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Abstract 

 

This dissertation is composed of three parts. The first part is to argue the solvent 

effects on the solvatochromic shift of the n ! !* excitation of acetone in ambient and 

supercritical water fluid using a hybrid QM!CI/MM potential in MC simulations. The 

solute is described by the AM1 approach and water molecules are treated classically. 

Specially, the spontaneous polarization of the solvent due to the excitation of the solute 

was considered. The solvent effects on the blue shift of acetone in water fluids at various 

temperatures and solvent densities are examined. 

The second part is to investigate the role of dopa decarboxylase (DDC) in the 

catalysis of converting anti-Parkinson drug L-dopa into dopamine. By means of 

combined QM/MM potentials in MD simulations, we first analyze the factors 

contributing to the tautomeric equilibrium of an intramolecular proton transfer in the 

external PLP!L-dopa aldimine (the Michaelis complex). How the intrinsic properties, 

solvent effects as well as the enzyme environment control the shift of the equilibrium is 

discussed. Afterward, the free energy profiles for the decarboxylations of the external 

aldimines both in water and in DDC are calculated. The contributions of DDC to the rate 

enhancement of the reaction are elucidated. The reaction mechanism of L-dopa 

decarboxylation in DDC is proposed. 

The third part is to study the structural dynamics of lysine-specific demethylase 

(LSD1) in complex with CoREST and protein-substrate interactions of LSD1 with 

histone H3 tail. MD simulations of LSD1•CoREST complex bound to a 16 a.a. of the N-

terminal H3-tail peptide (H3-p16) were carried out using NAMD to study the 

conformational flexibility of the protein complex, especially the substantial oscillation of 

the TOWER domain. In addition, the simulations reveal some important protein-peptide 

and peptide-peptide interactions between LSD1 and H3-p16 that are absent in the crystal 

structure. 
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Chapter 1 

Introduction 

 

 

The enormous catalytic power of enzymes to accelerate the rates of chemical 

reactions has been a mystery for a long time, and remains to be a key fundamental 

question in biochemistry. How do enzymes enhance the rates of sophisticated 

chemical transformations and exquisite specificity toward substrates? The three-

dimensional structure of an enzyme is the most important factor in achieving this 

remarkable catalytic power, and extensive experiments and computer simulations 

have provided abundant evidence. Nevertheless, the dynamic fluctuations and internal 

motions of enzymes are also fundamentally important for their biological functions 

and have been a focus of many experimental and computational enzymologists 

(1.1!1.5). 



 ! 

With the improvement of computer speed and the development of novel 

algorithms, many novel computational tools have become available for studying the 

mechanism and dynamics of enzymatic reactions (1.2, 1.6!1.8). In particular, the 

work presented in this thesis makes use a broad range of computational methods, 

including high-level ab initio and density functional theory for small molecules and 

their reactions in the gas phase, molecular dynamics simulations employing classical 

force fields for large biomolecules in water solution, and combined quantum 

mechanical and molecular mechanical (QM/MM) models for enzyme-catalyzed 

processes. Of critical importance for successful computer simulations of enzymes is 

the potential energy function or a force field that describes intermolecular and 

intramolecular interactions.  

The currently available methods may be divided into two main categories: 

empirical force fields, which is computationally efficient, and quantum mechanical 

models such as semiempirical and ab initio wave function theory and density 

functional electronic theory, which have increased computational demands. Each 

category has its own advantages and disadvantages and each method is still 

continuously being improved. For example, a significant effort is being spent to 

incorporate explicit polarization terms into the empirical force fields, while methods 

are being developed to use quantum mechanical models directly as a force field for 

macromolecular simulations. For the purpose of modeling enzymatic catalysis, in 

which only a small portion of the system requires the explicit treatment of the 

electronic structure using a quantum mechanical representation, it is natural to 

combine quantum mechanics with molecular mechanics, or QM/MM, in which a 



 ! 

quantum mechanical method is used to describe the active site to simulate the bond 

formation and cleavage processes, and the computationally efficient molecular 

mechanics is used to model the remainder of the system.  

Over the past decade, computational procedures for studying enzyme 

mechanisms have become well established. First, it entails the determination of the 

potential of mean force, or the free energy reaction profile, along a pre-defined 

reaction coordinate in molecular dynamics simulations using a combined QM/MM 

potential. Although many studies are still reported with the use of energy 

minimization techniques, it is likely that these calculations do not capture the true 

origin of enzyme catalysis because the contributions and effects of protein dynamic 

fluctuations are ignored, and these fluctuations are known to be critical to the function 

and properties of enzymes (1.5, 1.8, 1.9). Having established a possible reaction 

mechanism, the second step in computational study of enzyme catalysis is to explore 

the specific contributions of enzyme dynamics using the techniques of activated 

molecular dynamics simulations (1.5, 1.10, 1.11). Dynamic factors in enzymatic 

mechanism may broadly include the classical transmission recrossing factor of 

transition state theory, quantum mechanical tunneling, and non-equilibrium dynamic 

fluctuations of the enzyme-solvent system. Clearly, not all factors are necessarily 

equally important for a given enzymatic process, and computational details may differ 

depending on the specific questions to be investigated. Based on these procedures, I 

will summarize in Chapters 3!5 in this dissertation results that help to enhance our 

understanding of the underlying catalytic principles and the reaction mechanism of 



 ! 

the enzyme dopa decarboxylase, which is involved in the treatment of Parkinson 

disease and catalyzes the decarboxylation reaction of aromatic amino acids.  

Molecular dynamics simulation is instrumental in changing the view of 

proteins as relatively rigid structures in the early days when crystal structures of 

proteins and enzymes became available. Now, the study of protein dynamics and its 

relationship with function has become the central focus of experimental and 

computational investigations. Undoubtedly, internal motions of a protein play an 

integral role in determining its biologically function, and dynamics simulations can 

provide a detailed picture of thermal fluctuations and the associated spatial and 

temporal scales. Lysine specific demethylase-1 (LSD1) has captured enormous 

attention in the past 10 years since its discovery due to the association with gene 

expression through its capability of reversibly removing protein lysine modifications 

(1.12!1.18). In fact, the function of demethylases is a central component of the so-

called histone code hypothesis in the understanding of epigenetics. Here, by sampling 

the conformational space of the LSD1•CoREST complex bound to the target histone 

3 tail, the results of nanosecond MD simulations in water provide insights into the 

complex’s behavior in aqueous solution, establishing a foundation for further 

investigations on the mechanisms and specific interactions in the enzymatic catalysis. 

Many chemical and biological reactions involve electronically excited states, 

such as the photoisomerization of retinal in rhodopsin (1.19!1.21). Thus, it is of 

importance to model the excited state events in biological systems in order to gain an 

understanding of the underlying biophysical interactions. Our group has developed 

configuration interaction (CI)-QM/MM techniques for modeling excited states of 
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chromophores in solutions and in proteins. In Chapter 2, the solvatochromic shifts of 

a probe molecule acetone were studied in the entire range aqueous solvation, from 

steam vapor to supercritical conditions to ambient water. The effect of instantaneous 

solvent polarization, using a polarizable force field for the solvent, was taken into 

account by following the solute electronic excitation, providing a prelude for studying 

excited states in proteins. 

Key results in each chapter are briefly summarized below: 

• Chapter 2: In this chapter, a hybrid quantum mechanical and molecular 

mechanical potential is used in Monte Carlo simulations to examine the 

solvent effects on the electronic excitation energy of the n ! !
*
"transition of 

acetone in ambient and supercritical water fluid, which covers a temperature 

range from 25 to 500 °C and pressures from 1 to 2763 atm. In this study, the 

chromophore acetone molecule is represented by the Austin Model 1 (AM1) 

Hamiltonian and the water molecules are treated classically. Two sets of 

calculations are performed. The first involves the TIP4P model for water, and 

the second employs a polarizable model, POL2, for the solvent. The first 

calculation yields the excitation energy by using a static ground-state solvent 

charge distribution obtained from QM-CI/MM calculations. The latter takes 

into account the effect of solvent polarization following the solute electronic 

excitation. The trend of the computed n"! !
*
 blue shifts for acetone at 

different water fluids are in good agreement with experimental results. The 

Monte Carlo simulations of acetone in the supercritical, near supercritical, 

dense-liquid and ambient water fluids reveal that the solvatochromic shifts are 
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dominated by the electrostatic interactions between acetone and water 

molecules during the solute excitation. Additionally, the solvent charge 

redistribution following the solute electronic excitation has a small 

contribution (0 ~ !37 cm!1
) to the total solvatochromic shift and decreases 

linearly with water density. Both the solvatochromic shift and solvent 

polarization correction are more obvious in the ambient water than in the 

supercritical water because the solvent stabilization of the ground state over 

the excited state is more significant in the former condition. 

• Chapter 3: This chapter documents combined quantum mechanical and 

molecular mechanical simulations of dopa decarboxylase that have been 

carried out to elucidate the factors contributing to the tautomeric equilibrium 

of the intramolecular proton transfer in the external PLP!L-dopa Schiff base. 

The presence of a carboxylate anion on the "-carbon of the Schiff base 

stabilizes the zwitterions and shifts the equilibrium in favor of the 

oxoenamino tautomer (protonated Schiff base). Moreover, protonation of the 

PLP pyridine nitrogen further drives the equilibrium towards the oxoenamino 

direction. On the other hand, solvent effects favors the hydroxyimino 

configuration, although the equilibrium favors the oxoenamino isomer with a 

methyl group as the substituent on the imino nitrogen. In dopa decarboxylase, 

the hydroxyimino form of the PLP(H+)!L-dopa Schiff base is predicted to be 

the predominant form with a relative free energy of"!1.3 kcal/mol over that of 

the oxoenamino isomer. Both Asp271 and Lys303 stabilize the hydroxyimino 
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configuration through hydrogen-bonding interactions with the pyridine 

nitrogen of the PLP and the imino nitrogen of the Schiff base, respectively. 

Interestingly, Thr246 plays a double role in the intramolecular proton transfer 

process, in which it initially donates a hydrogen bond to the phenolate oxygen 

in the oxoenamino configuration, and then switches to a hydrogen bond 

acceptor from the phenolic hydroxyl group in the hydroxyimino tautomer.  

• Chapter 4: This chapter describes a study of the decarboxylation reaction of L-

dopa in dopa decarboxylase using a combined quantum mechanical and 

molecular mechanical potential in molecular dynamics (MD) simulations to 

elucidate the catalytic effect of the enzyme. It shows that pyridoxal 5´-

phosphase (PLP) cofactor intrinsically accelerates the reaction rate by about 

11 orders of magnitude relative to the uncatalyzed reaction in aqueous 

solution. The participation of PLP in the enzymatic decarboxylation also 

provides stabilization on the product intermediate of the reaction. In addition, 

dopa decarboxylase isolates the reaction center from water solvent by way of 

forming a solvent-occluded cavity with its catalytic loop to prevent solvent 

from stabilizing the carboxylate group in the Michaelis complex in the 

decarboxylation and thus further accelerates the reaction rate by about 7 

orders of magnitude. Furthermore, the external hydroxyimine PLP aldimine is 

predicted to be preferred over the oxoenamine isomer in the enzymatic 

reaction by having a faster reaction rate and producing a more stable 

carbanion intermediate. 
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• Chapter 5: This chapter exposes the nuclear quantum effects on the 

decarboxylation reaction of L-dopa in dopa decarboxylase using a path-

integral free-energy perturbation method. The predicted primary 
13

C-kinetic 

isotope effects of the carboxyl carbon atom for the enzymatic decarboxylation 

reaction are in agreement with experiments on this class of enzymes, although 

experimental studies of kinetic isotope effects on this particular enzyme has 

not been performed. It turns out that the nuclear quantum effects contribute to 

catalysis in dopa decarboxylase, although the dominant effect in rate 

acceleration by the enzyme is the lowering of the quasiclassical free energy 

barrier in the solvent-excluded active site of the enzyme. In addition, 

hydroxyimine and oxoenamine PLP!L-dopa aldimines exhibit differences in 

kinetic isotope effects for the decarboxylation reaction that may be traced to 

different intramolecular bonds at the different transition states of the reactions 

with different PLP-aldimine tautomers. 

• Chapter 6: Lysine-specific demethylase 1 (LSD1) is an enzyme that catalyzes 

the demethylation process on mono- and dimethylated lysine residues, which 

has been implicated in gene activation or repression depending on the 

interacting protein factors. An important question is the dynamical flexibility 

of the protein complex between LSD1 and the auxiliary protein CoREST, 

which recognizes specific DNA sequences around the histone proteins. In this 

chapter, by means of molecular dynamics simulations, the motion of the 

LSD1•CoREST protein-protein complex, where the active cavity of LSD1 is 

bound to a 16-a.a. substrate of N-terminal histone H3 tail (H3-p16) are 
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investigated. We report the conformational fluctuations of the protein complex 

in aqueous solution over a 20-ns simulation. The substantial flexibility of the 

TOWER domain of LSD1 observed in this work indicates that the domain 

tolerates a limited range of" conformational oscillation. In addition, by 

compared with the crystal structure, the conformational rearrangement of the 

H3-p16 peptide in the catalytic cavity was examined with the presence of 

explicit water solvent. The simulations reveal some important protein-peptide 

and peptide-peptide interactions between LSD1 and the H3-p16 tail peptide. 

 

The thesis also includes three Appendix chapters, documenting research results that 

have been published in the literature. Appendix A documents the supporting 

information of Chapters 2, listing the numerical data of the computed solvatochromic 

shift (!!) and the corresponding reduced densities ("r) in the n !"#* excitation of 

acetone in water fluid at various temperatures. Appendix B reports the supporting 

information of Chapters 3, including the fully optimized structures and atomic 

geometries of oxoenamine and hydroxyimine tautomers, the energies and free 

energies for the studied tautomerization reactions in the gas phase, as well as the free 

energies and solution free energies in aqueous solution. Appendix C records the free 

energy profiles for the decarboxylation reaction of L-dopa in dopa decarboxylase with 

different loop conformation involving in the enzymatic catalysis. Appendix D lists the 

computed KIEs of individual block-averages for the decarboxylation reactions of 

PLP"L-dopa in the enzyme dopa decarboxylase as well as in water solution. 



 !" 

Appendix D includes my other publications that I have contributed as a part of 

collaboration during my doctoral studies.#
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Chapter 2 

Supercritical Solvation with Explicit Polarization: Towards an 

Understanding of Solvent Effects and the Solvatochromic 

Shifts of Acetone from Steam Vapor to Ambient Aqueous 

Solution 

 

 

2.1 Introduction 

The unusual properties of supercritical water (SCW) fluid have attracted 

considerable interests (2.1!2.6) as a viable medium for green chemical oxidations 

(2.7!2.9). At or near supercritical conditions, organic species and molecular oxygen 

are completely miscible (2.2!2.7, 2.10, 2.11), whereas electrolytes are nearly 

insoluble (2.7, 2.12). Thus, it offers a tremendous opportunity to develop alternative 

technologies for the destruction of chemical warfare agents and organic wastes by 

complete oxidation (2.7, 2.9). Another advantage of performing chemical oxidations 
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in supercritical fluid water (Tc = 374 °C, Pc = 217.7 atm, and !c = 3.22 g!cm"3
) or near 

supercritical conditions is that the reaction conditions can be optimized by varying the 

density of the medium with a change in pressure. The variations of the fluid density, 

ranging from steam vapor to dense aqueous solution also provide an interesting 

medium for investigating solute-solvent interactions (2.13"2.15). The study presented 

in this Chapter is aimed at an understanding of the change of solute and solvent 

interactions over the entire spectra of solvent density and the unusual behaviors of 

solvation near supercritical conditions. We focus our study on the continuous change 

of solvatochromic shifts of the chromophore acetone as a probe solute in fluid water 

by using a combined quantum mechanical configuration interaction and molecular 

mechanical potential in statistical mechanical Monte Carlo simulations.   

Solvatochromic shifts of organic chromophores have been used extensively as 

a probe to investigate solute-solvent interactions in solution (2.16"25). Based on the 

change in electronic absorption spectra of organic dye molecules, solvent polarity 

scales have been established including the popular ET(30) scale based on Reichardt’s 

betaine dye (2.16, 2.26, 2.27). One group of chromophores, containing carbonyl, 

thiocarbonyl, and azo functional groups, are often used, which have characteristically 

weak n ! #* 
absorption bands (2.16). Typically, a blue shift in the absorption 

spectrum is observed in going from a low dielectric solvent to a more polar medium, 

although dispersion red-shifts are also found in nonpolar solvents such as carbon 

tetrachloride and hexane (2.16, 2.28"2.30).  

Continuum solvation models coupled with electronic structure calculations 

have been widely used to model solvatochromic shifts (2.18, 2.20, 2.31"2.34). The 
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ZINDO program and its associated methods developed by Zerner have been applied 

to a variety of chromophores with remarkable success (2.18). Cossi and Barone 

evaluated the n ! !
*
 transition of acetone in various polar and nonpolar solvents 

using the polarizable continuum solvation model (2.31), while a number of other 

groups have also studied this system using different techniques (2.20, 2.33"2.40). 

Although excellent agreement with experiment can be obtained, a shortcoming of the 

continuum solvation approach is a lack of treating specific hydrogen bonding 

interactions. Zerner showed that only when one or two explicit water molecules are 

included, would the computed spectral shifts for a series of pyrimidine and pyrazine 

compounds be in accord with experiment. On the other hand, combined QM/MM 

simulations even at the level of configuration interaction with only single excitations 

(CIS) can yield reasonable results (2.23). Of course, the latter computations are much 

more time-consuming as it requires configurational averaging over millions of solvent 

configurations. Avoiding explicit electronic structure calculations, Warshel and 

coworkers used the partial charges derived for the ground and excited states along 

with an atom-centered polarizable dipole model to determine the solvent effects on 

vertical excitation energy (2.41). This approach has been used by Levy et al. (2.42) 

and by Kollman et al. (2.43) in the analysis of excited state energy relaxation. 

Previously, our group developed a combined QM-CI/MM approach in Monte Carlo 

simulations, and applied it to a number of systems, including acetone in a variety of 

solvents (2.22"2.24, 2.44, 2.45). Later, the method was extended by incorporating a 

consistent treatment of the instantaneous electronic polarization between the solute 

and solvent in response to solute excitation (2.23, 2.46). Thompson and Schenter also 
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presented a combined QM-CI/MM-pol model that includes polarization effects in the 

MM region and have applied it to study both the ground and excited states (2.47, 

2.48). In addition, Olivares del Valle et al. presented a strategy using the mean-field 

approximation combining QM/MM method to calculate the solvent shift of acetone in 

the ambient water (2.40). Combined QM/MM strategy has also been implemented in 

CASSCF calculations (2.25).  

On the experimental side, Bennett and Johnston carried out a most 

comprehensive study, and measured the entire range of solvatochromic shifts of the n 

! !
*
 absorption band of acetone in vapor, fluid and liquid water (2.1). The 

experimental results showed that the spectral shifts can be divided into three regions. 

First, there is an initial phase of rapid increase in spectral shift, relative to the 

excitation energy of the isolated chromophore acetone in the gas phase, in the low 

density steam region. This is followed by a plateau region near supercritical fluid 

conditions. Finally, as the fluid density increases toward the ambient value, the 

absorption energy increases quickly again. The existence of a plateau region near 

supercritical conditions has been proposed as a feature of supercritical fluid solvation 

due to solvent clustering (2.1, 2.49, 2.50). In a separate study, Takebayashi et al., who 

utilized NMR spectroscopy and Monte Carlo simulations, found similar features, 

which were attributed to the variations in solute-solvent hydrogen bonding as the 

temperature and water density changes (2.51, 2.52). In the same vein, a number of 

molecular dynamics and Monte Carlos simulations have been reported, primarily 

focusing on solute-solvent interactions at or near the supercritical fluid region at a 

few selected states (2.15, 2.53!2.55). These studies provided support to solvent 
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clustering at supercritical conditions.  Recently a classical Monte Carlo simulation of 

acetone in water followed by cluster calculations with semiempirical and time-

dependent density functional theory has been reported at the supercritical point 

(2.37), the change of solvatochromic shifts of an organic chromophore in the entire 

range of solvent densities has not been demonstrated computationally.  

In this work, we aim to assess the solvent effects on the n ! !
*
 blue shift of 

acetone in the full region from steam vapor to supercritical conditions to ambient 

water. The computed n ! !
*
 solvatochromic shifts of acetone in water fluids at 

various temperatures and solvent densities are compared with experimental values 

(2.1). To evaluate the contributions of different molecular interactions to the acetone 

n ! !
*
 blue shift in these fluid states, a decomposition analysis of the energies was 

computed based on the method our group developed previously (2.23, 2.46). To this 

end, statistical Monte Carlo simulations using a hybrid quantum-

mechanical!configuration interaction and molecular mechanical (QM-CI/MM) 

method have been carried out to explore the solvent effects in electronic 

spectroscopy. The effects of the solvent polarization in response to the solute 

electronic excitation is evaluated by using a polarizable MM solvent model (2.23, 

2.46, 2.56). The results of the calculations reveal the factors governing the 

solvatochromic shifts of acetone at different water densities and temperatures, where 

a polarization correlation term from the instantaneous polarization of the solvent 

molecules following the solute excitation was also estimated. In the following, we 

first present the theoretical background and computational details. This is followed by 
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results and discussion. Finally, the main findings of this work are summarized in the 

conclusion. 

 

2.2 Theoretical Methods 

We use a combined quantum mechanical!configuration interaction and 

molecular mechanical (QM-CI/MM) potential in statistical mechanical Monte Carlo 

simulations to investigate the solvatochromic shifts in the n " !
*
 transition of 

acetone in fluid water (2.22, 2.23). In this hybrid system, the solute chromophore (i.e. 

acetone) is treated by a CI wave function and the solvent molecules are represented 

classically by empirical potential functions (2.22, 2.47). Except a few cases, most 

applications of combined QM/MM potentials make use of effective pairwise 

potentials for the MM region, in which the partial atomic charges on the solvent 

atoms are fixed at the same values both for the ground and excite states of the solute. 

This fixed-charge approach ignores the instantaneous charge polarization of the 

solvent due to solute electronic excitation, i.e. the interaction of the QM and solvent-

induced dipoles was not involved, and the change in solvent configurations. In the 

present work, we also use a polarizable solvent model for water. Thus, the mutual 

“QM” solute and “MM” solvent polarization interactions are explicitly treated (2.23, 

2.46!2.48). This is of particular interest in the present study because we examine the 

solvation of acetone by fluid water that covers the entire range of solvent densities, 

ranging from steam vapor to supercritical fluid to the dense liquid at the ambient 

condition. Previously we have implemented a polarizable combined QM/MM method 

for the study of electronic absorption in polar solvent (2.23) and the approach is the 
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same as that described by Thompson and Schenter (2.47, 2.48). Here, we study 

solvation effects in supercritical fluids by including the instantaneous polarization of 

solvent molecules in response to the solute excited-state wave function.  

Energy Decomposition. The total ground-state energy of the QM/MM hybrid 

system with the utilization of a polarizable solvent model can be written as follows 

(2.23, 2.46, 2.48),  

   (2.1) 

where the superscript “g” signifies quantities for the solute in the ground state, 

! 

"CI

g  is 

the ground state CI wave function of the solute, which is the HF result at the CIS 

level, 

! 

ˆ H 
X

o  is the Hamiltonian of the isolated solute (X), 

! 

ˆ H Xs

stat
({qs})  is the electrostatic 

interaction Hamiltonian between the QM system and the MM permanent charges 

(

! 

qs), and 

! 

ˆ H Xs

pol
({µs

g
})  is the interaction between the QM solute and the MM induced 

dipoles ( ) in the solute ground state. The remaining terms do not involve the 

electronic degrees of freedom, except the last term due to the fact that energy terms 

are not additive in a polarizable force field and a combined QM/MM potential with 

explicit polarization in the MM model (2.46). In eq. (2.1), 

! 

E
Xs

vdW  is the van der Waals 

interaction between the solute and solvent atoms,

! 

Ess

pair  is the solvent pair interaction 

consisting of both Lennard-Jones and Coulomb terms, 
  

! 

F
s

o is the static electrostatic 

field from the MM system, and 
  

! 

Fs

qm
({"CI

g
})  is the electrostatic field generated by the 

solute wave function. The induced dipoles of MM atoms s (

! 

µs

g) in eq. (2.1) are 

determined self-consistently by an iterative procedure using eq. (2.2) (2.46, 2.48), 
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where the subscripts (s,t) refer to MM atoms, 

! 

"
s
 is the atomic polarizability of atom 

s, 

! 

r
st

 is the distance between atoms s and t, and 

! 

µ t

g  ( t ! s) are induced dipoles of all 

other solvent atoms. The value of 

! 

{µs

g
} is a function of the permanent charges of the 

MM atom s, all the other solvent-induced dipoles (

! 

µ t

g , t ! s) in the MM region, and 

the instantaneous external field from the QM system, 
  

! 

Fs

qm
({"CI

g
}) , which is derived 

from the molecular wave function of the solute. Since 

! 

"CI

g  and 

! 

{µs

g
} are mutually 

dependent on each other, they must be solved self-consistently. We have employed a 

triple-iterative self-consistent field (TSCF) procedure to achieve the convergences of 

both the solute wave function and the solvent induced dipole, and of the overall 

mutually polarized system (2.46, 2.48). The computational details have been 

described in refs 2.46 and 2.48. In short, we first use a set of induced solvent dipoles, 

which are kept frozen, along with the solvent permanent point charges to optimize the 

solute wave function. Then, the electric field of the solute molecule is included in eq. 

(2.2) to optimize the solute induced dipoles 

! 

{µs

g
}. The new set of 

! 

{µs

g
} is again used 

to obtain an updated 

! 

"CI

g . This process continues until the total energy of the entire 

system in eq. (2.1) is fully converged. 

For the excited state of the solute, a similar energy expression can be obtained 

(2.46, 2.48):  

  

! 

Etot

e = "CI

e ˆ H X
o + ˆ H Xs

stat
({qs}) + ˆ H Xs

pol
({µs

e
}) "CI

e + EXs

vdW

+ Ess

pair #
1

2
µs

e $ Fs

o

s

% +
1

2
µs

e $ Fs

qm
({"CI

e
})

s

%
  (2.3) 
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 where the superscript “e” indicates excited state quantities, 

! 

"
CI

e  is an excited state CI 

wave function of the molecules in the QM region (in this study, it is the first singlet 

excited state), and 

! 

µ
s

e  is the induced dipole of the solvent atom s in the MM region 

optimized in response to the presence of the QM solute in its electronically excited 

state. In eq. (2.3), the solvent polarization is assumed to be instantaneous in response 

to the solute electronic excitation.  

In general, a similar triple-iterative SCF procedure as that for the ground state 

can be used, but this is very time consuming to optimize the excited state wave 

function. Fortunately, it is typically not necessary. In the work reported here, a 

simplified procedure is adopted to solve the coupled QM- and MM-SCF calculations 

in eq. (2.3) (2.46, 2.48): we use the excited-state electric field of the solute, 

determined by the optimized ground-state reference wave function, to determine the 

! 

{µ
s

e
}  dipoles. Thus, we do not further optimize 

! 

"
CI

e . This is based on the Franck-

Condon principle that the solvent and solute nuclei remain fixed in the Franck-

Condon transition and the solvent’s configuration can be approximately by that in the 

ground state (2.28). The small perturbation of 

! 

{µ
s

e
} by optimized 

! 

"
CI

e  is ignored 

because this is of third-order effects (induction of the solute excited state by the 

induced solvent dipoles in the presence of the excited solute, over the mutual 

induction effects in the ground state). Consequently, the QM/MM polarization term in 

eq. (2.3) could be approximately defined as follows, 

! 

"CI

e ˆ H Xs

pol
({µs

e
}) "CI

e
# "CI

e ˆ H Xs

pol
({µs

g
}) "CI

e + "CI

e ˆ H Xs

pol
({$µs }) "CI

e      (2.4) 
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where 

! 

"µs = µs

e
#µs

g . In eq. (2.4), the last term can be identically expressed classically 

for the interaction between the solvent-induced dipole with the QM electric field. 

! 

"CI

e ˆ H Xs

pol
({#µs }) "CI

e = $ #µs

s

% & Fs

qm
({"CI

e
})    (2.5) 

We employ eq. (2.4) and (2.5) to rewrite eq. (2.3) as 

  

! 

Etot

e = "CI

e ˆ H X
o + ˆ H Xs

stat
({qs}) + ˆ H Xs
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g
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1

2
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o

s
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1

2
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e $ Fs
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({"CI

e
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s

% # &µs $ Fs

qm
({"CI

e
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s

%
      (2.6) 

The difference between eqs. (2.3) and (2.6) is that the former involves fully iterative 

QM-CI and solvent-polarization TSCF calculations, whereas the latter requires just 

the MM-SCF iteration to obtain 

! 

µ
s

e . In eq. (2.6), excited-state energies in the CI 

calculations are determined by using the ground-state, solvent-induced dipoles (2.46, 

2.48). Therefore, the transition energy of the solute from the ground state to the 

excited state in solution can be obtained by subtracting eq. (2.1) from eq. (2.6), 
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        (2.7) 

A further approximation of eq. (2.7) is that we assume that the van der Waals terms 

for the solute in the ground state and the excited state are the same. Implicitly, this 

means that we ignore the dispersion effects between solute and solvent in absorption 

spectral calculations (2.29, 2.30). 
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Explicit Simulation Studies. The excitation energy of a chromophore in 

solution as defined by eq. (2.7) can be partitioned into two components as follows 

(2.46, 2.57),  

! 

"Etot

g#e
= "Estat

g#e
+ "Epol

g#e
    (2.8) 

where 

! 

"Estat

g#e = $CI

e ˆ H X
o + ˆ H Xs

stat
({qs}) + ˆ H Xs

pol
({µs

g
}) $CI

e

% $CI

g ˆ H X
o + ˆ H Xs

stat
({qs}) + ˆ H Xs

pol
({µs

g
}) $CI

g

        (2.9) 

and 

  

! 

"Epol

g#e = $
1

2
"µs % Fs

o

s

& +
1

2
µs

e % Fs

qm
({'CI

e
}) $µs

g % Fs

qm
({'CI

g
})[ ]

s

&

$ "µs % Fs

qm
({'CI

e
})

s

&
        (2.10) 

      

In eq. (2.9), 

! 

"Estat

g#e  represents the vertical excitation energy of the solute in the 

presence of the total electric field of the solvent that is equilibrated to the ground-state 

charge distribution of the solute. The remaining contributing terms in eq. (2.10), 

! 

"Epol

g#e
, indicates the correlation effects (mutual many-body polarization to be 

distinguished from electron correlation effects in quantum chemistry) resulting from 

the instantaneous polarization of the solvent molecules by the solute excitation. The 

solvatochromic shift, !!, is defined as the difference in excitation energies of the 

chromophore in solution and in the gas phase:  

! 

"# = "Etot

g$e
%"Egas

g$e     (2.11) 
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where the bracket specifies an ensemble average configurations sampled by carrying 

out statistical mechanical the Monte Carlo or molecular dynamics simulations. 

Making use of the energy partition in eq. (2.7), we can formally separate the overall 

solvatochromic shift into two terms: (1) the spectral shift due to the solvent potential 

equilibrated to the ground state of the solute, 

! 

""Estat

g#e , and (2) the subsequent 

energy change of the solvent dipole due to the solute electronic excitation. Thus,  

! 

"# = ""Estat

g$e
+ "Epol

g$e          (2.12) 

where 

! 

""Estat

g#e
= "Estat

g#e
$"Egas

g#e            (2.13) 

As described in previous works (2.23, 2.46, 2.48), the 

! 

""Estat

g#e  term can be further 

decomposed into two components, 

! 

""Estat

g#e
= "EXs

g#e
+ ""EX

g#e         (2.14) 

where 

! 

"EXs

g#edescribes the energy change of the solute-solvent interaction due to the 

solute electronic excitation, and 

! 

""EX

g#edepicts the difference between the excitation 

energy of the solute in the gas phase (

! 

"EX ,gas

g#e
) and that in solution (

! 

"EX

g#e ), due to, 

among other factors, the change in solute geometry at an instantaneous configuration 

and the polarization of the solute wave function: 

! 

""EX

g#e
= "EX

g#e
$"EX ,gas

g#e    (2.15) 

 The energy decomposition scheme of eqs. (2.7) and (2.12) provides us a 

convenient, approximate procedure for estimating the instantaneously mutual 

polarization effects upon solute electronic excitation. First, we carry out Monte Carlo 
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or molecular dynamics simulations using an effective, pairwise potential for the 

solvent such as the four-point charge TIP4P models. Since polarization effects for the 

ground-state configurations have been included in the potential in an average sense, 

on average, the computed excitation energy using such a non-polarizable model 

corresponds to the energy difference of eq. (2.7), which is written for a polarizable 

solvent model, averaged over the Monte Carlo trajectories. Then, we switch the 

solvent potential to a polarizable model, and use the configurations generated in the 

first step that employs a non-polarizable, effective potential to determine the 

ensemble average of the effects (or energy contribution) of instantaneous polarization 

of the solvent in response to the solute excitation. This average yields the energy 

terms in eq. (2.10). 

 

2.3 Computational Details 

All QM/MM calculations in statistical mechanical Monte Carlo simulations 

were performed using the MCQUB program (2.58, 2.59), in which the quantum 

mechanical energies were calculated using the MOPAC program (2.60). Monte Carlo 

simulations were carried out for a cubic box containing 396 water molecules and one 

acetone molecule with periodic boundary conditions. The isothermal isobaric (NPT) 

ensemble was employed at temperatures of 25, 50, 100, 200, 300, 400, 450, and 500 

ºC and pressures in the range of 1 to 2763 atm. These results in bulk conditions of a 

reduced density (!r) range from 0.05 to 3.10. A total of 29 unique conditions were 

included with various temperature and pressure conditions. The size has been shown 

to sufficiently describe thermodynamic and spectroscopic properties of solutes in 
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SCW and the ambient water, especially at high temperature regions where the fluid 

density is low (2.13, 2.15, 2.51!2.55). The intermolecular interaction among water 

molecules were spherically truncated at 9 Å. The spherical cutoff distances of the 

solvent-solute interaction employed in these calculations were about one-half of the 

edge of each unit box, ranging from 10.07!41.94 Å. This is reasonable since the 

solute molecule is not charged or having significant charge separations. Nevertheless, 

it might be advised to include long-range electrostatic effects in these simulations 

since the ability of solvent dielectric screening effects may be different in such a large 

density range. In all QM-CI/MM calculations, the acetone structure was held rigid at 

the AM1 geometry optimized in the gas phase (2.61). The electronic excited-state 

calculations were performed by configuration interaction that includes a total of 100 

configurations from an active space of 6 electrons in 5 orbitals and these 

combinations have been shown to yield excellent results for acetone even though the 

model was not originally developed for spectroscopy (2.22, 2.30). The van der Waals 

parameters for the QM atoms were determined in a previous study (2.62).  

Two separate calculations were involved. First, the combined QM-CI/MM 

potential with the pairwise four-point charge TIP4P (2.63) water model was utilized 

to yield the average values for 

! 

"Estat

g#e . The TIP4P model has been verified to 

adequately describe the properties of SCW for the present purposes (2.15, 2.54). In 

particular, a series of Monte Carlo simulations have been carried out at 400 oC and 

pressures ranging from 350 to 2000 atm. By analysis of reduced parameters, it was 

suggested that the TIP4P model may slightly underestimate the supercritical 

temperature by 30 to 50 degrees. In the second set of QM-CI/MM simulations, the 



 25 

polarizable POL2 (2.56) model was adopted for the MM solvent to give the 

polarization correlation energy, 

! 

"Epol

g#e . In this step, only the single-point energies 

were evaluated based on the configurations generated in the first set of simulation. 

Each Monte Carlo simulation in the first computational step involves at least 4 ! 106 

configurations of equilibration, followed by 4 ! 106 configurations for data averaging. 

The Owicki-Scheraga preferential sampling technique was used to enhance the 

statistics near the solute, such that solvent moves are made proportional to 1/(R2 + W), 

where, W = 350 Å (2.64). The averages for 

! 

"Epol

g#e  in the latter calculations were 

equilibrated for at least 4 ! 106 configurations, followed by single-point energy 

evaluations with a total of 50 structures to obtain the instantaneous polarization 

response by the solvent. Note that all spectral shifts correspond to Franck-Condon 

excitation, in which solute and solvent electronic polarization are assumed to be 

instantaneous in the excited state at the solvent nucleus positions equilibrated to the 

ground-state electronic structures. 

 

2.4 Results and Discussion 

Solvatochromic Shifts. The total solvatochromic shift (!!) for n " "* 

excitation of acetone in water fluid calculated by the QM-CI/MM method is plotted 

as a function of reduced density (#r) of the fluid in the range from 0.02 to 3.11 

(Figure 2.1). The reduced density of 3.11 corresponds to simulations at 25 ˚C and 1 

atm. The theoretical results show that the initial increase in the reduced density (#r) 

from 0.02#0.7 is accompanied by a rapidly rising blue shift in !!. This is followed by 
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a slowly rising plateau region in the reduced density range of 0.7 to 1.5. In the third 

stage, the increase of !! becomes markedly steeper at higher reduced densities from 

1.5 to 3.1. The trend of !! obtained in the calculations is in excellent agreement with 

the experimental data reported by Bennett and Johnston (2.1). The three distinctive 

regions in Figure 2.1 can be categorized as (1) the gaseous steam phase 

corresponding to a temperature of 500 K and pressures of 49 ! 454 atm used in the 

Monte Carlo simulation, (2) the supercritical fluid region (T = 400"500 K, and P = 

454"987 atm), and (3) the dense-liquid phase (T = 25"400 K, and P = 1"2763 atm). 

The plateau in the UV-absorption energy in the SCW region has been attributed to the 

effect of solvent clustering near the solute, which plays an important role in 

determining the chemical reactivity of organic solute in SCW (2.65"2.67). The 

experimental observation is nicely reproduced here (2.1), and we shall present 

structural analysis in a following section.  

 

 

 

 

 

 

 

 

 

 

Figure 2.1  

Computed solvatochromic 

shift (#!) in the n # $* 

excitation of acetone in 

water fluid as a function of 

reduced density (%r). 

Numerical data are listed in 

Table A1 in Appendix A. 
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The quality of the present study is best illustrated by the computed n ! !*
 

spectral shift ("") for acetone in ambient water, which is 1245 cm#1
. For comparison, 

the experimental value is 1560 cm#1
 (2.28, 2.68), and the difference corresponds to an 

energy difference of only 0.9 kcal/mol. In an early study, the computed spectral shift 

is somewhat greater at 1690 cm#1
 (2.22). Solvatochromic shifts of acetone in various 

solvents have been extensively investigated in ambient conditions (2.22, 2.30, 2.32, 

2.39, 2.48, 2.69#2.72). It provides a prototypical system for studying solvation 

effects. The excellent agreement between the theoretical results and the experimental 

data indicates that the Monte Carlo simulations combined with the AM1 Hamiltonian 

for the QM atoms employed in the present work are adequate for analyses of the 

solvation structure and solvation energies of an organic solute in water fluids 

spanning the entire density ranges from vapor to supercritical fluids to dense liquid. 

Energy Decompositions. To gain insight into the origin of the observed 

absorption spectral shifts and the possibility of solvent clustering near supercritical 

fluid conditions, we decomposed the total solvatochromic shifts into specific terms. If 

there is stable solvent cluster formation near the supercritical point, one would expect 

to find a relatively large and invariant condition from the 

! 

"Epol

g#e
 term because the 

solvent polarization effects depend on the size of the cluster. To conveniently analyze 

the solvatochromic shift ("") of the acetone excitation in water fluid, the water 

reduced density ($r) in this work is divided into four regions: the vapor phase ($r < 

0.7), the supercritical and near supercritical fluid region (0.7 < $r < 1.9), the dense-

liquid region ($r > 1.9), and the ambient water state ($r = 3.11) (2.1). In these four 
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regions, the values of !! obtained from the hybrid QM-CI/MM calculations are in the 

range of 48"219 cm
–1

, 273"452 cm
–1

, 485"1142 cm
–1

, and 1245 cm
–1

, respectively 

(Figure 2.1). 

!! can be decomposed into 

! 

""Estat

g#e  and 

! 

"Epol

g#e
 terms (eq. (2.11)). The first 

term represents the electrostatic stabilization of the ground state over the excited state 

due to solvation, of which the excitation energy in solution is obtained using the 

solvent charge distribution in the ground state of the solute. The second term is the 

polarization correlation energy due to the instantaneous solvent polarization 

following the solute electronic excitation. The decomposition results of !!  show that 

in the vapor, supercritical and near supercritical fluid, dense-liquid, and the ambient 

water regions, 

! 

""Estat

g#e  contribute to the blue shifts !! by 40"226 cm
–1

, 282"468 

cm
–1

, 500"1169 cm
–1

, and 1282 cm
–1

, respectively (Figure 2.2). On the other hand, 

! 

"Epol

g#e
 contributes a small red shift to !! in ranges of "0.02 to "7 cm

–1
, "8 to "16 

cm
–1

, –15 to –35 cm
–1

, and –37 cm
–1

, respectively (Figure 2.3). Clearly, inclusion of 

the solvent instantaneous polarization effects leads to stabilization of the electronic 

excited state, giving rise to a red shift in the absorption energy, and the effect 

increases as the solvent density increase. However, it only makes a small correction 

to the total solvatochromic shift, suggesting that that the energy input required to 

reorient solvent dipoles following the solute excitation is small. 
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Figure 2.2 Electrostatic stabilization energy ( ) due to solvent permanent 

charge distribution for the n ! !* excitation of acetone in water fluid as a function 

of fluid reduced density ("r) 
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Figure 2.3 Computed solvent polarization contributions (

! 

"Epol

g#e
) to the overall 

spectral shifts for the n ! !* excitation of acetone in water fluid as a function of 

fluid reduced density ("r) 
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To further understand the solute-solvent interactions and the solute intrinsic 

energy contributing to the electrostatic stabilization over the excitation due to 

solvation (

! 

""Estat

g#e ), the 

! 

""Estat

g#e  term is further separated into 

! 

"EXs

g#e  and 

! 

""EX

g#e  

two terms using eq. (2.14). The 

! 

"EXs

g#e  represents the energy change of the solute-

solvent interaction due to different solute charge distributions in the ground state and 

excited state, and 

! 

""EX

g#e  is the change of the intrinsic excitation energy of the solute 

in solution. In the vapor, supercritical and near supercritical, dense-liquid and ambient 

states, the energy component of 

! 

"EXs

g#e  is the dominant component of the total 

solvatochromic shift, and the computed values are 23!167 cm
–1

, 256!394 cm
–1

, 

484!1110 cm
–1

, and 1253 cm
–1

, respectively (Figure 2.4). Together with the solvent 

polarization correction, 

! 

"Epol

g#e
, we find that the observed spectral shifts nearly come 

entirely from the difference in solute-solvent interaction energy between the excited 

and the ground states, comprising 95% of the total "!. Surprisingly, the intrinsic 

excitation energy of the solute does not change significantly relatively to the gas 

phase value, with the computed  less than 50 cm
–1

 in all density ranges 

(Figure 2.4). Evidently, the polarization of the solute wave function does not affect 

the energy gap between the ground state and the n # "
*
 excited state. The results of 

the energy decompositions for the solvatochromic shift of the acetone n # "
*
 

excitation reveal that the electrostatic stabilization from the solute-solvent interaction 

in the ground state over that in the excited state ( ) primarily dominates the 

spectra blue shift. Furthermore,  increases continuously without a plateau 
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behavior in SCW region, although it shows a clear transition in that region, leading to 

a rapid increase as the solvent density further increases (Figure 2.4). 

