requires much more
expensive DFT calculations. With analytical first derivatives and favorable computational

speed, the SCC-DFTB based solvation model can be effectively used, in conjunction with
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high-level QM calculations, to explore the mechanism of solution reactions. This is illustrated
with a brief analysis of the hydrolysis of monomethyl monophosphate ester and trimethyl
monophosphate ester.

In Chapter 3, we develop a novel QM/MM interaction scheme by employing a modi-
fied Klopman-Ohno functional in electrostatic interactions and a set of element type de-
pendent vdW parameters for condense phase chemical reactions. Extensive benchmarks of
solute-solvent interactions for amino acid and phosphate hydrolysis transition state analogs
demonstrate the improvement in accuracy for highly charged species and a good parame-
ter transferability. Equipped with this method, the hydrolysis reactions of two phosphate
monoesters, MMP?~ and pNPP?~, are studied and significant improvements of reaction
energetics are obtained compared with conventional QM /MM interactions and previous ex-
perimental and computational results. These aqueous reaction studies indicate that the
nature of transition states of phosphate monoesters is not necessarily looser than that of
diesters in solution, since different nucleophiles are involved in reactions. Therefore the pre-
vious experimental view of the aqueous reactions may overlook the intrinsic complexity of
this problem and result in oversimplified picture.

In Chapter 4, we study the hydrolysis of a phosphate diester, MpNPP~, in solution,
two experimentally well-characterized variants of AP (R166S AP, R166S/E322Y AP) and
wild type NPP by QM /MM calculations and SCC-DFTB method. The general agreements
found between these calculations and available experimental data for both solution and en-
zymes support the use of SCC-DFTB/MM for a semiquantitative analysis of the catalytic
mechanism and nature of transition state in AP and NPP. Although phosphate diesters are
cognate substrates for NPP but promiscuous substrates for AP, the calculations suggest that
their hydrolysis reactions catalyzed by AP and NPP feature similar synchronous transition
states that are slightly tighter in nature compared to those in solution, due in part to the
geometry of the bimetallic zinc motif. Therefore, this study provides the first directly compu-
tational support to the hypothesis that enzymes in the AP superfamily catalyze cognate and

promiscuous substrates via similar transition states to those in solution. Our calculations
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for different phosphate diester orientations and phosphorothioate diesters highlight that the
interpretation of thio-substitution experiments is not always straightforward.

In Chapter 5, we study two more aryl phosphate diesters, MmNPP~ and MPP~, hydrol-
ysis reactions in R166S AP and NPP by SCC-DFTB method and the QM /MM framework.
Together with our previous work of MpNPP™, this work composes the computational efforts
of exploring the experimental LFER of phosphate diester reactions in AP and NPP. With
our enzyme model, we are able to qualitatively reproduce the trend of reaction energetics in
AP and NPP for the series of phosphate diesters. By including high level DFT corrections
via a one-step free energy perturbation approach for the intrinsic errors in SCC-DFTB, the
overestimation of the substrate substitution effects can be partially reduced, resulting in
further improvement of the computational accuracy.

In Chapter 6, we study a phosphate monoester, pNPP?~, hydrolysis in R166S AP and
NPP with the Klopman-Ohno scheme developed in Chapter 3. By including a similar cor-
rection scheme to Chapter 5 via a one-step free energy perturbation and the M06 density
functional, the calculated reaction kinetics qualitatively agrees with experimental observa-
tions and is consistent with previous results for phosphate diesters. Our studies indicate
that AP and NPP employ similar loose TS for phosphate monoester reactions, fundamen-
tally different from the two-step mechanism proposed from a previous theoretical work and
clearly distinct from the more synchronous TS for phosphate diester hydrolysis. Therefore,
our results support the hypothesis that AP and NPP can recognize different nature of TSs
and catalyze them via similar mechanisms to corresponding aqueous reactions. In addition,
our results suggest that vanadate may not be a good TS analog for phosphate monoesters
due to their differences in the tightness coordinates.

