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Abstract: A semiempirical AM1/d Hamiltonian is developed to model phosphoryl transfer
reactions catalyzed by enzymes and ribozymes for use in linear-scaling calculations and
combined quantum mechanical/molecular mechanical simulations. The model, designated
AM1/d-PhoT, is parametrized for H, O, and P atoms to reproduce high-level density-functional
results from a recently constructed database of quantum calculations for RNA catalysis
(http://theory.chem.umn.edu/Database/QCRNA), including geometries and relative energies of
minima, transition states and reactive intermediates, dipole moments, proton affinities, and other
relevant properties. The model is tested in the gas phase and in solution using a QM/MM
potential. The results indicate that the method provides significantly higher accuracy than MNDO/
d, AM1, and PM3 methods and, for the transphosphorylation reactions, is in close agreement
with the density-functional calculations at the B3LYP/6-311++G(3df,2p) level with a reduction
in computational cost of 3—4 orders of magnitude. The model is expected to have considerable
impact on the application of semiempirical QM/MM methods to transphosphorylation reactions
in solution, enzymes, and ribozymes and to ultimately facilitate the design of improved next-
generation multiscale quantum models.

1. Introduction phatases. Of particular interest is the study of RNA enzymes
Phosphorylation and dephosphorylation reactions play aor ribozymes The understanding of the molecular mecha-
central role in biochemical systerhsThe formation and  nisms of ribozyme catalysis has been greatly facilitated by
hydrolysis of ATP constitute a central mechanism for the the study of small prototype self-cleaving RRiguch as the
storage and utilization of chemical energies in metabolic hammerhead? hairpin?1° and hepatitis delta virds*3
pathways:® Furthermore, transphosphorylations provide a ribozymes.

key regulatory mechanism in eukaryotic cellular signafing.  The importance of transphosphorylation reactions has
These processes are catalyzed by enzymes such as the protfiimylated extensive theoretical and experimental investiga-
gradient-driven ATPases and protein kinases and phos-tions aimed at the identification and characterization of the
underlying catalytic mechanism$* 17 Experimentalists have
widely used small model compounds, such as phosphate
mono- and diesters with variety of leaving groups, to carry
out kinetic experiments. Many different types of experiments
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hydrolyzed by a bimolecular associative mechanism via provides sufficient accuracy for the phosphoryl-transfer
pentacovalent intermediates, transition states, or bdti. e reactions of interest in the present work. An important step
Although these general conclusions have been drawn fortoward the development of new-generation quantum models
phosphoryl-transfer reactions in solution, there is no con- that afford significantly greater accuracy and transferability
sensus about the mechanism in enzymes and ribozymesis to first identify and quantify the accuracy limits of existing
Unfortunately, kinetic models are not always able to discern models for important biological reactions. It is the hope that
between multiple mechanistic pathways that fit experimental in this way complementary quantum models for QM/MM
data equally well?=2* which underscores the need for calculations such as semiempirical and SCC-DFTB methods
theoretical studies to help interpret experimental data. can be directly compared and their advantages and disad-
Ab initio electronic structure methods and density func- vantages characterized and understood. These efforts will

tional theory (DFT) have been widely used to study phos- ultimately help lay the groundwork for the design of more
phoryl-transfer mechanisms and to help interpret kinetic robust and efficient quantum models for biocatalysis.
datal®*42 However, most of these calculations have been The aim of the present work is to develop a new semi-
performed on small model reactions in the gas phase or withempirical Hamiltonian model, designated AM1/d-PhoT, that
the aid of implicit solvation models. Although these ap- will allow accurate calculation of a wide range of phosphoryl-
proaches provide insight into the nature of the reactions, it transfer reactions by determination of a set of specific
is of great interest to study the reactions using explicit models reaction parameters (SRPjor phosphoryl transfer within
in aqueous solution and in the active sites of enzymes orthe AM1 formulation with d-orbital extension. The new
ribozymes, where specific electrostatic interactions, hydrogenmodel has been designed to accurately reproduce high-level
bonds, and solvent dynamics are particularly importéuif. DFT results such as geometries, dipole moments, proton
Phosphoryl-transfer reactions typically involve highly charged affinities, and relative energies for a large set of molecules,
species that undergo considerable changes in hybridiza-complexes, and chemical reactions relevant to biological
tion along the reaction path. This necessitates the use of aohosphoryl transfer. These data were taken from a recently
large, explicit solvation and counterion environment coupled constructed database of quantum calculations for RNA
with an accurate quantum mechanical treatment of biological catalysis (QCRNAF283The resulting AM1/d-PhoT Hamil-
phosphates that includes a d-orbital description of phospho-tonian is tested in the gas phase and in solution using a
rus. The computational cost of the calculations, however, combined QM/MM potential and is demonstrated to provide
currently precludes simulations using high-level density- a very good agreement with high-level DFT results for
functional methods if sufficient sampling is carried out. transphosphorylation reactions and offers a considerable
Semiempirical quantum methods such as the modified IMProvement over the AM1, PM3, and MNDO/d methods.

neglect of diatomic overlap (MNDCY};52 Austin model 1
(AM1),°% and parametric method 3 (PM8)methods are 2. Theory

typically 3—4 orders of ma.gnitude faster than DFT methods Semiempirical MNDO and AM1 types of Hamiltonians share
but currently are not sufficiently accurate to model phos- 50y common features and have been discussed extensively
phoryl-transfer reactions. This is, in part, because the gseyherds 7 In this section, the major differences of these

parametrization of these models does not include transition p, 5 e|s are outlined, and a description of the slightly modified
state data in the training set and because of the lack of dan1/d-PhoT model is provided.

orbitals for phosphorus. Nonetheless, the remarkable com-
putation efficiency of these methods allows very large scale
problems to be addressed using linear-scaling electronic
structure method% 58 and explicit solvent dynamics through
molecular dynamics (MD) simulations using combined
quantummechanical/molecularmechanical (QM/MM) potefitids?

The d orbital extension of the MNDO method (MNDC¥ P

has recently been applied to QM/MM simulations of phos-
phoryl transfer reactions in solutidh?6:65> Other recently
developed semiempirical methods that show promise include
the OMx model$¢67the PDDG/PM3 mode~7° the PM3-
MAIS and PM3-PIF model&;’?the SCC-DFTB methotf, 76

and the very recent NO-MNDO mod€&lOne problem that MNDO
. . ) - . E (A, B) =

is prevalent in almost all semiempirical models that utilize N

a minimal valence basis methods is that they typically Z,Z508,55/5, S0 + € *Ree 4 g sReey (1)
underpredict molecular polarizabilities as a function of

charge. Recently a method has been proposed that greatlywhereZ, andZg are the effective core chargdsS,ss|sass]
improves the modeling of charge-dependent response properis a Coulomb repulsion integral between two s orbitals
ties without increasing the atomic orbital basis and with centered on atoms A and B, angd andog are parameters
minimal computational overhed8.Although there were  that decrease screening of the nuclear charge by the electrons
efforts to design semiempirical models for specific reactions at small interatomic distances. For the-B and N—-H bonds,

in phosphatase$;# currently, none of these models yet a slightly different screening form is used, a detailed

2.1. Semiempirical Core-Core Repulsion Term. The
MNDO, AM1, PM3, and MNDO/d semiempirical models
discussed here are all based on the neglect of the diatomic
differential overlap (NDDO) approximation, as is the new
AM1/d-PhoT model. The MNDO and MNDO/d Hamil-
tonians differ from the AM1/PM3 Hamiltonians in the way
that core-core repulsion interactions are treated. Addition-
ally, the MNDO/d method includes a set of d orbitals on
second-row elements. In the MNDO and MNDO/d methods,
the repulsion between two nuclear cores (A and B) is
determined by
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Scheme 1. Reaction Schemes of Dissociative Mechanism and Associative Mechanism for Transesterification Reaction
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description for which is provided in the original pap'eand the MNDO/d model was found to be of limited reliability
elsewheré? for transphosphorylation reactions in the neutral to acidic
In the AM1 and PM3 Hamiltonians, the coreore term pH range where hydrogen bonding and proton transfer play
includes an additional set of Gaussian terms that dependmajor roles.
parametrically on the nature of atoms and takes the form  The derivation of a new model for phosphoryl transfer
reactions under more general conditions requires components
Z,Zg R op of both the AM1/PM3 and MNDO/d models. The AM1 and
(Z aye e 4 PM3 models offer a significant improvement for hydrogen
bonding relative to MNDO and MNDO/d models but have
Z age Rewed?) () the problem that they over-stabilize hypervalent structures
because of the artificially attractive cereore interac-
tions8+70.90Therefore, in the design of an AM1/d model for
phosphoryl transfer reaction, it is desirable to keep the-core
core interactions for hydrogen bonding but to turn these

En(A, B) = EN'"PO(A, B) +

‘AB

The addition of Gaussian coreore terms leads to significant
improvements in the performance of semiempirical models
Il? e(;l_erglt;a_s, esg;marl]lly for mteragtlons atdthe glyldrogen- interactions off for phosphorus bonding where the d orbitals
onding distances. The MNDO and MNDO/d models are 515y nroper hybridization and accurate representation of
known to be problematic in the description of noncovalent hypervalent species. In this way, a balanced model may be
intermolecular interactions because of the excessive repulsionachieved that accurately models reactive intermediates in
just outside bonding distances. The Gaussian -€ocee transphosphorylation with, at the same time, improved

terms in eq 2 compensate for these u_r‘]_desiral_:)le repulsionstreatment of hydrogen bonding. Toward this end, a scale
The Gaussian corecore terms are empirical adjustments to factor was introduced into the Gaussian cecere terms in

the potential devoid of any rigorous physical meaning. the present AM1/d-PhoT model as
Previous studies showed that serious artifacts can be

introduced if one only changes the empirical Gaussianeore g (A, B) = EMNPO(A, B) +

core repulsion function®:2°Nevertheless, several new cere 77

core interaction potentials or parameters have been proposed, A Gt cB (3 a g PaRas—CaW2
including the PDDG/PM3 modéf, the PM3-MAIS and Ry e > Z A

PM3-PIF modelgl72and the PM3r model® These models a e—ka(RAB—ch)Z) 3)
have been designed to offer improvements in the description Z K

of proton-transfer reactions and hydrogen bonds.