 

 

 

 

Figure 2.4 Decomposition of the permanent electrostatic energy term in Figure 

2.2 into the change in net solute-solvent interaction energy ( ) and the intrinsic 

excitation energy of the solute ( ) for the n ! !* transition of acetone in 

water fluid. 
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Dipole Moment vs. Spectra Shift. A further measure of the molecular 

polarization is provided by calculating the ground-state and excited-state induced 

dipole moments of acetone due to solvation (Table 2.1). The calculated average and 

induced dipole moments continuously increase as the fluid density increases, whereas 

the values of 
  

! 

µg
" µe  are relatively small. Thus, although the ground state is more 

strongly solvated than the excited state, the computed dipoles in Table 2.1 show that 

specific solute-solvent interactions are critically important in molecular solvation and 

the overall dipole moment of a molecule is not a direct indication of its strength of 

solvation.  

 

Table 2.1 Theoretical Results of Ground-state Dipole Moment in Water Fluid 

(
  

! 

µg )
a,d

, Ground-state Induced Dipole Moment (

! 

"µind

g )
b,d

, Excited-state Dipole 

Moment in Water Fluid (

! 

µe )
d
, and Excited-state Induced Dipole Moment (

! 

"µ
ind

e )
c,d

 

for Acetone in the Supercritical (!r < 0.7 g·cm!3
), Near-critical (0.7 < !r < 1.9 

g·cm!3
), Dense-liquid Regions (!r > 1.9 g·cm!3

), and Ambient Water (!r = 3.1 g·cm!3
) 

region 
  

! 

µg  

! 

"µind

g  
 

   

! 

µe  

! 

"µ
ind

e  

supercritical 2.94!3.17 0.02!0.25  2.89!3.06 0.02!0.19 
      

near-critical 3.21!3.41 0.29!0.49  3.15!3.36 0.28!0.49 
      

dense-liquid 3.42!3.98 0.51!1.06  3.34!3.95 0.47!1.08 
      

ambient water 4.07 1.15  3.87 1.00 
a
 Ensemble average of AM1 ground-state dipole moment in water fluid. 

b
 

  

! 

"µind

g = µg
#µgas

g , where 

! 

µgas

g , a value of 2.91 D, is the ground-state dipole moment 

of acetone using the optimized AM1 geometry in the gas phase. 
c

  

! 

"µind

e = µe
#µgas

e , 

where 

! 

µgas

e , a value of 2.87 D, is the excited-state dipole moment of acetone in the gas 

phase. 
d
 Unit in Debye. 
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Figure 2.5 Computed radial-distribution functions for the acetone oxygen and 

water hydrogen ( ) in ambient water (dashed line) and in the supercritical water 

states of 500 ºC (solid lines). 

 

 

Solvent Structure vs. Spectral Shift. The structural interpretation of energy 

component analyses is confirmed by examining the radial distribution functions (rdfs) 

between the solute and solvent. In particular, we focus on the acetone oxygen (O) and 

the water hydrogen (Hw) rdf, , which gives the probability of finding a water 

hydrogen atom (Hw) at a distance R from the acetone oxygen (O). Figure 2.5 shows 
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the rdfs obtained in the ambient water (T = 25 ºC, !r = 3.11) and a state just above the 

supercritical conditions of 500 ºC at a reduced density of 0.70. Table 2.2 presents the 

positions of the first peaks of the rdfs and the coordination number of water 

molecules in the first solvation layer for acetone in these four water conditions. In the 

ambient water, the position of the first solvation peak is well-defined appearing at 2.0 

Å, but the second peak is less structured. The calculated solvent structure in the 

ambient water is similar to that observed by Thompson (2.48), by Takebayashi et al. 

(2.51, 2.52), and by Martin et al (2.40). In contrast, there is no well-defined first peak 

of  in the supercritical conditions (Figure 2.5), which is also in accord with the 

results obtained by Takebayashi et al (2.51, 2.52). 

 

 

 

Table 2.2 Computed Positions of the First Peaks (r1) in Radial Distribution 

Functions (rdfs) and Coordination Numbers of Water Molecules in the First Solvation 

Shell of Acetone (
  

! 

N
H

2
O

) in the Supercritical, Near-critical, Dense-liquid, and 

Ambient Water fluids 

 r1 (Å)    

supercritical region 2.1!2.3  0.08!0.72  

near-critical region 2.1!2.3  0.61!1.44  

dense-liquid region 2.0!2.2  1.22!2.51  

ambient water 2.0  2.90  
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The positions of the first peak of  in the vapor, supercritical and near 

supercritical, and dense-liquid water fluids were shifted to longer distances in 

comparison with that in ambient water by 0.1!0.3 Å, 0.1!0.3 Å, and 0.0!0.2 Å, 

respectively (Table 2.2). Furthermore, the coordination numbers in the first solvation 

layer about the oxygen of acetone (
  

! 

N
H

2
O

) are 0.08!0.72, 0.61!1.44, and 1.22!2.51 in 

the corresponding conditions (Table 2.2 and Figure 2.6d). These results show that the 

average number of  is an increasing function of water density, which is 

consistent with the finding by Takebayashi et al (2.51, 2.52). It is worthy to note that 

the trend of the coordination numbers of water ( ) in the first layer around 

acetone reflects the total solvatochromic shifts (!") in the n " #* excitation of 

acetone with a linear correlation of r2 = 0.91 (Figure 2.6a). The solvent polarization 

correction ( ) and the ground-state induced dipole ( ) also show linear 

correlations with  (Figure 2.6b and 2.6c). Overall, it implies that the density-

dependent  of specific hydrogen-bond interactions between acetone and water 

molecules directly influences the magnitude of the solvatochromic shift, solvent 

polarization correction, and the induced dipole of acetone.  
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(a) 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

Figure 2.6 Correlations with the computed coordination number of water 

molecules in the first-solvation layer of acetone ( ) for (a) solvatochromic shift 

(!"), (b) solvent polarization contribution ( ) 
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(d) 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 (cont.) Correlations with the computed coordination number of water 

molecules in the first-solvation layer of acetone ( ) for (c) ground-state induced 

dipole moment of acetone ( ), and (d) reduced density (!r) of fluid. 
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2.5 Conclusions 

Hybrid QM-CI/MM Monte Carlo simulations have been carried out to 

investigate the solvatochromic shifts for the acetone n ! !*
 excitation in the 

supercritical ("r < 0.7), near-critical (0.7 < "r < 1.9), dense-liquid ("r > 1.9), and 

ambient water conditions. In the present work, the solvent polarization correlation 

following the solute electronic excitation was included. The computed n ! !*
 blue 

shift in ambient water (1245 cm"1
) is in reasonable agreement with the experimental 

value ( ) (2.28, 2.68). The trend of the solvatochromic shift as a 

function of water reduced density with the range from 0.05 to 3.11
 
was in accord with 

the experiment probed by the UV-visible absorption spectroscopy (2.1). The results 

of the energy decompositions show that the solvatochromic shifts in the supercritical, 

near-critical, dense-liquid, and ambient water fluids are mainly determined by the 

electrostatic interactions between acetone and water molecules during the solute 

excitation. Furthermore, the energy required to orient solvent molecules following the 

acetone excitation is quite small and decreases linearly with water density. The 

solvent-density dependent blue shift and the solvent polarization correction for the 

acetone n ! !*
 excitation in water fluid are governed by the induced dipole of 

acetone in the ground and excited states and the specific hydrogen-bond interactions 

between the oxygen of acetone and the hydrogen of water. In addition, both energy 

terms are more obvious in the ambient water than in the supercritical water because 

the solvent stabilization of the ground state over the excited state is more significant 

under the former conditions. 
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Chapter 3 

Internal Proton Transfer in the External Pyridoxal 5´-

Phosphate Schiff Base in Dopa Decarboxylase 

 

 

3.1 Introduction 

Pyridoxal 5´-phosphate (PLP), derived from vitamin B6, is a versatile enzyme 

cofactor to facilitate many chemical transformations, including racemization, 

decarboxylation, and transamination reactions (3.1).!One important yet still not fully 

resolved question is the tautomeric equilibrium of the Schiff base of PLP, which 

involves an intramolecular proton transfer between the covalent hydroxyimine and 

zwitterionic oxoenamine configurations (Scheme 3.1). Here, we use the term 

“covalent” and “zwitterionic” to emphasize the difference in electronic structure 

between the tautomers. This equilibrium is a major factor affecting the reactivity of 

the PLP Schiff base in the active site (3.2). To understand the role of PLP cofactors in 

enzyme catalysis, it is critical to elucidate the position of the bridging proton in PLP-



! "#!

dependent enzymes (3.3). In this Chapter, I present computational results from 

combined quantum mechanical and molecular mechanical (QM/MM) simulations to 

elucidate the factors that influence the tautomeric equilibrium of the external aldimine 

Schiff base, both in water and in the active site of dopa decarboxylase. 

 

 

Scheme 3.1 Schematic view of the tautomeric equilibrium of an external PLP 

aldimine in PLP-dependent enzyme 

 

Dopa decarboxylase (DDC, EC 4.1.1.28) is a PLP-dependent enzyme, which 

catalyzes the irreversible decarboxylation reaction of aromatic L-amino acid 

substrates, such as dopa, phenylalanine, and tryptophan. DDC plays an important role 

in the conversion of the anti-Parkinson drug L-dopa into dopamine. The X-ray crystal 

structure (3.4) shows that the PLP cofactor forms an internal Schiff base with Lys303 

in the absence of the substrate. The internal Schiff base is converted into the external 

!!oxoenamino (zwitterionic) tautomer            hydroxyimino (covalent) tautomer 

keto-enol 

tautomerism 
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PLP!L-dopa Schiff base, displacing Lys303 by the substrate L-dopa via a 

transaldimination process (3.5, 3.6). The resulting PLP!L-dopa aldimine is embedded 

in an extensive hydrogen-bond network in the enzyme (Figure 3.1) (3.4), in which the 

carboxylate side chain of Asp271 forms a salt bridge with the pyridine nitrogen of the 

PLP (3.7). The active-site residues, including Thr82, Ser149, Asn300, and His302, 

participate in hydrogen-bonding interactions with the phosphate group of the 

cofactor. Thr246 donates a hydrogen bond to the phenolic oxygen of the PLP, which 

plays a critical role in the hydroxyimine and oxoenamine tautomerization (3.4, 3.7, 

3.8).  

!

 

Figure 3.1 Partial view of the active center of hog kidney dopa decarboxylase in 

complex with external PLP!carbiDopa Schiff base (PDB entry: 1JS3) (3.2) (A) 

PLP!carbiDopa Schiff base is shown in ball and stick. (B) Detailed view of the 

hydrogen bond interactions (green dash lines), including structural water molecules 

(shown in blue) in the active site. The numbers indicate the hydrogen bonding 

distances found in the X-ray structure. PLP!carbiDopa Schiff base is colored in 

magenta.  

(A)          (B) 
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 NMR, UV/vis, absorption, and fluorescence spectroscopic techniques showed 

that there is a keto-enol equilibrium, corresponding to an intramolecular proton 

transfer in model compounds for the internal and external aldimines (3.3, 3.9!3.15). 

Kinetic and spectroscopic studies of aromatic amino acid decarboxylases with and 

without the substrate or a substrate analog have been used to elucidate the 

physicochemical properties as well as the reaction mechanisms of the enzymatic 

processes (3.16!3.18). In the absence of substrate, PLP-dependent enzymes typically 

exhibit an absorption band in the range of 400!440 nm, corresponding to the 

oxoenamine configuration of the internal PLP!lysine aldimine (3.16). However, the 

absorption spectra of the internal PLP Schiff base of both rat liver and pig kidney 

DDC show a prominent absorption maximum at 335 nm, and a smaller absorption at 

425 nm (3.16, 3.19!3.22). The former absorption has been attributed to the 

hydroxyimine aldimine tautomer (3.16). In addition, upon addition of the substrate, 

there is an increase in absorption at 425 nm, accompanied by a decrease at 335 nm. 

This spectrum is consistent with the L-dopa and enzyme complex companied by a 

shift of the tautomeric equilibrium towards the oxoenamino internal aldimine (3.16). 

Subsequently, a new absorbance at 380!390 nm (3.16, 3.17) occurs, which has been 

assigned to the external aldimine in oxoenamino conformation. It was proposed that 

the blue-shifted wavelength is due to a nonplanar structure of the oxoenamino 

PLP-aldimine cofactor. Alternatively, this new absorption band can be explained as 

the formation of an unprotonated-form of the external PLP Schiff base! (3.23), 

although it is catalytically inert in aspartate aminotransferase  (3.24). 
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Several experimental studies have been reported to rationalize the tautomeric 

equilibrium and the intramolecular O···H···N hydrogen bond of small Schiff bases. 

Examination of X-ray structures of model compounds and analysis of Schiff bases 

reveal that the enol form is the dominant configuration (3.3, 3.4, 3.13, 3.25, 3.26), 

whereas there is a small number of examples with the bridging hydrogen on the imino 

nitrogen (3.25, 3.27). Furthermore, UV!vis and solid-state solution NMR show that 

the tautomeric equilibrium of Schiff bases is influenced by many factors, such as the 

substituent on the imino group (3.28!3.30), local polarity around the intramolecular 

hydrogen bond (3.28, 3.31), solvent polarity (3.3, 3.11, 3.31), temperature (3.11, 

3.29), and the protonation state of the pyridine nitrogen (3.28, 3.30). Finally, 

hydrogen-bonding interactions to the phenolic oxygen of Schiff bases can stabilize of 

the keto tautomer (3.11, 3.31). 

Previous theoretical investigations (3.15, 3.28, 3.31, 3.32!3.35) focused on ab 

initio, DFT, and semiempirical calculations of Schiff bases in the gas phase with 

emphasis on substituent effects, intramolecular hydrogen bonds, and the 

photochromic properties (3.15, 3.32!3.38). Kiruba et al. investigated solvent effects 

on PLP derivatives (3.39). Bach et al. (3.37) modeled the gas-phase decarboxylation 

reaction of aminoformylacetic acid and the corresponding reaction in a cluster of six 

water molecules. Furthermore, the pyruvoyl-dependent enzymatic decarboxylation in 

histidine decarboxylase was investigated using ab initio and DFT methods (3.38). 

These calculations provided valuable insights into the electronic properties to the 

equilibrium and the effects of PLP cofactor on the decarboxylation. 



! "#!

Although a wealth of information has been accumulated on the hydroxyimine 

and oxoenamine tautomerism of PLP or PLP-analog Schiff bases, the location of the 

bridging proton of the intramolecular hydrogen bond in the enzyme active site 

remains elusive. Our goal here is to understand the tautomeric equilibrium of the 

external PLP!L-dopa aldimine in dopa decarboxylase. Molecular dynamics (MD) 

simulation with a combined QM/MM potential is used to model the enzyme 

complexed with the external PLP Schiff base. In the following, we first describe the 

computational details, followed by results and discussion. 

 

3.2 Computational Details 

Model for the External PLP Schiff base and Dopa Decarboxylase. The X-

ray crystal structure of pig kidney DDC in a ternary complex with the PLP cofactor 

and carbiDopa inhibitor (PDB entry: 1JS3) (3.4) was used to generate the initial 

Michaelis complex structure containing the PLP!L-dopa external Schiff base. DDC is 

a homodimer, which consists of 486 amino acid residues in each subunit. There is 

only one active site and one PLP cofactor per dimer structure, located at the interface 

of the two monomers (3.16, 3.20, 3.41). The substrate, L-dopa, was constructed by 

modifying the structure of the carbiDopa inhibitor to yield the external Schiff base. 

The pKa for the pyridine nitrogen of the external aldimine was recently established to 

be 5.8 in water due to the presence of the strongly electron withdrawing imino group 

in the protonated Schiff base (3.3). This is significantly more acidic than the aldehyde 

form of the PLP cofactor itself, which has a pKa of 8.5 (3.42!"3.43). In the active site, 

the crystal structure reveals that there is strong interaction between the pyridine 
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nitrogen and the side chain of Asp271, a typical structural feature in PLP-dependent 

enzymes. However, the exact location of the proton, either on Asp271 or on pyridine 

is unknown. Given that the pKa of the pyridine of the external aldimine is somewhat 

more basic than a carboxylate group (3.3), we have kept the dopa-external aldimine 

protonated, (PLP(H+)!L-dopa), throughout the simulation.  

To study the intramolecular proton transfer reaction in the PLP(H+)!L-dopa 

Schiff base, we first built the structure of the oxoenamino tautomer. The residues in 

the missing loop (residue 328´!339´, where the prime indicates a residue from the 

second subunit) were modeled as follows. First, we reconstituted the missing loop in 

each monomer using the BUILD module in InsightII (Accelrys) (3.44). The phenol 

side chain of Tyr332´ forms a hydrogen bond with the carboxylate group of the 

substrate at a distance of 2.0 Å. The extended structure was subjected to 800 steps of 

the energy minimization using the adopted-basis Newton-Raphson method (3.45) 

(ABNR) with the side chain of Tyr332´ harmonically restrained, and all the other 

residues held fixed using the CHARMM program (3.46). The active site residue 

Lys303, which is released from the internal aldimine Schiff base, was set neutral, 

ready for the next reaction cycle. His192, His262, His348, His386, and His434 that 

form ion-pairs or are exposed to the solvent were protonated, and we treated the 

remaining titratable residues corresponding to ionization states at pH 7. Although 

recent progresses have been reported on loop optimization (3.47!3.52), the 

computational results indicate that the procedure described above is adequate for the 

present study, which in turn validates the selection of loop configurations in activity 
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studies. This reconstructed enzyme system complex with PLP(H+)!L-dopa Schiff 

base in the oxoenamino form was chosen as the initial structure in our simulations. 

Potential Energy Function. We used a dual-level (3.53!3.57) combined 

QM/MM (3.58!3.61) potential to describe the intramolecular proton transfer reaction 

of the PLP(H+)!L-dopa Schiff base in dopa decarboxylase. There are 39 atoms 

treated quantum mechanically by the Austin Model 1 (AM1) (3.62) method (Figure 

3.2). Previous calculations showed that the AM1 model can yield good geometrical 

results for the Schiff bases both in the ground and in the excited states in comparison 

with experiments and ab initio results (3.36, 3.63). To obtain accurate energetic 

results, we applied a dual-level approach (3.53!3.57), in which Density Functional 

Theory (DFT) calculations are used as the high-level results to replace the 

semiempirical energies for the isolated “QM” species, while QM-MM interactions are 

determined at the lower-level using the AM1/CHARMM potential. In hybrid 

QM/MM simulations, we placed the QM/MM boundary at the C5A position of the 

PLP(H+)!L-dopa Schiff base, which was treated with the generalized hybrid orbital 

(GHO) (3.64!3.66) method.  

 

 

 

 

 

 

 

Figure 3.2  

Partition of quantum and classical 

regions in combined QM/MM MD 

simulations for the PLP(H+)!L-Dopa 

Schiff base !
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Scheme 3.2 Model Reactions for Intramolecular Proton Transfer Reaction in 

Aqueous Solution 
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Scheme 3.2 (cont.) Model Reactions for Intramolecular Proton Transfer Reaction 

in Aqueous Solution 
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All protein atoms and the phosphate group were modeled by the CHARMM22 

all-atom force field (3.67), and water was represented by the three-point-charge 

TIP3P (3.68) model. To provide insight into solvation effects on the tautomeric 

equilibrium of the PLP Schiff base, we designed a total of eight model reactions, 

a1/a2, b1/b2, c1/c2, and d1/d2 (Scheme 3.2), for free energy simulations in aqueous 

solution. For reactions d1 and d2, the phosphate group was represented by the 

CHARMM22 force field (3.67) and the C5A atom was described as the GHO atom 

(3.65, 3.66). 

Molecular Dynamics Simulations. Periodic boundary conditions along with 

the isothermal-isobaric (NPT) ensemble at 298.15 K and 1 atm were used, and long-

range electrostatic effects are modeled using the particle-mesh Ewald method 

(PME!QM/MM) (3.69, 3.70). The leapfrog-Verlet integration scheme (3.71) was 

used in all simulations with a time step of 1 fs, and the non-bonded interaction list 

was updated on every 25 integration steps using a cutoff of 14 Å. The van der Waals 

energies were feathered to zero between 12 Å and 13 Å with a shift function. All 

bonds involving hydrogen atoms, except those in the QM region, were constrained to 

their equilibrium distances using the SHAKE algorithm (3.72) during all dynamics 

simulations. 

The initial enzyme system described above was embedded in a cubic box of 

water molecules about 89 " 89 " 89 Å3. Water molecules at distances less than 2.8 Å 

from any non-hydrogen protein atoms, the PLP(H+)!L-dopa Schiff base, or 

crystallographic waters were removed. The resulting system has a net charge of zero 
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and no additional counterions were added. The final model of the enzyme system 

consists of 67518 atoms. 

All water molecules were first minimized for 500 steps using the ABNR 

algorithm (3.45) to reduce initial close contacts, while the rest of the system was held 

constrained. This was followed by short simulations (5 ps) at 298.15 K to relax the 

water positions. Subsequently, we fixed the coordinates of all water molecules, the 

substrate PLP(H+)!L-dopa, and residues in the active site (Thr82, Ser149, His192, 

Thr246, Asp271, Asn300, His302, Lys303, Tyr332", and Lys334"), and we optimized 

the rest of the system first by 500 steps of minimization to remove close 

crystallographic contacts. Then, the system was heated from 0 K to 298.15 K in 30 ps 

of molecular dynamics simulations. After the initial setup, the entire system was 

relaxed and equilibrated at 298.15 K for 250 ps under harmonic restraints on non-

hydrogen atoms of the PLP(H+)!L-dopa Schiff base and the active-site residues listed 

above, and the force constants of these restraints were gradually changed from 50 to 5 

kcal/mol/Å2. This ensures the relative positions of the external PLP aldimine and key 

residues in the active site to be maintained close to the X-ray structure. The structure 

at this stage was further equilibrated using the combined QM/MM potential for 100 

ps without restraints, and the resulting structure was adopted as the starting 

configuration to perform the potential of mean force (PMF) calculations for the 

intramolecular proton transfer reaction in the enzyme. 

For the eight model reactions in water, the center-of-masses of each reactant 

(i.e., oxoenamino tautomer) was placed at the center of a cubic water box. The 

lengths of edges for the cubic box for the smaller systems, a and b, are 30 Å and 45 Å 
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for reactions c and d. In all QM/MM free energy simulations, each system was 

initially heated from 0 K to 298.15 K within 30 ps, followed by an equilibration of 

least 60 ps with the solute restrained. Then, each system was equilibrated for an 

additional 250 ps in the absence of any restraint. The equilibrated structure of each 

model reaction was used for the following PMF calculations. 

Free Energy Simulations. We carried out a series of umbrella sampling 

simulations to obtain the PMFs for the intramolecular proton transfer reaction of the 

PLP(H+)!L-dopa Schiff base in dopa decarboxylase enzyme, and for each of the 

model reactions in aqueous solution. For each reaction, the bridging hydrogen was 

transferred from the imino nitrogen to the phenolic oxygen, corresponding to the 

tautomerization reaction of oxoenamino isomer " hydroxyimino isomer. The 

reaction coordinate, as depicted in Figure 3.2, is defined as z = R(N!H) ! R(O3!H). 

We used a total of 13 to 18 simulation windows for the model reactions in water, and 

29 windows for the enzymatic process. For the model reactions, each simulation 

window consisted of 50 ps for equilibration, followed by an additional 50 ps for 

averaging. For the enzymatic reaction, we performed 10 ps of equilibration, followed 

by 30 ps for averaging and trajectory collection for each window. Overall, a total of 

1.55 ns of MD simulations for the enzyme system were performed. The weighted 

histogram analysis method (WHAM) (3.73) was used to analyze the probability 

density and to obtain the free energy profiles for the unbiased systems along the 

proton transfer reaction coordinate, z.!!

Interaction Energy Decomposition. The interaction energy decomposition 

method has been widely applied to enzymes (3.55, 3.74!3.81), which is adopted in 
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the present study to probe electrostatic contributions from each residue on the 

tautomeric equilibrium of the external PLP(H+)!L-dopa Schiff base in the active site 

of DDC. We used 300 configurations to calculate the average interaction energies for 

each tautomer. For each configuration, we sequentially zeroed the MM charges of one 

residue and calculated the QM/MM energies in the order of the distance between the 

Ca atom of the residue and the bridging hydrogen of the Schiff base. The energy 

difference between the total QM energies that include (I) and exclude (I-1) residue I 

corresponds to the electrostatic interaction energy between residue I and the QM 

system (PLP(H+)!L-dopa Schiff base): 

! 

"Eelec (I) = EQM (I) + EQM /MM (I)]# [EQM I #1( ) + EQM /MM I #1( )[ ] !!!! (3.1) 

$%&'&!

! 

E
QM
(I) is the energy of the “QM” subsystem and 

! 

E
QM /MM

(I)  is the interaction 

energy between the QM region and the rest of the system in which residue I is 

included. The last two terms in eq (3.1) represent energies computed when residue I is 

excluded in the decomposition analysis (3.55, 3.74!3.81). Since the most interesting 

quantity is the differential electrostatic interaction energies in going from the 

oxoenamino to the hydroxyimino tautomer, we computed and reported the difference 

for this reaction in Figure 3.5:  

! 

""E
elec
(I) = "E

elec

enol
(I) #"E

elec

keto
(I)(! !! ! !!!(3.2) 

!

!
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3.3 Results and Discussion 

We have studied the intramolecular proton transfer reaction of PLP(H+)!L-

dopa Schiff base in dopa decarboxylase using a combined QM/MM potential with 

MD simulations. We used a dual-level approach to compute the potential of mean 

force for the intramolecular proton transfer reaction (tautomeric equilibrium), in 

which the intrinsic (gas-phase) free energy change was determined using Gaussian03 

(3.82) at the hybrid DFT method at the B3LYP/6-311+G(d,p) level (3.83) and the 

semiempirical QM(AM1)/MM model was adopted to obtain solvation effects as the 

lower-level model. For comparison, we also estimated the solvation effects by using 

the polarizable continuum model (PCM) (3.84, 3.85), which provides a validation of 

the QM/MM simulations. In what follows, we first examine the effects of the 

protonation state of the pyridine ring in the external Schiff base, and substituents on 

the imino nitrogen. Then, we compare solvation results from the dual-level QM/MM 

simulations with those from the PCM calculations. The potential of mean force for 

the intramolecular proton transfer reaction of the PLP(H+)!L-dopa substrate in dopa 

decarboxylase is examined, with special emphasis on individual residue contributions 

in the active site. Finally, we discuss biological implications arising from these 

results.  

A. Hydroxyimine and Oxoenamine Tautomerism in the External 

PLP!Aldimine.  There are two main factors contributing to the tautomeric 

equilibrium of the PLP  Schiff base: (a) the protonation state of the pyridine ring, and 

(b) the substituent on the imino nitrogen of the Schiff base. The pyridine nitrogen of 

the external aldimine substrate has a pKa of about 5.8 in aqueous solution (3.3), which 
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is unprotonated under physiological conditions. However, in the active site of an 

enzyme, the pyridine nitrogen is assumed to be protonated due to stabilization 

through ion-pair interactions with a basic residue such as Glu and Asp or hydrogen 

bonded to polar residues such as Ser and Thr. In the present case of DDC enzyme, 

Asp271 is the counter ion of the pyridinium ion. In rare situations, such as in the 

active site of alanine racemase (3.81, 3.86, 3.87), the pyridine nitrogen is 

unprotonated and accepts a hydrogen bond from an arginine residue. 

The protonation state of the pyridine nitrogen directly affects the tautomeric 

equilibrium between the hydroxyimino and oxoenamino isomers, which is reflected 

by the free energy difference between reactions 1 and 2 (Table 3.1). Protonation at the 

pyridine nitrogen shifts the intrinsic tautomeric equilibrium towards the oxoenamine 

direction with a free energy change of ca. 5 kcal/mol. In this case, the protonated 

pyridine ring acts as an electron sink, stabilizing the phenolate anion configuration 

through induction effects. Therefore, the positive charge of the protonated pyridine 

ring favors electrostatic stabilization of the zwitterionic configuration more than that 

of the covalent neutral tautomer.  

Substituent effects at the imino site of the PLP Schiff base are revealed in the 

series depicted in Scheme 3.2. Reaction b introduces a carboxylate group, whereas 

reaction c models the full L-dopa substrate. For reaction b, the !-carboxylate group 

stabilizes the oxoenamino isomer by about 7 kcal/mol both in the unprotonated and 

the protonated pyridine systems in comparison with the parent compounds in reaction 

a. Similarly, the inclusion of the L-dopa group in reaction c have similar effects, 

indicating that the oxoenamino tautomer gains greater stabilization in the presence of 
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a carboxylate substituent at the imino nitrogen. The carboxylate effects can be 

attributed to ion-pair interactions between the carboxylate ion and the zwitterionic 

Schiff base (b!d). 

!

!

Table 3.1 Computed Free Energies of Tautomerization Reaction (Oxoenamine 

" Hydroxyimine) for the Model Reactions Located in the Gas Phase and in Aqueous 

Solution, and for the Reaction in Dopa Decarboxylase at 298.15 K
a
  

reaction    

! 

"Ggas
    

! 

"G
PCM

   

! 

"G
PMF©

 

a1  !4.4
 b
   0.7

 e
  1.4 !

a2  0.4
 b
   1.9

e
  2.9 !

        !

b1  2.3
 b
   2.3

 e
  !0.1 !

b2  7.4
 c
   3.6

 f
  !2.4 !

        !

c1  0.9
 b
   0.7

 e
  !0.7 !

c2  7.0
 c
   1.4

 f
  !1.3 !

        !

d1  5.0
 d
   363.4

 g
  !0.9 !

d2  7.1
 c
   9.4

 f
  !2.0 !

d2 in DDC  !!   !!  !1.3 !

a 
All energies are given in kcal/mol. 

b
 B3LYP/6-311+G(d,p)//B3LYP/6-311+G(d,p). 

c
 

B3LYP/6-311+G(d,p)//HF/6-311+G(d,p). 
d
 B3LYP/6-311+G(d,p)//HF/6-31+G(d). 

e
 

Solution free energies were calculated at HF/6-311+G(d,p) using full optimized 

structures at B3LYP/6-311+G(d,p) in the gas phase.
 f

 Solution free energies were 

calculated at HF/6-311+G(d,p) using full optimized structures at HF/6-311+G(d,p) in 

the gas phase. 
g
 Solution free energies were calculated at HF/6-311+G(d,p) using full 

optimized structures at HF/6-31+G(d) in the gas phase. 
h 

Correction of B3LYP/6-

311+G(d,p) gas-phase energy has been made to the lower-level (AM1) energy, i.e., 

  

! 

"G
PMF ' = "GPMF #"Ggas

AM1
+ "Ggas

B3LYP/6 -311+G(d,p)//AM1 .!
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The results presented in the second column of Table 3.1 are consistent with 

the recent experimental findings by Limbach, Toney and their coworkers (3.30, 3.31). 

In that work, a series of aldimine Schiff bases and the corresponding acid-base 

adducts with carboxylic acids were examined using solid-state 
1
H and 

15
N NMR. An 

interesting coupling between intramolecular hydrogen bonding and the protonation 

state of the pyridine ring was observed; the bridging proton was found to be located 

on the phenolic oxygen in the crystal structure of the aldimine Schiff base that carries 

a methyl substituent on the imino nitrogen. This observation is in accord with the 

results of reaction a1 (Scheme 3.2) in Table 3.1. In addition, protonation of the 

pyridine nitrogen shifts the bridging proton from the phenolic oxygen to the imino 

nitrogen, which is consistent with the present findings in comparison of reaction 2 

with reaction 1. 

! B. Solvation Effects on the Tautomeric Equilibrium of PLP Schiff Base.  

The free energy results from the potentials of mean force for the intramolecular 

proton transfer reactions in the hydroxyimine and oxoenamine tautomerization in 

aqueous solution, 

! 

"G
PMF '

keto#enol , are summarized in Table 3.1. Calculated dipole 

moments in the gas phase (

! 

µgas), in aqueous solution (

! 

µaq ), and the induced dipole 

moments from vacuum to water solution (  

! 

"µ
ind

) are listed in Table 3.2. 

For the parent system, we found that solvation stabilizes the oxoenamino form 

of the PLP Schiff base by 5.8 and 2.5 kcal/mol for reactions a1 and a2, respectively, 

relative to the gas phase reactions. In the unprotonated-pyridine system, the 

oxoenamino tautomer has a larger dipole moment than the hydroxyimino 

configuration, resulting in greater solvation effects in water (3.11). This is further 
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reflected by a larger induced dipole moment in the oxoenamino isomer (  

! 

"µ
ind

oxoenamino = 

2.9 D) than that in the hydroxyimino tautomer (  

! 

"µind

hydroxyimino =1.73 D) for reaction a1. 

On the other hand, when the pyridine is protonated, solvent effects on the tautomeric 

equilibrium is less pronounced in a2 than in a1 since the dominant factor is the 

solvation of the cation. For comparison, the results from the PCM continuum model 

are in excellent agreement with explicit simulations (Table 3.1). 

For reactions b and c, aqueous solvation strongly stabilizes the hydroxyimino 

tautomer by 2.4 and 1.6 kcal/mol, respectively, when the pyridine ring is 

unprotonated, and the effects are increased to 8!10 kcal/mol if pyridine is protonated. 

Similarly, in the full PLP!L-dopa Schiff base model in reaction d, the proton transfer 

from oxoenamine to hydroxyimine is strongly favored by! $5.9 kcal/mol and! $9.1 

kcal/mol in water for d1 and d2, respectively. The hydroxyimino form of the 

tautomer in reactions b!d can gain greater solvation stabilization without the 

interference of a neighboring zwitterion. Furthermore, we found that the induced 

dipole moments (  

! 

"µ
ind

) for the hydroxyimino tautomers are greater than that for the 

oxoenamino isomers (Table 3.2). In comparison with the results from the PCM 

calculations, the trends are in reasonable agreement with QM/MM simulations, 

except that in reaction d2. In the latter case, the dihydroxyphenyl group in the 

optimized structures of the hydroxyimino and oxoenamino tautomers in reaction d2 is 

closer to the pyridine ring in the hydroxyimino conformation (see Appendix B), 

resulting in a smaller solvent-accessible surface. Consequently, the hydroxyimino 

structure is poorly solvated in comparison with the more exposed configurations 

sampled in explicit simulations. 
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Table 3.2 Computed Dipole Moments (Debye) in the Gas Phase (

! 

µgas) and in 

Aqueous Solution (

! 

µaq ) using DFT, ab initio, and PCM Methods 

reaction 
tautomeric 

state 
 

a
  

b
  

c
 

a1 oxoenamine  7.29   10.17   2.88 !

 hydroxyimine  5.05   6.78   1.73 !

          !

a2 oxoenamine  4.37   6.64   2.27 !

 hydroxyimine  5.77   8.28   2.51 !

          !

b1 oxoenamine  8.20   9.71   1.51 !

 hydroxyimine  11.11   13.41   2.30 !

          !

b2 oxoenamine  18.64   23.06   4.43 !

 hydroxyimine  22.13   27.80   5.66 !

          !

c1
 b
 oxoenamine  7.15   8.71   1.56 !

 hydroxyimine  7.91   10.58   2.67 !

          !

c2
 b
 oxoenamine  19.11   23.68   4.57 !

 hydroxyimine  20.93   26.81   5.88 !

          !

d1
 b
 oxoenamine  12.45   16.41   3.96 !

 hydroxyimine  12.90   16.77   3.87 !

          !

d2
 b
 oxoenamine  15.76   20.48   4.72 !

 hydroxyimine  18.18   23.28   5.11 !

a
 Dipole moments 

! 

µgas were calculated at HF/6-311+G(d,p) with fully optimized 

geometries using the methods as described in the footnote of Table 3.1. 
b
 Dipole 

moments 

! 

µaq  were calculated using PCM method at HF/6-311+G(d,p) with fully 

optimized geometries using the same method as described in the footnote of Table 

3.1. 
c
 Induced dipole moments, !µind, is defined as 

! 

"µind = µaq #µgas. 
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On the experimental side, Sharif et al. studied the chemical shifts of the Schiff 

base of PLP-analogs in aqueous solution at different pH (3.3). It was found that the 

pKa values of the ring nitrogen and the imino nitrogen are 5.8 and 11.4, respectively, 

for methylated Schiff base systems. The computational results are consistent with 

these findings in that the oxoenamino form of the aldimine in a1 is predominant in 

aqueous solution both in the protonated and unprotonated forms of the pyridine ring 

(Table 3.1). 

Listed in Table 3.3 are the average bond distances associated with the 

intramolecular hydrogen bond, i.e., between atoms O3!H (  

! 

r
O3"H

), N!H (
  

! 

r
N"H

), and 

O3!N (
    

! 

r
O3!N

), and the dihedral angle of   

! 

"
N#C4A#C4#C3

 (Figure 3.2) depicting out-of-

plane torsion of the Schiff base. For all reactions, the donor-acceptor distances 

(
    

! 

r
O3!N

) are shorter in zwitterion configurations than neutral hydrogen-bond pairs, 

thanks to electrostatic interactions. The intramolecular ion-pair interactions enforce 

the protonated Schiff base to stay in the planar configuration characterized by 

relatively small dihedral fluctuations in a range of !5° to 7°. On the other hand, the 

average dihedral angles (  

! 

"
N#C4A#C4#C3

) for the hydroxyimino isomer exhibit a greater 

degree of flexibility, ranging from ±17
o
 to ±163

o
. Furthermore, in most cases, the 

average dihedral angles are far from planarity from the aromatic ring, suggesting that 

the PLP!Schiff base does not maintain strong intramolecular hydrogen bonds. In 

contrast, geometry optimizations using the PCM continuum model always result in 

planar structures, favoring intramolecular hydrogen bonds, a clear illustration of the 

difference between a single structural optimization and dynamics simulations at a 

given temperature.  
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Table 3.3 Averaged Bond Distances and Dihedral Angle for the Intramolecular 

O3···H···N Hydrogen Bonding Interaction in the Oxoenamino and Hydroxyimino 

Tautomers of the PLP Schiff Bases in Aqueous Solution
 a,b

 and in DDC Enzyme
 a,c

 

reaction 
tautomeric 

state 
    

a1: oxoenamine 2.16 ± 0.11 1.01 ± 0.03 2.84 ± 0.08 1.6 ± 9.4 

 hydroxyimine 0.98 ± 0.02 4.14 ± 0.56 3.99 ± 0.22 !66.2 ± 126.6 
      

a2: oxoenamine 2.20 ± 0.13 1.02 ± 0.03 2.86 ± 0.08 !4.6 ± 10.2 

 hydroxyimine 0.98 ± 0.03 4.00 ± 0.61 4.02 ± 0.14 100.6 ± 111.9 
      

b1: oxoenamine 2.17 ± 0.10 1.01 ± 0.02 2.84 ± 0.07 7.4 ± 9.9 

 hydroxyimine 0.98 ± 0.03 4.92 ± 0.24 4.03 ± 0.11 !5.4 ± 163.4 
      

b2: oxoenamine 2.20 ± 0.12 1.01 ± 0.02 2.85 ± 0.08 !3.2 ± 12.5 

 hydroxyimine 0.98 ± 0.03 3.05 ± 0.73 3.23 ± 0.25 !59.7 ± 26.3 
      

c1: oxoenamine 2.18 ± 0.13 1.01 ± 0.03 2.85 ± 0.10 !3.2 ± 12.5 

 hydroxyimine 0.97 ± 0.03 4.55 ± 0.58 4.05 ± 0.16 39.4 ± 148.8 
      

c2: oxoenamine 2.21 ± 0.13 1.01 ± 0.03 2.87 ± 0.08 1.9 ± 12.7 

 hydroxyimine 0.98 ± 0.03 3.70 ± 0.36 2.94 ± 0.14 !41.6 ± 17.4 
      

d1: oxoenamine 2.15 ± 0.12 1.01 ± 0.03 2.80 ± 0.07 7.2 ± 10.6 

 hydroxyimine 0.97 ± 0.03 2.63 ± 0.46 3.05 ± 0.17 46.9 ± 20.8 
      

d2: oxoenamine 2.17 ± 0.12 1.02 ± 0.03 2.81 ± 0.08 4.2 ± 17.0 

 hydroxyimine 0.98 ± 0.02 2.55 ± 0.46 2.98 ± 0.16 !15.3 ± 44.2 
      

d2  

in DDC 
oxoenamine 2.11 ± 0.11 1.03 ± 0.03 2.76 ± 0.07 !14.6 ± 10.3 

 hydroxyimine 0.98 ± 0.03 3.29 ± 0.57 3.26 ± 0.31 79.8 ± 34.7 

a
 All distances are given in angstroms and angles in degrees. Standard deviations in 

the average distances and dihedral angles have been shown for each value. 
b 

Averaged 

over 50 configurations of the last 50-ps MD trajectories.
 c 

Averaged over 200 

configurations of the last 100-ps MD trajectories. 
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Table 3.4 Selected Average Distances  (Å) between Oxoenamino or 

Hydroxyimino Tautomer of PLP(H+)!L-dopa Schiff Bases and Enzyme Residues in 

the Active Site of DDC 

PLP(H+)-L-dopa Residue  
oxoenamino 

tautomer 
hydroxyimino 

tautomer 
X-ray 

O3 H!1, Thr246  2.00 ± 0.13  3.41 ± 0.21  !! 

H O!1, Thr246  3.61 ± 0.25  2.05 ± 0.29  !! 

O3 O!1, Thr246  2.83 ± 0.12  2.87 ± 0.17  3.03 

H1 O"1, O"2, Asp271  1.99 ± 0.23  2.01 ± 0.22  !! 

N1 O"1, O"2, Asp271  2.89 ± 0.16  2.91 ± 0.17  2.78 

C4A H#2, His192  3.95 ± 0.23  3.65 ± 0.27  3.99 

C$ H#2, His192  4.63 ± 0.23  5.19 ± 0.29  !! 

OCO2 H#2, His192  3.77 ± 0.28  4.28 ± 0.39  !! 

C4A N%, Lys303  3.50 ± 0.18  4.01 ± 0.27  2.84 

N H%, Lys303  3.86 ± 0.27  3.00 ± 0.41  !! 

H N%, Lys303  4.80 ± 0.26  5.73 ± 0.44  !! 

OCO2 H&, Tyr332$  1.86 ± 0.13  1.91 ± 0.16  !! 

!

!

!

!

!

!

!

!

!
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(C) 

Figure 3.3 Snapshots of active-site pocket of dopa decarboxylase with oxoenamino 

and hydroxyimino PLP(H+)!L-dopa Schiff bases. PLP(H+)!L-dopa Schiff bases are 

displayed in ball-and-stick, and the specific amino acid residues: (A) Lys303 and 

Thr246, (B) Asp192, and (C) His192. 

!
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C. The PLP(H+)!L-dopa external Schiff Base in Dopa Decarboxylase. 