Based on the fruitful results in this project, what are the implications for the future? From
the computational method developments and applications in this work, it is obvious that a
central line of computational studies of biological systems is the balance of computational
accuracy and efficiency. In biological system, the environment affects chemical reactions

via electrostatic interactions, hydrogen bond interactions, or hydrophobic interactions that
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are crucial to finely tuning the reaction mechanisms. Therefore, it is important to use an
accurate method to capture these complicated effects and their influence on enzyme catalysis.

The computational overhead is another major concern. For biological systems, the en-
vironment has crucial effects for the chemical events. Therefore, the cluster type of model
that has achieved remarkable success in other fields has severe limitations due to the neglect
of the surroundings. The typically theoretical models, including not only the proteins and
substrates, but the solvent and ions as well, range from at least thousands of atoms to mil-
lions of atoms. From the time scale, large amount of samplings are imperative to account
for the the functional events that take place within from a few picoseconds to a few seconds.
Based on these requirements, the much cheaper molecular mechanics method is still among
the top choices in theoretical studies of biological systems. Numerous efforts are also paid to
improve the accuracy of molecular mechanics, such as the development of polarizable force
fields.

Combing the strength of quantum mechanics and molecular mechanics, the QM/MM
framework can employ the highly level quantum mechanics on the central part of the system,
such as the enzyme active site, while still allows the inclusion of the surroundings at a modest
cost. With the emerging of GPU computing which accelerates the conventional calculations
by hundreds of times, the QM region in the QM /MM scheme can be significantly increased
to thousands of atoms instead of tens of atoms at current stage while still treats the rest
via a much cheaper MM method. Therefore, it enables completely new power to allow

computational methods handle bigger system with better accuracy and faster speed.
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Appendix A: Supporting Information: An implicit sol-

vent model for SCC-DFTB with Charge-
Dependent Radii

Table A.1: Error (in kcal/mol) Analysis of Solvation Free Energies for Training Set 1¢

Signed Error

Solute AG,,, Single Point® Optimization® SM6?
Methane 20 -1.8 -1.8 0.0
Propane 20 -1.7 -1.7 -0.7

Neopentane 2.5 =22 -2.2 -0.4
n-Heptane 26  -22 -2.2 -0.7
Cyclohexane 1.2 -09 -0.9 -0.5

Ethene 1.3 -1.5 -1.5 0.2
Isobutene 1.2 -1.6 -1.6 0.1
1-Pentene 1.7 -19 -1.9 -0.1

Cyclopentene 0.6 -1.0 -1.0 -0.8
Propyne -0.3 1.7 -1.7 -0.4
1-Pentyne 0.0 -1.6 -1.7 0.2
Benzene -09  -0.1 -0.1 -0.5
Ethylbenzene -0.8  -0.1 -0.1 0.2
p-Xylene -0.8  -0.1 -0.1 -0.1
Naphthalene -2.4 1.1 1.1 -0.3
Anthracene -4.2 2.6 2.6 0.3

Phenol -6.6 2.5 2.7 1.4
p-Cresol -6.1 2.4 2.3 1.2
Methanol -5.1 1.3 1.2 0.2

Ethanol -5.0 1.2 1.0 0.3



t-Butanol
3-Pentanol
Dimethyl ether
Diethyl ether
1,2-Dimethoxyethane
Butanal
Pentanal
Benzaldehyde
Acetic acid
Butanoic acid
Hexanoic acid
2-Butanone
3-Pentanone
Cyclopentanone
3-Methylindole
n-Propylguanidine
4-Methylimidazole
Methylamine
Ethylamine
n-Butylamine
Piperidine
Diethylamine
Aniline
Acetonitrile
Ammonia
Formic acid (-1)

Acetic acid (-1)

-4.5
-4.3
-1.9
-1.8
-4.8
-3.2
-3.0
-4.0
-6.7
-6.4
-6.2
-3.6
-3.4
-4.7
-5.9
-10.9
-10.3
-4.6
-4.5
-4.3
-5.1
-4.1
-9.5
-3.9
-4.3
-78
-80