2.2. AM1/d-PhoT Model Employing the Modified AM1 whereG..,..and G2 . are scaling parameters for atoms A
Formalism. It has been well-established that the study of and B, and in the present work, they vary from zero to one
hypervalent phosphates, such as the transition states andvalues of O recover the conventional MNDO ce®re
reactive intermediates formed in biological transphosphor- model, whereas values of 1 recover the AM1 cecere
ylation, require an explicitl orbital representatiof?.4%°In model). Alternatively, the produd®s.,.Ge....can be made
particular, transphosphorylation reactions typically involve into pairwise terms for specific atom pairs. It is worthwhile
a change of valency on phosphorus along the reaction pathto mention here that setting Gaussian eezere parameters
it changes from tetracovalent to tricovalent in the dissociative aax to be zero for a certain atom, such asviguld not
mechanism or changes from tetracovalent to pentacovalenteliminate the Gaussian coreore interactions involving P
in the associative and concerted mechanisms (Scheme 1)atoms since all terms from the other atoms would remain.
The MNDO/d modéf-t4has been demonstrated to perform The Gscae Scaling parameters hence provide the flexibility
reliably in the study of transphosphorylation under basic to attenuate (or even shut off) Gaussian earere interac-
conditions?>*¢where there is no hydrogen bonding or proton tions between certain atoms and offers a simple mechanism
transfer that occurs within the quantum region. However, for interconverting between AM1-like models and MNDO-
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Table 1. Optimized AM1/d-PhoT Parameters for Hydrogen, Oxygen, and Phosphorus Atoms, along with Original AM1
Parameters for Comparison?

H (e} P
parameters AM1/d AM1 AM1/d AM1 AM1/d AM1

Uss (eV) —10.934610 —11.396427 —96.760676 —97.830000 —46.250810 —42.029863
Upp (eV) —78.776203 —78.262380 —40.712918 —34.030709
s (au) 1.143846 1.188078 3.057965 3.108032 1.909168 1.981280
p (au) 2.515332 2.524039 2.008466 1.875150
Ps (eV) —5.911108 —6.173787 —29.472306 —29.272773 —11.194791 —6.353764
P (eV) —28.515785 —29.272773 —11.985621 —6.590709
a (1/A) 2.884915 2.882324 4.404417 4.455371 1.883237 2.455322
Gss (eV) 13.737453 12.848000 14.234714 15.420000 14.645747 11.560005
Gpp (eV) 14.454530 14.520000 11.694918 7.877589
Ggp (V) 14.539451 14.480000 5.689654 5.237449
Gp2 (eV) 12.942259 12.980000 10.328696 7.307648
Hsp (V) 4.339705 3.940000 1.175115 0.779238
Uda (V) —24.504161

a (au) 0.840667

Ba (eV) —2.360095

&s (au) 2.085120

& (au) 1.535336

&4 (au) 1.236266

Pcore (au) 1.185130

Gscale? (unitless) 1.000000 1.000000 0.353722

a; (unitless) 0.106238 0.122796 0.288526 0.280962 —0.344529 —0.031827
by (1/A2) 5.735290 5.000000 4.883265 5.000000 3.034933 6.000000
a (B) 1.261430 1.200000 0.850910 0.847918 1.134275 1.474323
a, (unitless) 0.004043 0.005090 0.061586 0.081430 —0.021847 0.018470
by (1/A2) 7.080122 5.000000 4.435791 7.000000 1.684515 7.000000
¢ (B) 2.084095 1.800000 1.353681 1.445071 2.716684 1.779354
as (unitless) —0.002800 —0.018336 —0.036003 0.033290
bs (1/A2) 0.739913 2.000000 5.243357 9.000000
cs (A) 3.649474 2.100000 1.924175 3.006576

a Standard notation for parameters taken from refs 84 and 63. ? Scale factor of Gaussian core—core repulsion interactions.

like models. As will be shown below, adjustment of tBgae were performed to establish the nature of all stationary points
parameter allows significantly improved behavior of AM1/ and to evaluate thermodynamic quantities. The 6-3G-
d-PhoT model for phosphoryl transfer reactions along with (d,p) basis set was used in the calculations.

the specific reaction parametrizations. Electronic energies and dipole moments were refined by
single-point energy calculations using the 6-3HiG-
3. Parametrization Procedure (3df,2p) basis set and the B3LYP hybrid density functional

This section describes the methods and procedures employeat the optimized geometries. All single-point calculations
to develop the specific reaction parameters for the AM1/ were run with the convergence criteria on the SCF wave
d-PhoT model. The first subsection describes the DFT datasefunction tightened to 1 au to ensure high precision for
used as the reference data. The second subsection describgsoperties sensitive to the use of diffuse basis functiéns.
the details of the parameter optimization procedure. The The protocol applied to obtain the (refined energy)/
final parameters for the AM1/d-PhoT model are listed in (geometry and frequencies) is designated by the abbreviated
Table 1. notation B3LYP/6-311++G(3df,2p)//B3LYP/6-3%++G-

3.1. Density Functional Calculations.All of the DFT (d,p). All DFT calculations were performed with the
datasets in this work, including the full structural and GAUSSIANO3 suite of program¥.This density-functional
thermodynamic quantities, are available in the recently protocol has been extensively tested and applied to model
constructed QCRNA datab&8evhich is available on-liné3 biological phosphorus compoungfs?>47989The gas-phase
All DFT calculations were carried out using KohGham proton affinities at 298.15 K for the DFT dataset were
density functional theory with the three-parameter hybrid calculated by the procedure described by Range et al. without
exchange functional of Becke®? and the Lee, Yang, and empirical correctiori®
Parr correlation function® (B3LYP). Energy minimum and 3.2. AM1/d-PhoT Parameter Optimization. This section
transition state geometry optimizations were carried out with presents details for the AM1/d-PhoT parametrization pro-
default convergence criteria, while the stability conditions cedure for biological phosphorus compounds. The first
of the restricted closed-shell Kohtsham determinant for  section describes the construction of a set of compounds and
each final structure were verifiéd?>Frequency calculations  their properties that are used as the target in the parameter
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Scheme 2. Nomenclature Convention for Ligand Reaction Mechanismshree dissociative reactions and
Designations in Acyclic and Cyclic Phosphate and five associative reactions of various phosphates and all
Phosphorane Compounds of Biological Interest? stationary points of these reactions were included.
A A A A Potential Energy Surface®ne hundred fifty intermediate
S""’IL—B SL:? S ‘,L_E SL:? configurations along both one and two-dimensional potential
F‘/ F{/ R L F‘/é energy surfaces (PES) for three reactions were included in
the final stages of parameter refinement, one of which was
PRXS)ANE) P(RIS)AB) PRISERE)  PRIS(EAIE) chosen from the five associative reactions mentioned above,
2 This nomenclature is consistent with the naming convention used and two additional reactions were added.
for similar compounds in previous work.2% All compounds and structures selected in the parameter

training sets, energies, and relevant other properties are
‘available from the on-line QCRNA database via the Internet
(see ref 83). The properties considered in the parametrizations
" included the following.

optimization. The second subsection describes the construc
tion of x? merit function that was used in the parametrization
procedure. The third subsection briefly outlines the param

etri'zaltion stratggy t.h.at was applied to arrive at the final Heat of FormationFourteen experimental values of heats

optimized semiempirical parameters (Table 1). of formation were used, including three phosphorus contain-
3.2.1. Construction of Training Dataset.The primary ing compounds. They are listed in Table 2.

focus of the current work is to develop specific reaction  pygton Affinity Seven experimental gas-phase proton

parameters that accurately reproduce the structures, energetafﬁnity (PA) values were included. In addition, 14 relative

ics, and other properties for the transphosphorylation reac-pa vajues for phosphate and phosphorane compounds

tions. Taking into account of the catalytic mechanisms of cajcylated with DFT were used. These values are shown in
several ribozymes, protein kinases, and phosphatases, whick gpje 3.

involve general acid and base catalysis, we produced a Dipole Moment.The dipole moments for 11 neutral
molecular set which was used to construct the training set yolecules and four hydrogen-bonded complexes determined
for parametrizations and which includes the following list om DFET calculations were used and are shown in Table 4.
of properties. Structure Geometrical parameters including bond lengths,
Molecules Eleven non-phosphorus-containing molecules angles, and dihedrals were considered for all molecules in
and polyatomic ions and 16 phosphorus-containing moleculesthe training set. If the molecules or complexes form hydrogen
and polyatomic ions that included metaphosphates, phos-ponds, the hydrogen bond distances and angles were also

phates, and phosphoranes in various protonation states, anghcluded in the parametrizations. The results are summarized
one diphosphate ion were included in the training set. (Seein Table 5.