The active site of dopa decarboxylase is located at the interface of two monomers, in 

which the PLP(H+)!L-dopa Schiff base is embedded in a network of hydrogen bonds 

coupled with hydrophobic interactions. The hydrogen-bonding network between the 

PLP external aldimine and active site residues is crucial in controlling the cofactor 

reactivity. In PLP-dependent enzymes, the phenolic oxygen of the PLP is stabilized 

by various hydrogen-bond donating residues, including tyrosine and asparagine in 

aspartate aminotrasferases. In DDC, a threonine residue (Thr246) is found in close 

proximity of the phenolic oxygen. For the oxoenamino tautomer, Thr246 donates a 

hydrogen bond to the phenolate anion, PLPO3!···H!1Thr246, at an average distance of 

2.0 Å (Table 3.4 and Figure 3.3A). Interestingly, we found that Thr246 accepts a 

hydrogen bond from the phenolic hydroxyl group in the hydroxyimino isomer. The 

average distance for the interaction, PLPO3!H···O!1Thr246, is 2.1 Å (Figure 3.3A). 

Thus, a conformational switch involving the hydroxyl group of Thr246 is 

accompanied with the proton transfer reaction.  Moreover, the average   

! 

"
N#C4A#C4#C3

 

dihedral angle changes from about !15 ± 10º in the oxoenamino configuration to 80 ± 

35º (Table 3.3) in the hydroxyimino isomer, indicating that the intramolecular 

hydrogen bond with the Schiff base is disrupted. In the latter isomer, the imino 

nitrogen of the external aldimine forms a weak hydrogen bond with the side chain of 

Lys303 at a distance of 3.0 Å (Figure 3.3A).  

The pyridine nitrogen of the cofactor is protonated in DDC, forming an ion pair 

with Asp271, PLPN1+
!H···O" 

Asp271. A protonated pyridine ring is critical for catalysis 

and has been proposed to serve as an electron sink to stabilize the carbanionic 
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intermediate produced in the catalytic step. The average H···O! 
Asp271 distance is about 

2.0 Å from the present QM/MM simulations (Table 3.4 and Figure 3.3B), which is 

somewhat longer than values of 1.76 and 1.60 Å from X-ray based on heavy atom 

positions (3.1) and NMR (3.30) experiments. Previously, Hayashi et al. (3.16, 3.89) 

showed that both the protonated and unprotonated !-amino substrate L-dopa can bind 

to rat liver DDC to form the Michaelis complex, which is subsequently converted into 

the external aldimine. If the !-amino group is protonated, a basic residue is needed to 

remove the proton, and His192 can fulfill this role. Our MD simulations show that the 

imidazolium side chain of His192 is stacked above the pyridine ring of the PLP and 

interacts with the carboxylate group of the external aldimine at averaged distances of 

3.8 Å and 4.3 Å (Table 3.4 and Figure 3.3C).  

Sharif et al. showed that the intramolecular proton transfer is coupled with 

hydrogen bonding interactions at the pyridine ring. A protonated pyridine strongly 

favors the oxoenamino form of the Schiff base in the solid state and in polar aprotic 

solvents (3.30, 3.31). However, the intramolecular hydrogen bond is not coupled to 

the protonation state of pyridine ring in aqueous solution (3.3). This has been 

attributed to competing hydrogen-bonding interactions with water, causing the imine 

group to rotate out of the aromatic plane. The results in Table 3.1 show that solvation 

effects strongly favor the hydroxyimino configurations for reactions b"d when the 

pyridine nitrogen is protonated since the carboxylate anion and pyridinium cation are 

separated without the interference of an internal zwitterion pair. Turning to the DDC 

enzyme, Figure 3.4 shows that the covalent hydroxyimino tautomer is preferred by 

"1.3 kcal/mol over the oxoenamine configuration in the active site, and a similar 
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preference is found in aqueous solution for reactions b and c (Table 3.1). Note that 

the hydroxyimino configuration of the dopa external aldimine is not a local minimum 

using hybrid DFT method, although a free energy of about 7 kcal/mol can be 

estimated at the HF/6-31+G(d) geometry.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Computed dual-level potential of mean force for the tautomerization 

reaction (oxoenamine form ! hydroxyimine form) of PLP(H+)"L-dopa Schiff base 

in dopa decarboxylase   
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The relative interaction energies of individual residues with the hydroxyimino 

and oxoenamino tautomers are depicted in Figure 3.5. Not surprisingly, Asp271 

makes the largest differential electrostatic contributions to the PLP(H+)!L-dopa 

tautomeric equilibrium thanks to the ion-pair interactions with the protonated 

pyridine. However, in contrast to the findings for model compounds in the solid state 

and in polar aprotic solvents, in which intermolecular hydrogen bonds favor the 

oxoenamine configuration, Asp271 strongly stabilizes the hydroxyimino tautomer by 

nearly 9 kcal/mol.  We attribute this finding to enhanced charge localization to favor 

ion-pair interactions in the covalent configuration of the Schiff base (Scheme 3.1). 

Lys303 also has strong stabilizing contributions to the neutral imino nitrogen of the 

cofactor, whereas the interactions are repulsive in the protonated Schiff base. 

Interestingly, His192 which is stacked over the pyridine ring interacts more favorably 

with the oxoenamino zwitterions configuration than with the hydroxyimino tautomer 

by 4.7 kcal/mol. Overall, the dual-level QM/MM simulations show that the 

tautomeric equilibrium of PLP(H+)!L-dopa Schiff base is strongly influenced by the 

hydrogen bonding network in the active site of DDC. Although intrinsically, the 

oxoenamino configuration is favored in the gas phase (Table 3.1) in all model 

reactions except a1 (Scheme 3.2), electrostatic interactions involving Asp271 and 

Lys303 favor the equilibrium shift towards the hydroxyimine side. In addition, a 

hydrogen bond switch of Thr246 from a hydrogen bond donor to the phenolate ion in 

the oxoenamine isomer to a hydrogen bond acceptor from the phenolic hydroxyl 

group in the hydroxyimine configuration further helps stabilization of the latter in the 

intramolecular proton transfer process. 
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Figure 3.5 Residual dopa decarboxylase to the relative stabilization between the 

oxoenamino and hydroxyimino PLP(H+)!L-dopa Schiff base as a function of the 

distance between the C" atom of the residue I and the bridging hydrogen of the 

intramolecular hydrogen bond in the dopa external aldimine. The residue numbers 

with contributions more than 2 kcal/mol are indicated. 
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Barboni et al. reported that the binding of L-dopa methyl ester (DopaOMe) in 

pig kidney DDC caused the appearance of a new absorbance at 390 nm (3.17). 

DopaOMe is an analog of L-dopa, which forms the external aldimine with the PLP 

cofactor, but is incapable of decarboxylation. Thus, it is used as a model for the 

Michaelis complex of the external aldimine. Hiyashi et al. reported a similar 

phenomenon in the binding of L-dopa to rat liver DDC, accompanied by the 

appearance of an absorption band at 380 nm (3.16). The species at 380!390-nm 

absorption was suggested to be the oxoenamine tautomer of the external PLP Schiff 

base; however, oxoenamino PLP Schiff bases typically have an absorption peak in the 

range of 400!440 nm (3.16!3.19, 3.21, 3.22). The blue shift of the absorption has 

been proposed to be either due to a nonplanar structure of the PLP Schiff base with 

the imine group orthogonal to the pyridine ring, or due to a special active-site 

environment and hydrogen bonds to PLP (3.16). Although the present simulations 

show that the imine group and the pyridine ring of the oxoenamino-form PLP(H+)!L-

dopa Schiff base roughly maintain a coplanar configuration, there is a significant 

degree of conformational flexibility at an average torsional angle (  

! 

"
N#C4A#C4#C3

) of 

!14.6 ± 10.3
o
 (Table 3.3) in DDC. Thus, the blue-shifted absorption spectrum may be 

explained by the out-of-plane fluctuations about the imino moiety and the aromatic 

ring, which reduce the extent of "-electron delocalization. In solution, Toney and 

Limbach and their coworkers found that there is no cooperative interaction between 

the protonation state of the pyridine and the imino group in water, suggesting that the 

imino group prefers an out-of-plane conformation in favor of hydrogen bonding 

interactions with the solvent (3.3). 
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The intramolecular proton transfer of the Schiff base has a low free energy 

barrier of about 5 kcal/mol at the B3LYP:AM1/QM/MM dual-level of theory (Figure 

3.4) with a preference for the hydroxyimine tautomer in the active site. The external 

PLP Schiff base is considered to be in an equilibrium mixture of both tautomeric 

configurations. Studies on the decarboxylation reaction of the PLP(H+)!L-dopa 

Schiff base in DDC (to be published) indicate that the hydroxyimine tautomer favors 

decarboxylation reaction over the reaction in the oxoenamine form. Thus, it is 

possible that the catalyzed decarboxylation reaction is coupled with a low-barrier 

intramolecular proton transfer in the PLP-dependent enzymes and responsible for the 

observed spectral shifts. 

In summary, the presence of the hydroxyimino configuration in the external 

aldimine of the PLP and L-dopa complex has important implications to the enzymatic 

activity. First, it allows the formation of a relatively more stable enzyme-intermediate 

complex in decarboxylation reaction. Second, it can effectively lower the reaction 

barrier for enzymatic decarboxylation process by forming a more stable transition 

state. Further theoretical studies are being carried out to systematically investigate the 

decarboxylation mechanism in both tautomeric configurations of the PLP(H+)!L-

dopa Schiff bases in dopa decarboxylase.  

 

3.4 Conclusions 

We have carried out combined QM/MM molecular dynamics simulations to 

study the oxoenamine and hydroxyimine tautomeric equilibrium of PLP(H+)!L-dopa 

Schiff base in DDC. Eight model reactions (Scheme 3.2) have been investigated in 
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the gas phase and in aqueous solution to elucidate the contributions of the intrinsic 

properties as well as solvent effects on the equilibrium. We employed a dual-level 

combined quantum mechanical and molecular mechanical (QM/MM) approach in 

molecular dynamics simulations, in which density functional theory was used to 

represent the intrinsic free energy change in the tautomeric equilibrium and the 

semiempirical AM1 model was adopted to describe QM and MM interactions.  

Both substituent effects on the Schiff base imine group and the protonation state 

of the PLP pyridine ring affect the tautomeric equilibrium of the PLP Schiff bases. 

The presence of a carboxylate anion on the a-carbon of the imine group helps to 

stabilize the zwitterionic configuration and shifts the equilibrium is from the 

hydroxyimino tautomer to the oxoenamine isomer. Moreover, protonation of the PLP 

pyridine nitrogen further drives the equilibrium towards the oxoenamine direction. 

Solvent effects may favors either oxoenamino or hydroxyimino tautomer, depending 

on the electronic properties of the substituent on the Schiff base nitrogen. With a 

carboxylate group on the a-carbon, solvent effects favors the equilibrium in the 

direction of the hydroxyimino tautomer; however, but the equilibrium is driven 

towards the oxoenamino isomer when the substituent is a methyl group.  

The present dual-level QM/MM MD simulations show that the hydroxyimino 

configuration of the PLP(H+)!L-dopa Schiff base is preferred over the oxoenamino 

isomer in the active site of DDC. The computed free energy barrier is about 5 

kcal/mol from B3LYP:AM1//QM/MM simulations, suggesting that both tautomeric 

structures can be rapidly interconverted in the enzyme. Specific hydrogen bonding 

and electrostatic interactions between the aldimine Schiff base and active site residues 
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play an important role in the keto-enol equilibrium in PLP-dependent enzymes. In 

DDC, Asp271 forms an ion-pair with the protonated pyridine nitrogen, and  Lys303 

helps to stabilize the covalent configuration of the Schiff base nitrogen in the 

hydroxyimino tautomer. Importantly, Thr246 is found to play a double role of 

hydrogen bond donor to the phenolate ion in the oxoenamino configuration, and a 

hydrogen bond acceptor from the phenolic moiety of the PLP Schiff base in the 

oxoenamino tautomer during the intramolecular proton transfer in the external dopa-

PLP aldimine complex.!

!

 Supporting Information: Fully optimized structures and atomic geometries of 

oxoenamino and hydroxyimino tautomers in reactions a!d are shown in Figure B1 

and Table B1 in Appendix B. Energies and free energies in the gas phase, solvation 

free energies and solution free energies in aqueous solution for the tautomerization 

reactions of a!d are listed in Table B2. !
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Chapter 4 

Catalyzing Decarboxylation of L-dopa in Dopa Decarboxylase 

 

 

4.1 Introduction 

Dopa decarboxylase (DDC, EC 4.1.1.28) is a pyridoxal 5´-phosphate (PLP) 

dependent enzyme that catalyzes the irreversible decarboxylation reaction of aromatic 

L-amino acid substrates, such as dopa, phenylalanine, and tryptophan (4.1!4.3). DDC 

plays an important role in the conversion of the anti-Parkinson drug 3,4-

dihydroxyphenylalanine (L-dopa) or 5-hydroxytryptophan into dopamine or serotonin 

(Scheme 4.1). PLP is one of the most versatile enzyme cofactors, which assists a 

variety of chemical transformations such as amino acid decarboxylation, 

racemization, transamination, elimination, and aldol condensation reactions.  Thus, it 

is important to elucidate the factors that contribute to the stereochemical control of 
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the enzymatic processes by a single cofactor. Furthermore, it is particularly 

interesting to understand the enormous catalytical power of PLP-dependent 

decarboxylases, which accelerates the rate of decarboxylation reactions by as large as 

18 orders of magnitude over that of the uncatalyzed spontaneous amino acid 

decarboxylation reaction in aqueous solution (4.4!4.10).  In this Chapter, I present 

results on the mechanism and the origin of catalysis in the decarboxylation reaction of 

L-dopa by dopa decarboxylase, making use of combined quantum mechanical and 

molecular mechanical (QM/MM) simulations.  

!

Scheme 4.1 Illustration of the Decarboxylation Reaction of L-amino Acid 

Substrate Catalyzed by Dopa Decarboxylase 

!

X-ray crystal structures of the DDC!PLP enzyme binary complex and a 

covalent bound inhibitor ternary complex have been determined, which serve as the 

starting structures in the study. The active site of DDC is located at the homodimer 

interface, and a flexible loop, essential to catalysis, closes the active site upon binding 

of the substrate L-dopa. However, the loop structure was disordered in the crystal 
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structures, and our initial aim was to evaluate loop configurations through studies of 

the enzymatic reaction mechanism. Our hypothesis is that the best representative loop 

configurations are those that can yield a reaction mechanism and the associated free 

energy barrier for the decarboxylation reaction in good agreement with experimental 

data. Since the difficulty of evaluating re-constructed structural elements in the active 

site of enzyme structures that are not fully resolved in structural determination or 

coordinates that are generated from homology modeling is often encountered in 

enzyme kinetics and mechanism modeling, the strategy presented in this study, which 

makes use of combined QM/MM simulation techniques to evaluate enzyme activity 

using the reconstructed structures, can be generally used for structural validations. 

Our goal is to illustrate this approach in the study of dopa decarboxylase catalysis.  

The X-ray crystal structures show that, in the absence of the substrate, Lys303 

through its side chain! !-amino group forms an internal aldimine complex with the 

PLP cofactor via a Schiff base linkage (4.3). Binding of the substrate leads to the 

conversion of the internal PLP"Lys303 Schiff base into the non-covalent, external 

PLP-substrate complex by a transaldimine process (4.4, 4.7). Several active site 

residues can be identified to form a hydrogen-bonding network that stabilizes the 

external aldimine. The hydroxyl group of Thr246 interacts with the phenolic group of 

PLP, while the carboxylate group of Asp271 forms a salt bridge with the pyridine 

nitrogen of the cofactor that is typically protonated in PLP-dependent enzymes (4.11!

4.17). The side chain of His192, a highly conserved residue among other group II 

PLP-dependent enzymes (4.18) to which dopa decarboxylase belongs, has stacking 

interactions with the pyridine ring of PLP and has been proposed to act as a proton 
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donor at the C!! atom of the intermediate after the decarboxylation step. Thr82, 

Ser149, Asn300, and His302 participate in the stabilization of the PLP phosphate 

group. However, the active site configuration in all DDC X-ray crystal structures is 

incomplete in that an 11-residue loop (residues 328"339), which has been proposed 

to cap the substrate in the binding cavity (4.19), is disordered, preventing a full 

structural characterization of the catalytic mechanism of the enzyme. .  

This mobile loop is located at the dimer interface, and is possibly extended to 

the catalytic cavity of the neighbor subunit (4.19). Cleavage of the dynamic loop by 

proteases results in the nicked enzyme retaining a similar conformation identical to 

the native enzyme but the catalytic activity is abolished (4.6, 4.20). Kagamiyama et 

al. constructed a model of the external PLP"L-dopa aldimine complex structure in the 

enzyme active site and also proposed a structure of this mobile loop using the 

program MOE to explain the instability of apo-form dopa decarboxylase (4.19). In 

this model, the loop of one monomer lays on the entrance the catalytic cavity of the 

other subunit and occludes the active site from the solvent. The hydrophobic side 

chains of Met328, Pro330, Val331, Tyr332, and Leu333 were placed at the opening 

of the active site. Moreover, several conserved residues on the loop (4.21), including 

Tyr332 and Leu333, have been found to be essential in the catalytic reaction based on 

site-directed mutagenesis (4.6, 4.9, 4.21). The substitution of Tyr332 with a structure-

analogue phenylalanine or alanine residue results in a catalytically inactive enzyme. 

These observations illustrated the importance of the dynamic loop in the catalytic 

mechanism and in the stabilization of the enzyme (4.22). 
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NMR and optical spectroscopic techniques have shown that PLP aldimine 

adduct exits a keto-enol tautomeric equilibrium between the Schiff base and phenolic 

hydroxyl group corresponding to an intramolecular proton transfer (4.23!4.30).!The 

structure of PLP aldimine thus can present in two protonation states: the covalent 

hydroxyimine (enol-form, 1 in Figure 4.1) and the zwitterionic oxoenamine (keto-

form, 2 in Figure 4.1). The two tautomeric configurations have different 

spectroscopic signatures with an absorption band in the range of 330!350 nm (4.2, 

4.31, 4.32) and 400!440 nm, respectively. However, spectroscopic studies of dopa 

decarboxylase showed that the external PLP aldimine exhibited an unusual 

absorbance at 380!390 nm (4.4, 4.33, 4.34). Similar result was observed for rat 

histidine decarboxylase (HDC) (4.35), a group II PLP-dependent decarboxylase 

(4.36). This dominated 380-nm absorbing species was proposed to represent an 

unprotonated structure (3 in Figure 4.1) that has a typical absorption at 360!380 nm 

(4.37) but is catalytically inert in aspartate aminotransferase (4.38). This absorbance 

was in another way assigned to the oxoenamino Schiff base, and the blue shift in 

wavelength was explained due to the unusual structure of the external aldimine or the 

contribution of the enzyme environment. In addition, combined quantum mechanical 

and molecular mechanical (QM/MM) molecular dynamics (MD) simulations of the 

tautomeric equilibration in PLP!L-dopa complex in the active site of dopa 

decarboxylase have been carried out, showing that the hydroxyimino configuration is 

preferred in the active site (4.17).  
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Figure 4.1 Schematic diagram of hydroxyimino, oxoenamino, and deprotonated 

PLP aldimines  

 

 

There have been extensive computational studies of the decarboxylation 

reactions. Bach et al. modeled the decarboxylation reaction of alanine catalyzed by a 

PLP analogue in the gas phase using ab initio and DFT calculations as well as in a 

low dielectric medium using the polarizable continuum model (4.14). They 

emphasized the roles of the Asp/Glu residue (which is hydrogen bonded to the 

pyridine nitrogen of PLP) and the Arg residue (which form an ion pair interaction 

with the carboxylate group of substrates in certain PLP-dependent enzymes) in a 

cluster of two water molecules. Brill and Li investigated the gas-phase 

decarboxylation mechanisms of amino acids without water and with one explicit 

water molecule at the B3LYP/6-31G level (4.10). Toney studied the nonenzymatic 

and enzymatic PLP-dependent decarboxylation of 2-aminoisobutyrate (AIB), 

including the considerations of different protonation states of the external PLP 
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aldimine (4.39). It was found that the hydroxyimino aldimine with neutral pyridine 

ring is the most stable in the active site of dialkylglycine decarboxylase, and a 

concerted decarboxylation/proton transfer mechanism was proposed (4.39). Truhlar 

and Paneth et al. presented a comprehensive study of the wild type and E274A mutant 

ornithine decarboxylase (ODC) with ornithine and lysine using a combined QM/MM 

potential employing the AM1 Hamiltonian to treat the decarboxylation reaction 

(4.40). They applied ensemble-averaged variational transition state theory (EA-

VTST) with quantized vibrations (4.75) to compute the kinetic isotope effects (KIEs) 

for the ODC-catalyzed decarboxylation reactions, and a good agreement with 

experimental results was found. Notably, the PLP external aldimine used in their 

calculations was the hydroxyimino tautomer, which has been shown to be lower in 

free energy than the oxoenamino form in the present DDC enzyme (see Chapter 3) 

(4.17).  

In the chapter, we employ umbrella sampling MD simulations with a 

combined QM/MM potential to obtain the free energy profile for the decarboxylation 

reaction of L-dopa catalyzed by dopa decarboxylase. The enzymatic reaction is 

compared with the corresponding model reactions in aqueous solution to evaluate the 

contributions of PLP cofactor and the effects of enzyme stabilization to lower the free 

energy barrier. In addition, the role of the dynamic loop in the decarboxylation 

reaction is addressed by comparing the free energy profiles of the reaction using 

different loop structures. Moreover, the effects of the tautomeric equilibrium of the 

PLP cofactor on the decarboxylation reaction of L-dopa are investigated. Finally, a 

mechanism for the L-dopa decarboxylation in dopa decarboxylase is proposed. 
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4.2 Computational Details!

To investigate various factors contributing to the enzymatic process of the 

DDC-catalyzed dopa decarboxylation reaction, we examined three decarboxylation 

reactions in the active site in this work. The first two models are designed to probe 

the effects of the keto-enol equilibrium of the PLP cofactor, resulting in the external 

PLP!L-dopa aldimine is in the hydroxyimino (enol) configuration or the oxoenamino 

aldimine (keto) isomer in the Michaelis complex. In both cases, the dynamic loop is 

in the closed form that occludes the active site from the solvent. The decarboxylation 

reaction corresponding to the closed loop conformation with the PLP hydroxyimino 

tautomer is labeled as DCPH, and the decarboxylation in the closed loop 

conformation with the PLP oxoenamino isomer is designated as DCPO throughout 

this chapter. The third model represents the decarboxylation of the hydroxyimino PLP 

aldimine catalyzed by the enzyme in which the loop configuration is open at the 

active site, and this reaction is denoted by DOPH. In the open-loop structure, we only 

considered the enol (hydroxyimine) configuration because it yields a lower free 

energy barrier in the closed-loop configuration (vide infra), and the results on the 

DOPH system are sufficient to differentiate the effects of loop conformation on 

enzyme catalysis. In all cases, the X-ray structure of the dimeric DDC!carbiDopa 

inhibitor complex (PDB code: 1JS3, 2.25 ! resolution) (4.3) was adopted to build the 

Michaelis complex model, and the procedure or constructing the three model systems 

has been thoroughly described in Chapter 3 (4.17).  

We used a combined QM/MM potential (4.41!4.43) to describe the 

decarboxylation reactions of the L-dopa under three different conditions, 
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corresponding to the DCPH, DCPO, and DOPH complexes. In each model system, 

there are 39 atoms (Figure 4.2) that are represented quantum mechanically with the 

standard Austin Model 1 (AM1) (4.44) method. Although semiempirical models can 

have large errors for chemical reactions, as it turns out, the AM1 model performs 

exceptionally well for decarboxylation reactions in general, including the present L-

dopa decarboxylation (4.76!4.78). AM1 was also successfully used to model the 

decarboxylation by L-ornithine decarboxylase, and good agreement with experiments 

was obtained in the computed KIEs. Consequently, it is not necessary to further 

adjust the original parameters of the QM model.  The C5A atom of the PLP!L-dopa 

Schiff base is chosen as a QM/MM boundary atom treated by the generalized hybrid 

orbitals (GHO) method (4.45, 4.46). All protein atoms, and the phosphate group of 

the PLP are represented by the CHARMM22 all-atom force field (4.47) (MM22), 

whereas the solvent water molecules are described by the three point charge TIP3P 

(4.48) model.  

 

 

 

 

 

 

 

 

Figure 4.2  

Partition of quantum and 

classical regions in the 

combined QM/MM 

simulations for the 

decarboxylation reactions in 

the present study, except 

reaction aqDOPA 

!
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In addition, to elucidate the importance of the PLP cofactor in DDC catalysis, we 

have investigated the uncatalyzed, spontaneous decarboxylation of L-dopa in water 

(denoted as aqDOPA) and the PLP-catalyzed L-dopa decarboxylation reactions in the 

hydroxyimino tautomeric configuraiton (aqPH) and in the oxoenamino form (aqPO), 

both of which are performed in the absence of the enzyme in water.  

For each enzyme system, the Michaelis complex structure constructed as 

describe in Chapter 3 is initially fully embedded in a 93 ! 93 ! 93 Å3 TIP3P water 

box, and water molecules that are within 2.8 A of any protein atoms are removed 

from the system. The net charge of the enzyme system is neutral, and no counter ions 

are needed. A total of 75513 atoms are included in the loop-closed DCPH and DCPO 

systems, and 80649 atoms are in the loop-open DOPH system. For each of the 

uncatalyzed model reactions, aqDOPA, aqPH, and aqPO, the center of mass of the 

solute was first placed at the origin of the coordinate, which is the center of a 

rectangular water box of 30 ! 45 ! 45 Å. No additional counter ions were included in 

aqDOPA system, and two sodium ions (Na+) were added to neutralize the aqPH, and 

aqPO systems (4.17). 

A series of umbrella sampling simulations were performed to compute the 

potentials of mean force (PMFs) for the decarboxylation reactions of L-dopa in dopa 

decarboxylase as well as for the model reactions in aqueous solution. The reaction 

coordination, z, of the decarboxylation processes is defined as!
  

! 

z " R(C# $C
CO2

$

) $!

where 
  

! 

R(C" #C
CO2

#

)  is the distance between the C"!atom and the carbon atom of the 
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leaving group 

! 

CO
2

". We used a total of 13 windows for the enzymatic reactions and 

12 windows for the model reactions. For the enzymatic simulations, each window 

consisted of 30-ps equilibration, followed by additional 30 ps for averaging and 

trajectory collection. For the model reactions, each window was equilibrated for 50 ps 

and subsequently sampled for another 50 ps. The weighted histogram analysis method 

(4.49, 4.50) (WHAM) was used to!analyze the probability density and to obtain the 

free energy profile for the decarboxylation reactions of the unbiased systems along 

the reaction coordinate. 

!

4.3 Results and Discussion 

We first present results to understand the origin of the catalytic power of the 

enzyme by comparing the enzymatic reaction with the corresponding reaction in 

aqueous solution. Then, the contributions of the active site residues on the chemical 

reaction are emphasized, and the role of the dynamic loop in catalysis is examined. 

This is followed by analyzing the effects of the tautomeric structures of the PLP 

cofactor. Finally, we present a mechanism for the L-dopa decarboxylation reaction in 

dopa decarboxylase. 

Catalytic Effects of Dopa Decarboxylase. Key results are depicted in Figure 

4.3, which displays the computed potentials of mean force for a series of L-dopa 

decarboxylation reactions in dopa decarboxylase enzyme solvated in water as well as 

in complex with the PLP catalyst in aqueous solution. The free energy profiles yield 

the corresponding free energies of activation (
  

! 

"G
X

# ) and free energies of reaction 

(
  

! 

"G
X

), where X specifies either DDC or aq, denoting the reaction in the enzyme or in 
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aqueous solution, respectively, which are summarized in Table 4.1. For comparison, 

results from the polarizable continuum model (4.51!4.60) (PCM) along with 

available experimental data are also provided for comparison and validation on the 

performance of the present QM/MM molecular dynamics simulations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Computed potentials of mean force for the decarboxylation reactions 

of L-dopa in aqueous solution and in dopa decarboxylase 

!
aqDopa 

aqPH 

aqPO 

DCPH 

DCPH 

DCPH 
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Table 4.1 Calculated Free Energies of Activation for the Decarboxylation 

Reaction of L-dopa and PLP!$-dopa in Aqueous Solution and DDC at 298.15 K
 a
!

 
 b
  

c
 

(!) 
 expt. 

in aqueous solution 

aqDOPA 50.3  41.9  2.93   40.6
 d
 

         

aqPH 24.2  26.1  2.06   !! 

aqPO 27.6  25.9  2.17   !! 
         

in DDC 

DCPH   18.4  2.07  

DCPO   20.1  2.17  
 16.1!16.5

 e-h
 

         

DOPH   24.5  2.08    

 

a
 All energies are reported to one decimal place in kcal/mol. 

b
 Solution free energies 

of activation ( ) were calculated at MP2/6-31+G(d) using the geometries 

fully optimized at HF/6-31+G(d) in the gas phase. 
c
 Bond distance between C" atom 

and the carboxylate carbon atom (

! 

C
CO

2

"

) of L-dopa at the transition state of the 

decarboxylation reaction. 
d
 Activation energy (Ea) of phenylalanine (Phe) at 320 °C 

from Ref. (4.10). 
e
 Corresponding to kcat value of 8 s!

1
 from Ref. (4.7). 

f
 

Corresponding to kcat value of 4.3 s!
1
 from Ref. (4.9). 

g
 Corresponding to kcat value of 

9.1 s!
1
 from Ref. (4.5).

 h 
Corresponding to kcat value of 5.0 s!

1
 from Ref. (4.6) 
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For the uncatalyzed decarboxylation of L-dopa in aqueous solution, we 

obtained a free energy barrier of 41.9 kcal/mol, which may be compared with the 

experimental estimate of 40.6 kcal/mol for a closely related amino acid, 

phenylalanine at 320 oC (4.10). The rates of spontaneous decarboxylation of amino 

acids are known to be exceedingly slow in the absence of catalysts and measurements 

of their rate constants are typically carried out in sealed tubes at high temperatures. 

The gas-phase reaction profile (not shown) exhibits a monotonically increasing free 

energy, reaching the plateau of fully separated CO2 and the decarboxylation product. 

On the other hand, Figure 4.3 shows a small recombination barrier between the 

decarboxylation product of L-dopa and carbon dioxide, due to solvent reorganization. 

The recombination barrier is a characteristic feature that has been found in other 

decarboxylation reactions, in which the carbanion resulting from loss of CO2 is not 

stabilized through !-conjugation. The computed free energy of reaction for the L-

dopa decarboxylation in water is about 39 kcal/mol, which is 4 kcal/mol higher than 

that in the gas phase from MP2 calculations. Overall, solvent effects increase the 

decarboxylation “barrier” by 8.5 kcal/mol. At the transition state in water, the 

! 

C" #C
CO

2

#

 bond separation is 2.93 Å, corresponding to a Pauling bond order of 0.01. 

Thus, the carbon-carbon bond cleavage in water is fully completed at the transition 

state, consistent with the interpretation that the barrier is due to solvent reorganization 

effects for the recombination process. The QM/MM simulation results for the 

aqueous reactions may be compared with those estimated using the PCM continuum 

solvation model at the MP2/6-31+G(d) level (4.51!4.60), and the agreement is good 

between the two approaches. 
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The computed free energy of activation for the PLP-dependent 

decarboxylation reactions, i.e., the decarboxylation of the external PLP!L-dopa 

aldimine complex without the enzyme, in aqueous solution is estimated to be 26.1 

kcal/mol for the hydroxyimino tautomer (aqPH) and 25.9 kcal/mol for the 

oxoenamino configuration (aqPH) (in Table 4.1). Thus, the participation of the PLP 

cofactor dramatically reduces the decarboxylation barrier by as large as 16 kcal/mol, 

which corresponds to an intrinsic rate enhancement by 10
11

-folds relative to the 

uncatalyzed reaction. The barrier reduction can be attributed to charge delocalization 

through "-electron delocalization, which is further enhanced by the pyridine moiety 

of PLP, acting as an electron sink to stabilize the carbanion transition state. The long-

range ion-pair interactions between the pyridinium pyridine ring of PLP and the anion 

carbanion carbon of the substrate also provide transition state stabilization. 

In the active site of dopa decarboxylase, the enzyme reduces the free energy 

barrier to 18.4 kcal/mol for the hydroxyimino aldimine (DCPH) and to 20.1 kcal/mol 

for the oxoenamino isomer (DCPH), which represent a further reduction in free 

energy barrier by 7.7 and 5.8 kcal/mol for the two cofactor tautomers, respectively. 

This translates to a rate acceleration by 10
6
-folds over the PLP-assisted reactions in 

aqueous solution. Overall, the enzyme coupled with the remarkable action of the PLP 

cofactor stabilizes the transition state by more than 23 kcal/mol, resulting in a net rate 

acceleration of about 18 orders of magnitude relative to the uncatalyzed spontaneous 

process in water. In addition, the present QM/MM simulations reproduce the effects 

of aqueous solution as well as the effects of the enzyme on the decarboxylation 

reaction in comparison with the corresponding experimental data, validating the 
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computational procedure as well as the performance of the combined QM/MM 

potential surface used to model the decarboxylation reaction.  

The participation of PLP in the decarboxylation of L-dopa also provides 

stabilization to the product intermediate (quinonoid intermediate) of the reaction both 

in the aqueous solution and in dopa decarboxylase. In particular, the free energy of 

reaction is reduced from the uncatalyzed reaction (aqDOPA) of 39.0 kcal/mol to 

about 23#37 kcal/mol upon formation of the external aldimine PLP complex in 

aqueous solution (Figure 4.3). The enhancement of PLP on the stabilization of the 

quinonoid intermediate formed after the decarboxylation step is due to the resonance 

of the pyridine-imine !-conjugation to the anion quinonoid intermediate. This has 

also been demonstrated in previous studies of the alanine racemization reaction in 

alanine racemase (4.61, 4.62). 

To provide insight into transition state stabilization in the active site of DDC 

enzyme, a set of noncovalent interactions between the external PLP aldimine and key 

active-site residues have been analyzed. To estimate the contribution of individual 

residues (4.I) to catalysis, an electrostatic decomposition analysis was performed to 

account for electrostatic interactions between the reactive QM system with the MM 

enzyme environment (Figure 4.4). Such an interaction energy decomposition method 

has been widely applied to enzymes (4.61, 4.79!4.86); although the computed 

interaction energies are not directly related to the computed PMF in Figure 4.3, the 

their change provides a reasonable probe to the electrostatic factors from each residue 

along the reaction pathway. Figure 4.4 displays the change in electrostatic interaction 

between the external aldimine substrate (QM subsystem) and a given residue in going 
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from the reactant state (RS) (Michaelis complex) to the distorted configuration of the 

transition state, thereby, a positive value of 

! 

""E
elec
(I)  indicates that residue I has a 

greater stabilization of the reactant state than that of the transition state, and a 

negative value represents a net stabilizing contribution to the transition state (TS). 

The abscissa of Figure 4.4 is arranged in increasing distance between the center of 

mass of each residue and the C! atom of the substrate.  

In examining the changes of the intermolecular hydrogen-bonding interactions 

along the reaction path, we also analyzed the change in hydrogen-bond distances 

between different residues in the enzyme and the aldimine adduct (Table 4.2). Based 

on the free energy profiles in Figure 4.3, we used the structures saved in the PMF 

calculations, corresponding to the reactant state and transition state within a range of 

0.1 Å of the reaction coordinate stationary points for these analyses. By this criterion, 

there are 400, 522, and 486 RS structures, and 575, 626, and 1124 TS structures, and 

577, 508, and 479 PS structures for reactions DCPH, DCPO, and DOPH, 

respectively. All quantities herein have been averaged over these structures. Figure 

4.5 shows the structural changes of the hydrogen-bonding networks in the binding 

pockets of DCPH, DCPO, and DOPH, which superimposes the reactant state and the 

transition state by overlapping the heavy atoms of the PLP pyridine ring. 

The most striking feature of Figure 4.3 is that electrostatic interactions 

between the external PLP$L-dopa aldimine and residues surrounding the active site 

are dominantly in favor of the reactant state than the transition state. There is no 

single residue that can be identified in Figure 4.3 as a key contributor to provide 

transition state stabilization through electrostatic interactions, whereas several 
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residues are seen to stabilize the reactant state more than that of the transition state, 

including His192, Tyr332$, Asp271, and Arg447. Although this is surprising, it is in 

fact a very difficult task to catalyze decarboxylation reaction since the enzyme needs 

to stabilize the newly developed carbanion at the transition state only about 1.5 Å 

away from the carboxylate anion in the reaction state. The results in Figure 4.3 show 

that the dominant factor in barrier reduction in the dopa decarboxylation reaction is 

provided by the cofactor PLP by formation of the external aldimine. 

His192, a highly conserved residue among group II PLP-dependent 

decarboxylases (4.21), has been proposed involving in the decarboxylation of dopa 

decarboxylase as the specific acid to reprotonate the quinonoid carbanion (4.21, 4.63!

4.66). PLP-dependent decarboxylases are highly stereospecific; for example, Gani et 

al. observed that the decarboxylation reaction of Glu decarboxylase (group II) occurs 

with retention of configuration at the substrate C! atom, revealing that a specific 

residue acts as a proton donor from the same face of the carboxylate group (4.65). 

Kinetic isotope effects measurements on the decarboxylation of L-methionine in L-

methionine decarboxylase verify the notion that a monoprotic acid such as an 

imidazolium side chain of a His residue protonates the quinonoid intermediate (4.66). 

His192 is located directly above the pyridine ring in close proximity to the C! atom of 

the substrate, which could fulfill multiple roles during the overall enzymatic 

transformation, which first acts as a proton acceptor during transaldimine process 

(4.63), and then serves as a counterion to position the substrate carboxylate group in a 

proper orientation for decarboxylation, and finally becomes a conjugated acid to 

protonate the C! atom of quinonoid intermediate after the decarboxylation step. 
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Indeed, mutation of H192A incurs the loss of the enzymatic activation (4.21).!

Throughout the simulations, the imidazolium ring of His192 donates the H!2 atom to 

make hydrogen-bonding interactions with the leaving carboxylate group at an average 

distance of about 1.8!2.0 Å in the reactant states, which is elongated to 1.9!2.1 Å in 

the! transition states. Note that the ion-pair interaction with the substrate carboxylate 

group in the Michaelis complex also provides a key mechanism for differentiation of 

various reaction pathways in PLP-dependent enzymes (4.87). Although the 

electrostatic decomposition analysis reveals that His192 contributes more to the RS 

stabilization than to the TS stabilization, it is consistent with its key role to fix the 

substrate conformation such than the dissociating C"!C bond is perpendicular to the 

plane of the Schiff base imino group. The average 
    

! 

PLP "C#

$ "
!

+
H%2 "His192 

distance is less than 3.8 Å in the product states of the decarboxylation reaction, 

implying the proposed role as a proton donor for the protonation of the C"!atom in 

quinonoid. 

Thr246 forms hydrogen-bonding interaction with the phenolate/phenolic 

group of PLP. The mutation of T246A has shown a decrease in kcat and Km by a factor 

of 143 and 1.54, respectively (4.9, 4.21). Energy decomposition analysis herein 

shows that Thr246 stabilizes both the reactant state and transition state, and it 

stabilizes the former over the latter by 1!3 kcal/mol. Altogether, both experimental 

and theoretical results suggest the residue enhances the catalytic efficiency of the 

enzyme and the binding affinity of the PLP aldimine in the active site by stabilizing 

the PLP aldimine throughout the decarboxylation reaction via hydrogen-bonding 

interactions.!
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The carboxylate group of Asp271 forms a salt bridge with the protonated 

pyridine nitrogen (N1) at an average distance of about 2 Å along the entire reaction 

pathway. The mutation of D271E decreases the catalytic activity by 103-folds, and the 

mutation of D271A abolishes the catalytic ability (4.21). Energy decomposition 

analyses show that Asp271 contributes to both the RS and TS stabilizations through 

  

! 

PLP "N1
+
!

"
O#1"Asp271 electrostatic interactions, and it favors the RS 

stabilization over the TS stabilization by 12!18 kcal/mol. 

The reduction in interaction energy between the protonated pyridine and 

Asp271 at the transition state can be attributed to a decreased positive charge 

character in the pyridine ring since it has traditionally been proposed as an electron 

sink that attracts the C! carbanion through "-electron delocalization. Although 

Asp271 shows significant stabilizing interactions with the external PLP aldimine at 

the reactant state, the intrinsic charge delocalization effects is more important in 

stabilizing the decarboxylation carbanion at the #-carbon of the substrate. Both 

experimental observations and theoretical results show that Asp271 is essential in 

catalysis of the decarboxylation of aromatic amino acid in DDC.!

Another noticeable contributions to the differential interactions at the reactant 

and transition state is Arg447, which resides at an average distance of more than 6.8 

Å (Table 4.2), and provides non-specific electrostatic stabilizations with the substrate.  
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Figure 4.4 Residue contributions of dopa decarboxylase to transition state 

stabilization or destabilization for the decarboxylation reaction of L-dopa 
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Figure 4.5 Superimpose of DDC active site and PLP external aldimine at reactant 

state and transition state (displayed in color of green) in reaction (1) DCPH, (2) 

DCPO, and (3) DOPH, respectively. PLP external aldimine is displayed in ball-and-

stick model. Key residues are shown in thick-stick model. Structures of the reactant 

and transition states are snap shots of the umbrella sampling simulations.  
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Table 4.2 Selected Average Interaction Distances Between PLP!aldimine Cofactor and Active-site Residues in the 

Reactant (RS), Transition (TS), and Product (PS) States of Enzymatic Reactions DCPH, DCPO, and DOPH a 

   DCPH  DCPO  DOPH 

PLP!L-dopa b Residue 
 

RS TS PS  RS TS PS  RS TS PS 

O3  H!1, Thr246  
!

3.50 3.46 3.57  2.49 2.09 2.27  3.51 3.28 3.60 

H O!1, Thr246 
!

2.37 2.40 2.60  3.05 2.87 2.71  1.92 2.24 2.11 

O3 O!1, Thr246 
!

3.08 3.11 3.25  3.01 2.85 2.92  2.82 2.91 2.99 

H1 O"1, Asp271 
!

1.97 1.96 2.12  1.95 2.01 2.12  1.83 1.90 2.10 

H1 O"2, Asp271 
!

2.30 2.54 2.46  2.31 2.30 2.40  2.56 2.43 2.19 

 
C"! H#2, His192 

!

3.80 3.63 3.81  3.60 3.73 3.63  3.41 3.61 3.95 

O1  H#2, His192 
!

1.96 2.10 5.81  1.84 1.93 5.54  3.61 3.89 4.18 

C4A H#2, His192 
!

3.14 3.56 3.51  3.32 3.27 3.27  3.83 3.62 3.50 

C"! H$, Tyr332B 
!

3.58 4.68 4.67  3.79 4.!46 4.15  3.91 4.94 6.73 

O1 H$, Tyr332B 
!

2.08 3.51 6.28  2.07 2.89 6.27  3.46 3.84 3.47 

C4A H$$!Tyr332B!
!