0.9
1.1
-0.7
-0.8
0.7
-0.6
-0.7
-0.2
-0.5
-0.5
-0.6
-0.9
-1.1
0.5
1.8
3.9
4.2
3.8
3.8
3.7
4.8
3.7
24
0.3
3.2

0.8
0.9
-0.8
-1.0
0.5
-1.0
-1.2
-0.6
-1.4
-1.3
-1.3
-1.5
-1.6
0.0
1.7
3.1
4.0
3.8
3.8
3.6
4.8
3.7
2.1
0.2
3.2
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Hexanoic acid (-1)
Acrylic acid (-1)
Pyruvic acid (-1)
Benzoic acid (-1)

Methanol (-1)
Ethanol (-1)
2-Propanol (-1)
t-Butanol (-1)
Allyl alcohol (-1)
Benzyl alcohol (-1)
Phenol (-1)

4-Methylphenol (-1)

1,2-Ethanediol (-1)

4-Hydroxyphenol (-1)

Acetaldehyde (-1)
Acetone (-1)
3-Pentanone (-1)
Acetonitrile (-1)
Cyanamide (-1)
Aniline (-1)
Diphenylamine (-1)
4-Nitrophenol (-1)
Nitromethane (-1)
4-Nitroaniline (-1)
Methanol (+1)
Diethyl ether (+1)
Acetone (+1)

-76
-76
-70
-73
-97
-93
-88
-84
-88
-87
-74
-74
-87
-80
-78
-78
-76
-74
-74
-65
-56
-60
-78
-99
-91
-70
=75

N 9 O = W
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Acetophenone (+1)
Methylamine (+1)
n-Propylamine (41)
Cyclohexanamine (+1)
Allylamine (+1)
Dimethylamine (+1)
Di-n-propylamine (+41)
Diallylamine (+1)
Trimethylamine (+1)
Tri-n-propylamine (+1)
Aniline (+1)
4-Methylaniline (41)
3-Aminoaniline (+1)
N-methylaniline (+1)

N,N-dimethylaniline (+1)
4-Methyl-N,N-dimethylaniline (+1)
1-Aminonaphthalene (+1)

Aziridine (41)
Pyrrolidine (+1)
Azacycloheptane (+1)
Pyridine (+1)
Quinoline (+1)
Piperazine (+1)
Acetonitrile (+1)
4-Methoxyaniline (+1)
Morpholine (+1)
Acetamide (+1)

-63
-74
-70
-67
-70
-67
-59
-60
-99
-49
-70
-68
-64
-61
)
-54
-66
-69
-64
-61
-59
-54
-64
-73
-69
-68
=72
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Ammonia (+1) -83 -3 -3 -9
Hydrazine (+1) -83 4 3 -1
Error Analysis
RMSE 3 3 3
MUE 3 2 2
MSE 1 0 1

a. RMSE: Root-Mean-Square-Error; MUE: Mean-Unsigned-Error; MSE: Mean-Signed-Error. All errors
measured against experimental solvation free energies, which have typical uncertainties of 0.2 kcal /mol and
3 kcal/mol for neutral molecules and ions, respectively. b. With gas-phase geometries. c¢. With solution

phase geometry optimizations (see Methods). d. Results are obtained by MPW1PW91/6-31+G(d,p).

Table A.2: Error (in kcal/mol) Analysis of Solvation Free Energies for Training Set 2

Signed Error

Solute AG.;, Single Point  Optimization SM6
Propane 2.0 -1.7 -1.7 -0.7
Neopentane 25 2.1 -2.1 -0.4
n-Heptane 26 -2.1 -2.1 -0.7
Cyclohexane 1.2 -0.8 -0.8 -0.5
Ethene 1.3 -14 -14 0.2
Cyclopentene 0.6 -0.7 -0.7 -0.8
Benzene -0.9 0.3 0.3 -0.5
Ethylbenzene -0.8 0.3 0.3 0.2
p-Xylene -0.8 0.3 0.3 -0.1