Scheme 2 for the nomenclature convention for phosphorus-  Intermolecular Interaction EnergyThe intermolecular

containing compounds.) interaction energies of three hydrogen-bonded complexes
ComplexesThree hydrogen-bonded complexes involving were included and are listed in Table 6.

water with water, methanol, and acetate were included in Relatve Reaction Energylhe relative energies of inter-

the dataset. mediates and transition states for all reactions in the training

Table 2. Experimental (exptl) and Computational Heats of Formation for Compounds Used in Parametrizations (kcal/mol)

exptl AM1/d AM1 PM3 MNDO/d
molecule? AHs AHP errore AH®P errore AHP errore AH¢P errore
HzO™ 138.09 140.1 1.2 143.5 4.6 159.1 20.2 134.2 —4.7
H,O —57.87 —56.8 1.0 —59.2 -1.4 —53.4 4.4 —60.9 -3.1
HO~ —33.2¢ —26.8 6.4 —-14.1 19.1 —-17.5 15.7 —-5.8 27.4
CH3;0H —48.1f —53.7 —5.6 —57.0 —8.9 —51.9 —3.8 —-57.4 —-9.3
CH30~ —36.0¢ —-35.9 0.1 —-38.5 —-2.5 —-37.9 —-1.9 -39.7 —-3.7
C,HsOH —56.2f —53.5 2.7 —62.7 —6.5 —56.9 —-0.7 —63.0 —6.8
CoHs0~ —47.5¢ —-38.1 9.4 —45.5 —2.0 —44.8 2.7 —45.3 2.2
CsHsOH —23.0f —-19.2 3.8 —22.2 0.8 —-21.7 1.3 —-26.7 —-3.7
CeHsO~ —40.5¢ —38.2 2.3 —-41.0 -0.5 —44.1 —-3.6 —42.2 —-1.7
CH3CO2H —103.3f —102.5 0.8 —103.0 0.3 —102.0 1.3 —-101.1 2.2
CH3CO,~ —122.5¢ —123.7 —-1.2 —-115.4 7.1 —-119.7 2.8 —110.0 125
P(CH3)3 —24.29 —-16.7 7.5 —-22.0 2.2 —29.8 —-5.6 —-28.1 —-3.9
(CH3)3PO —103.8" —105.8 —-2.0 —101.5 2.3 —82.7 21.1 —105.5 =17
PO3~ —225.44 —206.1 19.3 —203.0 22.4 —-197.2 28.2 —257.3 —-31.9
MSE 3.3 2.9 5.9 —-1.8
MUE 4.5 5.8 8.1 8.1

aBold molecules are included in the parametrization as test sets. » The heat of formation is determined by AH = ET% + EToL — SAES +
SAAHE, where E0° and E™ are the molecular electronic and core—core repulsion energy, respectively, and E5 and AH; are the electronic
energy and the experimental heat of formation for isolated atom A, respectively, where the summations run over all the atoms A in the molecule.

¢ Error values are computed as AH?* — AHPP!, d Ref 131. © Ref 132. / Ref 133. 9 Ref 134. /' Ref 135,
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Table 3. Gas-Phase Proton Affinity (PA) of Selected Molecules (kcal/mol)2

ref erroré

molecule (AH)? exptle cBsd AM1/d AM1 PM3 MNDO/d DFT/
HzO* 165.0 164.1 3.8 -2.0 —-11.8 5.6 -1.1
H,0 390.3 392.1 5.4 20.5 11.3 30.6 0.1
CH30H 381.5 382.8 2.0 2.7 -1.9 1.8 -2.2
CoHsOH 378.2 379.0 2.9 4.7 -0.4 5.2 -2.2
CgHsOH 350.1 349.5 —3.4 -3.1 -6.9 0.0 —2.4
CH3CO,H 347.2 3475 —2.7 6.1 0.9 9.6 -0.8
P(O)(OH)(OH)(OH) 330.5 328.1 -3.4 7.6 15.0 -12.2 —2.4
MSE (vs exptl)¢ 0.0 0.7 5.2 0.9 5.8 -1.6
MUE (vs exptl)d 1.2 3.4 6.7 6.9 9.3 1.6
HPO3 310.6 1.5 20.6 35.1 -3.6 -0.1
P(O)(O)(OH)(OH)~ 458.9 -1.9 16.8 24.7 -2.8 -1.1
P(0)(0)(O)(OH)2— 581.1 10.4 33.7 36.4 16.3 -1.7
P(O)(OH)(OH)(OCHs3) 329.3 0.3 7.2 14.9 —12.0 0.4
P(O)(O)(OH)(OCHa3)~ 454.9 0.7 16.5 22.8 -7.6 -1.4
P(O)(OH)(OCH3)(OCHs) 329.4 1.8 7.3 12.3 -14.1 0.7
P(0)(OH)(OCH,CH,0) 3295 -0.2 7.6 11.8 -17.1 -0.1
P(OH)(OH)(OH)(OH*)(OH) 351.0 3.0 9.0 8.3 -1.3 -0.4
P(OH*)(OH)(OH)(OH)(OH) 341.0 1.8 13.6 9.0 -8.7 -1.8
P(OH)(OH)(OCH,CH,0)(OH*) 351.9 1.2 5.9 1.7 -11.8 -0.9
P(OH*)(OH)(OCH,CH,0)(OH) 343.2 -25 8.0 -0.5 -17.4 -1.1
P(OH*)(OCHz3)(OCH,CH,0)(OH) 345.2 -35 3.6 -2.3 —20.2 -0.7
P(OH)(OCH3)(OCH>CH,0)(OH*) 352.0 2.3 5.4 -0.4 —27.0 -0.8
P(OH*)(OH)(OCH,CH,0)(OCHs) 3435 -0.7 6.2 -0.9 -19.5 -1.1
MSE (vs CBS-QB3) 1.0 11.5 12.4 -10.5 -0.7
MUE (vs CBS-QB3) 2.3 115 12.9 12.8 0.9

2PA is defined as the negative of the enthalpy change (AH) of the process of A + Hé) — AH(g). ?Bold molecules and the deprotonated
form (A7) are included in parametrization as training set molecules. ¢ The experimental (exptl) and calculated (CBS) reference data were taken
from refs 136 and 100, respectively. In computing semiempirical PA values, the experimental heats of formation of proton (365.7 kcal/mol) is
used.’3” dCBS is a value computed from CBS-QB3 method reported in reference.1% e Error values are computed as PAcaca — PArer, Where
ref is the exptl values whenever experimental values are available. Otherwise, CBS-QB3 values are used as reference values. 'DFT proton
affinity is computed as a sum of adiabatic energy contribution at B3LYP/6-311++G(3df,2p) level and the enthalpic correction computed from
B3LYP/6-31++G(d,p) level. The geometries are optimized at the level of B3LYP/6-31++G(d,p) as described in section 3. ¢ The MSE and MUE
values are computed for molecules with known experimental values indicated with vs exptl.

set were considered in the parameter optimization. The of properties predicted by the trial parameter degainst
reference data were relative “adiabatic” DFT energies. The the target data summarized above. FAg) merit function
strategy here is to have the semiempirical model reproduceis defined as

adiabatic potential energy surfaces from which quantum

mechanical zero-point corrections, tunneling effects, and 5 mol Prop() L oo
thermodynamic corrections can be accounted for explicitly 1) = z z WY ™M) — i) (4)
in QM/MM simulationst®1%4 The relative reaction energies e

are listed in Tables 813. where the first summation with indéxuns over molecules,

It should be noted that, in the final parameter refinement complexes, or reactions (mol), and the second summation
procedure, all structures (including transition states) in the with index a. runs over properties associated with the ith
training set were explicitly optimized along all unconstrained “molecule” (prop{)). The termYﬁle’d(/l) is the value of the
degrees of freedom for every trial semiempirical param- property a. for moleculei calculated with a set of trial
eter set. For structures that were minima, all degrees of narametersy, Y is the corresponding target value from
freedom were fully optimized; transition state structures eyperiment or from density-functional calculations, angd
were fully optimized (transition state search using gradient js the associated weight in the regression. The weights

exception of the dianionic dissociative reactions that, for

stability, had the cleaved-+RO bond constrained to the DFT W, = (giaz)*l (5)

values), and for PESs all degrees of freedom excluding the

PES variables were fully optimized (i.e., the PESs were in which theo;, values have the same units as the molecular

adiabatic). propertyY,,, and specifies the significance or importance of
3.2.2. Construction ofy? Merit Function. The optimized this particular property.