4.46 5.92 5.83  4.52 4.96 3.95  5.81 6.21 7.20 

! C%$!Arg447!
!

7.17 6.83 4.79  8.29 8.15 6.50  10.18 10.00 11.11 

a All bonds are reported to two decimal place in Å. b Numbering given in Figure 4.2.  

!
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Catalytic Effects of Loop Configuration: Closed- vs. Open-form Loop. It 

has been recognized that loop closure induced by substrate binding is an essential step 

for catalysis in numerous enzymes (4.6, 4.19, 4.67!4.70, 4.89!4.93) which functions 

as a lid to occlude active center from the solvent or to provide critical stabilization of 

the transition state. Many PLP-dependent enzymes also consist of flexible loops at the 

binding site; however, it seems that some PLP-dependent enzymes do not require a 

loop conformation to enclose the active site based on analyses of X-ray 

crystallographic structures. These enzymes include dialkylglycine decarboxylase 

(4.71), ornithine aminotransferase (4.72), and D-amino acid aminotransferase (4.73). 

These observations raise an important question on the role of the active-site loop in 

DDC catalysis. To assess the loop function in the catalytic mechanism of DDC, we 

have determined the potential of mean force for the decarboxylation reaction of L-

dopa in DDC at the hydroxyimino tautomeric configuration of the PLP cofactor, 

which has been found to be the preferred conformation (4.17).  

In dopa decarboxylase, an 11-residue segment ranging from residue 

Met328" through residue Asp339", where primed numbers represents the residues in 

the second subunit, is located at the dimer interface in close proximity to the active 

site; however, its three dimensional coordinates are disordered in all available X-ray 

structures of DDC (4.3), presumably due to its dynamic flexibility under the 

crystallization conditions. Experimental studies demonstrated that the presence of this 

flexible loop is essential to catalysis since DDC completely loses its enzymatic 

activity when the loop residues are cleaved (4.6, 4.19). Furthermore, site-directed 

mutagenesis experiments show that the Tyr332$Ala mutation also completely 
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abolishes DDC activity, implicating that specific interactions between loop residues 

and the substrate complex is necessary in the enzyme catalyzed chemical process. 

Since a large number of hydrophobic residues are found in the loop sequence, it has 

been proposed that the flexible loop in DDC could act as a lid to enclose the active 

site and exclude the exposure of the substrate from the solvent upon ligand binding 

(4.3, 4.6, 4.19). To explore the function of the active-site loop in DDC catalysis, we 

have carried out free energy simulations along the decarboxylation coordinate both 

using a closed loop (DCPH) and an open loop configuration (DOPH) that were 

constructed as described previously (4.17).  In the DCPH configuration, the loop is 

closed (Figure 4.6) over the active site, resulting in a solvent-occluded active site, 

whereas the loop in the DOPH structure is open and the active site is solvent-exposed. 

It is noteworthy that the enzyme with a closed loop at the active site (DCPH) has a 

lower free energy of activation for the L-dopa decarboxylation than that with an open 

loop (DOPH) by 6.1 kcal/mol (Table 4.1 and Figure 4.3), revealing a preference for a 

solvent-excluded active site in the catalysis by dopa decarboxylase.  

 

 

 

 

 

 

 



! "#!

Figure 4.6 Molecular 

Surface and stereo views 

of the dynamic loop 

(residues 328!339) in (a) 

a closed or (b) an open 

conformation in dopa 

decarboxylase complex 

with PLP!L-dopa 

external aldimine. The 

PLP external aldimine is 

displayed in a ball-and-

stick model, in which 

cyan, red, blue, and tan 

colors show carbon, 

oxygen, nitrogen, and 

phosphorus atoms, 

respectively. The loop is 

shown in blue molecular 

surface model or stick 

representation. Water molecules are shown in orange stick. The other residues are 

shown in molecular surface model. The structures are taken from the last 

configuration of the 250-ps equilibration of QM/MM MD simulations.  

!
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To elucidate the origin of the preference for a solvent-excluded active site in 

the DDC catalyzed decarboxylation reaction, we analyzed the correlation between the 

electrostatic interaction energies of the PLP aldimine and bulk water (!!!"#"$) and the 

number of water molecules (N) within 4 Å of the carboxylate carbon atom of the 

leaving group along the reaction coordinate, z (Table 4.3 and Figure 4.7). We 

computed !!Eelec in the following procedure. First, we saved the dynamics trajectory 

in every 50 fs (50 MD integration steps) during the umbrella sampling free energy 

simulations. For each configuration, we zeroed the partial atomic charges of all bulk 

water solvent molecules, and then calculated the QM/MM interaction energies. 

Afterwards, we determined the net electrostatic interaction energy at the reactant state 

(  

! 

"E
elec

RS ) and at the transition state (  

! 

"E
elec

TS ) between bulk water and the QM subsystem 

(i.e., the PLP"L-dopa external aldimine substrate) as the difference between the total 

QM energies that included and excluded bulk water (note that the former is already 

determined during the dynamics simulation). Finally, we obtain the differential 

stabilization effects relative to that in the reactant state at a given value of the reaction 

coordinate z as follows, 

    

! 

""E
elec
(z) = "E

elec
(z) #"E

elec

RS
(z

R
).    (4.1) 

where 

! 

z
R

 is the reaction coordinate in the reactant state. The definition in eq. (4.1) 

indicates that a negative value of !!Eelec(z) denotes that bulk water has a greater TS 

stabilization than the RS stabilization.  

Figure 4.7 depicts the change in !!Eelec(z) as a function of the reaction 

coordinate and the average number of water molecules within 4 Å of the carboxylate 

group, both in the DCPH and in the DOPH loop configurations. On average, there is 

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 
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essentially no water molecule in close proximity of the carboxylate group in the 

closed loop configuration, DCPH, which is accompanied by increased stabilization 

(more negative value in !!Eelec(z)) along the reaction path, reaching a plateau of 

about "15 kcal/mol.  In contrast, about four water molecules are found to be within 4 

Å of the carboxylate group along most part of the reaction path, but reaching a 

maximum number of about 8 water molecules at z = 3.5 Å. Significantly, the 

electrostatic stabilization of the distorted substrate relative to that in the reactant state 

is entirely positive, revealing that the active site solvent molecules strongly stabilize 

the carboxylate group in the reactant state. As the decarboxylation reaction takes 

place, the negative charge of the carboxylate group retreats to the C# carbon, 

weakening the electrostatic interactions with the water molecules. At the transition 

state, bulk water provides a net electrostatic stabilization of the transition state in 

DCPH by "5.3 kcal/mol over that in the reactant state. However, in DOPH, the 

solvent has an opposite effect, destabilizing the transition state by 13.8 kcal/mol. 

Although the interaction energies obtained here cannot be used to rationalize the free 

energy difference from the computed PMFs, the qualitative trends demonstrate that 

the exclusion of the bulk solvent from the active site by loop closure is essential in 

DDC catalysis.  



! "#"!

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Correlation between external aldimine-bulk water electrostatic 

interaction energies (!!Eelec)!and number of water molecules (N) within 4 Å of the 

carboxylate carbon atom of L-dopa along the reaction coordinate, z. 

$%&'!

$(&'!
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Table 4.3 Relative Electrostatic Interaction Energies of PLP!aldimine Complex 

and Bulk Water (""Eelec) As Well As Number of Water Molecules Within 4 Å of the 

Carboxylate Carbon Atom of L-dopa (N) at the Reactant States (RS) and Transition 

States (TS) of Reactions DCPH and DOPH 

 DCPH  DOPH 

 ""Eelec (kcal/mol)  N  ""Eelec (kcal/mol)  N 

RS 0.0 
 

0.003 
 

0.0 
 

5.178  

TS !5.3  0.013  13.8  4.199  

 

 

 

! Multiple sequence alignment of group II decarboxylases (4.21) has shown that 

Tyr332# and Leu333# are highly conservative among the loop residues. The mutations 

of Y332F and Y332A show increased Km, but the decarboxylase activity is 

suppressed (4.9, 4.21), suggesting that the hydroxyl group of Tyr332# is required in 

the catalytic process. The energy decomposition analyses in the QM/MM simulations 

of DCPH system (as well as DCPO) show that Tyr332# provide stronger RS 

stabilization energy by ~ 8 kcal/mol than the stabilization of the TS. Tyr332# forms a 

hydrogen bond with the carboxylate group of the substrate, which provides a key 

driving force for the loop closure, enabling the expulsion of the solvent molecules 

from the active site as the hydrophobic side chains of other residue encapsulate the 

active site cavity. However, this favorable interaction is reduced in the transition state 

due to the reduction of the negative charges on the carboxylate oxygen atoms in TS. 
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Comparison of the DCPH and DOPH simulations, Leu333! in DCPH system 

has hydrophobic contacts with the aliphatic side chains of Val331!, Thr246, and 

Val436 at the carboxylate binding site during the entire reaction path of the catalysis. 

This hydrophobic surface appears to be responsible for the exclusion of solvent 

molecules from the active site. Indeed, the PMF calculations show that dopa 

decarboxylase with a solvent-occluded active site (DCPH) has a lower free energy 

barrier for the decarboxylation reaction than that with a solvent-exposed loop 

(DOPH). This phenomenon can be attributed to the hydrophobic clusters of Val331!,  

Leu333!, Thr246, and Val436 that provide a hedge around the carboxylate group of 

substrate to preclude the unfavorable solvent effects on the reaction, and also form 

more favorable interactions with the more neutral transition state structure than with 

the negatively charged reactant state structure to facilitate the decarboxylation relative 

to the reaction in aqueous solution. Leu333! could mediate the loop closure over the 

active site and stabilize the transition state during catalysis. 

Effects of Tautomeric Conformations: Hydroxyimine vs. Oxoenamine. To 

elucidate the catalytic power of dopa decarboxylase, it is essential to have an 

understanding of the tautomeric equilibrium and the intriguing protonation state of 

the PLP Schiff base. For the decarboxylations of the hydroxyimino (aqPH) and the 

oxoenamino (aqPO) external aldimine in water, we obtained similar free energies of 

activation of about 26 kcal/mol, but the former is predicted to be faster than the latter 

in the active site of dopa decarboxylase; the PMFs in Figure 4.3 exhibit a lower free 

energy barrier for the reaction using the enol (hydroxyimino) external aldimine 

tautomer by 1.7 kcal/mol than the keto (oxoenamino) form. Interestingly, it was 
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found in the study presented in Chapter 3 that the hydroxyimino aldimine of the 

Michaelis complex is more stable than the oxoenamino tautomer in the active site of 

dopa decarboxylase (4.17). Thus, the enol, hydroxyimino isomer of the PLP cofactor 

is favored both in the Michaelis complex and in the computed free energy of 

activation at the transition state. In addition, comparison of the free energies of the 

reaction for both conformations, the hydroxyimino aldimine is less endergonic than 

the oxoenamino isomer by about 9 kcal/mol in the enzyme, consisting with the 

spectroscopic finding that the quinonoid adduct in dopa decarboxylase is 

hydroxyimino conformation. Taking together the computational results and available 

experimental data, we conclude that the hydroxyimino PLP!L-dopa Schiff base is 

preferred for the decarboxylation of L-dopa in dopa decarboxylase. 

The hydroxyimino (DCPH) and oxoenamino (DCPO) external PLP aldimine 

in dopa decarboxylase exhibit some differences in the intramolecular and 

intermolecular geometries on going from the reactant state to the transition state 

(Table 4.2 and Table 4.4). The bond lengths of 

! 

C" #C
CO

2

#

 in the reactions in DCPH 

and DCPO are 2.17 and 2.07 Å, respectively, indicating that the reaction for the 

hydroxyimino aldimine has an earlier transition state. A major difference between the 

DCPH and DCPO reactions is found in the conformational flexibility of the Schiff 

base unit, characterized by the dihedral angle of 

! 

N "C4A"C4 "C3 (!). In the DCPO 

configuration, the intramolecular   

! 

O3!H!N  hydrogen bond is maintained 

throughout the reaction path with an average torsion angle of !1° ± 2° to 2° ± 3° in 

going from the reactant state to the transition state due to its strong electrostatic, ion-

pair interactions. However, in the DCPH configuration, the imine group is rotated out 
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of the plane of the phenyl group of the PLP cofactor with an average dihedral angle ! 

of !135
° 

± 15
o
 in the RS and !133

° 
± 4

°
 in the TS. Note that there is also greater 

flexibility in the ! torsion for the Michaelis complex in the DCPH configuration than 

that in DCPO. The large average ! values in the reaction in DCPH reveals that the 

PLP aldimine favors the intermolecular hydrogen-bonding interactions with the 

active-site residue, including Thr246 and Lys303, (Table 4.2) as that in aqueous 

solution (4.88). Thr246 generates different interactions with the hydroxyimino and 

oxoenamino PLP%L-dopa aldimines (Table 4.2). In reaction DCPH, the residue 

accepts a hydrogen bond from the H atom of the hydroxyimino adduct with its side 

chain O"1 at a distance of 2.37, 2.40, and 2.60 in the RS, TS, and PS, respectively. 

However in reaction DCPO, Thr246 donates its side chain H"1 atom to form a 

stronger hydrogen bond with the O3 of the oxoenamino adduct at a distance of 2.49, 

2.09, and 2.27 in the RS, TS, and PS, respectively. 
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Table 4.4  Selected Average Bond Distances, Angles, and Dihedral Angles 

Within PLP!Aldimine Cofactor at the Transition States of DCPH, DCPO, and DOPH 

in DDC
 c
 

! ! DCPH  DCPO  DOPH 

Bonds (!) 
a,b

 

! ! 1.03 ! 1.03 ! 1.03 

! ! 1.38  ! 1.27 ! 1.38 

! ! 0.98 ! 2.05 ! 0.98 

! ! 4.16  ! 1.01 ! 4.06 

! ! 4.01 ! 2.77 ! 4.04 

! 

C" #C
CO

2

#

! ! 2.07 [1.55] ! 2.17 [1.57] ! 2.08 [1.54] 
! ! ! ! ! ! !

Angle (degree) 
a,b

 

! 

O1"C
CO

2

"

"O2! !
149.3 [122.8] ! 153.3 [123.3]  148.5 [120.4] 

! ! ! !    

Dihedral Angle (degree) 
a,b

 

  

! 

N"C4A "C4 "C3! ! !135.2 ± 14.9 

[!133.2 ± 3.7] 
 

!0.9 ± 2.4 

[2.1 ± 3.4] 
 

!97.5 ± 65.9 

[!134.9 ± 2.6] 

  

! 

C "C# "C4 "C3! ! !63.1 ± 2.4  

[!65.7 ± 1.5] 
 

!81.9 ± 1.7  

[!79.6 ± 2.2] 
 

!73.2 ± 6.9  

[!53.7 ± 2.0] 

a
 Numbering given in Figure 4.2. 

b
 Values in brackets give values for the reactant 

state. 
c
 Averaged over 400 configurations saved from the last 30-ps MD sampling 

trajectories. 
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Proposed Mechanism for Decarboxylation Reaction in DDC Enzyme. 

Based on the mechanism proposed by Kagamiyama et al. (4.4, 4.7) and the results 

herein, we propose a new mechanism for the catalytic cycle of the decarboxylation 

reaction in DDC (Scheme 4.2). The overall enzymatic transformation involves three 

main processes: transaldimination, decarboxylation, and proton transfer. 

In the resting state of the enzyme in the absence of substrate, dopa 

decarboxylase forms an internal Schiff base with PLP cofactor through the!!-amino 

group of Lys303 (E!PLP) in the active site. Internal E!PLP aldimine primarily 

shows two structures equilibrated via keto-enol tautomerization: oxoenamino (I) and 

hydroxyimino (II) tautomers (4.4, 4.7, 4.31, 4.32). After the enzyme is bound with a 

substrate (for instance, L-dopa in Scheme 4.2) in the active site,!His192 abstracts a 

proton from the protonated!"-amino group of the substrate. With the appearance of 

the unprotonated substrate at the active site, the Michaelis complex [E!PLP]•L-dopa 

is formed in which the internal E!PLP complex is driven to the oxoenamino state. 

Subsequently, the enzyme undergoes a sequence of reactions in the transaldimination 

process ([E!PLP]•L-dopa # [E!PLP-L-dopa] # E•[PLP!L-dopa]), in which the 

substrate displaces Lys303 to generate the external aldimine complex E•[PLP!L-

dopa], for which the enzyme environment slightly shifts the tautomerization 

equilibration to the hydroxyimino state (IV) stabilized by Thr246, Asp271, and 

Lys303. The external aldimine complex E•[PLP!L-dopa] represents the Michaelis 

complex configuration, which undergoes an irreversible decarboxylation reaction to 

produce the quinonoid intermediate E•[PLP!Q] and carbon dioxide. We propose 

that His192 protonates the quinonoid intermediate with retention of stereochemistry 
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at the C! carbon. The decarboxylation step in the active site of DDC has been 

established to be the rate-limiting step of the enzymatic cycle (4.7). In the 

decarboxylation process, the anionic charge on the carboxylate carbon atom of the 

substrate is transmitted to the C! carbanion of the quinonoid intermediate, which is 

further stabilized by the PLP cofactor. The negatively charged C!! atom of the 

quinonoid intermediate attracts the imidazolium ring of His192 to reach an optimal 

position within a hydrogen-bonding distance. His192 acts as a conjugated acid to 

protonate the C!! carbanion of the intermediate to form the enzyme"dopamine 

complex E•[PLP"dopamine]. Finally, a reverse transaldimination of the 

E•[PLP"dopamine] complex takes place, in which the neutral #-amino side chain of 

Lys303 attacks the C4A of the PLP"dopamine external aldimine to recover the 

enzyme back to its unliganded form (E"PLP) and the product dopamine is released. 

It is noteworthy that in this proposed mechanism His192 plays the key role as 

an acid/base catalytic agent in the reaction cycle. It has been suggested that, based on 

kinetic isotopic effects experiments of other PLP-dependent decarboxylases, the 

proton acceptor for the !%amino group of substrate in the formation of the Michaelis 

complex could be on the same face of PLP cofactor as the proton donor for the C!!of 

the quinonoid intermediate after the decarboxylation (4.66, 4.74). Furthermore, in the 

present simulations the average bond distance between His192 side chain and the 

quinonoid C!! is within a hydrogen-bonding distance, indicating that His192 has the 

potentiality to protonate the quinonoid intermediate at the C!! position in the 

protonation step. Thus, His192 could mediate the deprotonation of substrate and the 

protonation of quinonoid intermediate in the catalytic cycle. 
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Scheme 4.2 Proposed Mechanism for the Decarboxylation Reaction of L-dopa by Dopa Decarboxylase 

!
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4.4 Conclusions!

 We have carried out combined QM/MM MD simulations of the 

decarboxylation reaction of L-dopa by the enzyme dopa decarboxylase. Free energy 

profiles for the decarboxylations of L-dopa and the external PLP aldimine complexes 

in water as well as in dopa decarboxylase are determined to gain an understanding of 

the origin of rate enhancement of the enzyme and the contributions of enzyme 

stabilization to the chemical reaction. Our computational results are agreeable to the 

experimental data. A main finding in this study is the origin of the catalytic 

proficiency of the enzyme in controlling the chemical reactivity. We have identified 

that the pyridine-protonated PLP cofactor contributes considerably to the enzymatic 

decarboxylation reaction that it dramatically enhances the reaction rate by about 11 

orders of magnitude in aqueous solution compared with the uncatalyzed reaction. The 

cofactor plays an important role in the enzymatic reaction, and it stabilizes the 

transition state as well as the product intermediate in the reaction by reducing the 

negative charge on the C!! carbanion through its charge delocalization ability. In 

addition, the enzyme further lowers the free energy barrier of the decarboxylation 

reaction. It was found that the closed loop configuration, which expels water 

molecules from the active site, plays a key role in the enzymatic process. Since the 

solvent water molecules strongly stabilize the carboxylate group in the reactant state 

than that in the charge depleted transition state, the open-loop configuration, in which 

an average of four water molecules are present in close proximity to the carboxylate 

group, inhibits the decarboxylation reaction. Thus, a main contributing factor to 

barrier reduction in the enzyme is due to reduced reactant state stabilization by water 
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molecules due to the exclusion of water molecules in the active site in the closed loop 

configuration (19). An additional finding in this study is the tautomeric effects of PLP 

moieties on the decarboxylation reaction. For the enzymatic decarboxylation reaction 

of L-dopa, the external hydroxyimino aldimine is predicted to be preferred over the 

oxoenamino isomer by having a lower free energy barrier and a more stable 

carbanion intermediate. Thus, the small difference in structure of the PLP aldimines 

leads to distinct catalytic effects. 
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Chapter 5 

Kinetic Isotope Effects in Dopa Decarboxylase 

 

 

5.1 Introduction 

Although of the dominant factor in enzyme catalysis is the lowering of the 

quasiclassical free energy of activation in comparison between catalyzed and the 

corresponding uncatalyzed reaction in aqueous solution (5.1, 5.2), nuclear quantum 

effects (NQEs) have been shown to be important in determining the rate of enzymatic 

reactions, which can make small but noticeable contributions to rate enhancement. 

Consequently, it is important to incorporate NQEs in computation of the rate constant 

(5.1, 5.3). Furthermore, it is of interest to determine kinetic isotope effects (KIEs) for 

chemical reactions in enzymes and in solution using computational methods because 

it is useful to use theory to rationalize experimental observations, and the ratio of the 

reaction rates between light and heavy isotopes provides direct experimental probe to 
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the nature of the transition state (5.4). Hence, KIEs have been widely used for 

inferring transition state structure in chemical and enzymatic reactions as well as been 

used for elucidating the reaction mechanisms by evaluating relative values of rate 

constants in certain specific chemical steps (5.5, 5.6). For certain types of enzyme-

catalyzed reactions, heavy-atom isotope effects can provide useful information about 

the rates of various steps in the mechanism. Carbon isotope effects on 

decarboxylations are among the most studied heavy-atom isotope effects, both in 

nonenzymatic reactions and enzymatic reactions because the decarboxylation 

product, carbon dioxide, is especially amenable to convenient isotopic analysis (5.6, 

5.14). To address the question of NQEs in enzymatic decarboxylation reactions, the 

present study was designed to make predictions on the KIEs both at the primary and 

at the secondary sites associated with the decarboxylation of L-dopa in solution and in 

the enzyme dopa decarboxylase (DDC). The findings provide further insights into the 

nature of the transition state structure of the decarboxylation of PLP!L-dopa aldimine 

in the enzymatic decarboxylation step. 

Dopa decarboxylase catalyzes the conversion of L-dopa into dopamine in the 

treatment of Parkinson disease by means of a bound pyridoxal 5´-phosphate (PLP)-

dependent cofactor, as shown in Scheme 5.1. In the absence of substrate, the cofactor 

is bound to the enzyme by means of a Schiff base linkage between the aldehyde 

carbon of the cofactor and an !-amino group of a lysine residue of the enzyme. When 

substrate is bound in the active site of the enzyme, the internal aldimine undergoes a 

Schiff base interchange to form the so-called external aldimine Schiff base between 

L-dopa and the cofactor PLP. The decarboxylation reaction of the substrate L-dopa is 



! ""#!

the rate limiting (5.7) step in the DDC-catalyzed reaction cycle, which is accelerated 

by a factor of ~10
18

 over the uncatalyzed, spontaneous decarboxylation reaction of 

aromatic amino acids in aqueous solution. Although KIEs for the present dopa 

decarboxylase have not yet been determined, carboxyl 
13

C-KIE is widely used to 

probe the mechanism of PLP-dependent decarboxylation reactions (5.8!5.13). The 

observed KIEs are typically in the range of 1.01!1.06 (5.6, 5.12, 5.14), keeping in 

mind that these are not necessarily the intrinsic effects of the decarboxylation step. It 

is generally accepted that the intrinsic KIE for the carboxyl carbon in PLP-dependent 

decarboxylation reactions is about 1.05. In the closely related PLP-dependent L-

ornithine decarboxylase, Swanson et al. found that the physiological substrate has an 

observed KIE of 1.0325, and it is increased to 1.0633 for the unphysiological 

substrate L-Lys (5.12). The latter values were considered to be close to the intrinsic 

KIE for the decarboxylation step as it becomes rate-limiting of the enzyme process. 

The L-ornithine decarboxylase reaction and the carbon kinetic isotope effects have 

been studied computationally, and a reasonable agreement with experimental results 

has been obtained (5.60). Thus, by means of theoretical methods within the 

framework of quantum transition state theory, computational studies can shed light on 

the extent of NQEs on the chemical reaction, including both zero-point energies and 

tunneling contributions. 

 In the present study, we employ a coupled free-energy perturbation and 

umbrella-sampling simulation technique in centroid path integral calculations (PI-

FEP/UM) (5.15) to predict the 
13

C primary (1
°
) and 

2
H secondary (2

°
) KIEs on the 

decarboxylation of L-dopa catalyzed by the PLP-dependent enzyme, dopa 
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decarboxylase, with the cofactor Schiff base both in the oxoenamino (keto) and 

hydroxyimino (enol) conformation. In the centroid path integral simulations, we 

adopt a combined quantum mechanical and molecular mechanical (QM/MM) method 

to represent the potential energy surface (5.16, 5.17). Thus, both the electronic 

structure of the reacting system and the nuclear dynamics are treated quantum 

mechanically. In the PI-FEP/UM approach (5.15), we follow a two-step procedure 

(5.18) in which we first carry out molecular dynamics (MD) simulations to obtain the 

Scheme 5.1  Mechanism of the enzymatic decarboxylation of L-dopa by the 

pyridoxal 5´-phosphate-dependent dopa decarboxylase. 

!
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classical potential of mean force (PMF) along the reaction coordinate for the L-dopa 

decarboxylation reaction using umbrella sampling (5.19). Then, the nuclear 

coordinates of atoms associated with the chemical reaction are quantized (Figure 5.1) 

and the configurations sampled in MD simulations are used in path integral 

simulations by constraining the centroid position of each quantized nucleus 

coinciding with its corresponding classical coordinates. In PI-FEP/UM, an important 

feature that enable accurate determination of the small free energy difference is that 

the ratio of the quantum partition functions for different isotopes, which yields the 

KIEs, is determined within a single centroid path-integral simulation by free-energy 

perturbation from a light isotope mass into a heavier one (5.15). This method is 

unique in that it yields accurate and converged results on computed KIEs, including 

secondary KIEs that are not possible by other path-integral simulation methods (5.15, 

5.20). The computational technique has been demonstrated in a serious of studies of 

chemical reactions in solution and in enzymes (5.20!5.24). 

 

Figure 5.1 Selected quantized atoms (shown in multicolored ball-and-stick 

representation) in the PI-FEP/UM calculations of the decarboxylation reaction of L-

dopa in dopa decarboxylase  

!
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5.2 Theoretical Background 

 The theoretical framework of the PI-FEP/UM method is centroid path integral 

quantum transition state theory (PI-QTST). In PI-QTST, each quantized nucleus is 

described by a ring of P quasiparticles, and the imaginary time-average position, or 

called centroid position, of the quantized nucleus, , is the geometric centre of the 

quasiparticles (5.25): 

      (5.1) 

where the discrete paths are closed with . The centroid position, , in the 

centroid path integration is used as a principle variable (5.26!5.32), and the canonical 

quantum mechanical partition function of a hybrid quantum and classical system is 

written as follows (5.25), 

    (5.2) 

where 
    

! 

dR =" dr
1" … dr

P
# r = s( )" , S represents the coordinates of all classical 

particles of the system, s corresponds to the classical position vector of the quantized 

particle and it is exchangeable with the centroid position of the particle, , defined by 

eq. (5.1), and the effective quantum mechanical potential  is given by (5.25) 

     (5.3) 

In eq (5.3), " is the de Broglie thermal wavelength of the particle of mass M: 

 
  

! 

" =
#!

M
     (5.4) 
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where   

! 

! is Planck’s constant divided by 2!, and  with kB being Boltzmann’s 

constant and T the temperature. Equation (5.3) corresponds to a classical system in 

which each bead is connected to its two neighbors via a harmonic spring and 

contributes a fraction of the full classical potential energy of the system, . 

Moreover, in this approach the quantum mechanical equilibration properties as well 

as the free energy are obtained from the classical averages for a system governed by 

.  

In the following discussion, it is convenient to introduce a reference classical 

partition function defined as follows, 

! 

QP
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In centroid path integral method, eq. (5.2) can be rewritten related to the reference 

classical partition function as follows, 
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         (5.6) 

where and are the centroid path integral free energies of the classical 

system and the free particle, respectively, the ensemble average 
  

! 

…
U

 is a purely 

classical ensemble average obtained according to the classical potential of the hybrid 

system, , and the average differential potential  is given by 
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! 

"U r ,S( ) =
1

P
U r

i
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i

P

$          (5.7) 

Importantly, eq. (5.6) can be rewritten exactly as a double average shown by eq. (5.8) 

(5.15, 5.18, 5.33, 5.34):  

! 

QP

qm
= QP

cm
e
"# $U (r ,S)

FP ,r U

    (5.8) 

The inner average 
    

! 

…
FP ,r 

 describes a path-integral free-particle (FP) sampling that is 

carried out without the external potential : 
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        (5.9) 

where the integration of beads is constrained at the centroid position of the quantized 

particle,  (5.30, 5.33!5.35). Thus, the free energy sampling of eq. (5.9) yields the 

quantum free-energy difference relative to the reference free particle for a fixed 

classical configuration.  

The double average formulation shown in eq. (5.8) is the theoretical basis in 

the simulation approach of PI-FEP/UM method (5.15, 5.17, 5.22) and it has been 

explored in the simulation approaches of the hybrid classical and path integral by 

Sprik et al. (5.18) as well as that of the quantized classical path (QCP) method by 

Hwang and Warshel (5.33, 5.34). Warshel et al. have further employed the idea of eq. 

(5.8) in the QCP approach to estimate the NQE for chemical reactions by separating 

the classical simulations and quantum corrections (5.33, 5.34, 5.36, 5.37). Therefore, 

this double-average procedure in eq. (5.8) is particularly useful because the outer 

ensemble average 
  

! 

…
U

 can be obtained by performing classical molecular dynamics 
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or Monte Carlo (MC) simulations according to the classical distribution 

! 

e
"#U (s,S)

, and 

then the nuclear quantum effects can be determined through path-integral free-particle 

samplings based on the free-particle distribution, 

! 

e
"
P

2#2
(r
i
"r

i+1 )
2

i

P

$
, in the absence of 

external potential. In other words, one can sample the free-particle distribution 

separately at each classical configuration and then average over all classical 

configurations obtained from MD or MC simulations.  

The centroid path integral potential of mean force (PI PMF), defined as a 

function of the centroid reaction coordinate, , then can be expressed on the basis of 

eq. (5.8):  

! 

e
"# w(z )

= e
"# wcm (z ) $(z = z ) e

"# %U (z [r ],S)

FP ,z U

   (5.10) 

where   and  are the PI and classical PMFs as a function of the centroid 

reaction coordinate , respectively, and the average difference potential energy 

 

is given by eq. (5.7).  

 Another key feature of PI-QTST is that it is expressed analogously to classical 

TST, as the theory was designed to have this similarity, including a quantum 

activation term and a dynamical correction factor (5.26, 5.32, 5.38). Thus, the PI-

QTST reaction rate is given by,  

! 

kQTST =
1

2
˙ z 

z
" e

#$ w(z
"

)
dze

#$ w(z )

#%

z
"

&       (5.11) 

where  is the value of  at the maximum of the PMF, 

! 

˙ z 
z
"

= 2 #$Meff( )
1 2

is a 

dynamical frequency factor approximated by the velocity for a free particle of 

effective mass Meff along the reaction coordinate  direction, and  is the PMF 
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as a function of the centroid reaction coordinate . As in classical TST, the PI 

PMF, , can be computed from the equilibrium ensemble average, and it is 

defined by 

! 

e
"# w(z )"w(zR )[ ] = e"# $F(z ) =

% z[r ]" z( )
% z[r ]" z

R( )
   (5.12) 

where zR is the lowest point at the reaction state in the PMF and the ensemble average 

  

! 

…  is determined by the effective potential of eq. (5.3). Equation (5.12) also defines 

the centroid path integral free energy  at z relative to that at the reactant state 

minimum. From eq. (5.12), eq. (5.11) can be rewritten as follows 

! 
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1
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e
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$

         (5.13) 

where the centroid path integral free energy of activation, , is expressed by 

! 

"F
CPI

# = "F z
#( ) $ FCPIR          (5.14) 

and  

! 

FCPI
R
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1
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z
'

(          (5.15) 

represents the centroid path integral free energy of the system relative to the lowest 

point of the reactant state zR, and it depends on the effective masses associated with 

the centroid reaction coordinate at the transition state. !eff is the de Broglie thermal 

wavelength of the centroid reaction coordinate with an effective mass Meff at the 

dividing surface, which is determined in the centroid path transition state ensemble. 

 On the basis of eq. (5.13), the kinetic isotope effects between a light isotope L 

and a heavy isotope H can be determined by 
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where , , , and  are the values of the centroid reaction coordinate at the 

transition state and the reactant state minimum for the light and heavy isotopes, 

respectively, and   and  are the free energies defined by eq. 

(5.15) for the two isotopes. Equation (5.16) shows that KIEs may be obtained by 

computing the PMF separately for the light and heavy isotopes (5.15, 5.22, 5.33, 5.34, 

5.39), and this can be achieved by first performing umbrella sampling using classical 

MD to obtained classical PMF and then by performing the centroid path integral free-

particle samplings in which the centroid position of the quantized particle is 

constrained to its classical coordinates sampled in the classical trajectory. 

 In the PI-FEP/UM method, eq. (5.16) is alternatively expressed as the ratios of 

the partial quantum partition functions for two different isotopes shown as follows 

(5.15): 
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    (5.17)   

And the ratio of the two isotopic partial quantum partition functions at a given 

centroid reaction coordinate value  is obtained directly through FEP method over 

the mass from light to heavy isotopes in one simulation:  
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where  is defined by eq. (5.7).   is the free energy of the free particle 

reference state for the quantized particles (5.15).  

corresponds to the difference in classical potential energy at the light and heavy bead 

positions,  and  .  

Considering an atom transfer reaction where the light atom of mass ML is 

replaced by a heavier isotope of mass MH, a bisection sampling method coupled with 

the QCP approach (5.33, 5.40), called BQCP (5.17, 5.22), is employed to compute the 

light and heavy bead positions by using exactly the same sequence of random 

numbers: 
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where the position vector !i is properly scaled and generated randomly according to 

the free-particle distribution. Consequently, the positions of all beads are translated 

such that the geometric center of the polymer ring 
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*  is made to 

coincide with the coordinate of the classical particle. Note that the resulting 

coordinates of these two bead distributions are dependent on the ratio of the 

corresponding particle masses via !M. The BQCP method samples the free-particle 

distribution based on the combination of the multilevel sampling (5.41) and Lévy 

Brownian bridge construction (5.42). The bisection method takes advantage that the 

exact free particle distribution is known and path integral configurations can be 

sampled independently, yielding rapid convergence (5.17, 5.22) which is a major 

problem for application to enzymes. Taken altogether, the free energy (inner average) 
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difference between the heavy and light atoms is obtained by eq. (5.18) by carrying out 

the bisection path integral sampling with light isotope and then perturbing the heavy 

isotope position according to eq. (5.19). Then, the free energy difference between the 

light and heavy isotope ensembles is weighted by a Boltzmann factor for each 

quantized configuration (outer average). 

 

5.3 Computational Details 

 Potential Energy Function. We used a combined QM/MM potential in MD 

simulations (5.43!5.46) to study the decarboxylation step in dopa decarboxylase 

catalysis. The QM part was described by the semiempirical AM1 Hamiltonian (5.47), 

and the MM region was modeled by the CHARMM22 all-atom force field (5.48!

5.50) for biopolymers and by TIP3P (5.51) model for water. The preparations of the 

system setup, the details of the dynamic methodology and MD umbrella sampling 

simulations have been described in Chapter 4, and thus only a brief description with 

emphasis on aspects specific to the present calculations is presented here. 

 We employed PI-FEP/UM approach (5.15, 5.17, 5.22) to evaluate the 

correction for the nuclear quantum effects on the decarboxylation reaction of L-dopa 

that is not included in the PMF obtained from the classical MD simulations. Two 

decarboxylation reactions catalyzed by dopa decarboxylase (DCPH and DCPO, see 

Computational Methods in Chapter 4 for details) in addition to their corresponding 

reactions in aqueous solution (aqPH and aqPO) are studied in the present work. The 

former enzymatic reaction represents the decarboxylation of the hydroxyimine PLP 

aldimine and that of the oxoenamine tautomer for the latter. In essence, the centroid 
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path integral simulations were carried out for the light isotopic reactions, and the ratio 

of the partition function between two isotopic reactions were determined by free 

energy perturbation scheme from the light mass into the heavier one. Consequently, 

in the first step, the classical PMF profiles for the decarboxylation reactions of 

PLP!L-dopa aldimine in dopa decarboxylase and in aqueous solution had been 

determined in Chapter 4, by combining the QM/MM force field, periodic boundary 

condition (PBC) dynamics scheme, and MD umbrella sampling simulations at 25°C 

and 1 atm. The reaction coordinate was defined as the distance of the cleaving 

 bond. In the next step, the PMFs were quantized. In this step, path-integral 

free-particle samplings coupled with the bisection sampling scheme (BQCP) and a 

mass perturbing scheme were utilized for the classical configurations sampled along 

the classical PMF reaction coordinate to predict the KIEs for the decarboxylation 

reactions of L-dopa.  

To make the analysis tractable, we focus on two pivotal regions along the 

reaction pathway for the decarboxylation step, that is the reactant state (RS) and the 

transition state (TS). Based on the free energy profiles in Figure 5.2, we made the 

following definitions for the KIE analysis: the RS structures are defined and collected 

by the reaction coordinates in the range of RC = 1.56 ± 0.3 Å, 1.55 ± 0.3 Å, 1.54 ± 

0.3 Å, and 1.54 ± 0.3 Å, and the TS structures by RC = 2.17 ± 0.3 Å, 2.07 ± 0.3 Å, 

2.17 ± 0.3 Å, and 2.06 ± 0.3 Å, for the ketoimine or enolamine PLP aldimine in dopa 

decarboxylase or in aqueous solution, respectively. By these criteria, BQCP 

employed 174 and 124 classical RS configurations, and 187 and 177 TS 

configurations, respectively, for the KIEs for the enzymatic decarboxylation of 
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ketoimine or enolamine PLP aldimine, combined with 200 path-integral steps, plus 

100 PI integration steps for equilibration (although this is unnecessary in the PI-

FEP/UM algorithm),  per classical step. For the reactions in aqueous solution, 499 

and 552 classical RS configurations, and 392 and 222 TS coordinates were used for 

each isotope for the reaction of ketoimine or enolamine PLP aldimine, combined with 

200 path-integral steps (and 100 steps of equilibration) per classical step. The PI-

FEP/UM results of the configurations sorted in the RS and TS bins are averaged, 

respectively. 

 Three KIEs for the decarboxylation of L-dopa were studied in the present 

work. In the first case (case 1 in Scheme 5.2), the primary 
13

C KIEs of the 

carboxylate carbon atom  for the decarboxylation reaction are investigated, 

where the  atom is labeled as isotope and is quantized in addition to its three 

neighboring atoms (C! atom and the oxygen atoms of the carboxylate group) in the PI 

simulations. Analogously, case 2 corresponds to the primary 
13

C KIEs of the C! atom 

for the decarboxylation reaction, where the C! atom is isotopic labeled and C!, , 

H!, and the amide N atoms are quantized. We have investigated the effect of 

including C" atom in the quantized particle list, and found that it does not make major 

contributions to alter the calculated KIE for the C! atom (see Table 5.3). Case 3 

illustrates the secondary deuterium KIEs of the H! atom on the decarboxylation 

reaction, thus the secondary hydrogen H! is quantized in addition to its three 

neighboring atoms, those are C!, , and the amide N atoms. Each quantized atom 

was described by 32 beads (in blue dashed circle in Scheme 5.2). Previous studies 



! "#$!

have shown that this treatment yields good convergence in the overall quantum 

corrections for modeling chemical reactions in aqueous solution (5.22). To estimate 

the standard errors in the computed KIEs, the entire path integral simulations were 

divided into 10 separated blocks, each treated independently. The standard 

uncertainties were determined from these 10 block averages. 

All simulations were carried out using the CHARMM program (5.49, 5.50), in 

which the methods described here have been implemented, and all path-integral 

simulations used a parallel version that efficiently distributes integral calculations for 

the quantized beads (5.22). 

 

 

 

 

 

 

 

Scheme 5.2 Isotope-labeled atom (in red) and quantized atoms (in blue) used for 

the KIE calculations in (a) case 1, (b) case 2, and (c) case 3 of the decarboxylation 

reaction of PLP!L-dopa aldimine. 

 

5.4 Results and Discussion 

 We have studied the NQEs on the decarboxylation reaction of L-dopa in dopa 

decarboxylase using PI-FEP/UM method, in which both the potential energy surface 
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(PES) for the chemical process as well as the NQEs are treated quantum-

mechanically. To represent the PES, we used a combined QM/MM potential, in 

which the external aldimine complex of PLP and L-dopa is treated by the AM1 

method. As it turns out, the AM1 model performs exceptionally well for 

decarboxylation reactions, including the present L-dopa decarboxylation (5.15, 5.52, 

5.53) (see Chapter 4), and it is not necessary to further adjust the original QM model. 

To describe the NQEs, we employed a centroid path-integral approach that couples 

umbrella sampling for the determination of the potential of mean force and free 

energy perturbation between heavy and light isotopes (5.15, 5.17, 5.20, 5.22, 5.24). 