Naphthalene -2.4 1.6 1.6 -0.3



Anthracene -4.2
Phenol -6.6
p-Cresol -6.1
Methanol -5.1
Ethanol -2.0
t-Butanol -4.5
3-Pentanol -4.3
Dimethyl ether -1.9
Diethyl ether -1.8
1,2-Dimethoxyethane -4.8
Butanal -3.2
Pentanal -3.0
Benzaldehyde -4.0
Acetic acid -6.7
Butanoic acid -6.4
Hexanoic acid -6.2
2-Butanone -3.6
3-Pentanone -3.4
Cyclopentanone -4.7
Phosphine 0.6
Trimethyl phosphate -8.7

Methyl phosphonic diester ~ -10.1
Dimethyl hydrogen phosphite -14.6

Formic acid (-1) -78
Acetic acid (-1) -80
Hexanoic acid (-1) -76
Pyruvic acid (-1) -70

Benzoic acid (-1) -73

3.2

1.5

2.0
-0.3
-0.5
-0.9
-0.5
-0.4
-0.5

1.2
-0.8
-0.9
-0.4
-3.4
-3.0
-3.0
-2.0
-1.9
-0.6
-0.3
-0.5
-1.0

3.5

3.2

2.5

0.9
-0.7
-0.9
-1.3
-0.9
-0.6
-0.8

0.9
-2.1
-2.2
-2.0
-5.2
-4.7
-4.7
-3.9
-3.7
-2.6
-0.3
-1.9
-4.6
-0.1

0.3
1.4
1.2
0.2
0.3
1.6
1.6
0.2
0.4
1.4
0.0
0.2
-0.7
0.6
1.4
1.6
-0.4
0.3
0.5
0.3
1.3
2.9
7.4

[ S V]
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Methanol (-1) -97 11 4 6
Ethanol (-1) -93 8 2 8
2-Propanol (-1) -88 4 -1 7
t-Butanol (-1) -84 1 -4 9
Allyl alcohol (-1) -88 7 2 6
Benzyl alcohol (-1) -87 11 6 12
Phenol (-1) -74 7 5 5
4-Methylphenol (-1) -74 7 5 5
1,2-Ethanediol (-1) -87 -4 -5 1
4-Hydroxyphenol (-1) -80 10 7 8
Acetone (-1) -78 4 8 2
3-Pentanone (-1) -76 6 4 6
Dihydrogen phosphate (-1) -76 0 -5 -3
Dimethyl phosphate (-1) -75 3 -2 0
Methanol (+1) -91 9 8 9
Diethyl ether (41) -70 7 7 11
Acetone (+1) -75 9 8 9
Acetophenone (+1) -63 8 7 9
Phosphonium (+1) -73 0 0 -4
Error Analysis
RMSE 4 4 4
MUE 3 3 3
MSE 2 0 2

See Table A.1 for format.
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Table A.3: Error (in kcal/mol) Analysis of Solvation Free Energies for Test Set 1

Signed Error

Solute AGey, Single Point  Optimization SM6
Ethane 1.8  -1.7 -1.7 -0.6
Cyclopropane 0.8 -0.8 -0.8 -0.8
1-butene 1.4 -15 -1.5 0.0
Ethyne 0.0 -2.0 -2.0 0.4
Toluene -09  -0.1 -0.1 -0.2
1,2-ethanediol -9.3 3.1 2.9 0.5
Cyclopentanol -2.5 2.0 1.8 1.1
Tetrahydrofuran -3.5 0.6 0.4 -0.1
Methyl isopropyl ether  -2.0  -0.5 -0.7 1.1
Ethanal -3 -0.5 -1.0 -0.7
Acetone -39 -09 -1.4 -1.1
Propanoic acid -6.5 -0.5 -1.3 1.2
Methyl ethanoate -3.3 23 -2.9 -0.6
Trimethylamine -3.2 3.1 3.1 0.0
Pyrrolidine -5.D 3.6 3.6 -3.0
Pyridine -4.7 3.3 3.3 -0.3
Hydrazine -6.3 4.8 4.8 1.3
Acetamide -9.7 0.3 -1.7 -0.7
Urea -13.8 2.2 -1.3 -0.9
Propanoic acid (-1) -78 1 -3 2
2-butanol (-1) -86 7 -1 11
2-methoxyethanol (-1)  -91 7 2 9
Hydroxide (-1) -107 2 2 -8
Ethanol (+1) -86 9 8 11