AM1/d-PhoT parameters are determined by nonlinear opti- 3.2.3. Nonlinear Parameter Optimizations.In the op-

mization of they? merit function that measures the quality timization of they? merit function, a suite of integrated



492 J. Chem. Theory Comput., Vol. 3, No. 2, 2007 Nam et al.

Table 4. Gas-Phase Dipole Moments (debye) of Selected Molecules and Hydrogen-Bonded Complexes

molecules? DFT® AM1/d AM1 PM3 MNDO/d
isolated molecules
H.0 1.91 2.39 1.86 1.74 1.78
CH30H 1.69 2.33 1.62 1.49 1.48
C2HsOH 1.61 2.25 1.55 1.45 1.40
CeHsOH 1.29 1.90 1.23 1.14 1.17
CH3COH 1.82 2.69 1.89 1.84 1.68
P(CHa)3 1.24 1.98 1.52 1.08 1.20
(CH3)sPO 4.52 5.76 5.01 3.92 3.57
P(O)(0)(OH) 3.21 3.35 2.37 1.80 3.05
P(O)(OH)(OH)(OH) 0.51 0.13 3.74 3.16 1.58
P(O)(OH)(OH)(OCHs) 0.98 1.18 1.06 3.15 1.86
P(O)(OH)(OCH3)(OCHs) 1.24 1.37 1.10 2.18 1.97
P(O)(OCH3)(OCH3)(OCHz) 1.09 0.47 0.84 0.43 2.23
P(O)(OH)(OCH,CH,0) 4.10 5.37 4.02 2.30 3.52
P(O)(OCHg)(OCH,CH0) 3.88 5.07 3.75 2.30 3.70
MSE 0.51 0.18 —0.08 0.08
MUE 0.65 0.42 0.91 0.47
hydrogen bond complexes
H,0:H,0° 2.89 3.05 2.53 2.48 2.71
CH30H:H,0°¢ 2.87 2.74 2.23 2.23 2.90
H20:P(0)(OH)(OH)(OCH3)¢ 1.90 1.87 1.70 0.99 1.84
H»0:P(0)(OH)(OCH3)(OCH3)¢ 3.32 2.66 1.10 2.18 1.97
H20:P(0)(OCH3)(OCH3)(OCHg)® 3.57 2.98 3.54 3.33 4.75
CH30H:P(0)(OH)(OH)(OCH3)© 1.93 1.82 1.60 1.22 1.90
CH30H:P(O)(OH)(OCH3)(OCH3)¢ 3.43 2.87 1.92 2.98 2.94
CH30H:P(O)(OCH3)(OCH3)(OCH3)¢ 3.78 3.67 1.93 3.39 2.63
H,0:P(0)(OH)(OCH,CH,0)¢ 2.85 4.32 4.42 2.34 2.17
MSE —0.06 —0.62 —0.60 —-0.30
MUE 0.42 0.97 0.60 0.57

aBold molecules/complexes are included in parametrization as a training set molecules/complexes. © Reference DFT dipole moments are
computed from B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G(d,p) calculations. ¢ Dipole moments of hydrogen-bonded complex.

nonlinear optimization methods were uethat included to balance the quality of relative energies for adixhse
(1) a genetic algorithm and (2) a direction set of minimization reactions to model general acid and base catalysis. Since the
methods. Genetic algorithi¥&1%have been demonstrated H and O atoms are directly involved in the protonation
elsewhere to be useful in semiempirical parameter optimiza- reaction in the PA calculations, we decided not to change
tion 81107109 The implementation of the genetic algorithm the AM1 parameters for carbon. It was also assumed that
was based on the description by GoldB&rgand used the Gaussian corecore parameters on H and O atoms were
tournament selection and multidimensional phenotypic (pa- sufficiently well balanced in the original AM1 model. Thus,
rameter set) niching. The quadratically convergent direction the scaling paramete@.,,, and GJ.,,, were held fixed at
set optimization utilized the method of Powell and has been 1.0.
described in detail elsewhef¥.In the present work, we After obtaining an initial optimized set of parameters for
follow a stepwise approach of (1) initial coarse-grained hydrogen and oxygen, we turned into the optimization of
parameter optimization, followed by (2) final parameter the phosphorus atomic parameters, which includes a set of
refinement and testing. The final optimized parameters are functions for d orbitals. In view of the fact that the MNDO/d
listed in Table 1. All properties were computed using a model was successful in transphosphorylation reactions in
modified version of the MNDO97 prografit the absence of H-bonding and proton transfer, the initial
3.2.3.1. Initial Coarse-Grained Parameter Optimiza- phosphorus parameters were taken from the MNDO/d model
tion. On the basis of the original AM1 parameters, the excepttwo one-center two-electron integral parametegs (
hydrogen and oxygen atomic parameters were adjusted firstandHsy) and the Gaussian coreore parameters, which were
The optimization was carried out using a quadratically taken from AML1 for the consistency with the other atoms.
convergent direction set optimization methtavith narrow The startingGE,, value was set to 1.0. Starting from this
parameter bands to avoid large changes in atomic parameterset of initial parameters, we performed several steps of
from their starting AM1 values (approximately within 10%). direction set optimization, followed by optimization using a
In the present specific reaction parameter optimization, genetic algorithm to optimize the Gaussian cecere
although we restrict the computed absolute heats of formationparameters and th6sce value of P. The details of the
to be close to the experimental values, it is important to implementation of genetic algorithms for nonlinear parameter
obtain a good estimate of the absolute proton affinities and optimizations will be described elsewhétéln the present
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Table 5. Comparison of Gas-Phase Geometries for the Reactions in the Training and Test Sets?

AM1/d AM1 PM3

MSE MUE MSE MUE MSE MUE

reactants and products
bond (P—O0) 0.000 0.009 —0.020 0.026 0.042 0.051
bond (P—Onucic)? —0.166 0.179 0.224 0.255 0.083 0.153
bond (H—0x0)¢ 0.098 0.114 0.410 0.447 0.039 0.163
angle (O—P-0) -0.11 1.44 -0.18 2.34 —-0.16 1.81
angle (Onye—P—0Lg)? 0.70 13.77 -5.85 7.47 -8.10 9.63
angle (Opo—H—0ac)¢ —21.83 21.83 —22.35 24.24 —-0.60 7.28
phosphorane intermediates
bond (P—0ay)¢ —0.026 0.026 —0.086 0.086 —0.002 0.022
bond (P—0Oeq) —0.002 0.014 —0.029 0.029 0.038 0.045
angle (Oax—P—0ax)? —-7.01 7.75 —5.60 6.32 —19.76 19.76
angle (Oax—P—0eq)? 0.55 251 0.43 2.31 1.25 7.32
angle (Oeg—P—0eq)? —-0.01 5.28 0.00 5.10 -0.33 7.68
transition states

bond (P—Onucis)? 0.052 0.121 0.190 0.445 0.158 0.397
bond (P—0ay)¢ —0.006 0.017 0.039 0.056 0.040 0.050
bond (P—0Oeq) —0.010 0.012 0.102 0.102 0.031 0.043
bond (H—Oac/po)® 0.089 0.105 0.042 0.139 —0.003 0.110
angle (Oax—P—Onucic)?? —2.14 3.82 —4.62 6.79 —9.52 10.44
angle (Oeq—P—Onucrc)?? —-0.82 3.25 -1.23 6.31 —0.06 7.19
angle (Oeg—P—0eq)? —-0.53 2.05 -1.37 3.69 —0.64 2.79
angle (Opo—H—0ac)® —16.39 16.39 -9.11 15.88 -9.23 16.63

a All error values are computed as Propcaca — Propper, where reference geometries are from B3LYP/6-31++G(d,p) optimized geometries.
the unit for the bond length is angstroms, and for the angle, it is degrees. ? Nuc and LG are the oxygen atom in the nucleophilic and leaving
group, respectively, and Nuc/LG stands for either nucleophile or leaving group. ¢ Ac and Do are the hydrogen bond acceptor and donor group,
respectively. @ ax and eq are the oxygen atoms at the axial and equitorial position of phosphorane geometry, respectively. € Do and Ac are the
donor and acceptor at the transition state for the proton transfer.