The two simulation steps corresponding to configuration sampling by molecular 

dynamics followed by centroid PI simulations to determine NQEs yields the QM-

PMF along the centroid reaction coordinate (5.15, 5.17, 5.20, 5.22, 5.24). In the 

following, we first determine the quasiclassical PMFs both for the DDC-catalyzed 

and the corresponding uncatalyzed process in aqueous solution with PLP either in the 

oxoenamine (keto) or hydroxyimine (enol) tautomeric structures. The NQEs on the 

decarboxylation reaction profiles is examined by comparing the two 1° 
13

C and the 2° 

2
H! KIEs with the transition- and reactant-state structures.  

 Potential of Mean Force. The computed PMFs for the DDC-catalyzed and 

the corresponding uncatalyzed PLP"L-dopa external aldimine in aqueous solution are 

depicted in Figure 5.2, and the classical free energies of activation ( ), quantum-

mechanical free energies of activation ( ), and the phenomenological free energy 

that lowers the classical barrier due to the NQEs are listed in Table 5.1. The key 

geometric results at the reactant and transition states are reported in Table 5.2. 
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The enzyme lowers the free energy barrier by about 8 (6) kcal/mol with the 

PLP cofactor in the hydroxyimine (oxoenamine) configuration (Figure 5.2). A 

distinctive feature in Figure 5.2 is that the transition state is earlier for the 

hydroxyimine PLP aldimine than that for the oxoenamine isomer, both in the 

enzymatic and in the uncatalyzed reactions. This is reflected by the  

distance in the transition state and the concomitant change in the  angel 

of the carboxylate group (Table 5.2). With the inclusion of NQEs in the QM-PMF 

simulations, the computed free energies of activation for the 
12

C decarboxylation 

reaction of the hydroxyimine (oxoenamine) PLP aldimines in the enzyme is 0.64 

(1.18) kcal/mol lower than the corresponding “classical” barrier (Table 5.1), resulting 

in a computed barrier height of 17.8 (18.9) kcal/mol that is in agreement with the 

experimental value of 16.0 kcal/mol (5.7, 5.54!5.56). The computed NQEs for the 

oxoenamine isomer is significantly greater than that for the hydroxyimine case; the 

origin of this difference is not yet clear at this time. The decarboxylation of the 

external aldimine in aqueous solution in the absence of an enzyme, is known to be 

slow (5.57), which takes place at temperature above 100 °C. Note that the barrier for 

the decarboxylation of the amino acid L-dopa itself is exceedingly high in water, 

consistent with Wolfenden’s experimental data (ca. 40 kcal/mol) on similar systems 

(5.58) (see reaction aqDOPA in Chapter 4). We found the NQEs in the enzymatic 

reaction are slightly enhanced over the unenzymatic reactions in aqueous solution that 

reduce the classical barrier by 0.61 (0.60) kcal/mol for the 
12

C decarboxylation 

reaction in the hydroxyimino (oxoenamino) tautomer configuration. The results 

emphasize the importance of including NQEs in enzyme kinetics modeling to obtain 
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accurate rate constants (5.3, 5.59), although the dominant factor for the enzymatic 

rate enhancement is due to lowering the “classical” free energy barrier in the active 

site of the enzyme. In Chapter 4, it was shown that the exclusion of solvent molecules 

in the active site by loop closure is critical to the enzymatic rate enhancement, which 

may be attributed to reduced stabilization of the carboxylate group due to desolvation 

in comparison with the loop-open structure where solvent stabilization of the 

carboxylate group in the reactant state is significant as in bulk solution (Figure 5.2). 

In this Chapter, we focus the study on NQEs in catalysis, which has not been 

quantified previously.  

 

Table 5.1 Computed classical mechanical ( ) and quantum mechanical 

( ) free energies of activation and total nuclear quantum effects ( ) for the 

12
C and 

13
C decarboxylation reactions of PLP!L-dopa aldimine complex in aqueous 

solution and in dopa decarboxylase 
a
 

 reaction      

 aqPH 26.1 25.49 25.52 !0.61 !0.58 

 aqPO 25.9 25.34 25.33 !0.60 !0.57 

 DCPH 18.4 17.79 17.82 !0.64 !0.61 

 DCPO 20.1 18.88 18.91 !1.18 !1.15 

 expt.  16.1!16.5
 b-e

    

a
 Free energies are given in kcal/mol. Two decimal digits are reported with NQE 

contributions in view of kinetic isotope effect calculations. 
b
 Corresponding to kcat 

value of 8 s!
1
 from Ref. (5.7). 

 c
 Corresponding to kcat value of 4.3 s!

1
 from Ref. 

(5.56). 
d
 Corresponding to kcat value of 9.1 s!

1
 from Ref. (5.54).

 e 
Corresponding to kcat 

value of 5.0 s!
1
 from Ref. (5.55). 
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Figure 5.2 Computed free energy profiles for the decarboxylation reactions of 

PLP!L-dopa in aqueous solution (dashed lines) or catalyzed by dopa decarboxylase 

(solid lines). The PLP aldimine complex with L-dopa is either in enolamine 

tautomeric form (i.e. hydroxyimine, displayed in color of magenta) or ketoimine 

isomeric structure (i.e. oxoenamine, displayed in color of green).  
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Table 5.2 Selected Average Bond Distances, Angles, and Dihedral Angles Within PLP!Aldimine Cofactor at the Reactant 

States (RS) and the Transition States (TS) of aqPH, aqPO, DCPH, and DCPO
 
 

reaction aqPH  aqPO  DCPH  DCPO 

! RS TS  RS TS  RS TS  RS TS 

Bonds (!) 
a
 

! 1.54 2.06  1.54 2.17  1.55 2.07  1.56 2.17 

! 1.45 1.34  1.46 1.39  1.45 1.36  1.46 1.39 

!
1.28 1.34  1.43 1.32  1.29 1.32  1.32 1.32 

!            

Angle (degree) 
a
 

 ! 119.7 150.3  120.6 154.2  122.9 148.6  122.9 153.8 

! 105.2 111.8  105.3 112.3  106.3 118.9  105.1 112.2 

! 107.9 114.0  109.7 116.0  107.8 114.3  109.3 115.6 

! 110.9 126.3  114.0 122.6  113.5 118.2  118.1 123.8 
!            

Dihedral Angle (degree) 
a
 

! !116.5 !147.8  !120.4 !146.6  !118.4 !146.7  !112.2 !147.4 

a
 Numbering given in Figure 4.2.  

 

! !
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Kinetic Isotope Effects. The computed 1° and 2° KIEs for the 

decarboxylation reaction of L-dopa in water and in the enzyme are listed in Table 5.3, 

while the computed NQEs and KIEs from the individual blocks are documented in 

Table 5.4. The standard errors in ±1s deviation are estimated from these individual 

block averages with respect to the full average (note that the total computed average 

KIE is not a simple mean of the individual block-averages because of the 

configuration integral is a sum of the exponential function of energy difference over 

configurations, see Appendix C). From path-integral and free-energy perturbation 

simulations, we found that, the hydroxyimine PLP complex has somewhat greater 

NQEs on the enzymatic reaction than the aqueous-phase reaction, consistent with the 

free energy results shown in Table 5.1. Contrary to the hydroxyimine complex, the 

oxoenamine isomer reflects slightly smaller NQEs on the enzymatic reaction relative 

to the corresponding reaction in water. Overall, by comparing the enzymatic and the 

model systems in water solution that mimics exactly the same enzymatic reaction and 

mechanism, the calculated primary C13-KIEs in the DDC-catalyzed decarboxylation 

have approximately the same magnitude as those observed in the non-enzymatic 

decarboxylations considering statistical uncertainties. Evidently, the enzyme does not 

operate to significantly alter the size of the KIEs, and thus, NQEs. In the following, 

three KIE cases (see Computational Details) of the decarboxylation reaction are 

considered, including (i) the primary 
12

C/
13

C KIE of the carboxylate 
!
atom, (ii) 

the primary 
12

C/
13

C KIE of the  atom, and (iii) the secondary H/D KIE of the  

atom.  
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The finding of larger -KIEs for the decarboxylation reaction (case 1 in 

Table 5.3) in the hydroxyimine PLP!L-dopa aldimine than that in the oxoenamine 

PLP aldimine suggests that there are differential NQEs between these two tautomeric 

isomers. A diagnostic analysis of the concomitant change in the  angel 

of the carboxylate group from the reactant state to the transition state sheds light on 

the KIE results on the reactions in the enzyme as well as in aqueous solution. The 

difference in the calculated carboxyl -KIEs in Table 5.3 is closely related to the 

small, but significant, variations in the  bond angle. The average bond 

angles are close to 150°, about mid-way from the reactant to the product states, 

Table 5.3 Computed 1° and 2° KIEs for the decarboxylation reactions of L-dopa in 

PLP-dependent dopa decarboxylase and in PLP-catalyzed aqueous solution  

case: 

quantized 

atom 
a
 

KIE aqPH aqPO DCPH DCPO expt. 
b
 

case 1:  
12

k/
13

k 
1.0529 

± 0.0026 

1.0498 

± 0.0024 

1.0554 

± 0.0028 

1.0461 

± 0.0049 

1.05!1.06 

 

case 2:  12
k/

13
k 

1.0298 

± 0.0031 

1.0340 

± 0.0026 

1.0390 

± 0.0056 

1.0283 

± 0.0064 
 

 
 

  
1.0401

 c
 

± 0.0054 

1.0282
 c
 

± 0.0059 
 

case 3:  1
k/

2
k 

0.9746 

± 0.0509 

1.1368 

± 0.0513 

1.0622 

± 0.0366 

1.1266 

± 0.0528 
 

      

a
 Numbering given in Figure 4.2. 

b
 From Ref. (5.6).

 c
 Including the data averaged with 

the C" atom included.!

 

!
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consistent with the estimated Pauling bond order of about 0.4 for the  bond 

at the transition state (computed using c = 0.3). The transition state of the 

hydroxyimine tautomer in the active site has smallest  bond angle of the 

four decarboxylation reactions, including an early transition state with the least gain 

in bond order of the CO2 leaving group. On the other hand, the oxoenamine isomer 

has the largest  angle, indicative of enhanced force constant of the CO2 

stretch and a late transition state. Thus, for the oxoenamine aldimine, the reduction in 

the difference of zero-point energy (ZPE) (between 
12

C and 
13

C) associated with the 

 bond stretch is accompanied by a gain in the  stretching 

frequency, orthogonal to the reaction coordinate, in going from the reactant state to 

the transition state. The two compensating factors yield a relatively small computed 

KIE in the oxoenamine isomer of the cofactor. However, the change of the 

 angle is smaller for the hydroxyimine configuration, resulting in a 

greater KIE at the carboxyl site. In addition, these -KIE results fit nicely into 

the current interpretation of PLP-dependent enzymatic decarboxylations, for which 

the intrinsic 
13

C KIEs are believed to be in the range of 1.05!1.06 (5.6). Values in this 

range are also found for nonenzymatic decarboxylations (5.60). The agreement 

between the experimentally observed values and the predicted intrinsic 
13

C KIEs for 

the enzymatic reactions suggests that the computational approach in the present study 

is reasonable. It would be interesting to test the present theoretical prediction of the 

intrinsic 
13

C KIE for the decarboxylation reaction catalyzed by dopa decarboxylase, 
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and to elucidate whether or not the decarboxylation step is solely rate-determining 

such that the intrinsic value is fully expressed in the experimentally observed KIEs. 

The rehybridization at the C! position from an sp
3
 to an sp

2
 center along the 

decarboxylation path is reflected by the primary 
13

C!- and secondary 
2
H-KIEs in 

aqueous-phase reactions. In water, the 
12
k/

13
k effects of C! are most sensitively 

associated with the development of the  double bond character as indicated by 

the  bond distance in Table 5.2. Consequently, a shorter  distance 

corresponds to greater sp
2
 character and a larger force constant of bond stretching, 

giving rise to increased ZPE difference in the transition state between 
13

C! and 
12

C! 

isotopic reactions due to the  stretching mode, which compensates for the loss 

in the ZPE difference from the reaction coordinate motion (  stretch). The 

combined results yield a smaller 
13

C! KIE, and the trend is mirrored in Table 5.3. On 

the other hand, the deuteron 
1
k/

2
k (H!) KIE for the decarboxylations in water solution 

is directly coupled to the out-of-plane bending mode about the  "-plane that is 

being developed at the transition state, which corresponding to a change from about 

1400 cm#1
 for an sp

3
 C#H deformation mode in the reactant state to about 800 cm#1

 

for an sp
2
 out-of plane bending mode in the product. Thus, the smaller deformation 

angles (out-of-plane torsion, e.g. the improper dihedral angle  in Table 

5.2) in the reaction of the oxoenamine aldimine isomer in aqueous solution leads to 

relatively larger 2° KIE than the reaction of the hydroxyimine isomer in aqueous 

solution. In the enzyme, however, both 
13

C!- and 
2
H!-KIEs are not fully explained by 

the trends of the  bond distance and the  improper dihedral 
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angle at the transition states, respectively. It could be conceivable that the enzyme 

might provide some limited steric compression, leading to a change in bending 

vibrations in the quinonoid-like transition state aldimine complexes. Further 

calculations are required to analyze the intrinsic origins of the difference in the KIEs 

for the enzymatic reaction. 

 

5.5 Discussion 

 We have predicted the primary carbon and secondary deuterium kinetic 

isotope effects for the PLP-dependent decarboxylation reaction of L-dopa in dopa 

decarboxylase as well as in water using am integrated path integral and free-energy 

perturbation-umbrella sampling method. Calculations show that there is a small 

contribution from nuclear quantum effects to the enzymatic rate enhancement in the 

PLP-dependent L-dopa decarboxylation, although the effects is negligible in 

comparison with the effect of classical barrier reduction. The calculated primary 
13

C 

KIE of the carboxyl carbon atom in the enzymatic reaction is in agreement with the 

experimental results from other PLP-dependent decarboxylation reactions. 

Furthermore, the difference in the tautomeric structure of PLP!L-dopa aldimine leads 

to distinctive KIE results. Particularly, there is a distinguishing difference in the 

secondary 
2
H" KIEs between the hydroxyimine and oxoenamine tautomers in water, 

where the former shows an inverse secondary KIE, whereas the latter exhibits a 

normal secondary KIE. Overall, the carboxylate carbon atom shows somewhat larger 

KIEs than the C" atom, and the hydroxyimine tautomer of the PLP cofactor has 

greater primary carbon KIEs in both positions than the oxoenamine isomer in the 
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enzyme. The computed 
13

C carboxyl KIE for the hydroxyimine substrate is within the 

range of the intrinsic effects expected for similar reactions, although the carboxyl 
13

C-

KIE for the oxoenamine tautomer is lightly below the normal range (but within 

statistical errors). It would be interesting to see if experimental measurements of all 

three (two primary carbon-13 and one secondary deuterium) KIEs can be used along 

with the computational analyses to distinguish the active form of tautomerism of the 

cofactor.   
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Chapter 6 

Dynamics of Histone Lysine Demethylase LSD1 in Complex 

With CoREST and the H3 Tail Peptide 

 

 

6.1 Introduction 

Lysine-specific demethylase (LSD1), a flavin adenine dinucleotide (FAD)-

dependent amine oxidase, is associated with gene expression through its capability of 

protein lysine modifications (6.1!6.6). LSD1 shows both coactivator and corepressor 

functions modulated by its interacting factors (6.7!6.9). It is relevant to the gene 

activation of the androgen receptor (AR) by interacting with AR to demethylate Lys9 

on histone H3 peptide of nucleosomes (H3K9) (6.10,  6.11). It is also linked to the 

neuronal-specific gene repression in nonneuronal cells with the participation of 

CoREST, a SANT-domain-containing transcriptional corepressor, to target histone 
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H3 demethylation at Lys4 (H3K4) within nucleosomes (6.7, 6.12!6.18). Surprisingly, 

it has been recently discovered that LSD1 represses p53-mediated apoptosis by 

demethylating methylated mark on p53 at Lys370 to inhibit the interaction of p53 

with DNA (6.19). These findings demonstrate that gene regulatory activities of LSD1 

associated with its substrate specificity can be fine tuned through different binding 

factors (6.7). 

Crystal structures of LSD1, either in the native state or in complex with 

CoREST, have been determined (6.20!6.24). LSD1 comprises three distinct 

structural domains: an N-terminal SWIRM domain, an C-terminal AOL (amine 

oxidase-like) domain, and a protruding Tower domain. The SWIRM domain (residues 

172!270), consisting of a helix-turn-helix compact fold, has been found in a number 

of chromatin-associated proteins and was implicated to have a function of DNA 

binding (6.25!6.27). In addition, it interacts with the AOL domain through a 

hydrophobic interface, maintaining structural stability of the AOL domain as well as 

the catalytic activity of LSD1 toward substrate binding (6.21,  6.22). The AOL 

domain, adopting an amine oxidase fold, consists of a FAD-binding subdomain 

(AOL1: residues 271!417) and a substrate-binding subdomain (AOL2: residues 

523!833), separated by the insert sequence comprising the Tower domain. The 

negatively-charged active-site pocket of LSD1 is located at the interface of the two 

(FAD-binding and substrate-binding) subdomains and goes deep into the protein 

interior where the flavin ring of FAD is located. The binding cavity is capacious and 

opening-wide relative to other FAD-dependent enzymes, indicating the capacity to 

accommodate diverse substrates (6.21,  6.22). In addition, extensive mutagenesis 
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studies on the active-site residues of LSD1 showed that the LSD1 demethylation 

activity is either reduced or abolished, indicating the importance of the AOL domain 

in substrate recognition and in catalysis (6.20,  6.21, 6.28).  

The Tower domain (residues 418!522) contains two elongated antiparallel-

orientated a helices that connect the two subdomains of the AOL lobe. It presents a 

surface for the binding of CoREST that is critical to mediate the demethylation of 

H3K4 through association with nucleosomal substrates (6.7, 6.18, 6.22, 6.23, 6.29). It 

also has been suggested that binding of the Tower domain to different proteins is 

critical for the capability of LSD1 to interact with a variety of targets. 

Among LSD1 structures, two LSD1•CoREST complexes have been 

cocrystallized with a peptide containing the residues of the N-terminal H3 tail in the 

catalytic cavity of LSD1. One ternary complex structure contains a 21-amino acid H3 

peptide in the active site, in which the peptide Lys4 is mutated to a methionine (6.24). 

The other LSD1•CoREST•H3 crystal structure contains a peptide comprising the N-

terminal 21 residues of H3 tail with N-methylpropargy-Lys at position 4 (6.23). These 

structures reveal spacious active site cavity to accommodate several residues of the 

histone tail to properly position the substrate lysine residue. Both structures exhibit 

similar binding patterns, and the peptide substrate makes both intramolecular 

hydrogen-bonding interactions and intermolecular contacts with LSD1. In addition, 

mutagenesis studies on both LSD1 and the H3 peptide substrate have identified 

several crucial residues for the catalytic activity of LSD1 (6.21, 6.24). 

 The present Chapter presents a molecular dynamics (MD) simulation study of 

the LSD1•CoREST complex complexed with a substrate consisting of 16-amino-acid 
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residues of the N-terminal histone H3 tail (H3-p16) in which Lys4 is dimethylated. 

We focus the present investigation on the dynamics properties of Tower domain, 

including the azimuthal rotation angle and tilting angle of relative to the catalytic 

domain in order to gain an understanding of the flexibility of the LSD1 Tower 

domain associated with CoREST. In addition, upon release of crystal constraints, the 

conformational rearrangement of H3-p16 in the protein-peptide complex was 

observed in solution and compared with the crystal structure. Overall, by sampling 

the conformational space of the LSD1•CoREST complex bound to the target H3-p16 

peptide, the results of MD simulations in water provide insights into the ternary 

complex’s behavior in solution. 

 

6.2 Computational Details!

Initial Setup. The initial structure for the simulation of LSD1 in complex 

with CoREST and a substrate-like peptide inhibitor, ARTMQTARKSTGGAKAP in 

the active site of the catalytic domain was taken from the X-ray structure of PDB 

(6.30) entry 2V1D (6.23). His259 was protonated due to its side-chain nitrogen atoms 

were within 3.5 Å of a hydrogen acceptor in the crystal structure. The remaining 

histidine residues were treated as neutral by protonating at N!1 or N"2 according to 

their local environment. Thus, His185, 250, 394, 422, 430, 484, 532, 551, 564, 680, 

and 812 were protonated at N!1; His253, 459, and 802 were protonated at N"2. A 

bridging water molecule was added to form hydrogen bonds with the N1F atom of the 

FAD and the N#
!atom of Lys661 (6.20). The active site residue Lys661, which plays a 

role as a general base in the hydride transfer reaction (Scheme 6.1) (6.20, 6.22), was 



 143!

modeled as a neutral residue. Dimethylated Lys4 (methyl-pLys4) on the histone H3-

p16 peptide was! constructed by modifying the structure of pMet4 in the crystal 

structure. We treated the remaining titratable residues corresponding to their 

ionization states at pH 7. Hydrogen atoms were added to the crystal structure using 

the HBUILD module of the CHARMM program (6.31, 6.32). The complex was fully 

solvated in a box of explicit water molecules with dimensions of 128 ! 171 ! 128 Å3. 

Five Cl!!ions were added to neutralize the system. The final system contains 269709 

atoms, 12967 of which belong to the ternary protein complex (Figure 6.1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1  
A model of LSD1•CoREST 
complex bound to 16-a.a. 
peptide of the N-terminal 
H3 tail (H3-p16) was 
solvated in a rectangular 
water box. Tower domain, 
SWIRM and AOL domains 
of LSD1, CoREST, and H3-
p16 peptide are in a cartoon 
representation colored in 
green, orange, silver, and 
blue, respectively. FAD is 
in ball model colored in red. 
!
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Scheme 6.1 Proposed catalytic mechanism for the demethylation by LSD1 

!

FAD 

!
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Simulation Protocol. All MD simulations herein were performed using the 

program NAMD (6.33) with the CHARMM27 force field (6.34) for protein residues, 

FAD, and ions along with the TIP3P (6.35) model for water molecules. Periodic 

boundary condition (PBC) and the isothermal-isobaric (NPT) ensemble at 298.15 K 

and 1 atm were used throughout the MD simulations. The impulse-based Verlet 

integration scheme was used to integrate the equations of motion with a time step of 1 

fs. The van der Waals energies were feathered to zero in the region between 11 Å and 

13 Å with a smooth switching function, while long-rang electrostatic interactions 

were treated by means of the particle-mesh Ewald (PME) method. All bonds 

involving hydrogen atoms were constrained to their equilibrium distances using the 

SHAKE algorithm during the MD simulations. 

Water molecules, ions, and the dimethylated pLys4 of the resulting structure 

was initially subjected to 4000 steps of energy minimization using the adopted-basis 

Newton!Raphson (6.31) (ABNR) method, whereas the rest of the system was held 

constrained. This relieved close contacts between the protein complex and solvent 

molecules without disrupting its overall conformation. After the minimization, the 

system was gradually heated from 0 K to 298.15 K within 80 ps of molecular 

dynamics simulations, which was subsequently equilibrated at 298.15 K for 19.97 ns 

under constant pressure and temperature conditions. The early part of the simulations 

(0 < t < 10 ns) were treated as the equilibration phase, and the last half of the 

simulations at t ! 10 ns were employed in structural analysis. Trajectories of the 

simulation in equilibration were saved in every 5 ps, resulting in a total of 3989 

snapshot coordinates. 
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6.3 Results and Discussion !

Overview of MD Simulations. Figure 6.2 shows the time evolutions of the 

root-mean-square deviations (RMSDs) for the backbone heavy atoms of the full-

length LSD1, the AOL and SWIRM domains, the Tower domain, and the substrate 

H3-p16 peptide, respectively, by best fit to superimpose the backbone heavy atoms of 

the AOL and SWIRM domains as well as the FAD with respect to the experimental 

starting structure. During the 20 ns of MD simulations, the RMSD value of the entire 

backbone heavy atoms of LSD1-CoREST-pH3-16 complex has large fluctuations in a 

range of 0.9 Å to 8.3 Å. Examination of the RMSD fluctuations of individual 

domains shows that the dominant fluctuation comes from the Tower domain with a 

conformational fluctuation over 20 ± 4 Å. On the other hand, the AOL and SWIRM 

domains exhibits dynamic fluctuations found in typical globular proteins over similar 

time evolution. The backbone root-mean-square fluctuation (RMSF) in Figure 6.3 for 

each residue averaged over the entire trajectory provides a different perspective of the 

local protein flexibility. The RMSF results show that dynamic fluctuations of the 

Tower domain dominate the overall protein flexibility of the LSD1 ternary complex 

in aqueous solution (Figure 6.3), whereas the RMS fluctuations of the AOL and 

SWIRM domains are more stable. Altogether, the time-dependent and time-averaged 

fluctuations reveal an important feature of the intrinsic flexibility of LSD1, which can 

be separated into two distinctive dynamic regions:  (a) the globular dynamics region 

consisting of the catalytic AOL domain and the SWIRM domain of LSD1, and (b) the 

mobile region of the Tower domain that undergoes large amplitude motions.   
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Figure 6.2 RMSD versus simulation time for the backbone atoms of LSD1 

relative to the crystal structure. The RMSD of the full-length LSD1, AOL and 

SWIRM domains, Tower domain, and the N-terminal 16 residues of H3 tail (H3-p16) 

are colored in violet, orange, green, and light purple, respectively. 
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Figure 6.3 Average RMS fluctuation (RMSF) of LSD1 calculated from 19.97 ns 

of MD simulations 

!"#$%& '()*& +,-./& '()0&
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Dynamic Motions of the Tower Domain And CoREST. To characterize the 

dynamic motions of the Tower domain as well as CoREST, we have examined the 

fluctuations of the helices relative to the globular region of LSD1•CoREST complex. 

To this end, we have analyzed the azimuthal, !, and latitude tilting (colatitudes) 

angle, !,  fluctuations of the helices vector relative to the fixed frame of the X-ray 

crystal structure. These angles are defined in Figure 6.4. To calculate the colatitudes 

and azimuthal angles, we first define the vector of the Tower domain as the average 

vector direction of the two antiparallel helices, and the helical directional vectors are 

calculated using the method described by Aqvist (6.36) using CHARMM. In the 

initial 10 ns of MD simulations, the colatitude angle of the Tower domain fluctuates 

between 0.03° and 13.1° with an average of 6.8 ± 2.6°, which appear to have reached 

equilibrium (Figure 6.4a). However, after 10 ns, even larger fluctuations took place in 

the colatitudes motions and the angle increases to 21° before it recovers to the initial 

values. Clearly, longer simulations are required to fully address the large amplitude 

motions, but the results presented in Figure 6.4a are sufficient to demonstrate that the 

Tower domain undergoes rather large colatitudes dynamic fluctuations relative to the 

globular catalytic domain with a range of 0!21o. Considering the length of the Tower 

domain helices (~70 Å), the tip of the mobile region traverses more than 8 Å as a 

result of the colatitude angular fluctuations within 5 ns time scale. The number 

distribution of the colatitudes angle fluctuations in the last 10 ns of MD simulations is 

shown in Figure 6.4b (computed with bin size of 1o thus the normalized distribution 

can be obtained by dividing the total number of configurations used in the analysis), 

and the average ! angle is 12.5 ± 3.9°.  
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The azimuthal angle of the Tower domain traverses the full range of 360° 

during the 20 ns molecular dynamics simulations (Figures 6.4c), clearly illustrating 

the dynamics flexibility is not restricted to colatitudes motions. The number 

distribution determined from structures collected during the final 10 ns simulations 

are displayed in Figure 6.4d, which already covers nearly the entire azimuthal range, 

except the area from !20° to !100° that has not been sampled during this period. The 

results presented in Figure 6.4 demonstrate that the Tower domain undergoes large 

amplitude colatitudal and azimuthal motions in the time scale of 10 to 20 ns, keeping 

in mind that the present simulations barely covered one period of these fluctuations. It 

would be interesting to investigate the biological implications of these dynamic 

fluctuations in the future, particularly on recognition and binding of the Tower 

domain to the histone particle. The installation of the Blue Waters Systems at the 

NCSA at the University of Illinois in 2011 provides an opportunity to extend the 

length of the present dynamics simulations and the possibility to examine the 

complex of LSD-CoREST-Histone structures.  

It is not surprising that the CoREST protein also experiences large amplitude 

motions since it noncovalently interacts with the Tower domain in the LSD-CoREST-

Histone complex. During the 20 ns of MD simulations, the RMSD value of the 

CoREST, which follows the motion of the Tower domain, has fluctuations in a range 

of 1.5 Å to 26.6 Å (Figure 6.2). Here, we defined the vector of the CoREST helix 

(residues 330!362) as the average vector direction of the C" carbon atoms, and the 

colatitudal vibration motion (!) was defined as the angle of the vector of the CoREST 

helix relative to the fixed frame of the Tower helix (residues 418!466) of the X-ray 
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crystal structure. The azimuthal rotation motion (!) was defined as, setting the X-ray 

frame of the Tower helix along z axis, the angle of the projection of the CoREST 

helix vector to x axis (similar as shown in Figure 6.4). The analysis of motion of 

CoREST helix show that CoREST helix domain undergoes large amplitude 

colatitudal motion (!) in the time scale of 10 to 20 ns within a range from 8° to 32° 

(Figure 6.5b), but has smaller amplitude azimuthal motion (!) within a range from !! 

40° to !120°. The latter is attributed to the manner that CoREST helix domain is not 

parallel with Tower helices but maintains an interhelical crossing angle (") of 10°!

25° with Tower helices during the entire simulations (Figure 6.7). In addition, the 

dynamic motion of CoREST SANT2 domain (residues 385!440) is analyzed to shed 

light on the ability of conformational mobility in liquid phase (Figure 6.8). The 

vibration motion (!) and the azimuthal motion (!) of CoREST SANT2 domain were 

described, similarly as shown in Figure 6.4, as the vector defined from C# atom of 

residue 418 to the center of mass of C# atoms of CoREST SANT2 domain (residues 

385!440) relative to the vector of the Tower helix (residues 418!466) of the X-ray 

crystal structure. The analyses reveal that CoREST SANT2 domain experiences 

similar amplitude of colatitudal vibration motion (!) with CoREST helix domain but 

occurs larger amplitude of azimuthal rotation motion (!). 
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!

Figure 6.4  

(a) Time evolution for the entire 

Tower domain during entire MD 

simulations and (b) distribution of 

the vibration angle!(!) in the last 

10 ns simulations. (c) Time 

evolution for the entire Tower 

domain during entire MD 

simulations and (d) distribution of 

the azimuthal rotation angle (!)!in 

the last 10 ns simulations. 

Descriptions of vibration angle, !, 

and rotation angle,!!, are shown in 

the inset. The experimental 

structure and a snapshot of the 

simulation are colored in orange 

and blue, respectively.!
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Figure 6.4 (cont.)!
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Figure 6.5 (a) Time evolution for the azimuthal vibration angle! (!) of CoREST helix during entire MD simulations and (b) 

distribution of the vibration angle!(!) in the last 10 ns simulations. (c) Time evolution for the rotation angle (!) of CoREST helix 

during entire MD simulations and (d) distribution of the rotation angle (!) in the last 10 ns simulations. The vibration (!) and 

rotation (!) angles are defined as the vector of the CoREST helix (residues 330!362) as the average vector direction relative to 

the fixed frame of the Tower helix (residues 418!466) of the X-ray crystal structure. 
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Figure 6.6 (a) Time evolution for the azimuthal vibration angle!(!) of CoREST SANT2 domain during entire MD simulations and 

(b) distribution of the vibration angle! (!) in the last 10 ns simulations. (c) Time evolution for the rotation angle (!) of CoREST 

SANT2 domain during entire MD simulations and (d) distribution of the rotation angle (!) in the last 10 ns simulations. The vibration 

(!) and rotation (!) angles are defined as the vector from C! atom of residue 418 to the center of mass of C! atoms of CoREST 

SANT2 domain (residues 385"440) relative to the fixed frame of the Tower helix (residues 418"466) of the X-ray crystal structure. 
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Figure 6.7  

Tower helix-CoREST 

helix crossing angle (!).  

(a) Time evolution of ! 

during the entire MD 

simulations and (b) 

distribution of ! in the 

last 10-ns simulations. 

!
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Simulations of H3-p16 in LSD1. The catalytic center of LSD1 consists of a 

remarkably large cavity that goes deep into the interior of the catalytic domain in 

which the enzyme cofactor FAD and the histone H3 tail peptide are accommodated.  

Biochemical studies have shown that the minimal number of residues required for 

LSD1 recognition is 21 (6.28), and the two crystal structures complexed with H3 tail 

peptides consisted 16 (6.23) or 7 (6.24) residues in the PDB files, respectively. In the 

active site, the folded conformations of the H3-p16 peptide have only local 

fluctuations throughout the 20-ns simulations, and the substrate is held in the binding 

pocked through a large network of hydrogen bonding interactions and hydrophobic 

surface contacts. The backbone RMSD of the H3 peptide is about 2.0 Å for the initial 

15 ns, and settles to a value of 2.9 Å towards the end of the simulation. It should be 

noted that the fluctuation of the H3 peptide is primarily due to the flexible C-terminus 

of the peptide that is solvent-exposed, which undergoes significantly larger 

fluctuations than those buried in the binding site.  

The binding interactions between LSD1 and the H3-p16 peptide from our 

simulations are analyzed and compared with the crystal structure. The H3 peptide is 

located in a remarkable large cavity that consists of a series of acidic residues, 

including D375, D379, E387, D553, D555, D556, and E559 that contribute to the 

electrostatic interactions with the peptide substrate. In the catalytic cavity, the peptide 

structure establishes a broad, sophisticated network of interactions by forming inter- 

and intramolecular hydrogen bonds as well as van der Waals contacts. In Table 6.1, 

hydrogen bonds between the residues of LSD1···H3-p16 and H3-p16···H3-p16 are 
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listed from the MD simulations, together with the occupancy of the bonding during 

the last 10 ns of simulations. Hydrogen bonds are defined as a distance ! 3.0 Å and 

are reported only if they exist for " 5% of the investigating time period. If more than 

one hydrogen bond is formed between two residues, only the largest occupancy value 

is reported. Occupancy of hydrogen-bonding interactions is calculated as the 

percentage of the number of occurrence of a specific hydrogen bond formed along the 

last 10-ns trajectory (configurations are saved every 5 ps). Figure 6.8 depicts the 

binding patterns (side chain, backbone amide hydrogen Hbkb, and backbone carbonyl 

oxygen Obkb) of each H3-p16 residue in the catalytic cavity of LSD1 and the 

occupancy of the bindings in the last 10-ns simulation. Snapshots of a number of 

selected interactions in the substrate-binding cavity are depicted in Figure 6.9. For the 

following convenience of description, the one-letter code 

(ARTMQTARKSTGGAKAP) and the three-letter code (Ala1-Arg2-Thr3-mLys4-Gln5-

Thr5-Ala6-Arg7-Lys8-Ser9-Thr10-Gly11-Gly12-Ala13-Lys14-Ala15-Pro16) for the 

sequence of H3-p16 peptide are used in the following Tables, Figures, and 

discussions.  
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Table 6.1 Hydrogen bond formation between LSD1 and the N-terminal 16 

residues of the histone H3 peptide (H3-p16) 
a
 

 

H3!p16 
d 

 Occupancy (%) 
b, c, e 

pA1  !!           

pA1!NH3
+
  D555 100  D556 99  W552

bkb
 97    100  

pA1!O
bkb

  N540 42  pK4
bkb

 20  pT3
bkb 

5    
             

pR2  pG12
bkb

 99  D556 97  pG13
bkb

 64    

pR2!H
bkb

  D556 100          

pR2!O
bkb

  pQ5
bkb

 86  pK9 4     
 

 
             

pT3  D555 100  pK4
bkb

 83       

pT3!H
bkb

  D555 60  D556 39  pA1
bkb

  5    

pT3!O
bkb

  pK9 100  T335 9  pQ5
bkb 

8    
             

pK4  water 31  K661
*
 4       

pK4!H
bkb

  pT3
 

83  pA1
bkb 

20       

pK4!O
bkb

  pT6
bkb

 71  pT6 9       
             

pQ5  pS10
bkb

 89  pS10 44  pR8
bkb 

9  N535
bkb 

7 

  pA7
bkb 

6  
 

       

pQ5!H
bkb

  pR2
bkb

 86  pT3
bkb 

8  
 

    

pQ5!O
bkb

  pK9
 

3          
             

pT6  H564 50  N535 28  pA7
bkb 

10  pK4
bkb 

9 

pT6!H
bkb

  pK4
bkb

 71          

pT6!O
bkb

  N535 7     
 

    
             

pA7  !!      
 

    

pA7!H
bkb

  N535 23  pT6 10  
 

    

pA7!O
bkb

  N535 31  pQ5 6       
             

pR8  C360
bkb

 100  D375 100  H532 50  E379 19 

pR8!H
bkb

  !!
 

          

pR8!O
bkb

  pQ5 9  pS10
bkb 

5  N535 4    
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a Hydrogen bonds are defined as a distance ! 3.0 Å. Hydrogen bonds are reported 

only if they exist for " 5% of the investigating time period. b Salt bridge is marked by 

asterisks (*). c
 Only one hydrogen bond is calculated if there are more than one 

hydrogen bonds are formed between two residues. d Hbkb represents the backbone 

amide hydrogen atom; Obkb symbolizes the backbone carbonyl carbon atom. e bkb 

represents the backbone group of the residue. 

pK9  H564 100  pT3bkb 100  pR2bkb 4  pQ5bkb 3 

pK9!Hbkb  !!           

pK9!Obkb  !!
 

          
             

pS10  N383 44  pQ5 44  pG12bkb 46  pT11bkb 13 

pS10!Hbkb  pQ5 89  pR8bkb 5       

pS10!Obkb  pG12bkb 4          
             

pT11  N383 3  pG12bkb 3       

pT11!Hbkb  N383 18  pS10 13       

pT11!Obkb  pA15bkb 56  pK14bkb 30  pA13bkb 4    
             

pG12  !!           

pG12!Hbkb  pS10 46  N383 22  pS10bkb 4  pT11 3 

pG12!Obkb  pR2 99  pK14bkb 7       
             

pG13  !!           

pG13!Hbkb  E387 18  pT11bkb 4       

pG13!Obkb  pR2 64          
             

pK14  D556 100  E559 100       

pK14!Hbkb  pT11bkb 30  pG12bkb 7       

pK14!Obkb  !!           

pA15  !!           

pA15!Hbkb  pT11bkb 56          

pA15!Obkb  !!           
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Figure 6.8 Contacts (< 3.0 Å) between residues of LSD1···H3-p16 and H3-p16···H3-
p16 obtained from the last 10-ns MD simulations. The side chains, backbone amide 
hydrogen (Hbkb), and backbone carbonyl oxygen (Obkb) of the H3-p16 residues that 
interact with the surrounding residues are listed, respectively.  
!

!

!

!
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Figure 6.9  

Snapshots of the binding mode of some 

key H3-p16 residues within the catalytic 

cavity of LSD1 

 

!
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It is of interest that the stabilization of the backbone of the peptide structure is 

mainly achieved through the protein-peptide interactions with the side chains of 

N383, N535, N540, D555 and D556 of LSD1.  Importantly, the H3 peptide itself also 

forms a range of hydrogen bonding interactions, among which includes pR2, pT3, 

pQ5, pK9 and pS10 of H3-p16. In particular, the N-terminal amine of H3 pA1 inserts 

into an anionic pocket consisting of N540, W552, D555, and D556 to!form favorable 

electrostatic interactions and hydrogen-bond contacts with LSD1. Different from the 

simulation results, the crystal structure showed that the N-terminal amine of pA1 

forms hydrogen bonds with the backbone carbonyl group of A539 (A539 Obkb···pA1 

NNH3+ = 2.37 Å) and with the side chain of N540 (N540 O!1··· pA1 NNH3+ = 3.23 Å). 

Moreover in the simulations, D555 and D556 also form favorable interactions with 

the backbone groups of pR2 (D556 O!···pR2 Hbkb = 2.03 ± 0.16 Å), pT3 (D555 

O!···pT3 Hbkb = 2.54 ± 0.20 Å and D556 O!···pT3 Hbkb = 2.54 ± 0.20 Å), and with the 

side chains of pR2 (D556 O!···pR2 H" = 1.98 ± 0.28 Å) and pK14 (D556 O!···pK14 

H#
!= 1.77 ± 0.33 Å). Therefore, the anionic pocket composed of N540, W552, D555, 

and D556 is important for histone tail peptide binding and recognition.  

The side chains of pR2, pT3, pK9 and pS10 provide additional inter- and 

intramolecular interactions that contribute to H3-p16 stabilization in the cavity of the 

protein complex. pR2 forms salt bridges with D553 O!
!and D556 O!

! in the crystal 

structure, but the former interaction is absent during the simulations because the 

carboxylate group of D553 directs to the solvent. It also donates hydrogen bonds to 

the pG12 Obkb and pG13 Obkb both in the crystal structure and during the dynamics 

simulation. Additionally, the pR2 N$
"""pS10 O%

! contact in the crystal structure is 
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attenuated by an intervening water molecule, i.e. pR2 N!
"""water···pS10 O". pT3 

donates hydrogen bonds intermolecularly to the D555 O#
!(D555!O#

"""pT3 H"
!= 1.77 ± 

0.12 Å) and intramolecularly to the methyl-pK4 Hbkb (pT3 O"
"""pK4 Hbkb = 2.68 ± 

0.19 Å), both of which are found in the crystal structure. pK9 makes hydrogen-

bonding interactions with the H564 N!
!of LSD1 (H564 N!

"""pK9 H$
!= 2.09 ± 0.33 Å)!

and the pT3 Obkb of H3-p16 (pT3 Obkb···pK9 H$
!= 2.59 ± 0.26 Å), both of which, 

however, are missing in the crystal structure. pS10 favorably interacts with the side 

chains of N383 of LSD1 and pQ5 of H3-p16 as well as with the backbone amide 

group of pG12, in accord with the crystal structure. Indeed, pR2, pT3, pK9 and pS10 

of the histone H3 tail are potential histone modification marks and the epigenetic 

modifications on these histone residues reduce the catalytic activity of LSD1 (6.3, 

6.28). Thus, these sequence-specific interactions involving pA1, pR2, pT3, pQ5, pK9 

and pS10 are expected to contribute to the substrate specificity of LSD1 toward 

H3K4 demethylation, and the additional modifications on these residues perturb the 

binding stability of histone H3 tail in the active site of LSD1.   

The simulations show that the peptide residue in position 4 is in location 

position in the front side of the flavin ring of FAD, an orientation perfectly suited for 

the catalytic chemical transformation through an initial hydride transfer from the 

methyl group of dimethylated pLys4 to FAD. For comparison, a similar 

conformational feature is found in the three-dimensional structure of the complex. 

Although there was no interpretable electron density corresponding to water 

molecules in the crystal structure, our simulations reveal that the H$ of methyl-pK4 is 

1.82 ± 0.16 Å to the FAD O4 atom and 3.28 ± 0.49 Å to a water molecule that is in 
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turn positioned by K661 of LSD1. This water molecule is ideally located to shuttle a 

proton from the reactive methyl-pK4 of the histone to K661 during the oxidation 

reaction (6.20, 6.22). Consistent with previous reports, another astonishing feature is 

that the backbone stabilization of the methyl-pK4 is mediated through an extensive 

chain of interactions, involving a number of residues of the H3 tail and LSD1 (6.22). 

Its amide H
bkb

 is intramolecularly hydrogen-bonded to the pT3 O!1 and/or pA1 O
bkb

 

that insert into an anionic pocket and form intermolecular interactions with N540, 

D555, and D556. Indeed, mutations of N540, D555 and D556 to alanine residues 

substantially diminish the catalytic activity of the enzyme on the dimethylated H3K4 

peptide, indicating a crucial binding mode for LSD1 towards substrate H3 tail.  

In addition, the preferred methyl-pK4 demethylation site is directly anchored 

to the substrate-binding site by hydrophobic interactions with several aliphatic and 

aromatic residues of LSD1 (V333, F530, A539, L659, Y761, A809, and T810) (6.21). 

This allows LSD1 to place the side chain of methyl-pK4 in the proximity to FAD. 

Altogether, residues N540, W552, D555, and D556 of LSD1 could modulate the 

backbone position of methyl-pK4 residue (Figure 6.8) and optimize the methylated 

head group of the residue through a hydrophobic surface of the pocket to place the H" 

of the substrate residue in the catalytic competent position relative to the flavin ring 

of FAD and the catalytic water (6.21, 6.24).  Studies of the LSD1 catalysis are 

planned, but they are beyond the scope of the current investigation. The structural 

analysis paved a way to use the truncated catalytic domain only in the enzyme 

simulations since the present dynamics simulations demonstrate that the globular 

features of the AOL and SWRIM domains are well preserved. It is also known 
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experimentally that catalysis does not require the presence of the CoREST protein, 

which interacts with the TOWER domain; its presence in experimental studies as well 

as crystallization is due to increased stability for analysis. 