Dimethyl ether (+1) -78 7 7 9
t-butylamine (+1) -65 -3 -3 0
Diethylamine (+1) -62 -1 -2 2

2-methylaniline (+1) -68 2 1 3

Azetidine (+1) -66 -1 -1 -1
Piperidine (41) -62 -1 -1 1
Pyrrole (+1) -60 -7 -7 -5
Benzamide (+1) -65 9 7 -2
Error Analysis
RMSE 4 3 4
MUE 3 3 2
MSE 1 0 1

See Table A.1 for format.

Table A.4: Error (in kcal/mol) Analysis of Solvation Free Energies for Test Set 2

Signed Error

Solute AG.;, Single Point Optimization SM6
Ethane 1.8 -1.6 -1.6 -0.6
Cyclopropane 0.8 -0.7 -0.7 -0.8
1-butene 1.4 -1.4 -1.4 0.0
Ethyne 0.0 -1.7 -1.7 0.4
Toluene -0.9 0.3 0.3 -0.2
1,2-ethanediol -9.3 0.1 -0.6 0.5
Cyclopentanol -5.5 0.4 0.0 1.1
Tetrahydrofuran -3.5 0.8 0.5 -0.1
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Methyl isopropyl ether  -2.0 -0.3 -0.6 1.1
Ethanal -3.5 -0.8 -2.3 -0.7
Acetone -3.9 -2.1 -4.2 -1.1

Propanoic acid -6.5 -3.1 -4.9 1.2
Methyl ethanoate -3.3 -4.7 -6.3 -0.6
Triethylphosphate -7.8 -1.9 -4.3 -1.5
Propanoic acid (-1) -78 2 -1 2

2-butanol (-1) -86 5 -2 11

2-methoxyethanol (-1) -91 7 2 9

Hydroxide (-1) -107 4 3 -8

Ethanol (+1) -86 9 7 11

Dimethyl ether (+1) -78 8 7 9

Methyl phosphine (+1) -66 -11 -13 -1

Trimethyl phosphine (+1)  -57 -4 -5 3
Error Analysis

RMSE 4 4 5

MUE 3 3 3

MSE 0 -1 2

See Table A.1 for format.
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Appendix B: Supporting Information: Support-
ing Information: QM/MM  anal-
ysis suggests that Alkaline Phos-
phatase and Nucleotide pyrophos-
phatase/phosphodiesterase slightly
tighten the transition state for phosphate
diester hydrolysis relative to solution

Table B.1: Solvation free energies for the leaving group in different protonation states (in

kcal /mol)®

Diester HA® Ae AAAGY .
MpNPP~  -10.6 (-16.1/-15.2/-12.4/-19.5) -60 (-64/-63/-59,/-61) 0
MmNPP~  -9.6 (-13.1/-12.9/-11.0/-17.1)  -64 (-65/-66/-63/-68) -5 (-5/-5/-5/-10)

MPP- 6.6 (-4.3/-3.8/-6.0/-9.9)  -T4 (-T1/-T3/-73/-78) -18 (-20/-21/-20/-26)

a. Numbers without parenthesis are experimental solvation free energies taken from Ref. [89]; with paren-
theses are SCC-DFTBPR/SCC-DFTB/SM6/UAKS calculated solvation free energies. The calculations for
SM6 and UAKS are at B3LYP/6-31+G(d,p) and B3LYP/6-311++G(d,p) levels, respectively. b. Protonated
form of the leaving groups. c. Deprotonated form of leaving groups. d. Difference between solvation free

energies of the protonated and deprotonated forms, measured using MpNPP™ as the reference.
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Table B.2: Average Solvent Accessible Surface Area (in A 2) for sulfur of MpNPPS~ and its
equivalent oxygen of MpNPP~ from R166S and R166S/E322Y AP simulations *

Enzyme + Substrate a/R,° B/S,°
R166S AP + MpNPP~ 2.4/1.2 7.0/0.0
R166S AP + MpNPPS- 17.7/4.5 36.9/2.1

R166S/E332Y AP + MpNPP~  3.3/1.8 6.2/1.9 (15.8/2.7)°

R166S/E332Y AP + MpNPPS~ 11.5/6.5

0.9/2.9

a. The results correspond to reactant state/transition state SASA, respectively. b. The R, and S, indicate

different enantiomers of MpNPPS~, and «/f refer to different orientations of MpNPP~. c¢. Values in

parentheses are from another independent set of simulations.