Table 6. Intermolecular Interaction Energies (kcal/mol) for Hydrogen-Bonded Complexes

complex@ DFT? AM1/d AM1 PM3 MNDO/d ref

H>0:H,0 —4.38 —4.2 —5.4¢ —-35 -0.7 —5.44
7508

H»O:CH30OH —4.6 -3.8 -5.1 —-3.2 —0.6

H>0:CH3CO,~ —15.7 —16.5 —13.8 —13.5 —6.7

H>O:P(0)(0)(O)~ —14.2 —16.4 —-13.1 —-9.1 —45

H>0:P(O)(O)(OH)(OH)~ —16.0 —19.1 —14.1 -12.3 -6.2

H,0:P(0)(0)(O)(OH)?~ -30.4 —31.2 —20.6 —24.7 -9.7

H>0:P(0O)(O)(OCH2CH20)~ —15.3 —17.2 —13.2 —10.9 —4.9

MSE’ -1.1 2.1 3.4 9.7

MUE' 15 2.6 3.4 9.7

aBold complexes are included in parametrization as a training set hydrogen bond complexes. ? B3LYP/6-311++G(3df,2p) evaluated adiabatic
hydrogen bond energy. ¢ AM1 water dimerization energy is for the bifurcated geometry. In the case of nonplanar Cs structure, the interaction
energy is —3.3 kcal/mol. @ Experimental hydrogen bond energy of water dimer.138 € Benchmark ab initio hydrogen bond energy of water dimer.139
fErrors are computed as Ecaca — Eprr, Where E is hydrogen bond energy.

work, genetic algorithm runs were performed using popula- passed, additional geometries taken from the relaxed potential
tion sets of 128 members that were allowed to evolve over energy surfaces were included in the training set to map the
100 generations. The parameter sets with the highest fithesgotential energy surface along the reaction pathway explic-
were then refined with the quadratically convergent direction itly. Because of the extreme sensitivity of the reaction energy
set method for 100 iterations. During the optimizations, profile and the existence of phosphorane intermediates on
parameters were typically allowed to vary by only around the protonation and alkyl substitution level, the parametri-
5-10% of their initial values. This combined genetic zations only with stationary point geometries do not guar-
algorithm—direction set optimization procedure was repeated, antee the correct curvature and shape of potential energy
sometimes adjusting the parameter value bounds, untilsurface for the reactions, except in the most simple reac-
satisfactory results were obtained. It should be mentionedtions®! Therefore, the inclusion of geometries from potential
that in the process of nonlinear optimizations, multiple energy surfaces for the reactions is critical to improve the
minima in the parameter space were identified and system-accuracy of AM1/d-PhoT model with correct energy curva-
atically eliminated on the basis of further testing and ture near the transition states. All H, O, and P atomic
evaluation using the extended (testing) dataset. parameters were refined simultaneously under narrow pa-

3.2.3.2. Final Parameter RefinementUp to this point, rameter bounds (typically 5% or less) using the direction
the training set only included stationary and transition state set optimization scheme to arrive at the final optimized
geometries. After the coarse-grained parameter optimizationparameter set.
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4. Results and Discussion 500 —

This section presents an analysis and discussion of the result:
from the semiempirical AM1/d-PhoT parametrizations for

biological transphosphorylation described above. The opti-
mized AM1/d-PhoT parameters for the H, O, and P atoms 450~
are shown in Table 1, along with the original AM1
parameters for comparison. The results are compared with i T
experimental data, high-level DFT calculations from the &
QCRNA databas® and results from other semiempirical & 400 N
models including AM1, PM3, and MNDO/d. In some cases,

convergence problems in transition state optimizations were
encountered with the MNDO/d model, particularly for

reaction steps that involved proton transfers, which dis- 350~ , —
allowed comparison with the present results. In all tables
and figures, the AM1/d-PhoT model is simply referred to as - ®o -
AM1/d. 8

4.1. Heats of Formation.The main focus of this paper is 300 —
to develop a semiempirical model that is highly accurate in 3[|)0 ! 3;0 ' 41!)0 ' 4;0 300
describing phosphoryl transfer reactions, including the Reference PA (CBS-QB3)
structures and relative energies of the transition state and _. —_
reactive intermediates. Nonetheless, to create a more robus{:'g.wn.9 1. G.as'phase proton affinities O.f ne utral and mono-

. ' . anionic species. The reference proton affinities are from CBS-
model, we included a selected set of experimental heat of . : )

. ) QB3 calculations. Methods used in the calculations are
format!on data. Table 2 shows the heats of formation indicated by various labels in the figure, and units are
(expgnmental, AMl/d'-F.’hoT, AM1, PM3, and MNDO/d) kilocalories per mole.
obtained for the training set compounds. The overall
performance of the AM1/d-PhoT model in computing heats d-PhoT, PM3, and DFT is similar in term of MSE values,
of formation of molecules is similar with other semiempirical which are 0.7, 0.9, anet1.6 kcal/mol, respectively, whereas
models. The mean signed errors (MSE) in the computed heatthe AM1 and MNDO/d models have MSE values greater
of formation for the AM1, PM3, MNDO/d, and AM1/d-PhoT  than 5 kcal/mol. However, the comparisons of MUE values
models are 2.9, 5.97-1.8, and 3.3 kcal/mol, respectively, show that the AM1/d-PhoT model (3.4 kcal/mol) consider-
whereas the corresponding values in the mean unsigned erroably outperforms the other semiempirical models (6.7 kcal/
(MUE) are 5.8, 8.1, 8.1, and 4.5 kcal/mol. In particular, the mol or greater). For molecules with phosphorus, which lack
AM1, PM3, and MNDO/d have been known to overestimate experimental PA values, the calculated proton affinities are
the heats of formation of the hydroxide ion by-157 kcal/ compared against the CBS-QB3 results. The MSE and MUE
mol, but the AM1/d-PhoT model reduces the error to 6.4 values from AM1/d-PhoT calculations are only slightly worse
kcal/mol. This offers rather significant improvement but still (1.0 and 2.3 kcal/mol, respectively) than the DFT results
underscores the need to consider functional forms that allow (—0.7 and 0.9 kcal/mol, respectively), whereas other semi-
a more balanced treatment of the stability and responseempirical methods shows much larger errors (over 10 kcal/
properties of small anions. mol in magnitude). When the potential inaccuracy in the

4.2. Gas-Phase Proton Affinity.The protonation states, evaluation of the energies of highly negatively charged
pK, values, and pH-dependent rate profiles are major issuesmolecules from semiempirical models employing minimal
in the identification of the underlying catalytic mechanisms basis is considered, the error analysis with exclusion of the
of biological transphosphorylation both in enzymatic and in PO /HPO~ pair, which shows a maximum error in PA,
nonenzymatic systems. Hence, the inclusion of the absolutefurther decreases the MSE and MUE values to 0.3 and 1.6
and relative proton affinities of molecules into the semi- kcal/mol, respectively. The AM1/d-PhoT model is even more
empirical parametrization is important in the study of encouraging in the comparison of the relative PA values.
biological phosphoryl transféf® The calculated proton  For example, the proton transfer from acetic acid to the
affinities (PAs) are compared with experimental and CBS- phenolate ion, which is found in several enzymatic reactions
QB3!131l4calculated values in Table 3, and Figure 1 shows including protein tyrosine phosphata$és exothermic from
the distribution of computed PA values of neutral and the experiment, CBS-QB3, DFT, and AM1/d-PhoT calcula-
monoanionic species against reference CBS-QB3 calculatedions, while the AM1, PM3, and MNDO/d models yield
PAs. Previous studies have shown that the CBS-QB3 endothermic reaction energies.
calculations have high chemical accuracy in computing Table 3 also includes phosphorane compounds and the PA
absolute proton affinity® The computed results from the results at the axial and equitorial protonation sites. The
standard AM1, PM3, and MNDO/d models, as well as DFT phosphorane compounds are formed as intermediates in the
calculations, are also shown for comparison. The AM1/ associative reaction paths. Overall, the PAs are larger in
d-PhoT results exhibit considerable improvement over other phosphoranes than in similar phosphate compounds. The
semiempirical models. For the molecules with available relative trends of absolute PAs between phosphorane and
experimental PA values, the performance of the AM1/ phosphate pairs are correctly reproduced from the AM1/

AM1/d L@
AMI1 I3

PM3
MNDO/d _
DFT °

#o[p>o0O

>< 0

Calculated PA
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6 .

— T T T T T guantum model that predicts accurate polarization response,
it might be desirable to have the dipole moment slightly
imf’d o overestimated in the gas-phase such that the semiempirical
PM3 o 9 - models reproduce correct interaction energy in the condensed
i MNDO/d * | phase. The comparisons of hydrogen bond complexes support
a this. The computed dipole moments from the AM1/d-PhoT
4+ A — calculations reproduce the DFT dataset results, while other
| ¢ x % | semiempirical models underestimate the interaction energy
AL by 0.30-0.62 debye. The results suggest that the AM1/-
— d-PhoT model can be a good method for interactions in
* aqueous solution. Alternately, next-generation models that
AA allow for more accurate charge-dependent response proper-
o — ties’® would be a preferable alternative. It should be noted
* here that proper optimizations of the QM/MM van der Waals
A parameters are also critical to reproduce correct relative
A © — solvation free energies from condensed-phase simulations
using combined QM/MM potentiaf$>117 This aspect will
be addressed in more detail in future work in the application

N S S S TR N S of the AM1/d-PhoT model to study biological transphos-
0 1 2 3 4 5 6

Reference Dipole (DFT) phorylation reactions.