!

6.4 Conclusion 

By means of molecular dynamics simulations, we have investigated the 

conformational dynamics of LSD1•CoREST complex in the presence of a N-terminal 

16-a.a. H3-tail substrate in aqueous solution.!The overall conformation of the ternary 

complex in water is in reasonable agreement with the X-ray crystal structure, except 

the Tower domain of LSD1 that tolerates a significantly conformational fluctuation 

with respect to the other domains of the protein. The present dynamics simulations 

provided important insights into the dynamic nature of LSD1 Tower domain in water 

by analyzing its azimuthal and colatitudal angle motions over the 20 ns of MD 

simulations. It turns out that LSD1 moderately swings its Tower domain in a rather 

large range of conformations. Together with the fact that LSD1 can interact with a 

variety of substrate proteins to mediate its multiple gene regulatory functions, the 

specificity of LSD1 for histone and non-histone substrates may require the fluctuating 

capability of its Tower domain. 

! The simulations revealed the dynamics of the histone H3 peptide in the 

catalytic cleft of LSD1 with the presence of explicit water solvent. No significant 

conformational changes in the histone H3 peptide structure have been observed in the 

catalytic cleft of LSD1 during the 20 ns molecular dynamics simulation. Notably, 

some intermolecular interactions between LSD1 and the H3 peptide and 
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intramolecular contacts within H3 peptide in the catalytic cavity were observed from 

the simulations, but they are absent in the X-ray crystal structure. A bridge water 

molecule between the methylated lysine substrate and K661 of LSD1 was observed in 

the simulations. In addition, the first three residues of the histone H3 tail are found to 

be importance to position the methylated Lys4 on histone H3 tail towards the 

catalytic center of LSD1, consistent with experimental proposals. Furthermore, pR2, 

pT3, pQ5, pK9, and pS10 are postulated to play a role in stabilizing the overall 

conformation of the histone H3 tail in the cavity based on structural analyses.!

!!
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Appendix A 

Supplementary Material for Chapter 2: 

Supercritical Solvation with Explicit Polarization: Towards an Understanding of 

Solvent Effects and the Solvatochromic Shifts of Acetone from Steam Vapor to 

Ambient Aqueous Solution 

 

Table A1. Computed solvatochromic shift (!!) and the corresponding reduced 

density ("r) in the n !!#* excitation of acetone in water fluid at various temperatures 

Temperature (°C) "r (g/cm
3
) !! (cm"1

) 

25 3.11 1244.87  !
    

50 3.07 1023.75  !

50 3.10 1053.52  !
    

100 3.00   991.50  !

100 3.02 1003.71  !

100 3.08 910.30  !

100 3.10 1041.48  !
    

200 2.74 706.58  !

200 2.88 807.85  !

200 3.09 955.59  !
    

300 2.53 663.80  !

300 2.68 702.55 !

300 2.81 754.53  !
    

400 1.90 416.84 !

400 2.02 501.19  !

400 2.15 555.80 !
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400 2.36 603.43  !
    

450 1.11 289.93  !

450 1.49 380.18 !

450 1.75 366.71  !

450 1.91 399.46  !
    

500 0.05 48.36 !

500 0.09 75.23 !

500 0.21 111.35  !

500 0.28 141.84  !

500 0.45 192.32  !

500 0.70 210.45 !

500 1.05 280.93 !

500 1.42 317.69 !

500 1.64 387.04  

!

!

!
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Appendix B 

Supplementary Material for Chapter 3: 

Internal Proton Transfer in the External Pyridoxal 5´-Phosphate 

Schiff Base in Dopa Decarboxylase 

!

Figure B1 Gas-phase structures of oxoenamine and hydroxyimine Schiff bases 

fully optimized at B3LYP/6-311+G(d,p) for reactions a1, a2, b1, and c1; HF/6-

311+G(d,p) for reactions b2, c2, and d2; HF/6-31+G(d) for reaction d1!

 

 oxoenamine tautomer                            hydroxyimine tautomer           

a1                                                       

a2                                                       
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Figure B1 (continued) 

!

 

 oxoenamine tautomer                             hydroxyimine tautomer           
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Figure B1 (continued) 
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Figure B1 (continued) 

 

!  oxoenamine tautomer                                hydroxyimine tautomer           
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d2                                                       
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Table B1 Atomic Coordinates of the Fully Optimized 

Oxoenamine/Hydroxyimine Tautomers in Reactions a!d in the Gas Phase  

reaction tautomeric 

state 

  

a1
 a

 oxoenamine  N,0,2.83444974,0.1944606003,0.000078857 

C,0,2.4381635778,-1.1178602128,-0.0004995841 

H,0,3.2360934076,-1.8511212499,-0.0008998659 

C,0,1.1246099014,-1.4920277806,-0.0006082279 

H,0,0.8529799133,-2.5438524461,-0.0011071375 

C,0,0.1063067337,-0.4971155533,-0.0000726827 

C,0,1.9301355379,1.134302632,0.0005748102 

H,0,2.2615339149,2.170467091,0.001006973 

C,0,0.4936175178,0.9029291695,0.0006519341 

O,0,-0.3382357345,1.8500034752,0.0010189154 

C,0,-1.2547169008,-0.8390424614,-0.0001977601 

H,0,-1.5538620442,-1.886166933,-0.0007118454 

N,0,-2.2160217261,0.0626528305,0.0002981078 

H,0,-1.8457015376,1.0369386114,0.000740986 

C,0,-3.6372746593,-0.2300666349,0.0001138512 

H,0,-3.7947361008,-1.3098942168,0.0001070357 

H,0,-4.1127558516,0.1961805299,0.8870679486 

H,0,-4.1125701339,0.1961715044,-0.8869514282  

 

a1
 a

 hydroxyimine  N,0,-2.838330711,0.1306793385,-0.0001167351 

C,0,-2.413249445,-1.1430761336,0.0000610482 

H,0,-3.1820500412,-1.9085129412,0.0001026225 

C,0,-1.0701783808,-1.4831166806,0.000170936 

H,0,-0.7684016109,-2.5255867581,0.0002839756 

C,0,-0.0970058563,-0.4729702485,0.0001006054 

C,0,-1.9311636937,1.09896027,-0.0001726359 

H,0,-2.2859176981,2.1254647514,-0.0002821559 

C,0,-0.5451084822,0.86539563,-0.0000443195 

O,0,0.2908999999,1.9132190841,-0.000002479 

C,0,1.3257212135,-0.7982469432,0.0001319946 

H,0,1.5874102731,-1.8655256504,0.0002236818 

N,0,2.2284386279,0.1065729486,-0.0000920551 

H,0,1.2151308252,1.5529750669,0.0002927613 

C,0,3.6263833128,-0.2799023437,-0.0001376851 

H,0,3.7681624118,-1.3686931814,0.0000928359 

H,0,4.1183694612,0.1438599556,-0.8802077007 

H,0,4.1185386024,0.1442558475,0.8796473459  

 
a
 Calculated using the B3LYP/6-311+G(d,p) method 
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Table B1 (continued) 

reaction tautomeric 

state 

  

a2
 a

 oxoenamine  N,0,3.9397036378,2.0000379275,-0.0956814617 

H,0,3.4120517699,2.0661401404,0.7709895908 

C,0,5.3034072026,1.9924500897,-0.0024674223 

H,0,5.7272262822,2.0573224608,0.9873468227 

C,0,6.0298463798,1.9035410088,-1.1641864407 

H,0,7.1117299259,1.8966826757,-1.1007508302 

C,0,5.3880382921,1.8228390683,-2.4119090175 

C,0,3.2526016278,1.927909521,-1.2284428792 

H,0,2.1719201155,1.9424686924,-1.1802865126 

C,0,3.9338999617,1.8320747009,-2.4995152709 

O,0,3.2976521325,1.7635036045,-3.5694487928 

C,0,6.1559225578,1.7303739071,-3.6162485541 

H,0,7.2424195534,1.7227045458,-3.5651032957 

N,0,5.6019619977,1.6537941252,-4.7885964066 

H,0,4.5611134699,1.6663775089,-4.7602901134 

C,0,6.3119556079,1.5571683338,-6.0609317685 

H,0,7.3877737604,1.5580685485,-5.8899315468 

H,0,6.0192536505,0.6350424797,-6.5661358534 

H,0,6.0375220744,2.405500661,-6.6904102471  

 

a2
 a

 hydroxyimine  N,0,3.6997322949,1.6709321232,-0.2926507177 

H,0,3.0902371452,1.7000570576,0.5192900415 

C,0,5.0354646069,1.6655530762,-0.0913148064 

H,0,5.3814038531,1.6927959252,0.9315637232 

C,0,5.8665002679,1.6260179194,-1.1923547969 

H,0,6.9387251343,1.6214039738,-1.0398831541 

C,0,5.3382160771,1.5923048751,-2.4865082454 

C,0,3.1229213739,1.6400112259,-1.5066086747 

H,0,2.0432142074,1.647540378,-1.5624901537 

C,0,3.9233989791,1.5994380415,-2.6522809222 

O,0,3.3313725912,1.5699106792,-3.8267263798 

C,0,6.2181011746,1.5500867337,-3.6616073244 

H,0,7.2990930994,1.5461758041,-3.4860555906 

N,0,5.7111096618,1.519588293,-4.8312251501 

H,0,4.057598618,1.5432687137,-4.5267952523 

C,0,6.5643412539,1.4775883633,-6.0043549185 

H,0,7.6302476256,1.476082143,-5.7560967175 

H,0,6.3173369727,0.5832774386,-6.5823307873 

H,0,6.331985063,2.3399672354,-6.6345701732  
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Table B1 (continued) 

reaction tautomeric 

state 

  

b1
 a
 oxoenamine  N,0,3.4290763435,0.6098044989,2.639438662 

C,0,2.892984463,1.8248487743,2.9418745763 

H,0,3.2074569621,2.2668117472,3.8816194518 

C,0,2.0015086838,2.4636743234,2.1128249916 

H,0,1.5909957187,3.4306390862,2.3908554083 

C,0,1.6040333638,1.8656519493,0.8952816311 

C,0,3.0770555268,0.0281005125,1.5161632119 

H,0,3.5115078986,-0.9437719112,1.2877836741 

C,0,2.1473734736,0.570049615,0.5441916111 

O,0,1.8519086084,-0.0505216877,-0.5200228917 

C,0,0.6948104371,2.5352482863,0.028089262 

H,0,0.2827445957,3.5019494784,0.2948208347 

N,0,0.3082821753,2.0192201214,-1.1092939638 

C,0,-0.637467147,2.6360479511,-2.0298997835 

H,0,-0.1631532365,3.4867038721,-2.5300443875 

H,0,-0.8885737647,1.9010277692,-2.7925261415 

C,0,-1.9836885204,3.2048525698,-1.3922635408 

O,0,-2.8443965998,3.4345112178,-2.259454265 

O,0,-1.9785775296,3.3861805751,-0.1594818234 

H,0,0.6997476187,1.0772789534,-1.2792452288  

 

b1 hydroxyimine  N,0,3.3696641582,0.5759102043,2.6675834708 

C,0,2.9238266864,1.8151749956,2.9232030083 

H,0,3.2644161951,2.2687692978,3.8497047196 

C,0,2.0712230202,2.5026724885,2.0695190396 

H,0,1.7307378564,3.5020938347,2.3214591829 

C,0,1.6370488126,1.9055154622,0.8799289439 

C,0,2.9622327017,-0.0082973844,1.541018776 

H,0,3.322147388,-1.0134408233,1.3374216352 

C,0,2.101360445,0.5955484514,0.6120376313 

O,0,1.745610508,-0.0687696253,-0.4959888734 

C,0,0.750149759,2.5984979406,-0.0527058745 

H,0,0.4193379091,3.6045858594,0.2121661325 

N,0,0.3760698834,2.0247492652,-1.1392735015 

C,0,-0.5553996393,2.6939100358,-2.0078229972 

H,0,-0.1868954359,3.6895778243,-2.2890394294 

H,0,-0.6951353607,2.1103005797,-2.9158823166 

C,0,-2.0069855295,2.9913382396,-1.3637316429 

O,0,-2.9031723289,3.0555149782,-2.2237214938 

O,0,-2.0209793006,3.1745330358,-0.1338156739 

H,0,1.1246723912,0.5555085741,-1.000893591  
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Table B1 (continued) 

reaction tautomeric 

state 

  

b2
 b
 oxoenamine  N,0,3.3664942173,0.6217487109,2.5427039893 

H,0,3.9948860463,0.1402719424,3.1534581224 

C,0,3.475224152,1.9699902987,2.4706313785 

H,0,4.2297505945,2.4334994774,3.0692410034 

C,0,2.6197982085,2.6215651447,1.6308640373 

H,0,2.6940018701,3.6898114833,1.5431322212 

C,0,1.6719208467,1.9294583469,0.8785807416 

C,0,2.5094724976,-0.0993743127,1.8728501096 

H,0,2.5221174369,-1.1632975463,2.009441439 

C,0,1.5654296756,0.5033919323,0.9549014059 

O,0,0.7761105682,-0.1886362767,0.3302485644 

C,0,0.8221582604,2.6900327411,-0.0190700702 

H,0,0.9215273699,3.7569385978,-0.0394283394 

N,0,-0.0257414139,2.1660562827,-0.8077663674 

H,0,-0.087820826,1.163511001,-0.7975749523 

C,0,-0.764216148,2.9350572141,-1.8176124208 

H,0,-1.2297449091,2.2276527744,-2.4858777499 

H,0,-1.5437272125,3.5079925561,-1.32999853 

C,0,0.1397735923,3.9333898237,-2.6369508591 

O,0,-0.446775038,4.3927846892,-3.5918028854 

O,0,1.2645387812,4.124421879,-2.1823175983  

 

b2 hydroxyimine  N,0,3.3784924295,0.6105182438,2.4817657698 

H,0,4.0221067071,0.0991158757,3.0472529678 

C,0,3.4281854457,1.9407387348,2.4956604381 

H,0,4.1674565897,2.3971597226,3.1230259326 

C,0,2.5522142321,2.6452632441,1.71560515 

H,0,2.5955731883,3.717308513,1.7078783278 

C,0,1.6228145538,1.9836489244,0.9184084693 

C,0,2.5114445685,-0.0820350741,1.7322206241 

H,0,2.5535431263,-1.1518634237,1.7791958406 

C,0,1.6094679997,0.5707676328,0.9276500944 

O,0,0.7840724078,-0.1538974674,0.2083966562 

C,0,0.719149358,2.7606906381,0.0533077006 

H,0,0.8084937247,3.8338789132,0.0964099002 

N,0,-0.0430464878,2.1580114598,-0.7365081467 

C,0,-0.7606460445,2.9371127245,-1.7170401844 

H,0,-1.4191010513,2.2931915749,-2.2772911805 

H,0,-1.3541772051,3.7079697091,-1.2307546569 

C,0,0.2135854706,3.7083843982,-2.713150228 

O,0,-0.3188420796,3.9697751256,-3.7716039731 

O,0,1.3235478542,3.9677516932,-2.2610457903 

H,0,0.2676925814,0.4373704765,-0.3576620761 

 
b
 Calculated using the HF/6-311+G(d,p) method 
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Table B1 (continued) 

reaction tautomeric 

state 

  

c1
 a

 oxoenamine  C,0,-5.0656338407,-0.321110353,-0.2811825559 

O,0,-6.3668893501,-0.4833563427,-0.7001549312 

H,0,-6.808559806,0.369812227,-0.6449371768 

C,0,-4.2198284075,-1.4343916286,-0.3134096772 

O,0,-4.7404344363,-2.6267414299,-0.7605336611 

H,0,-4.0404736797,-3.2871649247,-0.7446183372 

C,0,-4.559916999,0.8947644823,0.1716804971 

H,0,-5.2175439446,1.7609526744,0.1940463785 

C,0,-2.897960133,-1.3012952907,0.1057027835 

H,0,-2.2542680653,-2.1784081632,0.0777200061 

C,0,-3.2367131217,1.0226184568,0.5900768854 

H,0,-2.8445797475,1.9761747626,0.9237129154 

C,0,-2.3813121842,-0.0827148884,0.5617970058 

C,0,-0.9348819836,0.0179406289,0.999167902 

H,0,-0.871613114,0.5656389651,1.9425178654 

H,0,-0.5557677148,-0.9962591527,1.1676719616 

N,0,1.3375628072,0.202333521,0.1141371585 

H,0,1.5424425059,-0.5836798277,0.7580389739 

C,0,-0.0285472661,0.7384399778,-0.0154682377 

H,0,-0.3689309106,0.5259789164,-1.0340598052 

C,0,-0.0214113787,2.3362910662,0.1117060102 

O,0,-0.7035815073,2.8135948362,1.0353329504 

O,0,0.6734004835,2.8962417448,-0.7630435036 

C,0,2.3937201078,0.6116210315,-0.5408558065 

H,0,2.2439067571,1.4539594264,-1.2114907114 

C,0,3.6683434127,0.0037737227,-0.3712631548 

C,0,3.8412377727,-1.1226671102,0.5224846877 

O,0,2.9023543619,-1.6195159191,1.2127482642 

C,0,5.1901436064,-1.6531388352,0.5652553069 

H,0,5.3609120646,-2.5038926426,1.2227861154 

C,0,4.7889390744,0.4799334017,-1.0915671562 

H,0,4.6718894227,1.3289104468,-1.7593874727 

C,0,6.0149541534,-0.1225436757,-0.9429826582 

H,0,6.8870919642,0.2299122847,-1.483567888 

N,0,6.2107116278,-1.1881475859,-0.1163405505 
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Table B1 (continued) 

reaction tautomeric 

state 

  

c1
 a

 hydroxyimine  C,0,-5.0796772793,-0.3001180738,-0.2804106651 

O,0,-6.3801910776,-0.4589935886,-0.7082786485 

H,0,-6.7939552437,0.4094013599,-0.7322475481 

C,0,-4.2675083493,-1.4346644773,-0.2002673684 

O,0,-4.8147479189,-2.6486163265,-0.5530178776 

H,0,-4.1294647276,-3.3197226863,-0.4746409898 

C,0,-4.5437676054,0.9356212378,0.0742926213 

H,0,-5.1751863923,1.8192001782,0.0080836075 

C,0,-2.9491296572,-1.3031910555,0.2313648392 

H,0,-2.3316749024,-2.1977770585,0.2910433751 

C,0,-3.2243425972,1.0614176834,0.5044298488 

H,0,-2.8075018406,2.0285896008,0.7598749753 

C,0,-2.4007517347,-0.0660662339,0.5907026692 

C,0,-0.959105487,0.0306651088,1.0425527781 

H,0,-0.8929288639,0.657341867,1.9354434818 

H,0,-0.6057169576,-0.9723472961,1.3033565907 

N,0,1.3367236047,0.1425966048,0.2093712872 

H,0,2.2884998997,-0.4590802559,1.4678479349 

C,0,-0.005690265,0.6257772424,-0.0117093652 

H,0,-0.3422138846,0.3542616723,-1.0205467922 

C,0,0.0227531026,2.2564054917,-0.0306531681 

O,0,-0.662509727,2.8139554572,0.845402125 

O,0,0.7226664097,2.7167491241,-0.9482116911 

C,0,2.2023098181,0.2145916805,-0.736415358 

H,0,1.9388963799,0.6016132763,-1.7232270127 

C,0,3.5850986341,-0.2016572274,-0.5140934837 

C,0,4.0126780213,-0.6991119136,0.7393478107 

O,0,3.1796124139,-0.807123858,1.7846715098 

C,0,5.3518591806,-1.0933517102,0.8779455223 

H,0,5.6827240878,-1.4765109612,1.8396201862 

C,0,4.5450501009,-0.1345685477,-1.5318973337 

H,0,4.2644650043,0.2498193173,-2.5073991607 

C,0,5.8474200117,-0.5492266869,-1.2888611569 

H,0,6.5999751466,-0.4986859293,-2.0705041895 

N,0,6.2522218504,-1.0258558858,-0.101882293 
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Table B1 (continued) 

reaction tautomeric 

state 

  

c2
 b

 oxoenamine  C,0,-2.6956818756,-4.1950866282,-4.546769881 

O,0,-3.8912924709,-3.6180174031,-4.3038801269 

H,0,-3.8818906144,-2.7264168657,-4.6100718435 

C,0,-1.6719324614,-3.4929782644,-5.1614046849 

O,0,-1.9440107969,-2.2040714061,-5.5053888967 

H,0,-1.1510043777,-1.7199627623,-5.6559908132 

C,0,-2.4797784332,-5.509171926,-4.1797007841 

H,0,-3.2812778339,-6.0500712379,-3.7104076719 

C,0,-0.4573221501,-4.101315133,-5.4102858062 

H,0,0.3105065836,-3.5338559231,-5.9103565055 

C,0,-1.254223671,-6.1105509658,-4.411672777 

H,0,-1.1079498902,-7.1351390666,-4.1173762871 

C,0,-0.2202632822,-5.4150059815,-5.024939104 

C,0,1.1358542491,-6.0549455917,-5.240782069 

H,0,1.0315868791,-7.0918192211,-5.5236895063 

H,0,1.6556250593,-5.5614945139,-6.057939485 

N,0,2.3007206142,-4.6524873589,-3.5961977964 

H,0,1.8712301556,-3.8976336405,-4.1005309705 

C,0,2.0379387303,-6.0464911775,-4.0028665032 

H,0,1.5257295897,-6.5322945403,-3.1797630256 

C,0,3.3848359333,-6.8482835464,-4.2343953072 

O,0,4.4129513942,-6.2782767367,-3.8795515194 

O,0,3.1897135141,-7.9487574584,-4.7054982193 

C,0,3.1549723742,-4.3260132473,-2.7166315144 

H,0,3.6290859592,-5.1121571924,-2.1645901999 

C,0,3.5368099122,-2.9530464206,-2.4271571546 

C,0,2.9428892507,-1.8565345856,-3.1318473629 

O,0,2.0744998389,-1.94236725,-3.9900828126 

C,0,3.4668717894,-0.5671438479,-2.7408943145 

H,0,3.0962045959,0.3271453787,-3.2027790895 

C,0,4.530824348,-2.7408163335,-1.4744953588 

H,0,4.976666505,-3.5797124986,-0.9728515627 

C,0,4.9690868469,-1.484230024,-1.1698374337 

H,0,5.7302108344,-1.249610524,-0.4568762889 

N,0,4.3998188091,-0.4526803752,-1.8332282752 

H,0,4.7199940912,0.4692942694,-1.6162690487 
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Table B1 (continued) 

reaction tautomeric 

state 

  

c2
 b

 hydroxyimine  C,0,-2.6716649163,-4.1426987323,-4.3560398265 

O,0,-3.8599055837,-3.5779071707,-4.0429666875 

H,0,-3.9938257867,-2.8091000911,-4.5714551961 

C,0,-1.8120140611,-3.5509084518,-5.2646996448 

O,0,-2.2334030608,-2.3754955625,-5.8139946955 

H,0,-1.7203232538,-2.150091803,-6.5691101647 

C,0,-2.3006501567,-5.3361623731,-3.7680350463 

H,0,-2.9786920691,-5.7994598179,-3.0742519522 

C,0,-0.5988952657,-4.1395293632,-5.5708108352 

H,0,0.0487018279,-3.6572666992,-6.2853724894 

C,0,-1.0874881515,-5.9257833372,-4.0800512809 

H,0,-0.8288599749,-6.8626863997,-3.6184402187 

C,0,-0.2110108554,-5.3374647379,-4.9845137948 

C,0,1.1250014457,-5.9714982227,-5.3167521887 

H,0,0.9930252857,-7.0081249006,-5.5939571029 

H,0,1.5612519282,-5.4820082227,-6.1812532893 

N,0,2.408347991,-4.5737604493,-3.7703800152 

C,0,2.1325839609,-5.9341254013,-4.1703683742 

H,0,1.740011597,-6.4831248085,-3.3159125836 

C,0,3.5145139513,-6.6768263279,-4.5109087047 

O,0,4.4498124134,-6.3465751138,-3.7913652522 

O,0,3.4241242973,-7.4990919616,-5.3988895228 

C,0,2.99817249,-4.3772518915,-2.6850615654 

H,0,3.2433164666,-5.161896398,-1.9875890334 

C,0,3.4648075247,-3.0213055674,-2.3503650637 

C,0,3.1961866793,-1.9150063734,-3.1871959444 

O,0,2.4995893737,-1.9942604341,-4.2974221279 

C,0,3.6916107974,-0.6875852491,-2.8202089859 

H,0,3.5232503604,0.188676031,-3.4137366194 

C,0,4.223800208,-2.8173746974,-1.2017929764 

H,0,4.4568339797,-3.6459444031,-0.5612212771 

C,0,4.6938591119,-1.5710162293,-0.8891423139 

H,0,5.28667971,-1.3578951422,-0.0222104123 

N,0,4.4128763215,-0.5534229754,-1.6999568305 

H,0,4.7596384926,0.3538237587,-1.4714621567 

H,0,2.2667412724,-2.9204858293,-4.4494674575 
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Table B1 (continued) 

reaction tautomeric 

state 

  

d1
 c
 oxoenamine  C,0,3.6469094129,1.0276854343,1.9170703877 

O,0,4.4673830565,0.5522287872,2.9036811723 

H,0,4.5080127981,-0.3902802458,2.7676201237 

C,0,3.1331366634,0.1189055978,0.9875785488 

O,0,3.4857945678,-1.1502789157,1.1446528635 

H,0,3.0830830263,-1.7729801784,0.4141103129 

C,0,3.3328206602,2.3666630067,1.8383565503 

H,0,3.7432268237,3.0451349401,2.5686777457 

C,0,2.3010357495,0.591776522,-0.0220612188 

H,0,1.9223385064,-0.12854312,-0.7222183127 

C,0,2.4924117706,2.8270365891,0.8266669872 

H,0,2.2517116395,3.8762781383,0.7728842596 

C,0,1.9650148824,1.9404303865,-0.1072382042 

C,0,1.0549392602,2.4365937125,-1.2197206145 

H,0,1.5211977532,3.279658223,-1.7164374715 

H,0,0.9402842735,1.6654204316,-1.9735824097 

N,0,-1.205165994,1.9195033707,-0.2161648337 

H,0,-1.9518877298,2.2434152953,0.3758800123 

C,0,-0.3235488473,2.9501560745,-0.7721309386 

H,0,-0.171190649,3.650131767,0.0383820587 

C,0,-0.9961510646,3.7567368369,-1.9332511489 

O,0,-0.5569096382,4.9118006949,-2.0393699037 

O,0,-1.8392460453,3.1761840848,-2.6118930988 

C,0,-1.2283960005,0.6493154292,-0.4291564427 

H,0,-0.4762128155,0.225834008,-1.0637903209 

C,0,-2.1882126462,-0.2404880299,0.15699243 

C,0,-3.1885251262,0.2667779087,1.0382937554 

O,0,-3.3122877009,1.4667015368,1.3733019624 

C,0,-5.2087195067,-0.236072128,2.4883033353 

H,0,-5.8244671049,-1.0757012568,2.7942530527 

H,0,-4.7867438575,0.2423963034,3.3686642826 

H,0,-5.8303210587,0.5112897494,2.001203198 

C,0,-4.1227243432,-0.7245280072,1.5650278896 

C,0,-2.1381741007,-1.6407989774,-0.1266087781 

P,0,1.3324252482,-3.2123328553,-1.178767107 

O,0,1.179420491,-3.2874460606,-2.6718666056 

O,0,2.6164061511,-2.51913389,-0.7188379667 

O,0,0.9710528159,-4.4509921204,-0.410086526 

O,0,0.1746404622,-2.0419387643,-0.695207009 

C,0,-3.0783737468,-2.4404197866,0.454153261 

H,0,-3.0723549511,-3.5018243185,0.2908641764 

N,0,-4.0548100054,-1.9785687663,1.2810624281 

C,0,-1.1344299628,-2.275024438,-1.0816110696 

H,0,-1.3419863799,-3.3375908889,-1.1164160586 

H,0,-1.3067453351,-1.884583729,-2.0855504136 

 
c
 Calculated using the HF/6-31+G(d) method 
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Table B1 (continued) 

reaction tautomeric 

state 

  

d1
 c
 hydroxyimine  C,0,3.9079854051,0.6662247725,1.717853096 

O,0,4.747819366,0.0958549779,2.6368964037 

H,0,4.6572828473,-0.8447285646,2.5121868637 

C,0,3.1921493998,-0.1760590922,0.8616543099 

O,0,3.3937297938,-1.479221137,1.0282331032 

H,0,2.8923994805,-2.0762275236,0.353547807 

C,0,3.769589185,2.033369308,1.634234056 

H,0,4.3340356737,2.6602923107,2.3057336305 

C,0,2.3380335732,0.3892130567,-0.0790752757 

H,0,1.7953410484,-0.2811950239,-0.7189629204 

C,0,2.9072060217,2.588199615,0.6903463472 

H,0,2.8019130852,3.6593004144,0.6323531537 

C,0,2.1795924095,1.7725177864,-0.1707503126 

C,0,1.2437309895,2.3918202476,-1.1985996971 

H,0,1.7616414804,3.2105621104,-1.6896877532 

H,0,1.01415045,1.6724452676,-1.9755188701 

N,0,-1.0381980871,2.0770813105,-0.0827157825 

H,0,-2.4313520277,2.23062781,1.0117549907 

C,0,-0.0544306897,3.0039243338,-0.6249792322 

H,0,0.2240524437,3.6411576629,0.2033933321 

C,0,-0.6934142854,3.9487601833,-1.6991747048 

O,0,-0.3310356338,5.1338752538,-1.6157400875 

O,0,-1.4394268911,3.4293704276,-2.5299164446 

C,0,-1.1437456715,0.8765720536,-0.4375421381 

H,0,-0.49496432,0.4116780845,-1.157883128 

C,0,-2.1928871473,-0.0079330544,0.1435301112 

C,0,-3.1374108622,0.4896896687,1.0449648656 

O,0,-3.1648754553,1.7707558187,1.4490374772 

C,0,-5.1430691729,0.181611189,2.5300071056 

H,0,-4.6717458696,0.5858233219,3.4223171399 

H,0,-5.7183051739,0.990471786,2.086344686 

H,0,-5.8159342277,-0.6191143735,2.8160865858 

C,0,-4.1176683718,-0.3581686746,1.5648837615 

C,0,-2.2667349759,-1.3683405042,-0.1949351342 

P,0,0.938277887,-3.4076791609,-1.1527651775 

O,0,0.7855370038,-3.519324645,-2.6446807229 

O,0,2.3070113872,-2.911775391,-0.6930299295 

O,0,0.3657049909,-4.5411906508,-0.3475777962 

O,0,-0.0251591935,-2.0505659048,-0.7333594159 

C,0,-3.2734668337,-2.1171696932,0.3951553585 

H,0,-3.3436780829,-3.1681051457,0.1794833965 

N,0,-4.1743867767,-1.6333002515,1.2404823739 

C,0,-1.330664113,-2.0547498938,-1.1830026456 

H,0,-1.6914350245,-3.0665481245,-1.3266350675 

H,0,-1.4028174523,-1.5563633262,-2.1499361134 
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Table B1 (continued) 

reaction tautomeric 

state 

  

d2
 b
 oxoenamine  C,0,-2.8883351436,2.4338486827,1.5896969964 

O,0,-2.8912064442,3.4851698843,2.4531120135 

H,0,-2.1306333847,4.0052282359,2.2371953844 

C,0,-1.8691117165,2.3602335741,0.632338793 

O,0,-0.9799133998,3.33806169,0.6563869668 

H,0,-0.224555997,3.2510205723,-0.0325695829 

C,0,-3.86283556,1.4676167046,1.6519859437 

H,0,-4.6364421685,1.5538095167,2.3961601217 

C,0,-1.8628199977,1.2917521787,-0.2540042973 

H,0,-1.0756154352,1.2568392422,-0.9857907704 

C,0,-3.8423879063,0.3967106587,0.7616139671 

H,0,-4.6126026137,-0.3546775065,0.8177303895 

C,0,-2.8417561652,0.2997425619,-0.1925957586 

C,0,-2.7983681099,-0.8750665741,-1.1525288629 

H,0,-3.787993392,-1.0814252664,-1.543406961 

H,0,-2.1770626437,-0.6252331784,-2.0059001731 

N,0,-0.9912954961,-2.0773236896,0.0883456041 

H,0,-0.8535710154,-2.4202519558,1.0245228583 

C,0,-2.3145746074,-2.2028218882,-0.5365982405 

H,0,-2.9819602207,-2.4828554804,0.2651184283 

C,0,-2.3364410086,-3.3384388659,-1.61771435 

O,0,-1.2720793838,-3.5571911555,-2.1852494667 

O,0,-3.4455804822,-3.8366347913,-1.7749983372 

C,0,0.049027601,-1.6288026488,-0.4833375209 

H,0,-0.0463411929,-1.268933061,-1.4856256648 

C,0,1.3457018732,-1.524405161,0.1775102986 

C,0,1.4935647447,-2.0139000058,1.5134607446 

O,0,0.6204599054,-2.6308789717,2.1525580399 

C,0,3.0112125362,-2.1169835945,3.5445961093 

H,0,4.0014307696,-1.8063622305,3.8682937936 

H,0,2.269288604,-1.6691753558,4.1969272369 

H,0,2.922368086,-3.1928093018,3.6544541514 

C,0,2.7480985895,-1.7189104455,2.1277188045 

C,0,2.3688460778,-0.8362945864,-0.4813223351 

P,0,2.0280752061,2.3974901974,-1.3939486853 

O,0,0.7773622676,3.177245098,-1.0601795805 

O,0,2.9103423958,2.0596622461,-0.2220335218 

O,0,2.7384864996,2.7953798611,-2.6395077629 

O,0,1.3268484836,0.8611386661,-1.7742372238 

C,0,3.5414520576,-0.6065347366,0.1929243779 

H,0,4.3080493438,0.036691079,-0.1786812718 

N,0,3.6612133431,-1.047276124,1.4481554111 

H,0,4.4944859861,-0.7897543362,1.9319183843 

C,0,2.1943867434,-0.1988809044,-1.8560502398 

H,0,3.1704571058,0.1015805587,-2.2252671848 

H,0,1.8052039981,-0.9396035034,-2.5522590278 
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Table B1 (continued) 

reaction tautomeric 

state 

  

d2
 b
 hydroxyimine  C,0,-1.1898532853,3.5709495045,0.8049016684 

O,0,-0.6141733317,4.6047772779,1.4783178482 

H,0,0.3163232661,4.5346513497,1.3225205451 

C,0,-0.3646806677,2.7002154261,0.0839267883 

O,0,0.936093876,2.9682519904,0.1302549807 

H,0,1.5472789373,2.2171026023,-0.1587029864 

C,0,-2.5498475974,3.3817237157,0.8313742647 

H,0,-3.1618307982,4.0685741056,1.3913408517 

C,0,-0.9467909541,1.6545832011,-0.6146063638 

H,0,-0.2993495074,1.0140126762,-1.1859363111 

C,0,-3.1190538788,2.3088980132,0.148128142 

H,0,-4.1854391869,2.161447892,0.1876861907 

C,0,-2.3260548567,1.4315036992,-0.572875267 

C,0,-2.9376581258,0.2275646449,-1.2706300807 

H,0,-3.8929439375,0.493225681,-1.7086776104 

H,0,-2.2932788064,-0.0834291089,-2.0862431198 

N,0,-2.0134903847,-1.3278814791,0.4256939262 

H,0,-1.5681016253,-1.4332078845,2.0993870186 

C,0,-3.2058453548,-0.982636864,-0.3386317956 

H,0,-3.9514503925,-0.6852552686,0.3859735904 

C,0,-3.8200389043,-2.1660130712,-1.1651869723 

O,0,-3.0448497341,-3.0380118404,-1.5464778462 

O,0,-5.0289400985,-2.048902967,-1.3549732052 

C,0,-0.9521886005,-1.6351580369,-0.159344444 

H,0,-0.880333105,-1.7353237823,-1.2255403382 

C,0,0.3141328646,-1.7344557394,0.6153921767 

C,0,0.288564107,-1.5930517776,2.0318153821 

O,0,-0.8453420833,-1.5657392188,2.7309246011 

C,0,1.5137311632,-1.2243207816,4.2025816556 

H,0,2.482801512,-0.8329254068,4.4976088862 

H,0,0.7496679821,-0.5174234073,4.4978320299 

H,0,1.3355537528,-2.1500835993,4.743207535 

C,0,1.4555498065,-1.4445717711,2.7206643662 

C,0,1.530765699,-1.7972819477,-0.0391098389 

P,0,3.0560928195,0.4558962155,-1.6809383546 

O,0,2.4881205195,1.0675924997,-0.3978635795 

O,0,4.1872812228,-0.4945142539,-1.365747008 

O,0,3.193196568,1.3710219882,-2.8312158946 

O,0,1.7902911858,-0.6091666931,-2.1269546379 

C,0,2.6864649558,-1.6300375516,0.7144804658 

H,0,3.6410358533,-1.5123230968,0.2244111493 

N,0,2.6109687919,-1.4724140439,2.0196401398 

H,0,3.4565172255,-1.2578007962,2.5000779798 

C,0,1.7282767191,-1.8585002931,-1.5569591405 

H,0,2.6450139067,-2.4128397437,-1.7364380492 

H,0,0.9144400997,-2.4098208204,-2.0127589508 
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Table B2 Calculated Energies for the Tautomerization Reaction of Reactions!

a!d in the Gas Phase at 298.15 K 
a,b

 

oxoenamine Schiff base " hydroxyimine Schiff base 

reaction #Eelec
 b 

#ET T#S #Ggas 
h
  #Gs(oxo)

 h
 #Gs(hyd)

 i
 #GPCM 

 j
 

a1
 c
 !4.9! 0.1

 f
! !0.4! !4.4  !15.6 !9.5 1.7 

a2
 c
 !0.6! 0.7

 f
! !0.3! 0.4! ! !62.3 !59.7 3.0 

         

b1
 c
 2.7! !0.6

 f
! !0.2 2.3! ! !65.2 !65.5 2.0 

b2
 d
 7.7 !0.5

 g
! !0.2! 7.4  !52.0 !58.2 1.2 

         

c1
 c
 0.9! !0.4

 f
! !0.4! 0.9! ! !75.2 !76.0 0.1 

c2
 d

 7.9 !0.7
 g
! 0.2! 7.0  !59.2 !67.5 !1.3 

         

d1
 e
 5.4 !0.1

 g
! 0.3 $%#! ! !317.2 !318.6 3.6 

d2
 d
 7.0 0.1

 g
! 0.0! 7.1  !188.4 !184.8 10.7 

a
 All energies are reported to 1 decimal place in kcal/mol. 

b
 Single-point B3LYP/6-

311+G(d,p) energy.
 c 

Geometries optimized at the B3LYP/6-311+G(d,p) level.
 d 

Geometries optimized at the HF/6-311+G(d,p) level.
 e

 Geometries optimized at the 

HF/6-31+G(d) level.
 f 

The frequencies were scaled by an empirical factor of 0.9613 

(1).
 g 

The frequencies were scaled by an empirical factor of 0.8929 (1). 
h
 Gas-phase 

free energy of tautomerization reaction, #Ggas, was computed according to #Ggas = 

#Eelec + #ET ! T#S, where #Eelec, #ET, and #S are the differences in the electronic 

energy, thermal energy, and entropy between the hydroxyimine conformation and 

oxoenamine isomer, respectively. Note that the thermal energy includes the zero-
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point energy (2).
 h 

Solvation free energies of the oxoenamine-form Schiff bases in 

aqueous solution were calculated at the HF/6-311+G(d,p) level.
 i 

Solvation free 

energies of the hydroxyimine-form Schiff bases in aqueous solution were calculated 

at the HF/6-311+G(d,p) level. 
j 
Solution free energies were computed according to 

!GPCM = !Ggas + !Gs(hyd) " !Gs(oxo).
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Appendix C 

Supplementary Material for Chapter 4: 

Catalyzing Decarboxylation of L-dopa in Dopa Decarboxylase 

 

Figure C1 Computed potentials of mean force for the decarboxylation reaction of 

L-dopa in dopa decarboxylase  with different loop conformations 

  

 

DCPO 

DCPH 
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Appendix D 

Supplementary Material for Chapter 5: 

Kinetic Isotope Effects in Dopa Decarboxylase 

 

Table D1 Computed primary 
13

C and secondary 
2
H KIEs of each individual 

block average (10 blocks) for the decarboxylation reactions of PLP!L-dopa in dopa 

decarboxylase  

 hydroxyimine PLP aldimie  oxoenamine PLP aldimie 

block 

case 1:

! 

13
C
CO

2

"

KIE  

case 2:

! 

13
C" KIE  

case 3:

! 

2
H" KIE   

case 1: 

! 

13
C
CO

2

"

KIE  

case 2:

! 

13
C" KIE  

case 3:

! 

2
H" KIE  

1 1.0584 1.0351 1.0527  1.0445 1.0234 1.0046 

2 1.0541 1.0279 1.0415  1.0403 1.0147 1.1404 

3 1.0512 1.0398 1.0408  1.0446 1.0296 1.1076 

4 1.0561 1.0362 1.1063  1.0497 1.0293 1.1537 

5 1.0554 1.0421 1.0443  1.0424 1.0307 1.0827 

6 1.0517 1.0421 1.0404  1.0476 1.0319 1.1004 

7 1.0586 1.0383 1.0203  1.0538 1.0249 1.1516 

8 1.0565 1.0487 1.0443  1.0491 1.0322 1.1869 

9 1.0593 1.0430 1.1086  1.0389 1.0298 1.1484 

10 1.0553 1.0361 1.1264  1.0515 1.0390 1.1662 
        

average of blocks: 
a
       

 

1.0554 

± 0.0028 

1.0390 

± 0.0056 

1.0622 

± 0.0366 
 

1.0461 

± 0.0049 

1.0283 

± 0.0064 

1.1266 

± 0.0528 

a
 Standard deviation is calculated as 

! 

A " A
i( )
2

i=1

N

# N "1( ) , where 

! 

A  is the 

average of the blocks, 

! 

A
i
 is the block average of individual block, and N and the 

number of blocks, which is 10 in this study. 
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Table D2 Computed primary 
13

C and secondary 
2
H KIEs of each individual 

block average (10 blocks) for the decarboxylation reactions of PLP!L-dopa in 

aqueous solution 

 
hydroxyimine PLP aldimie  oxoenamine PLP aldimie 

block 

case 1:

! 

13
C
CO

2

"

KIE  

case 2:

! 

13
C" KIE  

case 3:

! 

2
H" KIE   

case 1: 

! 

13
C
CO

2

"

KIE  

case 2:

! 

13
C" KIE  

case 3:

! 