Table B.3: O KIE of MpNPP~ hydrolysis reaction in solution at 95 °C

Exp® Calc B3LYP(PCM)®*  AMId/MM®
O 1.0059+0.0005 1.0196 1.0047 1.0044:£0.0033
Ope  1.0227+0.0100 1.0408 1.0238 1.0125:£0.0054
Om  0.994940.0006 0.9593 0.9977 0.99664-0.0032

a. Results are taken from ref. [205,206]. lg: leaving group oxygen; nu:

oxygen. b. Results are taken from ref. [207].

nucleophile oxygen; nb: nonbond
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Figure B.1: Adiabatic mapping results for aqueous hydrolysis of phosphate diesters with hy-
droxide as the nucleophile. Energies are in kcal/mol. (a) MmNPP~ by SCC-DFTBPR/PB;

(b) MmNPP~ by including single point gas phase correction at the MP2/6-311++G** level,
(¢c) MPP~ by SCC-DFTBPR/PB; (d) MPP~ by including single point gas phase correction

at the MP2/6-311++G** level.



182

GhabhetiauREEERER

5
50
a5
40
2
0

‘1
o

15
0
5
L}
4
£l
A5
20

P-O™ Distance
P-O™ Distance

16 18 20 22 24 26 28 30 32 16 18 20 22 24 26 28 30 32

P-0" Distance P-0" Distance
(a) (b)

GhabctAnMBEEARSE

P-O™ Distance

b
-

30

3z
186 18 20 22 24 26 28 30 32

P-0"Distance
(c)

Figure B.2: Adiabatic mapping results for aqueous hydrolysis of phosphate diesters with
hydroxide as the nucleophile. Energies are in kcal/mol. (a) MpNPP~ by including single
point gas phase correction at the B3LYP/6-311++G** level; (b) MmNPP~ by including
single point gas phase correction at the B3LYP/6-311++G** level; (¢) MPP~ by including
single point gas phase correction at the B3LYP/6-311+4G** level.
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Figure B.3: Benchmark calculations for an inorganic phosphate (-3 charge) bound to R166S
AP with two different QM regions. Key distances are in A. (a) Structural comparison between
crystal structure (with parentheses) and optimized structure (without parentheses) with a
large QM region. Hydrogen atoms are omitted. (b) Structural comparison between optimized
structure by large (without parentheses) and small (within parentheses) QM region. Asp369,
His370 and His412 are omitted for clarity. The smaller QM region, which is used in the main
text, includes the two zinc ions and their 6 ligands (Asp51, Asp369, His370, Asp327, His412,
His331), Ser102 and MpNPP~. Only side chains of protein residues are included in the QM
region and link atoms are added between C, and Cg atoms. The larger QM region further
incorporates the entire magnesium site, including Mg?*, sidechains of Thr155, Glu322 and

three ligand water molecules.
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Figure B.4: Comparison of optimized transition state from adiabatic mapping (with paren-
theses) and CPR (without parentheses) calculations for MpNPP~ in R166S AP with SCC-
DFTBPR/MM. Key distances are in A. (a) The substrate methyl group pointing toward the
magnesium ion (the « orientation); (b) the substrate methyl group pointing toward Ser102