4.4. GeometriesIn Table 5, the analysis on the structures
of phosphorus compounds are presented for the reactions in
training and test sets. (For details of the reactions, refer to
section 4.6 and Tables81.) The AM1/d-PhoT, AM1, and
PM3 optimized geometries are compared with DFT opti-

*D><o0O

Calculated Dipole
L¥S]
[

Figure 2. Scatter plot of gas-phase dipole moment. The
reference dipole moments are from calculations at the B3LYP/
6-311++G(3df,2p) level. The unit of dipole moments is debye.

d-PhoT model, whereas the other semiempirical methods" " ) k g
show larger variations. The AM1 and PM3 models are mized geometries. Since the MNDO/d model fails at the

reasonably reliable for the relative PAs between similar optimization of_tran.sition §tates for most regctions, they are
phosphorane/phosphate pairs. However, for proton transferd10t compared in this section. The geometries are compared
between dissimilar functional groups, as in enzymes, ri- S€parately at the reactant and product states, phosphorane
bozymes, and solution reactions, the predictive capability of INtermediates, and transition states.
the methods is considerably reduced. It is paramount to have For phosphate geometries of reactants and products, the
a quantum model that is able to predict correct absolute PAAM1/d-PhoT model performs better than the AM1 and PM3
values to ensure transferability between diverse sets of protonmnodels, but the geometries are well reproduced from all three
donor-acceptor pairs. In addition, the AM1 and PM3 models Methods tested (Table 5). The situation for the hydrogen bond
show larger error with increasing negative charge on the geometries is somewnhat different among various models at
phosphate compounds, but the AM1/d-PhoT model hasreactant and product complexes. In particular, the angle of
sma”er, more balanced errors. Onue—P—0Oyc, in which the Quuce and Qg are the nucleophilic

4.3 Dipole Moments.The calculated dipole moments for ~and leaving oxygens in the reaction, has large deviation from
14 molecules and 9 hydrogen bond Comp|exes are shown inthe DFT values for all three models tested (Table 5) The
Table 4, and Figure 2 shows the scatter plot of predicted hydrogen bond lengths in the complexes are reasonably close
dipole moments against reference dipole moments from theto the DFT geometries for the AM1/d-PhoT and PM3
DFT calculations. In the parametrizations, the DFT dipole models, but the errors in bond angle are large. For hydrogen
moments were used in the reference dataset. The errofond angles, the PM3 model performs better than the AM1/
analysis shows that the MSE and MUE values for the dipole d-PhoT and AM1 models. For phosphoranes, the three
moments of isolated molecules from the AM1/d-PhoT model methods reproduce DFT geometry accurately. The AM1
are 0.51 and 0.65 debye, respectively. The results aremodelyields the smallest MSE and MUE, which is followed
comparable to values from other semiempirical methods. Theby the AM1/d-PhoT model, whereas the PM3 model
MSE and MUE values are 0.18 and 0.42 debye from AM1, underestimates the bond angle by as much asr2@ome
—0.08 and 0.91 debye from PM3, and 0.08 and 0.47 debyecases (Table 5).
from MNDO/d, respectively. The MNDO/d method is best For the transition state, the most important geometrical
compared to DFT dataset, while the AM1/d-PhoT model parameters are the bond lengths of the P atom from the
slightly overestimates the dipole moments of isolated mol- oxygen atoms of the nucleophile or the leaving group for
ecules. It is sometimes the case that the deviation of the nucleophilic substitution and additierelimination reactions,
dipole moments with respect to the DFT dataset values arisesand the distance from the transferring proton to donor and
from the differences in the optimized geometries at the acceptor atoms (HOacpo). The AM1/d-PhoT model has the
semiempirical level. It is known that the semiempirical smallest MSE and MUE values of 0.052 and 0.121 for the
methods systematically underestimate the molecular polar-P—Oy, and P-O,¢ distances and 0.089 and 0.105 for
izability because of the limitations inherent in the use of a H—0x. and H-Op, lengths, respectively. Although the PM3
minimal valence basis sét.Thus, in the absence of a model predicts quite accurate geometries for proton-transfer
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Table 7. Comparison of Geometries for Hydrogen-Bonded Complexes Given in Table 62
AM1/d AM1 PM3 MNDO/d
H---0b O-H-0°¢ H---0b O—-H-0¢ H---0b O—-H-0°¢ H---0b O-H-0°¢
MSE 0.010 —9.40 0.838 —31.97 0.450 —12.93 1.586 —19.27
MUE 0.073 9.62 0.838 37.83 0.751 16.19 1.586 20.14

a All error values are computed as Propcac — Propper, where reference geometries are from B3LYP/6-31++G(d,p) optimized geometries.
The unit for the bond length is angstroms, and that for the angle is degrees. ? Hydrogen to Oa. distance. ¢ The angle formed by Opo, hydrogen,
and Oac atoms.

reactions, the errors in-FOy,c1 ¢ bond are too large. For
example, the maximum error of PM3 for{®yyc.c bond
length is 1.255 A, while the maximum error for the
P—Owueic bond from AM1/d-PhoT model is 0.347 A. AM1/d-PhoT model for a series of reactions with total charge
4.5. Hydrogen-Bonding Energy and Geometry.For ranging from 0 to—2 are listed in Tables-811. The reaction
bimolecular complexes, the performance of the AM1/d-PhoT dataset includes reaction energies, barrier heights, and relative
model is compared with other semiempirical models. Al- energies of intermediates for over 19 associative reactions
though the semiempirical interaction energies are consideredand 3 dissociative reactions. Note that although these
to be the enthalpies of associatigrt5458we compare the  reactions cover a fairly broad range of mechanisms in the
results with adiabatic interaction energies without including gas phase, they do not consider more complex reaction
temperature and zero-point vibrational energies. Our purposemechanisms that may occur in the aqueous phase, such as
in the development of the present specific reaction parametersvater-assisted pathways'®1%r complex water relays?
is to use a semiempirical model to accurately reproduce the These mechanisms often require fairly sophisticated transition
potential energy surfaces for transphosphorylation reactionspath sampling techniqu&1??2 and sometimes intricate
in condensed phase simulations. The results are presentetiridging water chains that are currently not amenable to
in Tables 6 and 7. The AM1/d-PhoT model shows an efficient automated parameter optimization. The computed
improvement in the hydrogen bond geometries and interac-values from the AM1 and PM3 models are also compared
tion energies compared to the standard AM1, PM3, and with the calculated DFT values. Although the MNDO/d
MNDO/d methods. The MUE for the intermolecular interac- model was successful in the transphosphorylation reaction
tion energy with the AM1/d-PhoT model is 1.5 kcal/mol, in the absence of hydrogen bond and proton transfer, this

PM3 model predicts a singly hydrogen-bonded complex and
causes a large error in angle.

4.6 Reaction EnergeticsThe reaction energies from the

whereas the AM1, PM3 and MNDO/d models have corre-
sponding MUE values of 2.6, 3.4, and 9.7 kcal/mol,
respectively. Importantly, the AM1/d-PhoT model overcomes
the well-documented problem in the AM1 dimer structure

model fails in optimizing the geometries at the transition state
involving proton transfers, which makes it difficult to

compare the performance with other semiempirical methods
and is not included in the comparisons. The results from error

for water, which has bifurcated geometry. The interaction analysis are summarized in Tables 12 and 13, and Figure 3
energy for a water dimer is4.2 kcal/mol from the AM1/ shows a scatter plot of computed energies against the DFT
d-PhoT model, and the hydrogen bond distance betweenreference values. The reactions are classified on the basis of
hydrogen bond donor and acceptor is 2.97 A, which is the total charge and mechanism. Thus, associative (neutral,
comparable to the 2.89 A value from DFT dataset. Table 6 monoanionic, and dianionic) and dissociative (monoanionic)
presents six other hydrogen bond complexes including four mechanisms are considered (Scheme 1). It is assumed that
phosphorus-containing complexes. In particular, the hydrogenall associative reactions proceed via in-line reaction path-
bond energy of water with an ion increases with the increaseways, whenever the reaction involves a proton transfer from
of charge of ions, and the AM1/d-PhoT model performs a nucleophile or to a leaving group. Figure 4 shows the
better than other semiempirical models, in which existing reaction energy profiles of representative reactions for each
semiempirical models considerably underestimate the inter-reaction type. In this figure, the calculations using the
action energy between B and P(O)(O)(O)(OHy. MNDO/d model are carried out from relaxed potential energy
The results from an error analysis of the hydrogen bond surface scans constrained at different values of th@®Rcic
geometries are presented in Table 7. The AM1/d-PhoT modeland H-Oaupo lengths to obtain an approximate transition
results in more accurate hydrogen bond geometries. The MSEState, while the direct transition state optimizations are carried
and MUE values from the AM1/d-PhoT model are 0.010 out for other semiempirical models. The dianionic dissocia-
and 0.073 A for the hydrogen bond distance ar@40 and tive reactions are not listed because of the failure of
9.62 for the angle formed by hydrogen bond donor, H atom, Semiempirical methods in locating the products after the
and acceptor. The AM1 and MNDO/d models predict quite formation of the P-O bond.
different hydrogen bond geometries from the reference The AM1/d-PhoT model performs noticeably better than
geometries. However, compared with Table 5, the PM3 the AM1 and PM3 models in the associative reactions (see
model performs quite reliably, although it is problematic in Table 12). The PM3 method severely underestimates the
balancing the geometries and the interaction energies. Onebarrier heights. In contrast, the AM1 model performs well
example is the hydrogen bond between P(O)(O)(O)(@CH for certain reactions and poorly for others. The computed
CH,0)~ and the water molecule. The DFT and AM1/d-PhoT MSE values for neutral and monoanionic reactions are 3.28
model predict a doubly hydrogen-bonded complex, while the and 0.24 kcal/mol for the AM1 model ane18.76 and
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Table 8. In-line Associative Neutral Reactions and Energies (kcal/mol) Used in Parametrizations and Their Tests?