2
H" KIE  

1 1.0529 1.0281 0.9795  1.0465 1.0323 1.1102 

2 1.0559 1.0350 1.0389  1.0515 1.0391 1.0933 

3 1.0511 1.0295 1.0083  1.0468 1.0313 1.1952 

4 1.0539 1.0328 1.0036  1.0495 1.0348 1.1776 

5 1.0486 1.0310 0.9387  1.0462 1.0344 1.1105 

6 1.0548 1.0291 0.8620  1.0514 1.0303 1.0963 

7 1.0486 1.0248 1.0092  1.0487 1.0359 1.0658 

8 1.0551 1.0318 0.9905  1.0493 1.0322 1.1903 

9 1.0536 1.0254 0.9352  1.0524 1.0347 1.1344 

10 1.0545 1.0293 0.9904  1.0523 1.0356 1.2126 
        

average of blocks:
 a
       

 

1.0529 

± 0.0026 

 

1.0298 

± 0.0031 

 

0.9746 

± 0.0509 

 

 
1.0495 

± 0.0024 

 

1.0340 

± 0.0026 

 

1.1368 

± 0.0513 

 
a
 See footnote of Table D1. 
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Appendix E 

The following pages include my other publications that I have contributed as a part of 

collaboration during doctoral studies. 
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Abstract: The effective Hamiltonian-molecular orbital and valence bond (EH-MOVB) method
based on nonorthogonal block-localized fragment orbitals has been implemented in the program
CHARMM for molecular dynamics simulations of chemical and enzymatic reactions, making
use of semiempirical quantum mechanical models. Building upon ab initio MOVB theory, we
make use of two parameters in the EH-MOVB method to fit the barrier height and the relative
energy between the reactant and product state for a given chemical reaction to be in agreement
with experimental or high-level ab initio or density functional results. Consequently, the EH-
MOVB method provides a highly accurate and computationally efficient QM/MM model for
dynamics simulation of chemical reactions in solution. The EH-MOVB method is illustrated by
examination of the potential energy surface of the hydride transfer reaction from trimethylamine
to a flavin cofactor model in the gas phase. In the present study, we employed the semiempirical
AM1 model, which yields a reaction barrier that is more than 5 kcal/mol too high. We use a
parameter calibration procedure for the EH-MOVB method similar to that employed to adjust
the results of semiempirical and empirical models. Thus, the relative energy of these two diabatic
states can be shifted to reproduce the experimental energy of the reaction, and the barrier height
is optimized to reproduce the desired (accurate) value by adding a constant to the off-diagonal
matrix element. The present EH-MOVB method offers a viable approach to characterizing solvent
and protein-reorganization effects in the realm of combined QM/MM simulations.

1. Introduction

Combined quantum mechanical and molecular mechanical
(QM/MM) methods offer an excellent opportunity for
studying chemical and electron transfer reactions in solution
and in biological systems.1-3 In principle, the accuracy of
combined QM/MM potentials can be systematically im-
proved; however, it is still time-demanding to carry out QM/
MM simulations using ab initio wave function theory (WFT)
or density functional theory (DFT) for subsystems consisting
of more than 100 atoms in the QM region. Consequently, it

is useful to develop efficient QM/MM techniques that can
be made accurate for specific chemical and biomolecular
applications, yet sufficiently fast for extensive conformational
sampling. Aside from the brute force approach by increasing
the level of theory and the size of basis set, there are two
other ways to achieve this goal. The first is to parametrize
purely empirical energy functions to model a specific
process,4,5 and the second is to parametrize quantum me-
chanical models against experimental data with specific
reaction parameters (SRP) for a given class of reactions.6-9

In this article, we describe an effective Hamiltonian approach
based on the molecular orbital-valence bond (MOVB) theory
developed in our laboratories for the treatment of reactive
potential surfaces of reactions.10-12 In particular, we illustrate

* To whom correspondence should be addressed. E-mail:
yirong.mo@wmich.edu (Y.M.), lcsong2007@gmail.com (L.S.),
gao@jialigao.org (J.G.).

† Western Michigan University.
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this novel QM/MM technique in the hydride transfer reaction
from trimethyl ammonium ion to flavin cofactor.

The mixed molecular orbital and valence bond (MOVB)
theory,10,11 initially developed at the ab initio level and
recently extended to multistate density functional theory
(called MSDFT or, equivalently, VBDFT),13 is designed to
treat reactive potential energy surfaces for chemical reactions
and electron transfer processes. In this approach, the whole
process is described with two or more resonating configura-
tions, including the reactant and product states. In each
specific state, molecular orbitals (MOs) are strictly localized
within individual fragments of a molecular system.14-20 How-
ever, the block-localized molecular orbitals (BLMOs) are still
delocalized within each orbital block, making the MOVB
method extremely efficient in comparison withab initio valence
bond theory.21-25 Key features of the MOVB and MSDFT
theories include (1) that the BLMOs (or block-localized
Kohn-Sham orbitals)13 within each fragment are orthogonal,
which makes it computationally efficient, and (2) that the
BLMOs between different fragments are nonorthogonal,11,13,20

which retains important characters of valence bond (VB) theory.
In the limiting case in which there is one fragment, MOVB
and MSDFT reduce exactly to the standard Hartree-Fock
theory and Kohn-Sham DFT, respectively.

Recently, we introduced an effective Hamiltonian MOVB
approach,26 in which the ab initio electronic matrix elements
are adjusted to yield accurate barrier height and reaction
enthalpy. This approach has an apparent similarity in the
“calibration” process used to adjust the barrier height and
the energy of reaction in semiempirical or empirical valence
bond models,27-32 although the theory and algorithm of
MOVB are based on ab initio WFT and DFT approaches to
define VB electronic configuration states. Effective Hamil-
tonian approaches are widely used in many different
areas.33-40 A major advantage of the EH-MOVB approach
is that all VB matrix elements, including off-diagonal terms,
are determined by an electronic structure method, which
depends explicitly on all degrees of freedom in the system.
In the empirical and semiempirical valence bond approaches,
typically a simple function, depending on one degree of
freedom, or a constant is used to treat the off-diagonal matrix
elements in a VB-like Hamiltonian.27,30,31,41 Note that
empirical multiconfigurational models have been described
to fit the energy, gradient, and Hessian of ab initio potential
surfaces40,42-44 using Gaussian and polynomial functions45,46

or Shepard interpolation.47-49

In this paper, we show that the EH-MOVB method can be
constructed using semiempirical QM models such as the Austin
model 1 (AM1),50 parametrization model 3 (PM3),51 or Recife
model 1 (RM1)52 to yield the barrier height for a chemical
reaction in agreement with experiments or withab initio results.
In the following, we first present the theoretical background,
followed by computational details. Results and discussions are
presented next. Finally, the paper concludes with a summary
of the major findings of this study and future perspectives.

2. Method

A. The Mixed Molecular Orbital and Valence Bond
(MOVB) Theory. In MOVB,10-12,21 we use one Slater
determinant wave function constructed using nonorthogonal
block-localized molecular orbitals (BLMO) to define the
reactant and product configurations. These electronic con-
figurations are called diabatic states. The use of localized
orbitals within molecular fragments has been explored by
many groups in different applications such as reducing basis
set superposition errors in weakly bound complexes,17-19,53,54

and it has been used in other contexts.14-16,55-61 For the
hydride transfer reaction between trimethylamine, (CH3)3N
(TMA-H), and a flavin cofactor (Nf+) model (hereafter
simply called flavin), the wave function of the reactant
diabatic state, !r(R) (see Scheme 1), is defined by a single
Slater determinant wave function in which molecular orbitals
are block-localized on the two subsystems:

where R specifies all Cartesian atomic coordinates of the
system and Â is an antisymmetrization operator. The nota-
tions !r

TMA-H and !r
Nf+ in eq 1 specify the products of

occupied BLMOs that are defined as linear combinations of
atomic orbitals located on atoms in fragments TMA-H and
Nf+, respectively (Scheme 1). Similarly, the wave function
of the product state (Scheme 1), !p(R), is expressed as

where !p
TMA+

and !p
H-Nf denote the products of occupied

BLMOs expanded over basis orbitals on atoms in fragments
TMA+ and H-Nf, respectively (Scheme 1).

It is important to note that the MOs within each fragment
for each state are constrained to be orthogonal, but they are

Scheme 1. Schematic Representation of the
Block-Localization of Molecular Orbitals within Individual
Molecular Fragments for the Reactant Diabatic State (left)
and the Product Diabatic State (right) for the Hydride
Transfer Reaction between Trimethylamine (TMA-H) and a
Model for the Flavin Cofactor (Nf+)a

a Atoms and charges in each rectangle specify the molecular block
defined by the corresponding Lewis structure within which molecular
orbitals are localized. The antisymetric wave function constructed from
the two blocks on the left-hand side of the arrow, TMA-H and Nf+,
defines the reactant diabatic state, whereas that for the blocks on
the right-hand side,TMA+ and H-Nf, define the product diabatic state.

!r(R) ) Â{!r
TMA-H!r

Nf+} (1)

!p(R) ) Â{!p
TMA+

!p
H-Nf} (2)
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nonorthogonal between different fragments.11 Consequently,
the MOVB model retains key characteristic features of
valence bond theory in the use of nonorthogonal orbitals.
The structure of the transformation matrix for the reactant
and product states is block-diagonal.

where Cr and Cp are the matrices of molecular orbital
coefficients for the reactant and product states, respectively.11

Note that the dimensions of the matrix elements in eq 3 are
different as the hydride atom is grouped in different blocks.
The total number of electrons within each fragment of each
diabatic state is also fixed according to the corresponding
Lewis structure (Scheme 1), and there is no chemical bond
between the two fragments in each state.

In the present EH-MOVB model employing a semiem-
pirical method, a special situation must be considered because
of the neglect of diatomic differential overlap (NDDO)
approximation.62 The two-center, one-electron integral be-
tween two atoms that are located in different blocks is not
included in the Fock matrix of either block, and it must be
treated specifically. Note that these integrals are formally
ignored in the NDDO approximation, but they are also treated
as an exception in standard semiempirical methods because
of the importance of these integrals in describing chemical
bonding.50 In MOVB, when the two bonding atoms involved
in bond formation are in different molecular blocks (frag-
ments), the two-center, one-electron integral is not treated
by the standard semiempirical model, and the exclusion of
this type of resonance integral affects the bonding properties
as the chemical bonds are partially formed and broken across
different blocks (fragments) at the transition state. Conse-
quently, we need to include these resonance integrals for
the corresponding bonds in the diabatic energy term as
follows. For the reactant state in the present hydride transfer
reaction, the reactant state diabatic energy is given as follows:

and the energy for the product state is

where SHN and SCH are the s-type overlap integrals between
the acceptor nitrogen atom and the transferring hydrogen
atom, and between the donor carbon atom and the migrating
hydrogen atom, specified by the subscripts respectively, and
!sp(X) ) [!s(X) + 3!p(X)]/4 at X ) N or C and the !’s
being the standard semiempirical parameters for these
atoms.50,51 The use of s-type overlap integrals in eqs 4 and
5 is to preserve rotation invariance. In eqs 4 and 5, we treat
RHN and RCH as semiempirical parameters, adjusted to yield
the corresponding bond distances in agreement with DFT
energies at the transition state. These two parameters
associated with bonding interactions may also be considered

as EH-MOVB parameters, in addition to the two parameters
to adjust diabatic coupling results.

The MOVB wave function for the reactive system is
written as a linear combination of the diabatic states.

where ar and ap are the configurational coefficients for the
reactant and product diabatic states, respectively.15,16,20,26

The potential energy of the adiabatic ground state, Vg(R), is
the lower energy root of the secular equation.

where V(R) is the adiabatic potential energy, Hrr(R) and
Hpp(R) are the Hamiltonian matrix elements for the reactant
and product diabatic states, respectively, Hrp(R) ) Hpr(R) is
the exchange integral (off-diagonal matrix element), and
Srp(R) ) Spr(R) is the overlap integral between the two
diabatic states.

The Hamiltonian matrix elements in eq 7 are given as
follows:11,13

where the subscripts a and b specify either the reactant (r)
or the product (p) state or both; Enuc is the nuclear Coulomb
energy; Sab and Dab are the overlap integral and density
matrix over nonorthogonal determinant wave functions; and
h, J, and K are the standard one-electron, Coulomb, and
exchange matrices. It is important to note that eq 8 is a
general formula that is valid for ab initio and semiempirical
WFT as well as for standard Kohn-Sham DFT.13 In the
latter case, the exchange integral K is replaced by the
exchange-correlation potential.13

In reference,20 we described two special situations to
optimize the wave function of eq 6. In the first case, which
is called the consistent diabatic configurations (CDC)
MOVB, both the orbital coefficients (eq 3) and configura-
tional coefficients are optimized as in the multiconfiguration
self-consistent field method. An alternative approach is to
variationally optimize the reactant and product state sepa-
rately, followed by optimizing the configuraitonal coefficient
in eq 6 with the orbital coefficients kept fixed. The latter
configuration interaction procedure is called the variational
diabatic configuration (VDC) MOVB to emphasize that the
diabatic states are individually optimized. Both CDC and
VDC states are useful in condensed phase simulations,
although their applications will be addressed in future
publications.

B. Effective Hamiltonian MOVB. We aim to develop
an efficient (e.g., capable of carrying out nanosecond to
microsecond dynamics simulations using the current com-
puter architecture) and accurate (within 1 to 2 kcal/mol of
experimental barrier height) QM/MM method for simulation
of enzymatic reactions and chemical processes in solution
using MOVB. Although ab initio MOVB and multistate

Cr ) (Cr
TMA-H 0

0 Cr
Nf+ ) and Cp ) (Cp

TMA+
0

0 Cp
H-Nf ) (3)

Hrr(R) ) !!r(R)|H|!r(R)" + RHNSHN
1
2

[!s(H) + !sp(N)]

(4)

Hpp(R) ) !!p(R)|H|!p(R)" + RCHSCH
1
2

[!s(H) + !sp(C)]

(5)

"g(R) ) ar!r(R) + ap!p(R) (6)

| Hrr(R) - V(R) Hrp(R) - Srp(R)V(R)
Hpr(R) - Spr(R)V(R) Hpp(R) - V(R) | ) 0 (7)

Hab ) Sab{Tr[(Dab)
Th] + 1

2
Tr[(Dab)

TJDab]

-1
4

Tr[(Dab)
TKDab] + Enuc}

(8)
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VBDFT provide a natural choice, and the former has indeed
been applied to a number of condensed phase reac-
tions,10-12,59,63 it is still very time-demanding to carry out
routine free energy simulations, in which a large number of
atoms are treated quantum-mechanically. To this end, we
have implemented the MOVB method into the CHARMM
package,64 based on the NDDO approximations.62,65 The
present implementation represents a significant advance in
combined QM/MM methodology because (a) semiempirical
methods are computationally efficient, allowing for statistical
mechanical sampling in molecular dynamics simulations, and
(b) the computational accuracy can be conveniently achieved
using the nonorthogonal block-localized orbital approach
described here.26

Experience shows that the qualitative features of the
potential surface for chemical processes can be adequately
represented by semiempirical models, such as AM1,50

PM3,51 or the self-consistent charge tight-bonding density
functional algorithm (SCC-DFTB).66 Consequently, we
define and describe the reactant and product diabatic states
using a semiempirical Hamiltonian. The quantitative errors
in the computed barrier height and the energy of reaction
inherited in the semiempirical method are eliminated by
adjusting the EH-MOVB matrix elements26 in a similar way
to that in empirical or semiempirical VB models.27,30,31,41

It should be realized that all combined QM/MM methods
are semiempirical models in that one has to employ empirical
potential functions such as the Lennard-Jones terms to
approximate the quantum mechanical exchange repulsion and
dispersion interactions between the QM and MM regions.
Thus, the adjustment of the EH-MOVB matrix elements is
no stranger to combined QM/MM methodologies.

Specifically, we introduce a parameter in the off-diagonal
Hamiltonian matrix element Hrp, which is optimized in order
to reproduce the barrier height for a given chemical reaction:

In eq 9, Hrp is the MOVB off-diagonal matrix element
that is determined directly (eq 8) using a given semiempirical
model, !rp is a parameter that affects dominantly the
computed barrier height, and Hrp

EH is the total effective
Hamiltonian (EH) resonance (exchange) integral. Another
formalism that we have explored is to scale the off-diagonal
matrix element as follows:26

Both options can be useful, depending on the performance
of the semiempirical model and the specific reaction con-
sidered, and both are available options in our implementation
in CHARMM. In eq 9, the resonance integral is shifted by
a constant value, whereas the scaling procedure in eq 10
affects the dependence of the resonance integral on the
overlap between the reactant and product diabatic states. For
the hydride transfer reaction between trimethylamine and
flavin, we found that eq 9 yields the best results, and it is
employed in the present study.

The second parameter that we introduce in the EH-MOVB
model is the adjustment of the relative energy between the

reactant and product diabatic states. Thus, if necessary, the
diagonal MOVB matrix element for the product state, Hpp,
is shifted by an amount of !" to yield the desired energy of
reaction for the process of interest:

The value of the parameter !" is readily estimated as
follows:

where !EMOVB ) Hpp(Rp) - Hrr(Rr), which is the relative
energy of the unshifted reactant and product diabatic state
at their corresponding equilibrium geometriesRr and Rp, and
!Eexpt is the experimental energy of reaction.

The procedure outlined above (eqs 9-12) is identical to
that used in the parameter “calibration” of empirical valence
bond models, such as that in refs 32 and 41, or more
generally, of the semiempirical valence bond,27-31 which
allows the energies (barrier height and reaction energy) to
be readily fitted to their targets exactly. In general, however,
it is much more challenging to “calibrate” the variation of
molecular structure along the entire reaction path, especially
the precise geometry of the transition state. The sophistication
of the mathematical algorithm used by Schlegel and Son-
nenberg is a remarkable reflection of the difficulty in
constructing an accurate potential energy surface employing
empirical valence bond models.45,46 The changes of the
structural properties, including bond order and force constant,
are critically important if one is interested in computing
kinetic isotope effects, particularly the error-sensitive second-
ary effects (2° KIEs), for enzymatic reactions. Inaccuracy
can easily be hidden in the large primary KIEs because they
typically involve a significant loss of zero-point effects. Thus,
agreement with the experiment in primary KIEs, which could
be simply due to the loss of the reactant state stretching
mode, is not necessarily an indication of good geometry at
the transition state. In fact, it is essential to examine both
the optimized structure and energy at the transition state to
validate the quality of a two-state (or multistate) model
against high-level electronic structural data.20,26,45,46

To this end, the off-diagonal matrix element in EH-MOVB
(eq 9) is an explicit function of all degrees of freedom of
the system, i.e., Hrp(R) ) !"r(R)|H|"p(R)".10-13,20,26 Con-
sequently, the full-dimensional potential surface can be
adequately represented as accurately as the accuracy of the
level of the electronic structure method permits, and the
transition structure for a reaction can be obtained in accord
with that optimized from WFT or DFT calculations. Note
that the approach outlined in eqs 9-12 is in principle
analogous to that used in effective Hamiltonian valence bond
methods to parameterically model the ab initio matrix
elements to reproduce the exact high-level results.33-40,42-49

3. Computational Details

All calculations are carried out using CHARMM c34a2,67

modified with the implementation of the present EH-MOVB.
The current QM/MM module in CHARMM at the semiem-
pirical level, called SQUANTUM,68 was implemented in our

Hrp
EH ) Hrp + !rp (9)

Hrp
EH ) #rpHrp (10)

Hpp
EH ) Hpp + !" (11)

!" ) !Eexpt - !EMOVB (12)
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group by Nam and Walker in 2004, based on a Fortran90
code.69 SQUANTUM has been incorporated into the standard
distribution and has become the default QM/MM module of
CHARMM since version c33a1. The EH-MOVB method
was implemented by Song in collaboration with Xie, and it
has become a part of the SQUANTUM module with
additional options to define the number of states and the
number of blocks in each state as well as the associated
options. The EH-MOVB method can provide a rigorous
valence bond-like model for studying chemical reactions such
that the users can conveniently calibrate the model to yield
a potential energy surface with the desired barrier height and
reaction energy as well as optimized geometry at the
transition state. It should be noted that the present EH-MOVB
is not a simple quantum mechanical representation of the
ideas of empirical valence bond or semiempirical valence
bond models such as the London-Eyring-Polanyi-Sato for-
malism. EH-MOVB is deeply rooted in the traditional
approach of Heitler-London-Slater-Pauling function of va-
lence bond theory.

The EH-MOVB module at the semiempirical level is
computationally fast; for large systems, the computational
bottleneck using our QM/MM potential is in the treatment
of the classical long-range electrostatic effects with particle-
mesh Ewald (PME) rather than the QM calculation itself. In
addition, two options are available for determining the
diabatic and adiabatic ground state energies: (1) the consistent
diabatic state (CDC) method and (2) the variational diabatic
state (VDC) model.20 For those who are interested in using
the energy gap between the product and reactant diabatic
state as the reaction coordinate,70 the VDC diabatic states
should be used, since the variational diabatic state is of
interest in this case.10-12 The VDC determinants also
provides the basis states in configuration interaction calcula-
tions to give the adiabatic ground state potential energy
surface. On the other hand, if geometrical parameters are
used to define the reaction coordinate on the adiabatic ground
state potential surface, the CDC model is appropriate since
this method yields the optimal adiabatic ground-state energy,
and analytical gradients can be computed. Note that the CDC
method is analogous to multiconfiguration self-consistent
field (MCSCF) theory,20,26 whereas the VDC approach is
akin to a configuration interaction (CI) method.10-12

DFT calculations are carried out using Gaussian 0371

modified to include the M06-2X functionals.72,73 The
6-31+G(d) basis set is used throughout for all calculations.
Geometries for the hydride transfer reaction between trim-
ethylamine and flavin cofactor along the reaction coordinate
defined below are optimized using the 6-31+G(d) basis set
at each level of theory. The recently developed M06-2X
functional, which produces similar energies in comparison
with MP2 single point calculations, is used to calibrate the
EH-MOVB model.

To describe the change in energy and wave function of
the two Lewis bond states as the reaction takes place, we
define the reaction coordinate here as the difference between
the bond lengths of the central hydrogen atom, which is
transferred, to the donor atom (C) of TMA-H and to the
acceptor atom (N) of Nf+:

Of course, one can use other definitions to monitor the
progress of the reaction, including the difference between
the corresponding bond orders or energies of the two Lewis
bond states. The geometrical variable, corresponding to the
asymmetric bond stretch coordinate, is a good choice and
chemically intuitive.

4. Results and Discussion

The main goal of this study is to develop an effective
Hamiltonian within MOVB theory to study chemical reac-
tions in solution and in enzymes using CHARMM as a
combined QM/MM potential. We hope to illustrate that the
procedure can be conveniently used by biochemists as a
research tool to help interpret experimental findings, with a
straightforward calibration of the EH-MOVB model. We use
the hydride transfer reaction from trimethylamine to a flavin
cofactor model. The discussion of dynamics simulations is
beyond the scope of this report and will be reported
separately. We first carry out ab initio electronic structural
calculations using DFT to yield the structures and energies
along the hydride transfer reaction pathway. Then, we
optimize the EH-MOVB Hamiltonian to reproduce the “high-
level” data. The qualitative features and quantitative results
of the diabatic configurations and the adiabatic potential
surface will be discussed.

The adiabatic ground state potential energy surfaces
determined using DFT with the B3LYP and M06-2X
functionals are compared with the standard semiempirical
AM1 model and the EH-MOVB method in Figure 1 as a
function of the reaction coordinate Rc (eq 13) for the hydride
transfer reaction between trimethylamine and a flavin co-
factor. Optimized structures at the reactant state and product
state complex and the transition state are illustrated in Figure
2 along with key structural parameters. The M06-2X density
functional calculations yield an estimated barrier height of
17.4 kcal/mol and a relative energy of-6.1 kcal/mol between
the product and reactant states. The popular hybrid B3LYP
method underestimates the hydride transfer barrier at 15.1
kcal/mol. The semiempirical AM1 energy profile is quali-
tatively correct, but it contains two main problems; the
computed energy of activation is 22.6 kcal/mol, about 5 kcal/
mol too high, compared with the M06-2X value, and the
predicted energy of reaction is too endothermic by 6.4 kcal/
mol. The latter error is completely transferred into the MOVB
relative energies of the reactant and product diabatic states,
which can be easily corrected by shifting the product state
up by an equal amount, which has no effect on gradient
evaluations (Table 1). With an increase in the strength of
diabatic coupling between the reactant and product states at
the transition state, the barrier height can be lowered, and
using the parameters listed in Table 1, we obtained an
activation energy of 18.1 kcal/mol for the hydride transfer
between trimethylamine and flavin and an energy of reaction
of -4.4 kcal/mol. We note that the AM1 model finds another
configuration in which the donor N-C-H unit is roughly
coplanar with the flavin ring, and it is slightly lower in energy
(by about 2 kcal/mol) than the configuration in which TMA

Rc ) R(C - H) - R(H - N) (13)
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is under the plane of the flavin ring. The latter configuration
is more closely aligned with the structure found in the active
site in the human histone lysine-specific demethylase (LSD1)
structure,74 which is most relevant to the hydride transfer
reaction pathway.

The optimized geometries at the reactant, product, and
transition states from EH-MOVB(AM1) calculations are in
accord with those obtained using M06-2X density functional
theory. In particular, the donor (C-H) and acceptor (H-N)
distances from the hydride atom transferred are 1.29 and 1.29
Å, respectively, which may be compared with the DFT
(B3LYP) values of 1.27 and 1.31 Å. The potential energy
surface about bond angles and torsional angles is relatively
flat, and the accord between EH-MOVB(AM1) and M06-
2X is reasonable (Figure 2).

The minimum energy path (MEP) for the hydride transfer
from trimethylamine to flavin has been optimized as a
function of the reaction coordinate defined by eq 13. In the
present study, we have constrained the hydride migration to
be collinear with the donor (C) and acceptor (N) atoms,
whereas all other degrees of freedom are fully minimized
using the ABNR algorithm in CHARMM.64 The potential
energy curves for the reactant and product diabatic states
are shown in Figure 3 along with that for the adiabatic ground
state. The reactant state potential shows a steady increasing
as the reaction coordinate changes from the reactant to the
product side. On the other hand, the potential energy surface
is somewhat leveled off for the product state when the
molecular geometry is in the reactant state configuration. The
trend of the two diabatic potential energy curves is consistent
with heterolytic bond cleavages of the reactant (C-H) and
the product (N-H) species. At the diabatic state crossing
point, which corresponds roughly to the location of the
transition state of the hydride transfer reaction, the diabatic
state is ca. 40 kcal/mol in energy above the adiabatic ground
state, suggesting that there is significant electronic coupling
between the reactant and product states. The coupling energy
is similar to values determined for proton transfer and
nucleophilic substitution reactions using ab initio WFT and
DFT.10-13,20,26

Figure 4 exhibits the same potential curves shown in
Figure 3, but they are plotted against the diabatic energy
difference, or the energy-gap reaction coordinate.

Figure 1. Computed potential energy profile along the minimum
energy path (Rc) R[C-H] - R[H-N]) for the hydride transfer
reaction between trimethylamine and the flavin model using
EH-MOVB(AM1) (in red), AM1 (in light blue), B3LYP/6-31G(d)
(in navy blue), and M06-2X/6-31G(d) (in green).

Figure 2. Optimized geometries for the reactant and product
complexes and the transition state for the hydride transfer
reaction depicted in Scheme 1. MOVB results are listed first,
followed by DFT values in parentheses. Distances are given
in angstroms and angles in degrees.

Table 1. EH-MOVB Parameters Used in This Studya

RCH RHN !! (kcal/mol) "rp (eV)

0.9 1.0 8.0 1.5

a The AM1 model is used to define the diabatic reactant and
product states for the hydride transfer reaction between
trimehylamine and a model flavin cofactor.

Figure 3. Computed potential energy surfaces for the diabatic
reactant state (blue), the diabatic product state (green), and
the adiabatic ground state (red) along the minimum energy
path.

!E ) Hrr - Hpp (14)
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Figure 4 shows that the minimum energy potential surface
for the adiabatic ground state and those for the diabatic states
can be fully represented with the use of either a geometrical
or an energy-gap reaction coordinate when the reaction
profile is determined by optimizing the geometrical reaction
coordinate.

For reactions in solutions or in enzymes, it is of interest
to consider the effects of solvent or protein reorganization,
and this is often presented using the energy-gap reaction
coordinate (eq 14). Although this is easily modeled using
an empirical force field to represent the diabatic states, it is
far from straightforward if a combined QM/MM potential
is employed. The MOVB theory is the first and only QM/
MM approach at this time to provide well-defined diabatic
states for condensed phase simulations, andab initio MOVB-
QM/MM methods have been utilized in the study of solvent
effects and reorganization energies for several reactions in
solution.10-13 Of course, empirical potential functions have
been used extensively to describe the energy-gap coordi-
nate.41,75,76 The present EH-MOVB approach in the context
of a QM electronic structure theory can be conveniently
calibrated to yield accurate results and applied to enzymatic
catalysis using the program CHARMM. The free energy
reaction profile as a function of the energy-gap reaction
coordinate is typically obtained through a coupled free energy
perturbation simulation,10,11,41 which drives the solvent and
protein configurations from the reactant state to the product
state using a reference potential (which is also called a
mapping potential),41VRP(R), and umbrella sampling that
transforms the biased simulations with VRP(R) into the true
adiabatic ground-state potential surface, Vg(R).

The reference potential is typically expressed as a mixture
of the diabatic reactant and product energy through a
coupling parameter !:

where ! is a parameter that varies from 0 (reactant) to 1
(product), and R specifies the instantaneous geometry of the
system. In the present study of the model hydride transfer

from TMA-H to flavin (Nf+), we optimized the reference
minimum-energy path (RMEP) defined by eq 15. Then, using
the geometries along this reference minimum-energy path,
we carried out single-point energy calculations to determine
the adiabatic ground state energy. Note that this “RMEP” is
not the true adiabatic ground-state MEP (Figures 3 and 4)
determined using the EH-MOVB potential, Vg(R), because
the structures are optimized using different potential energy
surfaces.

Figure 5 depicts the diabatic potential energies and the
adiabatic ground state energy, along with the reference
potential (eq 15), as a function of the coupling parameter.
Since the reference potential is dominantly determined by
the reactant diabatic state when ! is less than 0.5, there is a
rapid geometry change in the hydride transfer coordinate,
which is not explicitly specified by the coupling parameter
! and cannot be effectively restrained to yield a smooth
variation. Consequently, there is a sudden change in the
molecular geometry as the hydride is fully transferred to the
carbon atom, corresponding to a geometrical description of
Rc ) -0.7 Å to Rc ) -1.8 Å. The ground-state potential
is shown as a function of the geometrical reaction coordinate
in Figure 6. This is accompanied by a rather steep increase
in the reactant diabatic state and the adiabatic ground state
potential in the region of ! ) 0.4 and 0.5 (Figure 5).
Interestingly, the overall reference potential shows smoother
variations (curve in maroon) due to the compensating
contributions from the product diabatic state. The computed
barrier height is 18.3 kcal/mol along the RMEP, similar to
that of the MEP for the hydride transfer.

Figure 7 recasts the data illustrated in Figure 5, but the
adiabatic ground state potential energy surface Vg(R) is
plotted against the energy-gap reaction coordinate !E. In
contrast to Figures 5 and 6, the potential Vg(R) appears to
be surprisingly smooth, despite the fact that part of the
geometrical variations along the reaction path in fact is
discontinuous in Figure 5. Figure 7 shows that a nonsmooth
geometrical transition that gives rise to an abrupt energy
change can be hidden behind the seeming smooth energy

Figure 4. Computed potential energy surfaces in Figure 3
for the diabatic reactant state (blue), the diabatic product state
(green), and the adiabatic ground state (red) represented as
a function of the energy difference between the reactant and
product diabatic states (i.e., the energy-gap reaction coordi-
nate).

VRP(!) ) (1 - !)Hrr(R) + !Hpp(R) (15)

Figure 5. Computed potential energy profiles for the reactant
(blue) and product (green) diabatic states along with the
adiabatic ground state (red) and the reference potential as a
function of the coupling parameter linearly connecting the
reactant and product potentials. This reaction path is called
the reference minimum energy path, which has a different
meaning from that of Figure 1.
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curve when the adiabatic ground-state potential is given as
a function of a geometry-implicit coordinate such as the
energy-gap representation. This observation suggests that it
is critically important to report and show both energy results
and the corresponding geometries of the reactive molecule
in calculations that employ the reference potential of eq 15.

Before we leave this section, we consider the procedure
used in condensed phase and enzyme calculations.10,11,41 In
this case, the reference potential of eq 15 will be used in a
series of discrete free energy perturbation simulations with
fixed values of !i to yield the free energy differences as !i

changes from 0 to 1. Thus, the free energy at ! relative to
the reactant state (!0 ) 0) is determined as follows:

where !..."i specifies an ensemble average over the potential
VRP(!i); the summation runs to a value ! ) !i+1. Here, the
use of the arbitrary reference potential is purely for the
purpose of moving the system to go from molecular
configurations corresponding to the reactant state ensemble
into the product state. To obtain the free energy of the true

ground state potential surface, governed by the distribution
e-Vg(!E)/RT, an umbrella sampling-like procedure is applied
to the configurations sampled on the basis of the distribution
of e-VRP(!i)/RT. Thus,

where the quantity FRP
i (!E) is the normalized distribution

of configurations that have a value of !E in the ensemble
sampled by the reference potential VRP(!i).

An important distinction that should be made is that the
procedure outlined in eqs 16 and 17 yields the free energy
profile, or the potential of mean force, as a function of an
ensemble of configurations, all having the energy gap !E.
Obviously, it is not and should not be compared with the
potential energy surface. Furthermore, the “reaction path”
mapped by eq 16 is not the minimum energy path of the
adiabatic ground state, nor the reference minimum energy
path. Thus, the energy computed, either by averaging over
all configurations sampled on the basis of eq 16 or by
selecting a single structure of its ensemble, is not directly
comparable to results rigorously defined by the MEP. Obvi-
ously, it can be deceptive when potential energies free
energies obtained along the minimum energy path and or
single-point energy calculations on selected geometries from
a statistical ensemble are mixed together and compared
without rigorously specifying their origins.

5. Conclusions

The effective Hamiltonian-molecular orbital and valence
bond (EH-MOVB) method based on nonorthogonal block-
localized molecular orbitals has been implemented into the
program CHARMM for molecular dynamics simulations of
chemical and enzymatic reactions, making use of semiem-
pirical quantum mechanical methods. Building upon previous
results using ab initio MOVB theory, we introduce two
parameters in the EH-MOVB method, along with the addition
of the two-center, one-electron integrals across different
molecular blocks which may be considered as parameters,
such that the barrier height and the relative energy between
the reactant and product state for a given chemical reaction
can be fitted in good agreement with experimental or high-
level ab initio and DFT results. The EH-MOVB method
provides a highly accurate and computationally efficient QM/
MM model for dynamics simulation of chemical reactions
in solution. The MOVB theory is the first and currently the
only QM/MM method that allows the potential of mean force
to be determined as a function of the energy-gap reaction
coordinate for characterization of solvent reorganization
effects.

The EH-MOVB method is illustrated by examination of
the potential energy surface of the hydride transfer reaction
from trimethylamine to a flavin cofactor model in the gas
phase. In the present study, we employ the semiempirical
AM1 model, which yields a qualitatively correct energy
profile along the minimum energy path (Figure 1). However,
as in most practical applications using semiempirical Hamil-
tonians, the quantitative results are not satisfactory. Tradi-

Figure 6. Potential energy profile for the hydride transfer
reaction between methylamine and the model flavin cofactor
plotted against the geometrical reaction coordinate (eq 14)
following the reference minimum energy path in Figure 5.

Figure 7. Computed potential energy profiles for the reactant
(blue) and product (green) diabatic states and the adiabatic
ground state (red) as a function of the energy gap-reaction
coordinate for structures obtained along the reference mini-
mum energy path in Figure 5.

!GRP(!) ) -RT #
i)0

!

ln!e-[VRP(!i+1)-VRP(!i)]/RT"i (16)

!G(!E) ) !GRP(!i) - RT ln{FRP
i (!E)!e-[Vg-VRP(!i)]/RT"i}

(17)
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tionally, there is no systematic way of improving the
semiempirical model, even though the qualitative features
of structure and energy are reasonable. In EH-MOVB, the
barrier height is optimized to reproduce the desired (accurate)
value in the gas phase (i.e., the intrinsic performance of the
effective Hamiltonian) either by scaling or by adding a
constant to the off-diagonal matrix element. The present EH-
MOVB method offers an alternative approach to character-
ization of solvent and protein-reorganization effects in the
realm of truly combined QM/MM simulations.
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The explicit polarization (X-Pol) method has been examined using ab initio molecular orbital theory and
density functional theory. The X-Pol potential was designed to provide a novel theoretical framework for
developing next-generation force fields for biomolecular simulations. Importantly, the X-Pol potential is a
general method, which can be employed with any level of electronic structure theory. The present study
illustrates the implementation of the X-Pol method using ab initio Hartree-Fock theory and hybrid density
functional theory. The computational results are illustrated by considering a set of bimolecular complexes of
small organic molecules and ions with water. The computed interaction energies and hydrogen bond geometries
are in good accord with CCSD(T) calculations and B3LYP/aug-cc-pVDZ optimizations.

1. Introduction

Previously, we introduced an explicit polarization (X-Pol)
method for condensed-phase and macromolecular simulations.1-6

The X-Pol potential is based on electronic structure theory as a
framework for developing next-generation force fields,1-3 that
is, to go beyond the traditional Lifson-type empirical potential
(also known as molecular mechanics (MM))7,8 used in essentially
all current atomistic simulations of proteins and nucleic acids.
The X-Pol potential is designed to make the fundamental
paradigm change in the functional form of MM force field and
in the representation of biomolecular systems. In the X-Pol
method, a molecular system is partitioned into fragments, such
as an individual solvent molecule or a peptide unit or a group
of such entities. The electronic interaction within each fragment
is treated using electronic structure theory, and the interactions
between two fragments are described by Hartree product of the
antisymmetric wave functions of individual fragments. Short-
range exchange repulsion and long-range dispersion-like attrac-
tion between fragments are included by pairwise functions.1-3

The variational X-Pol theory allows analytical gradients of the
energy to be efficiently evaluated in dynamics simulations.5 The
X-Pol method is a general theory that can be implemented using
any electronic structural methods including wave function theory
(WFT) and density functional theory (DFT). Recently, we
reported a molecular dynamics simulation of a fully solvated
BPTI protein, consisting of 14 281 atoms and 29 026 basis
functions,6 employing the quantal X-Pol potential based on an
approximate MO theory. It is possible to run about 3.5 ps (1 fs
integration step) per day on a single 2.66 GHz processor.6 That
work demonstrated the feasibility of an entirely new concept
in force field development for large-scale simulations. In this
article, we illustrate the X-Pol method by making use of ab
initio WFT MO theory and DFT, and present computational
results on bimolecular interactions.

Before we begin, it is useful to briefly consider the past and
current developments of molecular mechanical force fields,

which date back to the pioneering studies of steric effects,
independently by Hill9 and by Westheimer,10 and the subsequent
developments of algorithms and applications to organic
compounds.11,12 The force field for biomolecular simulations was
established by Lifson in the 1960s,7,13 which led to the first
molecular dynamics simulation of a protein by McCammon,
Gelin, and Karplus.14 Significant progress has been made in the
accuracy of conventional force fields thanks to the tremendous
efforts of parametrization by numerous groups in the past forty
years. In fact, a major current push is to incorporate explicit
polarization terms to treat electrostatic interactions.15 Neverthe-
less, it is a sobering fact to note that the fundamental representa-
tion of biomolecular systems and the basic functional forms,
including polarization terms,16 in these force fields have hardly
changed in the past forty years.7,14,15,17,18 Undoubtedly, classical
force fields will continue to be widely used and the accuracy
will be further improved. However, despite the success of
molecular mechanics in biomacromolecular modeling, there are
also shortcomings, such as the arbitrariness in the choice of
energy terms and the associated degrees of freedom, a lack of
systematic approach to treat anharmonicity and cross coupling
of energy terms, and the difficulty in describing electronic
polarization and charge transfer. A fundamental change in force
field development is warranted to increase the predictability of
quantitative computational biology.

In the X-Pol potential, the system is treated explicitly by
electronic structure theory and the wave function (or electron
density) for each fragment is optimized by self-consistent field
(SCF) method in the presence of the electric field due to all
other fragments until the convergence is achieved for the entire
system.1-6 The internal energy terms and electrostatic potentials
used in the classical force field are replaced and described
explicitly by electronic structure theory. Consequently, they are
obtained directly from quantum mechanical calculations, and
electronic polarization and charge transfer are represented
naturally in the theory. Furthermore, such a method can be
directly used to model chemical reactions, electron transfer, and
electronically excited states. The X-Pol potential, implemented
using the semiempirical Austin Model 1 (AM1) method,19 has
been tested and applied to the simulation of liquid water2 and
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liquid hydrogen fluoride,20 and has been extended to dynamics
simulations of a fully solvated protein in aqueous solution.6

The X-Pol potential and its associated linear scaling method
represent an entirely different approach from divide-and-
conquer-type algorithms.21-24 The divide-and-conquer (D&C)21–24

and localized orbital methods25 are linear scaling approaches
to efficiently obtain a solution of the Hartree-Fock or
Kohn-Sham equations for large molecular systems. In contrast,
the X-Pol method is a quantum-mechanical force field (QMFF),
whose energy is not the Hartree-Fock or Kohn-Sham DFT
energy of the entire system.1-6 Furthermore, the X-Pol potential
is variational and can be efficiently used to carry out molecular
dynamics simulations of solvated proteins,5,6 whereas the D&C
remains too time-consuming to carry out millions of electronic
structure calculations for condensed-phase systems. The X-Pol
potential also differs from combined quantum mechanical and
molecular mechanical (QM/MM) approaches that employ a
polarizable force field in the MM region.26,27 The difficulties
and uncertainties of treating molecular polarization in a classical
force field are still present in coupled QM/MM-pol models. The
mutual polarization of the entire system is treated consistently
and equally in the X-Pol method.1-3 Following our initial
work,1,2 Kitaura et al. described an approach, called fragment
molecular orbital,28,29 a procedure similar to the nonvariational,
double self-consistent-field (DSCF) X-Pol method described in
ref 1, and it has been successfully applied to numerous
applications.30 Recently, Gascon et al. published a self-consistent
space-domain decomposition implementation of the X-Pol
method for computing electrostatic potentials of proteins.31

These authors used Morokuma’s ONIOM scheme to carry out
the DSCF optimization. Field also described a similar imple-
mentation making use of both the AM1 and HF/STO-3G method
for water.32 A closely related approach is the effective fragment
potential (EFP) model developed by Gordon and co-workers.33,34

The EFP method represents the electronic energies of interacting
fragments by a set of analytical potentials optimized to fit the
electronic structural data.

In what follows, we first present the X-Pol method with
emphasis on the implementation using density functional theory.
Then, in section 3, we describe the algorithm and computational
details. Section 4 highlights the optimization strategies and
results on bimolecular complexes. Finally, we summarize the
major findings of this study and future perspectives on multilevel
approaches for biomolecular modeling and simulations.