backbone (the 3 orientation). Asp369, His370 and His412 are omitted for clarity.
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Figure B.5: Potential of Mean Force (PMF) calculation results for MpNPP~ hydrolysis in
R166S/E322Y AP with the substrate methyl group pointing toward the original magnesium
site (the a orientation). Key distances are in A and energies are in kcal/mol. (a) PMF along
the reaction coordinate (the difference between P-O% and P-O™); (b) changes of average key
distances along the reaction coordinate; (¢) A snapshot for the reactant state, with average
key distances labeled. (d) A snapshot for the TS, with average key distances labeled. In
(c-d), Asp369, His370 and His412 are omitted for clarity.
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Figure B.6: Potential of Mean Force (PMF) calculation results for MpNPP~ hydrolysis in
R166S/E322Y AP with the substrate methyl group pointing toward Ser102 backbone (the
B orientation). Other format details follow Fig.B.5.
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Figure B.7: Potential of Mean Force (PMF) calculation results for R,-MpNPPS~ hydrolysis
in R166S AP; the substrate methyl group points toward the magnesium ion (the « orientation

of MpNPP~). Other format details follow Fig.B.5.
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Figure B.8: Potential of Mean Force (PMF) calculation results for S,-MpNPPS~ hydrolysis
in R166S AP; the substrate methyl group pointing toward Ser102 backbone (the 3 orientation
for MpNPP~). Other format details follow Fig.B.5.
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Figure B.9: Potential of Mean Force (PMF) calculation results for MpNPPS™ hydrolysis in
R166S/E322Y AP. Key distances are labeled in A and energies are in kcal/mol. (a) PMF
along the reaction coordinate (the difference between P-O% and P-O™) for R,-MpNPPS~;
(b) PMF for S,-MpNPPS™; (c) A snapshot for the TS of R,-MpNPPS~, with average key
distances labeled. (d) A snapshot for the TS of S,-MpNPPS~, with average key distances
labeled. In (c-d), Asp369, His370 and His412 are omitted for clarity.
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Figure B.10: Example of water penetration observed in some double mutant simulations.
(a) Comparison of integrated radial distribution of water oxygen around Ser102 nucleophilic
oxygen in the reactant state for R, and S, MpNPPS™; water penetration is observed only
for S,. (b) A snapshot that illustrates the position of the penetrated water near Serl02;
Asp369, His370 and His412 are omitted for clarity.
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Figure B.11: Snapshots for the TS of MpNPP~ in R166S AP and NPP from simulations
in which the zinc-zinc distance is constrained to a specific value; average key distances are
labeled in A. Some nearby residues are omitted for clarity. (a-c) R166S AP with the zinc-zinc
distance constrained at 3.6, 4.1 and 4.6 A; (d-f) NPP with the zinc-zinc distance constrained
at 3.6, 4.1 and 4.6 A.
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Figure B.12: Snapshots for MpNPP~ in R166S AP with a orientation. The reaction coor-
dinate (P-O%-P-O"™) is constrained at 0.0 A by a restraint potential similar to the one used
in PMF calculations. The initial substrate configuration is constructed similar to the crystal
structure of vanadate in wt AP (see below). After optimization, the system is heated to 300
K within 100 ps, followed by a 200 ps production run. (a) The structure after geometry

optimization; (b) a snapshot after equilibration run with average distances labeled in A.
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Figure B.13: Optimized structures for vanadate (VO3~) in wt AP (a), R166S AP (b) and
NPP (c¢). The numbers withou parenthesis are calculated values by B3LYP/6-31G*; those
with parenthesis are values in crystal structures. Hydrogen atoms are omitted for clarity.

Distances are in A.



194

194 \ 1.90 %\ N2.0

(2.07) 1.88 7 (2.01)
[ S
“S( :

371

(3.70)

2.0 2.04
1.97 (2. 33} . 2.06), ,.,
‘2 10)4 2 (2 03] 2.10) 4.28 [2 89) 2.03
(4. 15:: H'4 (4 13] \
LY

Figure B.14: Active site model for MpNPP~ in R166S AP. Atoms labeled by red star
are fixed during structural optimization. The numbers without parenthesis are optimized
at B3LYP/6-31G* level; those in parenthesis are optimized by SCC. The reaction barrier
obtained by B3LYP/6-314+G**//B3LYP/6-31G* and SCC are both 6.7 kcal/mol. Distances

are in A(a) Reactant state; (b) transition state.
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