error (Ecaicda — Eprr)

reaction®? type DFT AM1/d AM1 PM3 label
H,0 + P(O)(OH)(OH)(OCHs) == CH30H -+ P(O)(OH)(OH)(OH) R 11.39 454 —2.24 —9.19 A?
TS» 35.01 —-1.30 -1.16  —14.35
[ 16.64 —1.59 —49.56  —31.57
TSs 36.05 —-4.21 130  —14.79
PS 0.87 —1.34 —-7.34 —-7.30
P 12.94 3.83 -1351  —18.66
H20 + P(O)(OH)(OCH3z)(OCH3) == CH3OH + P(O)(OH)(OH)(OCHs) R 5.65 5.87 5.05 -1.31 A9
TSy 34.69 2.73 483  —17.28
[ 15.19 —0.96 —43.17  —27.01
TSs 37.59 4.25 539  —24.17
PS 0.60 -3.32 —4.94 —-7.88
P 6.92 5.22 -2.96  —10.71
H,0 + P(O)(OCH3)(OCH3)(OCHs) == CH30H + P(O)(OH)(OCH3)(OCHs) R 6.40 3.91 —15.86 —1.44 A
TSy 40.70 —0.98 267  —17.93
[ 20.36 —3.51 —45.09  —30.54
TSy 40.81 —5.41 375  —22.67
PS 1.32 -1.92 —6.04 —9.65
P 7.43 3.31 —23.78  —12.06
CH30H + P(O)(OH)(OH)(OCH3) = R 11.74 5.18 -3.40  —11.13 Ade
TSz 35.26 —2.07 9.24  —20.38
[ 19.84 -2.17 —4220  —26.02
CH30H + P(O)(OH)(OCH3)(OCH3) = R 5.99 4.36 1.44 —2.24 Ade
TS» 35.45 -0.72 12.72 —6.47
[ 17.66 —2.41 —38.02  —20.80
CH30H + P(0)(OCH3)(OCH3)(OCH3) ~ R 6.32 3.98 -0.21 —2.08 Ade
TS» 40.61 —3.55 10.54 —-8.23
[ 22.61 —3.05 —39.54  —21.81
P(0)(OH)(OH)(OCH,CH20H) == H,0 + P(O)(OH)(OCH,CH,0) TSy 29.23 5.68 9.76  —19.66 A
[ 10.76 2.59 —40.49  —26.04
TSy 35.99 9.17 544  —26.72
PS —2.59 4.85 5.05 2.74
P 9.48 6.81 0.19 -6.91
P(0)(OCHa3)(OCH3)(OCH2CH,0H) == CH30H + P(0O)(OCH3)(OCH,CH,0) TSy 31.19 —0.34 —4.10 —28.27 A
[ 15.33 2.60 —40.21  —29.08
TSy 38.88 6.58 -15.10  —22.92
P 10.95 5.51 -957  —17.52

2 All the energies are relative to the reactant hydrogen-bonded complex. The reference DFT energies are computed as adiabatic energies
from B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G(d,p) level. ® Bold reactions are included in the parametrization as a training set reaction.
¢ Symmetric reactions.

—13.01 kcal/mol from the PM3 model, respectively. In this plexes and reaction intermediates. On the other hands, the
regard, the MSE values are 0.76 and.12 kcal/mol from AM1/d-PhoT model accurately reproduces the energetics
the AM1/d-PhoT model for both reaction types. The same from DFT calculations within several kilocalories per mole
conclusion is drawn from comparison of the MUE values. in the reaction energies, barrier heights, and relative energies
The relative energies of intermediates with respect to the of reaction intermediates. This shows the importance of the
reactant complexes are fairly satisfactory from the AM1/d- d orbitals in the handling of hypervalent phosphorus com-
PhoT calculations, but they are severely underestimated usingpounds and the effectiveness of scaled Gaussian-come

AM1 and PM3 models. These two methods produce a hugeinteractions.

stabilization in the energy of phosphorane compounds, For dianionic associative reactions, similar artificial sta-
resulting from the use of a minimal valence basis and the bilizations of hypervalent phosphorus compounds from the
unbalanced use of Gaussian cepere interactions for AM1 and PM3 calculations are observed (Table 10). The
phosphate and phosphorane. The artificial stabilizations of barrier heights from the AM1 and PM3 models are still
the pentacoordinate phosphorus compounds are transferredinderestimated considerably. Again, the AM1/d-PhoT model
into the energy at the transition state. This causes systematiperforms well in the prediction of reaction energies and
underestimation of barrier heights for most reactions using barrier heights.

the PM3 model and several reactions from the AM1 model It is interesting to note that there are large deviations of
(Tables 8, 9, and 12). This is further exacerbated in the reaction energies for the associative reactions computed from
relative energies between hydrogen-bonded reactant comthe semiempirical AM1 and PM3 models and that many
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Table 9. In-line Associative Monoanionic Reactions and Energies (kcal/mol) in Parametrizations and Their Test?

error (Ecaica — Eprr)

reaction®? type DFT AM1/d AM1 PM3 label
H20 + P(O)(0)(OH)(OCHs)~ = CH30H + P(O)(0)(OH)(OH)~ R 16.25 2.55 -1.85 —4.70 Al
TSy 4459 1.99 —13.36 —5.42
I 37.23 —7.55 —48.16 —41.91
TS 41.83 —1.43 —-10.07 —24.25
PS 1.31 —0.45 -1.31 —6.89
P 15.97 1.13 -9.73 —10.98
H20 + P(0)(0)(OCH3)(OCHz)~ == CH3OH + P(0)(O)(OH)(OCH3)~ R 17.31 1.00 —10.60 —10.93 A,
TSy 39.20 1.62 1.61 -7.32
I 36.69 —5.02 —54.38 —44.78
TSy 40.94 —6.68 —4.38 —46.03
PS —-0.06 —-1.88 -9.72 -11.72
P 15.68 0.58 —14.82 —16.03
CH30H + P(O)(0O)(OH)(OCH3)~ = R 15.76 1.79 —-5.18 —4.65 Azd
TSy 43.08 —-0.42 —-30.73 —14.30
I 36.76 —6.89 —43.63 —35.20
CH30H + P(0)(0)(OCHa3)(OCH3)~ = R 14.56 2.55 —9.26 —2.76 Al
TSy 41.40 —4.51 -9.01 -18.12
I 39.62 —4.91 —20.24 —32.00
CH30~ + P(O)(OCH3)(OCH3)(OCH3) = R 20.04 4.89 —2.38 1.40 Agcd
TSy 10.30 —5.95 28.82 12.23
I 1.69 —5.61 —45.48 —-18.25
P(O)(OH)(OCH3)(OCH2CH,0)~ == HO~ + P(0)(OCH3)(OCH,CH,0) R 5.43 7.38 453 —2.19 Agc
TSy 2.81 2.16 3.74 —-5.33
I —2.27 -2.19 —38.56 —30.01
TSs 23.84 2.59 12.83 6.17
P 37.32 12.97 19.15 5.53
P(0)(0)(OCH3)(OCH2CH,0H)~ = CH30H + P(0)(0)(OCH,CH,0)~ TSy 32.21 —-1.03 17.54 —14.18 A;
I 32.16 -1.71 —43.76 —37.36
TSy 40.80 -0.71 6.59 —26.57
PS 3.77 —2.34 -6.11 —21.32
P 18.43 —0.40 —12.43 —16.08

2 All the energies are relative to the reactant hydrogen-bonded complex. The reference DFT energies are computed as adiabatic energies
from the B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G(d,p) level. © Bold reactions are included in the parametrization as a training set reaction.
¢ No proton transfer is involved in the reaction. ¢ Symmetric reactions.

Table 10. In-line Associative Dianionic Reactions and Energies (kcal/mol) in Parametrizations and Their Test?2

error (Ecaica — Eprr)

reaction®? type DFT AM1/d AM1 PM3 label
H20 + P(0)(0)(0)(OCHz)2~ = CH30H + P(0)(0)(0)(OH)>~ R 29.42 0.89 —8.85 —5.37 AZce
TSy 50.43 —3.47 —48.56 —36.74
PS 1.99 —0.68 —5.85 —3.41
P 32.84 —2.82 —16.78 —10.61
CH3OH + P(0)(0)(0)(OCH3)? = R 29.98 —-1.18 —-10.14 —6.44 A% cde
TSy 50.56 —5.95 —33.90 —33.73
CH30™ + P(0)(0)(OCH3)(OCH3)~ = TSs 94.38 —4.66 —10.85 —24.12 AL
P(0)(0)(OCH3)(OCH,CH,0)2~ = CH30~ + P(O)(0)(OCH,CH,0)~ TSy 43.07 —-0.43 -7.14 —38.92 AZe
P —44.10 0.84 —12.93 —21.53

2 The reference energy for the Af’ and Ag’ reactions and the Ag’ and Ai’ reactions is the energy of the reactant hydrogen-bonded complex
and the separated reactant state, respectively. The reference DFT energies are computed as adiabatic energies from the B3LYP/6-
311++G(3df,2p)//B3LYP/6-31++G(d,p) level. ? Bold reactions are included in the parametrizations as a training set reaction. ¢ Proton transfer
is involved in the reaction. ¢ Symmetric reactions. € Several points on the 1-D/2-D potential energy surfaces are included in the parametrizations
to ensure the curvature of the potential energy surface near the transition states.

reactions in the reaction set consist of a water and methanolsemiempirical methods tested, there exist similar errors from
pair as nucleophile and leaving group. The errors of thesethe AM1/d-PhoT model. Other defects of the AM1 and PM3
two molecules in heat of formation coincide with the errors models are also evident. For example, there is a systematic
in the computed reaction energies from the AM1 and PM3 increase of error in the calculated heats of formations as the
models. Even though the errors are smaller than othercharge on phosphorus containing compounds increase (Table
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Table 11. Dissociative Monoanionic Reactions and Energies (kcal/mol) in Parametrizations and Their Test2

error (Ecaicd — Eprr)

reaction®? type DFT AM1/d AM1 PM3 label
H,0 + P(0)(0)(0)~ = P(O)(0)(OH)(OH)~ R 14.16 2.20 -1.03 -5.01 D¢
TS 24.15 10.93 5.69 —16.50
P 10.01 7.78 —29.59 —20.60
CH3OH + P(0)(0)(0)~ = P(0)(0)(OH)(OCHs)~ R 13.17 0.74 —-3.88 —2.19 D,
TS 22.52 6.92 12.85 —2.50
P —10.71 7.73 —24.57 —11.49
CsHsOH + P(0)(0)(0)~ = P(0)(0)(OH)(OCgHs)~ R 20.09 —-2.29 —6.92 —4.17 D¢
TS 23.80 -7.17 —7.57 —23.52
P —6.32 0.88 —27.39 —16.33

2 All the energies are relative to the reactant hydrogen-bonded complex. The reference DFT energies are computed as adiabatic energies
from the B3LYP/6-311+-+G(3df,2p)//B3LYP/6-31++G(d,p) level. » Bold reactions are included in the parametrizations as a training set reaction.

Table 12. Summary of Gas-Phase Reaction Energetics of Associative Reactions in the Training and Test Sets?

neutral rxn monoanionic rxn dianionic rxn
AM1/d AM1 PM3 AM1/d AM1 PM3 AM1/d AM1 PM3

reaction energy?

no. rxn 5 4 2

MSE 2.07 -7.32 —10.78 0.84 —2.48 —4.94 —1.44 —9.00 —2.96

MUE 2.86 7.39 10.78 1.96 9.79 8.80 2.28 9.00 5.65
activation energy

no. TS 13 11 4

MSE 0.76 3.28 —18.76 -1.12 0.24 —13.01 —3.63 —25.11 —33.38

MUE 3.61 6.62 18.76 2.64 12.69 16.36 3.63 25.11 33.38

relative energy of intermediates

No. int 8 7

MSE —1.06 —42.29 —26.61 —4.84 —42.03 —34.22

MUE 2.36 42.29 26.61 4.84 42.03 34.22

2 All error values are computed as Ecaica — Epet, Where the DFT values are B3LYP/6-311++G(3df,2p) single-point energies at a given B3LYP/
6-31++G(d,p) optimized geometries. All energies are given in kilocalories per mole. ® Symmetric reactions are ignored in computing reaction

energies.

Table 13. Summary of Gas-Phase Reaction Energies
(kcal/mol) of Three Dissociative Reactions in Trial Set and
in the Training Set?

reaction ener activation ener
error of ay 9y

reaction AM1/d AM1 PM3 AM1/d  AM1 PM3

MSE 5.25 —-23.24 —-1235 356 3.66 —14.17
MUE 5.25 23.24 12.35 8.34 8.70 14.17
2 All error values are computed as Ecacd — Epet, Where DFT values

are B3LYP/6-311++G(3df,2p) single-point energies at a given
B3LYP/6-31++G(d,p) optimized geometries.

—12.35 and—-14.17 kcal/mol from the PM3 calculations for
reaction energy and reaction barrier, respectively. If the
dissociation reaction is the reverse reaction presented in Table
11, the reaction barriers from AM1/d-PhoT model are
comparable to DFT dataset.

4.7. Free-Energy Simulations in Water.Although the
AM1/d-PhoT model has been developed and tested for gas-
phase processes, our goal is to study transphosphorylation
reactions in aqueous solution and in enzymes or ribozymes.
Thus, it is necessary to demonstrate an application of the
AM1/d-PhoT model in condensed phase QM/MM simula-

3). The errors in predicted PA values increase with the tions. To this end, molecular dynamics simulations employ-

increase of charge on phosphorus compounds. This explaindnd umbrella sampling® have been carried out to compute
the relatively large error in the last reaction presented in Potentials of mean force (PMF) for a model transphospho-

Table 10.

rylation reaction in water.

The performance of the AM1/d-PhoT model on dissocia- ~ The transphosphorylation reaction model tested is the
tive reactions is less impressive than for the associative A; " reaction presented in Table 9. The solute molecule,
reactions, which might be related to the slight unbalance of which has a total charge ef1 e, is embedded in a 40 40
the heats of formation of metaphosphate and phosphatex 40 A3 cubic box consisting of 2039 TIP3P water
compounds. All the semiempirical methods, however, per- molecules?* In addition, we include one Naion to
form considerably poorly. Nonetheless, the AM1/d-PhoT neutralize the charge of the system. The solutes were
model is more accurate than AM1 and PM3 by a factor of represented quantum-mechanically by the AM1/d-PhoT
2—3. The MSE values are 5.25 and 3.56 kcal/mol from the model, and the rest of the system constitutes the classical
AM1/d-PhoT,—23.24 and 3.66 kcal/mol from the AM1, and region. The geometry of water was held rigid by using the
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Figure 3. Scatter plots of gas-phase reaction energy (left), activation barrier (middle), and relative energy of intermediate (right).
The reference reaction energies are from calculations at B3LYP/6-311++G(3df,2p) level, and symmetric reactions are not
presented for reaction energy. The unit of energy is kilocalories per mole.
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Figure 4. Comparison of performance of semiempirical methods on representative reactions. The plots are for the neutral

associative reaction of A‘l’, the monoanionic associative reaction of A;, the dianionic associative reaction of Af{, and the

dissociative reaction of D; . The labels are shown in Table 8—11. The values for the MNDO/d model are obtained from relaxed

potential energy surface as approximate energies, while the direct transition state optimizations are carried out for other

semiempirical and DFT results.

SHAKE algorithm in all simulation$?>To handle long-range  a 2-dimensional umbrella sampling run to cover the entire
electrostatic interactions, the QM/MiMEwald schem@ was free-energy surface. The computed results are shown in
used along with the particle mesh Ewald (PME) metfold’ Figure 5. The contours are computed from 338 separate
for the electrostatic interactions between pure MM atom pairs umbrella sampling windows, each consisting of over 30 ps
and a 10.0 A cutoff with potential shift in computing van averaging with at least 5 ps equilibration. Thus, the free-
der Waals interactions (refer ref 65 for further details on the energy contour was constructed from a total of 12 ns of MD
simulations). simulation. The computed barrier for the first step of the
The reactions are divided into two steps: intramolecular reaction (TS) is about 32.0 kcal/mol and for the second
nucleophilic attack and exocyclic cleavage. Each step step (T$) is approximately 37.0 kcal/mol from combined
involves a proton transfer, the first from the nucleophile to QM/MM simulations (Figure 5). A phosphorane intermediate
the nonbridging oxygen and the second from the nonbridging (I) has a PMF value of 29.0 kcal/mol, with barriers to
oxygen to the leaving group. The reaction is assumed to collapse to reactants and products of 3.0 and 8.0 kcal/mol,
follow an in-line reaction pathway. Thus, each step requires respectively. The lifetime of such intermediates are im-
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reduction of over 3-4 orders of magnitude in computational

cost. The model offers a significant improvement over the
MNDO/d, AM1, and PM3 methods for the transphosphor-

ylation reactions. The ultimate goal of this work is to make

strides toward the development of highly accurate semi-
empirical quantum models for biological reactions that can
be used in conjunction with linear-scaling electronic structure
and combined QM/MM methods to address complex prob-
lems of biocatalysis that simultaneously span large spatial
domains and long time scales. The current work makes

= 0 i - 0 Yol s considerable progress in the development of fast, accurate
guantum models for phosphoryl transfer reactions in solution
Figure 5. Computed potential of mean force (PMF) on the and catalyzed by enzymes and ribozymes. Future work will
transphosphorylation reaction of A; shown in Table 9. The involve critical comparison of AM1/d-PhoT with new SCC-
reactions have two separate steps: intramolecular nucleo- DFTB models to assess the advantages and disadvantages

philic attack leading to formation of an endocyclic bond (left
side) and exocyclic cleavage of the phosphorane intermediate
leading to departure of the methanol leaving group (right side).
The ¢; is defined as a distance difference in R(Og—P) and
R(P—0,), where O, and Og are oxygens on the nucleophile
and leaving group, respectively, presented in Scheme 2. The
&, is the proton-transfer reaction coordinate also defined as
distance differences between R(Ox—H) and R(H—Og) (left
plot) and between R(Ogr—H) and R(H—Og) (right plot), where
H is the transferred proton and Og is one of nonbridging
oxygen on cyclic phosphate in Scheme 2. The unit of energy
is kcal/mol, and that of distance is A.

of each method and facilitate the design of more robust
guantum models for QM/MM calculations. It is the hope

that through continued development and testing of semi-
empirical and SCC-DFTB models over a broad range of
biological applications the next-generation of improved

guantum methods for multiscale modeling of biocatalytic
processes may emerge.
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