2. Theoretical Background

The X-Pol potential is based on a hierarchy of three levels
of approximations.1-5 At each level, if the approximation is not
made, the X-Pol method reduces to the standard electronic
structure theory at that stage. By applying these approximations,
we achieve computational efficiency. Furthermore, it allows the
introduction of one set of justifiable parameters associated with
each approximation to achieve computational accuracy. For
convenience of discussion, we consider a system of N closed-
shell molecules, called fragments, that are not covalently
connected. The generalization for treating covalently connected
fragments has been described previously,3 making use of the
generalized hybrid orbital (GHO) scheme developed for com-
bined QM/MM simulations.35-39

2.1. Level-1 (L1) Approximation and the Energy Expres-
sion of the X-Pol Potential. The first approximation in the
X-Pol method is on the construction of the total molecular wave
function, ! (and the electron density), of the system, which is
assumed to be a Hartree product of the antisymmetric wave
functions of the individual fragments ({"A; A ) 1,..., N}):1

Here, the wave function "A may be approximated by a single
determinant or by multiconfigurational methods such as the
complete active space self-consistent field (CASCF) model or
valence bond (VB) theory. In the rest of this article, the
individual molecular wave function for fragment A is written
as a single Slater determinant of mA doubly occupied molecular
orbitals, {!i

A; i ) 1,..., mA}, which are linear combinations of
atomic orbitals located on atoms of fragment A, subject to the
orthonormal constraint:

where ciµ
A and cj"

A are orbital coefficients and Sµ"
A is the overlap

integral between atomic orbitals #µ
A and #"

A in fragment A.
The approximation of eq 1 is equivalent to neglect of the

exchange repulsion between electrons in different fragments,
and the partition of the system into fragments ignores electron
transfer and dispersion interactions.1-3 However, this ap-
proximation is quite reasonable in the spirit of force field
development and significantly simplifies computation. Neverthe-
less, it is essential to account for the energies due to exchange
repulsion and dispersion attraction to prevent collapse of
electrostatic interactions and to include van der Waals forces
between different fragments, respectively, both of which are,
in principle, dependent on the instantaneous molecular wave
functions (or electron densities). An empirical or semiempirical
approach based on perturbation theory is required to determine
these energy terms,1-3 for which one set of empirical parameters
is introduced.

where FA and FB are the electron densities of fragments A and
B, Eint,ed

AB [FA,FB,{$AB}] specifies the exchange-repulsion and
dispersion (ed) interaction functional of the two charge frag-
ments, and {$AB} is a set of atomistic parameters to correct the
errors due to the Hartree-product approximation in eq 1.

The total energy of the system is given as follows:1

where EA is the energy of fragment A with the wave function
"A, Eint

A is the Coulomb interaction energy between fragment A
and all other fragments, and Eint,ed is the exchange-repulsion
and dispersion energy among all fragments (see below).

In Hartree-Fock (HF) theory, the energy for fragment A,
which is denoted by the subscript HF, is written as

! ) !
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N
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A cjV
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2
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where the subscripts i and j specify doubly occupied MOs in
fragment A and the terms in eq 5 are respectively the one-
electron integrals (Hi

A) that include the electronic kinetic energy
and the electron-nucleus attraction, the Coulomb integrals (Jij

A),
the exchange integrals (Kij

A), and the nuclear repulsion energy
(Enuc

A ).
In DFT, the molecular orbitals, subject to the constraint of

eq 2, are the Kohn-Sham (KS) orbitals,40 from which the
electron density for fragment A is obtained (this can readily be
generalized to spin-polarized systems):

The energy for fragment A is then

where the first two terms have expressions identical to those in
HF theory (eq 5), and the third term, Exc

A [FA(r)], is the energy
component accounting for all the effects of exchange and
correlation of electrons in fragment A.

2.2. Level-2 (L2) Approximation and Coulomb Interac-
tions between QM Fragments. The Coulomb interaction
energy between fragment A and all other fragments arises from
summations over electrons and nuclei from fragment A, and it
has identical expressions for both DFT and HF theory:

where a specifies an atom in fragment A. The two terms of eq
8, Ii

A and La
A, represent the interaction energies of orbital i and

the nuclear charge of atom a of fragment A with the total
external electrostatic potential (ESP) due to all other fragments
in the system.1,3 The external ESP on fragment A is given as
follows:

where the summation is over all fragments except A, FB(r!) is
the electron density of fragmentB and Rb

B and Zb
B are the nucleus

position and charge of atom b in fragment B. Thus,

The second, L2, approximation in the X-Pol method is
concerned with the numerical calculation of the two-electron
four-index integrals of eq 10. In principle, they can be
enumerated analytically in exactly the same way as in solving
the HF or KS equations,4 which requires no approximation at
this level of the X-Pol hierarchy. However, the enormous

amount of such integrals between fragment pairs for a solvated
protein present a serious limitation in computational efficiency,
a crucial feature required in a force field. Fortunately, extensive
investigations of the electrostatic potential of eq 9 using
electronic structure methods show that it can be accurately and
efficiently determined by a variety of approximate approaches.41-43

Thus, eq 10 can be determined by a multipole expansion of the
two-electron integrals,44 or transformed into one-electron inte-
grals using an effective ESP that best reproduces the exact
results from the electronic structure theory. Such an effective
ESP can be expressed in terms multipoles located either on a
single center of the fragment or on individual atoms, or in terms
of atom-centered partial charges (monopoles).33,45 Thus, depend-
ing on the user’s flavor, a series of X-Pol potentials can be
developed on the basis of the specific choice of representing
the ESP in eq 9.

We choose to use atom-centered monopoles, i.e., partial
charges, in the present study to represent the ESP in eq 9.1-6

Still, there are further considerations to be made. The partial
atomic charges can be derived directly from population analysis
of the molecular wave function for each fragment, such as the
Mulliken population46 and Lowdin population method. The
advantage of using population analysis is that analytical
derivatives can be easily computed. The natural orbital technique
and the class IV charge models (CM4) are alternative selec-
tions.47 A popular approach, used in classical force field
development, which in principle yields the closest agreement
with the original ESP, is the ESP-fitted partial charges.41,42,48

However, it poses difficulty to derive expression for analytical
gradient (note that we do not use ESP-fitted charges to compute
the Coulomb energy and forces as a substitute for electronic
structure calculations as is done in some QM/MM calculations).
In this and previous work, we have used the Mulliken charges
to approximate the potential defined in eq 9. Recently, Ragha-
vachari and co-workers developed a QM/QM electronic embed-
ding approach using Mulliken popularion charges within the
ONIOM framework.49,50

The Mulliken population charges for atoms in fragment A
are given as follows:

where P and S are standard density and overlap matrices. To
best reproduce the ESP in eq 9, we introduce a parameter,1,2

for neutral fragments only, associated with the second ap-
proximation in the X-Pol method to scale the Mulliken charges
such that it minimizes the difference in ESP between the
electronic structure theory and the monopole representation:

This is akin to the ESP-fitting procedure, although there is only
one adjustable variable for a given theoretical level and basis
set for all neutral molecules here. An alternative interpretation
of the parameter ! is that it is optimized to yield the best
agreement with experiment for the interaction between two
fragments. A more sophisticated scaling scheme may be
important when diffuse functions are used to specifically account
for charge penetration effects, and this issue has been thoroughly
examine in other context.51,52

FA(r) ) 2 "
i

mA

|"i
A(r)|2 (6)

EA ) EDFT
A [FA(r)] ) "

i

2Hi
A + "

i,j

2Jij
A + Exc

A [FA(r)] +

Enuc
A (7)

Eint
A ) "

i

2Ii
A + "

a

La
A (8)

VA(r) ) "
B*A [-! FB(r!)

|r - r!| dr! + "
b

Zb
B

|r - Rb
B|] (9)

Ii
A ) #"i

A|VA(r)|"i
A$ (10)

La
A ) Za

AVA(Ra
A) (11)

qa
A(Ra

A) ) Za
A - "

µ%a

(PS)µµ (12)

min{|Vqm
A (r) - ! "

a

qa
A

|r - Ra
A| |} (13)

11658 J. Phys. Chem. A, Vol. 113, No. 43, 2009 Song et al.



! "#$!

Having defined the partial atomic charges, we write the
electrostatic potential at fragment A as

Note that Vqm
A (r) in eq 13 is the ESP of molecule A, whereas

VA(r) is the ESP on A due to other fragments. It is interesting
to point out that inclusion of eq 14 in the Fock matrix to
optimize the wave function and determine the energy of the
system is identical to carrying out a total of N combined QM/
MM calculations,53 one for each fragment.

In the present study, we found that it is not necessary to scale
the Mulliken population charge at the ab initio Hartree-Fock
and DFT level of theory using the 6-31G(d) basis set. It is known
that HF/6-31G(d) tends to yield slightly overpolarized atomic
charges, almost perfectly mimicking the average polarization
effects in aqueous solution.42 Thus, it is not surprising that for
the present set of simple bimolecular complexes, a value of unity
is adequate for !. However, in general, especially when
semiempirical quantum models are used,! ought to be optimized
to best reproduce the target experimental data.

2.3. Level-3 (L3) Approximation and Parameterization
of the X-Pol Force Field. At this point the X-Pol potential is
a fully quantum chemical model such that each molecule or a
group of molecules (fragments) is explicitly represented and
treated by electronic structure theory, and its interactions with
the rest of the system consist of Coulomb (Eint A) and exchange-
repulsion and dispersion terms (Eint,ed

A ). Clearly, it would be ideal
to use the most accurate electronic structure method along with
a large basis set to describe each QM fragment; unfortunately,
this would not be feasible, nor is it practical for molecular
dynamics simulations of biomolecular systems. Thus, to develop
the X-Pol potential into a force field, one must consider two
important factors: (1) computational efficiency and (2) the
capability for empirical parametrization.1,2 The first factor is
obvious, but the latter may not be so obvious, which may even
be counterintuitive because an ab initio theory, albeit with the
approximate treatment of interfragment interactions, is brought
down to a “semiempirical” level (to be parametrized). Neverthe-
less, the essence to strive for success of the Lifson-style force
fields in biomolecular simulation is the possibility of careful
parametrization of potential energy functions against experi-
mental data.7,15,17,18

To this end, we have used the formalisms based on the neglect
diatomic differential overlap (NDDO)54 approximation along
with the Dewar-Thiel multipole treatment of two-electron
integrals for force field developments.44 The present study,
however, focuses on ab initio WFT and DFT, which will
eventually be combined with the NDDO X-Pol force field2,3,6

in a multilayer representation. Thus, the L3 approximation (for
the formalism and parametrization of the Coulomb integrals
between fragments) in the X-Pol method only concerns the use
of Mulliken charges and the Eint,ed

AB terms in this study.
For the exchange-repulsion and dispersion interaction between

different fragments, although it is desirable to employ a general
approach that treat the dependence of the Eint,ed

AB [FA,FB,{"AB}]
energy on fragment densities explicitly,55 which will be
considered in future work, to proceed, we use the Lennard-
Jones potential to parametrically model these effects.1,3

where the parameters {"AB ! #ab
AB, $ab

AB} are obtained by standard
combining rules from the corresponding atomic parameters such
that #ab

AB ) (#a
A#b

B)1/2 and $ab
AB ) ($a

A$b
B)1/2.

2.4. Double Self-Consistent-Field (DSCF) and the Varia-
tional X-Pol Method. There are two ways of optimizing the
wave function in eq 1, depending on the way the Fock matrices
are constructed. First, if one considers each fragment as an
isolated molecule embedded in the environment of the partial
charges of the rest of the system, i.e., treating each fragment
by the traditional QM/MM approach,53 the Fock matrix for each
fragment can be written as follows:1-3

where HA is the one-electron Hamiltonian matrix, Ji
A and Ki

A

are the Coulomb and exchange integral matrices, and the last
term IA is the one-electron integral matrix due to the potential
given in eq 14. The corresponding KS matrices are given as
follows by replacing the exchange integral with the exchange-
correlation potential, Vxc

A (r):

where

The total electronic energy of the system can be determined
by a double self-consistent-field (DSCF) procedure.1-3,5 Starting
with an initial guess of the one-electron density matrix for each
fragment, one loops over all fragments in the system and
performs SCF optimization of the orbitals {%i

A; i ) 1,..., mA}
for each fragment in the presence of the Mulliken charges of
all other fragments. This is repeated until the change in total
electronic energy or in electron density satisfies a predefined
tolerance. The DSCF optimization procedure is straightforward
and was the approach proposed in ref 1 and adopted in several
subsequently implementations.29,31 However, a major short
coming of the DSCF approach is that the Fock matrix in eq 16
was not derived variationally with respect to a perturbation of
the charge density on the total energy (eq 4). Although the total
energy obtained by using the DSCF method has negligible
deviation from the true minimum energy of the system, it
imposes severe difficulty to obtain analytical gradients and one
has to make use the coupled-perturbed Hartree-Fock method
to determine forces iteratively.

Alternatively, a set of variational equations for the X-Pol
potential has been derived5 in a way similar to that used by
Roothaan in deriving the Hartree-Fock equations. The Fock
matrix for the variational X-Pol energy has two additional terms
compared with eq 16, resulting from the variation of Mulliken
population charges (eq 12):
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where the two terms in parentheses specify the interactions
between electron one in fragment A and the charge densities
and nuclear charges of fragment B, and the superscript “0”
denotes that the matrix element is calculated by setting the
charges on atom a in fragment A to +e (note that the Fock
matrix will be multiplied by the density matrix in energy
calculation).5 T(!,µ) represents a matrix of delta functions for
convenience in writing eq 19, and it has been fully described
in ref 5. It is matrix element is defined by

where "p! and "µq are Kronecker deltas. It is interesting to notice
that each fragment is fully polarized by the rest of the system,
but half of the polarization comes from the Mulliken charges
specified by the one-electron integral matrix IA, and the other
half originates from the explicit charge density and nuclear
charges in all other fragments.

The corresponding variational KS matrix for the X-Pol
potential is

Obviously, the DSCF optimization procedure can also be applied
to eqs 19 and 21 for ab initio HF theory and DFT in the X-Pol
potential. Nevertheless, we use the subscript DSCF (eqs 16 and
17) and Var (eqs 19 and 21) to indicate that the first approach
is nonvariational and the latter is variational. In practice, it is
more efficient to optimize all orbital coefficients simultaneously
at each system-SCF iteration. There are also other uses of frozen
or constrained fragmental electron density in DFT calculations;
here we present a variational approach in which analytical
gradient consistent with the potential energy can be obtained
for dynamics simulations.

3. Computational Details

The computational procedure of the present X-Pol potential
using ab initio HF theory and KS-DFT is identical to the
algorithm described previously using a semiempirical NDDO
method.1-5 To illustrate the performance of the ab initio HF
and DFT X-Pol method, we optimized hydrogen bonding
interactions for a series of bimolecular complexes between water
and small organic compounds at the HF and B3LYP levels of
theory using the 6-31G(d) basis sets. The computed hydrogen
bond geometries and interaction energies are compared with
those obtained at the same level of theory by treating the entire
system uniformly, and with results obtained using coupled
cluster theory at CCSD(T)/aug-cc-pVDZ//B3LYP/aug-cc-pVDZ.
We decided not to optimize the geometries at the CCSD(T) level
because DFT calculations generally yield excellent geometrical
parameters and we do not expect noticeable differences would
result from WFT optimizations. The charge scaling parameter

# in eq 14 was set to unity, i.e., without any modification of
the Mulliken charges in the present ab initio HF and DFT
treatment. The initial Lennard-Jones parameters were taken from
those optimized for combined QM/MM calculations using the
ab initio HF/3-21G method for QM and the OPLS potential56

for MM,57 and were slightly adjusted to be adopted in the X-Pol
potential. The final parameters are listed in Table 1.

In each bimolecular complex, the monomer geometries are
held fixed at the B3LYP optimized structure in X-Pol calcula-
tions. Thus, only the hydrogen bond length and angle are
optimized. This procedure has been used in the development
of the OPLS force field when bimolecular complexes are
examined,56,58 and it has also been used to generate a set of
universal parameters in combined QM/MM calculations.53,57,59

In the following, we use the short-hand notation XP to specify
calculations carried out using the X-Pol potential, followed by
“@” to indicate the specific method with which X-Pol calcula-
tions are made. Thus, the notation XP@HF/6-31G(d)//B3LYP/
6-31G(d) specifies an X-Pol calculation at the HF/6-31G(d) level
of theory using the geometry optimized with B3LYP/6-31G(d).
All calculations were performed using a locally modified version
of the GAMESS package.60

4. Results and Discussion

The main goal of this article is to show that the X-Pol method
can be conveniently developed to yield excellent results on
intermolecular interactions at the ab initio HF and DFT levels
of theory with a modest basis set in comparison with experi-
mental and high level ab initio results. We first briefly describe
the parametrization philosophy of the X-Pol potential, and
present the potential energy profile for a water dimer complex.
Then, we consider the results for a set of 14 bimolecular
complexes of simple organic molecules with water.

4.1. Parametrization of Repulsive and Dispersive Interac-
tions between Fragments. The approximation to write the total
molecular wave function as a Hartree product of the antisym-
metric wave functions of individual molecules tremendously
reduces computational costs for large systems, which also
enables the X-Pol potential to be conveniently parallelized in
practical implementations. However, this is at the expense of
neglecting short-range exchange repulsions and long-range
dispersion attractions between different fragments. Thus, to
retain the computational accuracy of the entire system that is
treated as one fragment, one must introduce a formalism to
remedy this difference. To this end, we have decided to use a
purely empirical approach, making use of the Lennard-Jones
potential to parametrically model the repulsive and dispersive
interactions. Furthermore, it provides an opportunity to param-
etrize the X-Pol potential to yield results for intermolecular
interactions in better agreement with experiment with the use
of a modest level of electronic structure method.

Table 1 lists a set of Lennard-Jones parameters used in the
present calculation, which were adjusted for the XP@B3LYP/
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TABLE 1: Lennard-Jones Parameters Used in the X-Pol
Potential with B3LYP and the 6-31G(d) Basis Set

atom $ (Å) % (kcal/mol)

H 1.30 0.05
C 3.65 0.15
N 3.45 0.20
O (sp3) 3.35 0.15
O (sp2) 3.10 0.15
Cl- 4.25 0.21
Na+ 2.35 0.30
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6-31G(d) model, starting with those optimized in combined QM/
MM calculations at the HF/3-21G level,57 to reproduce the
results for 14 bimolecular complexes obtained from CCSD(T)/
aug-cc-pVDZ//B3LYP/aug-cc-pVDZ. There is no attempt made
here in choosing a training set and a test set of complexes for
validation, but a thorough comparison will be made in a later
publication. As it turns out, the X-Pol parameters are very
similar to those of the ab initio QM/MM values. These
parameters were employed in the XP@HF/6-31G(d) calculations
without further alteration, although in principle a different set
of parameters may be needed for different methods and basis
functions. The aim of the present study is not to provide a set
of optimized parameters for the X-Pol potential; we aim to
illustrate that a set of atomistic parameters can yield excellent
results for bimolecular interactions using the X-Pol potential,
in better agreement with high level ab initio data than the full
B3LYP/6-31G(d) and HF/6-31G(d) results.

4.2. Potential Profile for the Water Dimer. In Figure 1,
we first examine the potential energy profile of the water dimer
as a function of the hydrogen-bond distance using XP@B3LYP/
6-31G(d) compared with that fully optimized at the CCSD(T)/
aug-cc-pVDZ level. The computed interaction energy is 5.0 kcal/
mol from the X-Pol potential, which is in good agreement with
a value of 4.8 kcal/mol using CCSD(T). The corresponding
hydrogen bond distances are, respectively, 1.98 and 1.96 Å, also
in excellent accord. At short distance, the repulsive interactions
increase more quickly than that of the CCSD(T) curve,
indicating that a softer repulsive potential than that of the
Lennard-Jones potential may be more appropriate. The attractive
part of the potential profile is in excellent agreement between
the XP@B3LYP and CCSD(T) calculations. Notice that the full
B3LYP/6-31G(d) calculations overestimate the binding energy
for the water dimer, whereas increasing the size of the basis
function to aug-cc-pVDZ improves its agreement with high-
level ab initio results (Table 2). The good performance of the
X-Pol potential for bimolecular interactions is due to its
capability to empirically adjust the repulsive and dispersive
interactions. In a recent study, Fujimoto and Yang described a
frozen-fragment interaction calculation,61 in which the KS
orbitals are polarized by the charge densities of other fragments
similar to the method described here.1-3 However, using B3LYP/
6-31G(d), these authors reported an error of -33.1 kcal/mol
for the water dimer over the full QM result at the same level of
theory, which overestimates the interaction energy only by 2
kcal/mol than that from CCSD(T)/aug-cc-pVDZ. Thus, the net
error from that implementation is more than 35 kcal/mol for
(H2O)2, emphasizing the significance of an adequate treatment
of the repulsive and attractive interactions.

4.3. Bimolecular Complexes. We considered nine bimo-
lecular complexes of water with water, methanol, formamide,
and immidazole (Table 2), and five ion-water complexes from
chloride, sodium, and acetate ions (Table 3) to illustrate the
feasibility that the X-Pol potential implemented with ab initio
HF and DFT approaches can yield adequate description of
intermolecular interactions. Furthermore, we do not aim to
simply reproduce the interaction energies of the corresponding
HF/6-31G(d) or B3LYP/6-31G(d) data, the same levels of theory
used in the X-Pol calculations, because the latter in fact has
significantly large errors in comparison with CCSD(T) results.
When larger basis functions are used, the B3LYP results
improve considerably, but the use of a very large basis set is
not desirable in the present X-Pol model for treating large
systems including protein and nucleic acids. On the other hand,
with an adjustment of the van der Waals parameters (Table 1),
we found that it is possible to obtain good agreement between
X-Pol and CCSD(T) calculations with a reasonable, but with
the use of a modest basis set in X-Pol calculations.

The CCSD(T) interaction energy fully optimized using the
aug-cc-pVDZ basis set for the water dimer is 4.9 kcal/mol
(Figure 1), which is in excellent agreement with the experimental
value of 4.9 ( 0.9 kcal/mol determined from pressure broaden-
ing of near-IR spectra.62,63 The results listed in Table 2 were
obtained by partial geometry optimizations with the monomer
geometry fixed,56-59 and the corresponding CCSD(T) interaction
energies were computed by single point calculations using the
B3LYP/aug-cc-pVDZ geometries. Thus, the dimer interaction
energy for water is slightly greater than that from full CCSD(T)
optimizations. The computed interaction energies are 5.0 kcal/
mol from both XP@HF/6-31G(d) and XP@B3LYP/6-31G(d)
optimizations. For the methanol-water bimolecular complex,
there are two possible hydrogen bonding interactions, depending
on water or methanol as the hydrogen bond donor. The
XP@B3LYP model yields interaction energies of 5.2 and 4.8
kcal/mol, in favor of the complex in which water acts as the
hydrogen bond donor. The same trend is reproduced for the
full QM system at the CCSD(T) and B3LYP/aug-cc-pVDZ
levels, whereas B3LYP/6-31G(d) optimizations yielded the
opposite trend. An early study of the methanol-water system
by Krischner and Woods yielded interaction energies of -5.7
and -4.9 kcal/mol using MP2/aug-cc-pVQZ//MP2/aug-cc-
pVTZ,64 in accord with the present X-Pol results.

For the immidazole-water complexes, we found that the
immizaole ring is a better hydrogen bond acceptor from water
than donating a hydrogen bond using the X-Pol potential. This
is in agreement with high-level ab initio results in Table 2,
although the difference is greater using CCSD(T) calculations.
Again, B3LYP/6-31G(d) yields the opposite trend, suggesting
that a much larger basis set than 6-31G(d) is needed in studies
of enzymes. Four structures were considered in the formamide-
water complex. In accord with experiment,65 the structure with
a water simultaneously donating a hydrogen bond to the
carbonyl group and accepting one from the amide group is the
global minimum. The computed XP@B3LYP/6-31G(d) interac-
tion energy of -7.6 kcal/mol is in good accord with the
CCSD(T) results. Overall, the carbonyl group forms strong
hydrogen bonds with water than the amide unit donating
hydrogen bonds to water.66

The interaction energies for chloride ion and sodium ion with
water can be fitted exactly to the CCSD(T) or experimental
results, the latter of which are -14.8 and +24 kcal/mol
experimentally.67,68 The ab initio results are slightly smaller,
noting that the experimental values are enthalpies of interaction.

Figure 1. Interaction energy profile of water dimer as a function of
the hydrogen bond distance from CCSD(T)/aug-cc-pVDZ (red) and
XP@B3LYP/6-31G(d) optimizations.
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Using the parameters in Table 1, the X-Pol interaction energies
for these two ions with water are, respectively,-14.1 and -22.9
kcal/mol, in reasonable accord with the CCSD(T) results (Table
3). The most stable complex between acetate ion and water is
the bidentate structure in which both hydrogen atoms of water
donate hydrogen bonds to the two oxygen atoms of acetate ion.
The interaction energy from CCSD(T) calculation is-18.3 kcal/

mol, slightly stronger than the single-hydrogen bonded complex
in the syn orientation (-18.0 kcal/mol) (Table 3).58,67,69 The
corresponding X-Pol results are-18.3 and -18.2 kcal/mol using
the XP@B3LYP/6-31G(d) and are -18.9 and -18.4 from
XP@HF/6-31G(d). The hydrogen-bond complex from the anti
orientation is the least stable, with computed interaction energies
of -16.2, -15.9, and -16.4 kcal/mol from CCSD(T),

TABLE 2: Computed Geometries and Interaction Energies for Molecule-Water Bimolecular Complexes
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XP@B3LYP, and XP@HF calculations. The experimental
enthalpy of binding is about -16 kcal/mol and argues against
the bidentate complex in the gas phase.67

The mean unsigned error from CCSD(T) results for the
fourteen complexes considered is 0.4 kcal/mol for the XP@
B3LYP/6-31G(d) method (Figure 2), whereas it is 0.9 kcal/mol
from the XP@HF/6-31G(d) potential, a reflection that the
Lennard-Jones parameters were not optimized for HF calcula-
tions in Table 1. In both cases, we have used the monomer
structures optimized at the B3LYP/6-31G(d) level. Hydrogen
bond distances from optimizations using XP@B3LYP/6-31G(d)
are in good accord with those obtained from B3LYP/aug-cc-

pVDZ calculations. The mean unsigned error for the fourteen
complexes considered is 0.08 Å. This is comparable to ab initio
QM/MM calculations for similar bimolecular complexes.57 The
good agreement suggests that the X-Pol potential can be trained
by introducing a set of atomistic parameters, associated with a
given theory and basis function, to yield adequate results for
the description of intermolecular interactions that are ap-
proximated by a Hartree product wave function.

5. Concluding Remarks

The explicit polarization (X-Pol) method was developed as
a framework to develop next-generation force fields for bio-
molecular simulations based on electronic structure theory, and
it has been demonstrated to be feasible for extended molecular
dynamics simulation of a solvated protein. Importantly the X-Pol
method is a general theory, which can be employed with any
level of electronic structure theory. In principle, it is possible
and desirable to treat the central region of interest by a high-
level ab initio method or density functional theory and the
remainder of the system is represented by an NDDO-type X-Pol
force field. The present study examines the X-Pol approach
using ab initio molecular orbital theory at the Hartree-Fock
level and density functional theory using a hybrid functional.
The computational results are illustrated by considering a set
of bimolecular complexes of small organic molecules and ions
with water. The computed interaction energies and hydrogen
bond geometries are in good accord with CCSD(T) results and
B3LYP/aug-cc-pVDZ optimizations.

The X-Pol potential complements the effective fragment
potential (EFP) approach developed by Gordon and co-workers

TABLE 3: Computed Geometries and Interaction Energies for Ion-Water Complexes

Figure 2. Comparison of the computed interaction distances for
bimolecular complexes optimized using B3LYP/aug-cc-pVDZ and
XP@B3LYP/6-31G(d) methods.
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using ab initio MO theory and DFT. The main difference is
that the electronic structure for each individual fragment is fully
optimized under the electric field of the rest of the system for
a given instantaneous geometrical configuration in the X-Pol,
whereas the EFP is determined from a set of distributed
multipole expansions to account for static and polarization
interactions as well as charge penetration and transfer. The
significance of and methods developed to treat charge penetra-
tion in the EFP model can be adopted for X-Pol calculations.
On the other hand, the X-Pol potential can be designed as a
force field parametrized to reproduce experimental liquid
properties, and a combination of such an X-Pol force field and
ab initio X-Pol treatment represents a general multilayer
quantum mechanical approach for biomolecular systems.
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CHAPTER 5

Kinetic Isotope E!ects from
Hybrid Classical and Quantum
Path Integral Computations

JIALI GAO, KIN-YIU WONG, DAN T. MAJOR,
ALESSANDRO CEMBRAN, LINGCHUN SONG,
YEN-LIN LIN, YAO FAN AND SHUHUA MA

Department of Chemistry, Digital Technology Center and Supercomputer
Institute, University of Minnesota, 207 Pleasant Street S.E., Minneapolis,
MN 55455-0431, USA

5.1 Introduction
Proton, hydride and hydrogen-atom transfer reactions are ubiquitous in bio-
logical processes,1 and because of their relatively small mass, zero-point energy
and quantum tunnelling are significant in determining free-energy reaction
barriers.2,3 The incorporation of nuclear quantum e!ects (NQE) is also
important for reactions involving heavy atoms since one of the most direct
experimental assessment of the transition state and the mechanism of a che-
mical reaction is by measurements of kinetic isotope e!ects (KIE),1 which are
of quantum-mechanical origin. This is illustrated by the work of Schramm and
coworkers,4 who developed highly potent inhibitors to the enzyme purine
nucleoside phosphorylase (PNP) based on the transition-state structure derived
from measured KIEs. In principle, Schramm’s approach can be applied to
other enzymes, but in practice it is often limited by the lack of an adequate
model to match computed and experimental KIEs. Therefore, it is of great
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interest to develop practical computation methods to estimate KIEs for enzy-
matic reactions.
The challenge to theory is the di!culty to accurately determine the small

di"erence in free energy of activation due to isotope replacements. This is
further exacerbated by the complexity and size of an enzyme system that
requires statistical averaging. The computational accuracy demands both an
adequate treatment of the potential-energy surface that can properly describe
the change of the bond orders of the primary and secondary sites and an e!-
cient sampling procedure that can yield converged properties.5 In this chapter,
we describe an integrated path integral free-energy perturbation and umbrella
sampling (PI-FEP/UM) approach in molecular-dynamics simulations, and an
analytic, integration-free approach based on Kleinert’s variational perturba-
tion theory6 that can systematically improve the accuracy and avoid numerical
convergence problems,7 to compute KIEs for chemical reactions.8–10 In addi-
tion, we present a mixed molecular-orbital and valence-bond (MOVB) the-
ory11–14 that combines quantum mechanics with molecular mechanics (QM/
MM)15,16 to represent the potential surface of the reactive system. We show
that this coupling of a combined QM-MOVB/MM potential-energy surface to
describe the electronic structure with path integral–free energy simulation to
model the nuclear quantum e"ects can yield remarkably accurate KIEs for
reactions in solution and in enzymes.
Of course, a variety of methods have been developed to treat NQE for gas-

phase reactions (see a recent review17). In principle, these techniques can be
directly extended to condensed-phase systems; however, the size and com-
plexity of these systems make it intractable computationally. Thus, a main goal
is to develop new methods, or to extend gas-phase techniques to condensed
phases or biomolecular systems. One method that has been successfully
introduced to computational enzymology is the ensemble-averaged variational
transition-state theory with QM/MM sampling (EA-VTST-QM/MM),18,19

which has been applied to a number of enzyme systems.2,20,21 Both primary and
secondary KIEs can be computed using the EA-VTST-QM/MM method and
the method includes contributions of multidimensional tunnelling. In another
approach, Hammes-Schi"er and coworkers utilised a grid-based hybrid
approach to model NQE in hydrogen-transfer reactions by numerically solving
the vibrational wavefunction of the transferring hydrogen nucleus.22 So far,
only primary KIEs have been computed by this approach.
The discrete Feynman path integral method23,24 has been used in a variety of

applications since it o"ers an e!cient and general approach for treating nuclear
quantum e"ects in condensed-phase simulations.25–31 In principle, centroid path
integral simulations can be directly used to determine KIEs by carrying out two
separate calculations for the heavy and light isotope, respectively, and indeed,
this has been the approach in most applications; however, the convergence of the
computed free-energy barrier from dynamics simulations is typically not su!-
cient to ensure the desired accuracy for KIE, especially when heavy isotopes and
secondary e"ects are involved. To this end, we have developed a free-energy
perturbation technique10 by perturbing the atomic mass from light to heavy
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isotopes in a bisection path integral sampling scheme,8,9 and this has tre-
mendously reduced the statistical uncertainty in the computed KIEs.32

The integrated path integral–free energy perturbation and umbrella sampling
(PI-FEP/UM) method involves two computational steps.10 First, classical
molecular-dynamics simulation is carried out to obtain the potential of mean
force along the reaction coordinate for a given reaction. Then, centroid path
integral simulations are performed to determine the nuclear quantum e!ects.
The most significant feature of these studies is that classical and quantum
simulations are fully separated, making it particularly attractive and e"cient
for enzymatic reactions. This computational approach has been explored pre-
viously in the work of Sprik et al.25 and in the quantised classical path (QCP)
method by Warshel and coworkers.33–35 The special feature in the PI-FEP/UM
method is to use a free-energy perturbation scheme to obtain accurate KIEs for
chemical reactions, by changing the atomic mass from one isotope into another
in path integral sampling.10

Discretised path integral simulations often face numerical convergence dif-
ficulties, especially in view of the required accuracy is less than a fraction of a
tenth of one kilocalorie per mole for computing KIEs. The analytic integration
results based on Kleinert’s variational perturbation theory does not have this
problem, and the perturbation series has been shown to be convergent expo-
nentially and uniformly,6,36,37 making the second-order perturbation (KP2)
su"ciently accurate for chemical applications.7 We describe an automated,
numerical integration-free centroid path integral method7 for estimating KIEs
for proton-transfer reactions to illustrate the computational power for poten-
tial applications to enzymatic reactions.
In the following we first summarise the theoretical background, the repre-

sentation of the potential-energy surface, and the PI-FEP/UM computational
details. Then, results and discussion are presented. The paper is concluded with
highlights of main findings.

5.2 Theoretical Background

5.2.1 Path Integral Quantum Transition-State Theory

The theoretical framework in the present discussion is path integral quantum
transition-state theory (QTST), which yields an expression of the quantum-
mechanical rate constant. In the discrete Feynman path integral method,
each quantised nucleus is represented by a ring of P quasiparticles called
beads, whose coordinates are denoted as r! ri; i! 1, " " " ,P.23 The discrete
paths are closed with rP11! r1, in which each particle (bead) is connected
harmonically with its neighbours, corresponding to the imaginary time slices
ti ! #i $ 1%!hb=P. A key concept in QTST is the centroid variable in path
integration,27,38–42 defined as the geometrical centre of the quasiparticles:

!r#n% ! 1

P

XP

i!1

r
#n%
i #5:1%
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where the superscript (n) specifies the nth quantised atom. The discretisation
parameter P is chosen to be su!ciently large such that the numerical results
converge to the quantum limit. In this approach, the quantum-mechanical
equilibrium properties are obtained from the classical averages for a fictitious
system governed by the e"ective potential23

Veff !fr"n#i g;S$ %
XN

n%1

pP
bl2n

XP

i

"r"n#i & r
"n#
i'1#

2 ' 1

P

XP

i

U"r"1#i ; ( ( ( ; r"N#
i ;S# "5:2#

where N is the number of quantised atoms, S represents the coordinates of all
classical particles, U"r"1#i ; ( ( ( ; r"N#

i ;S# is the potential energy of the system, and
b% 1/kBT with kB being Boltzmann’s constant and T the temperature. In
eqn (5.2), the de Broglie thermal wavelength of atom n with a mass of Mn is
given by ln % "2pb!h2=Mn#1=2. Note that the dynamics generated by the e"ective
potential of eqn (5.2) has no physical significance; it is merely used as a
procedure to obtain the correct ensemble of configurations.23,24

QTST is derived by writing the rate expression analogous to classical TST,
which includes a quantum activation term and a dynamical correction fac-
tor,39,42,43 and the QTST rate constant is given by

kQTST % 1

2
oj _zj4z6%e

&bw"z 6%#
. Zz6%

&N

dz e&bw"z# "5:3#

where w(z) is the potential of mean force (PMF) as a function of the centroid
reaction coordinate z!!r$, za is the value of z!!r$ at the maximum of the PMF,
and oj _zj4z6% % "2=pbMeff#1=2 is a dynamical frequency factor approximated
by the velocity for a free particle of e"ective mass Me" along the reaction
coordinate z!!r$ direction. The exact rate constant is obtained by multiplying the
QTST rate constant by a correction factor or transmission coe!cient gq:43

k % gq ( kQTST "5:4#

Equations (5.3) and (5.4) have identical forms to that of the classical rate
constant, but unlike classical variational transition-state theory, there is no
variational upper bound in the QTST rate constant because the quantum
transmission coe!cient gq may be greater than or less than unity. Equation
(5.3) was initially derived with the assumption of a planar dividing surface
along a rectilinear reaction coordinate. Messina et al. described a generalisation
of the dividing surface that may depend both on the centroid coordinates and
on its momenta.42

There is no practical procedure to compute the quantum transmission
coe!cient gq in eqn (5.4). For a model reaction with a parabolic barrier along
the reaction coordinate coupled to a bath of harmonic oscillators, the quantum
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transmission coe!cient is the Grote–Hynes (GH) classical transmission coef-
ficient kGH.

39,44 Often, the classical gq is used to approximate the quantum
transmission coe!cient; however, there is no correspondence between classical
and quantum dynamic trajectories and the e"ects of tunnelling may greatly
a"ect reaction dynamics near the barrier top.
As in classical TST, the PMF, w(z), can be computed from the equilibrium

average without any dynamical information, and it is defined by

e!b"w#z$!w#zR$% & e!bDF#z$ & hd#z"!r% ! z$i
hd#z"!r% ! zR$i

#5:5$

where zR is the minimum point at the reactant state in the PMF and the
ensemble average h' ' 'i is obtained by the e"ective potential of eqn (5.2).
Equation (5.5) also serves as a definition of the path integral centroid free
energy, DF(z), at z relative to that at the reactant state minimum. Note that the
inherent nature of quantum mechanics is at odds with a potential of mean force
as a function of a finite reaction coordinate. Nevertheless, the reaction coor-
dinate function z"!r% can be evaluated from the path centroids !r,42–43,45 first
recognised by Feynman and Hibbs as the most classical-like variable in
quantum statistical mechanics.23 Studies have shown that the activation free
energy in the centroid path integral QTST ‘‘captures most of the tunnelling and
quantisation e"ects’’; which give rise to deviations from classical TST.46–49

It is also useful to rewrite eqn (5.3) in combination with eqn (5.5) as follows

kQTST & 1

bh
e!bDF 6&

CPI #5:6$

where the centroid path integral free energy of activation DFa
CPI is defined by

DF 6&
CPI & DF#z 6&$ ! FR

CPI #5:7$

and

FR
CPI & ! 1

b
ln

1

leff

Z z 6&

!N
dz e!b"DF#z$% #5:8$

FR
CPI corresponds to the free energy of the system in the reactant (R) state

region relative to the lowest point (zR), which may be interpreted as the
entropic contributions or motions correlating with the progress coordinate z.
le" is the de Broglie thermal wavelength of the centroid reaction coordinate
with an e"ective mass Me" at the dividing surface, which is determined in the
centroid path transition state ensemble.
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5.2.2 Centroid Path Integral Simulations

In centroid path integral, the centroid position, !r, is used as the principle
variable and the canonical QM partition function of a hybrid quantum and
classical system, consisting of one quantised atom for convenience, can be
written as follows:23

Qqm
P ! 1

O

Z
dS

Z
ds

P

l2M

 !3P=2Z
dRe"bVeff #frg;S$ #5:9$

where O is the volume element of classical particles, P is the number of
quasiparticles, Ve!({r},s) is the e!ective potential (eqn (5.2)),

R
dR !R

dr1 % % %
R
drPd#!r ! s$ in which the delta function d#!r ! s$ is introduced for use

in later discussion, and the centroid !r is defined in eqn (5.1). Importantly, eqn
(5.9) can be rewritten exactly as a double average in eqn (5.10), which is the
theoretical basis in the simulation approach of Sprik et al., called the hybrid
classical and path integral,25 of Hwang and Warshel, called QCP,34,35 and later,
of Major and Gao, called PI-FEP/UM.8–10

Qqm
P!N ! Qcmhhe"bD !U#!r;S$iFP;!riU #5:10$

where the average h% % %iU is a purely classical ensemble average obtained
according the potential U#!r;S$ (the potential U in eqn (5.2) with a single
centroid position for the quantised particle), the average di!erential potential is
given by

D !U#!r;S$ ! 1

P

XP

i

fU#ri;S$ "U#!r;S$g #5:11$

and the inner average h% % %i
FP;!r

represents a path-integral free-particle sampling,
carried out without the external potential U#!r;S$:10,34,35

h% % %i
FP;!r

!
R
dRf% % %ge"#pP=l2M$

PP

i
#Dri$2

R
dRe"#pP=l2M$

PP

i
#Dri$2

#5:12$

where Dri ! ri " ri&1. In eqn (5.10), the factor Qcm is the classical partition
function defined in,23

Qcm
P ! 1

O

Z
dS

Z
ds e"bU#s;S$ P

l2

! "3P=2Z
dR e"#pP=l2M$

PP

i
#Dri$2 #5:13$

where we have defined the position of the quantised particle centroid to coin-
cide with the coordinates of the corresponding classical particle s ! !r.
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We note that Warshel and coworkers have exploited this idea, which they
called the quantised classical path (QCP) method, to estimate NQE for che-
mical reactions in solution and catalysed by enzymes.34,35 In QCP, the classical
simulations and quantum corrections are fully separated.50,51 The expression of
eqn (5.10) is particularly useful because the quantum free energy of the system
can be obtained first by carrying out classical trajectories according to the
classical distribution, exp!"bU#!r;S$%, and then, by determining the quantum
contributions through free particle sampling based on the distribution
exp!"b#pP=bl2M$

PP
i #Dri$

2%. This double averaging yields the exact path
integral centroid density,10,25,34,35 which can be used to determine the centroid
potential of mean force:

e"bw#!z$ & e"bwcm#z$hd#z & !z$he"bD !U#!z!r%;S$iFP;!ziU #5:14$

where w#!z$ and wcm#z$ are the centroid quantum-mechanical and the classical-
mechanical PMF, respectively, and the average di!erence potential energy
D !U#!z!r%;S$is given in eqn (5.11).

5.2.3 Kinetic Isotope E!ects

We first present two algorithms for estimating KIEs using centroid path inte-
gral simulations in the context of QCP34 or hybrid quantum and classical
sampling.25 Then, we present a third algorithm, making use of Kleinert var-
iational perturbation (KP) theory6 that determines the centroid potential of the
mean force analytically without the need of performing discretised path integral
sampling.7

5.2.3.1 Sequential Centroid Path Integral and Umbrella
Sampling (PI/UM)

Using eqn (5.6), the kinetic isotope e!ects between a light isotope L and a heavy
isotope H can be computed by

KIE & kL

kH
& e"b!DFL#!z6&

L
$"DFH #!z 6&

H
$%e"bfFR

CPI;L#!z
R
L$"FR

CPI;H #!zRH $g #5:15$

where !z 6&L , !z 6&H , !zRL , and !zRH are, respectively, the values of the centroid reaction
coordinate at the transition state and reactant state minimum for the light and
heavy isotopes, and FR

CPI;L#!zRL$ and FR
CPI;H#!zRH$ are the free energies defined by

eqn (5.8) for the two isotopes, respectively, which depend on the e!ective
masses associated with the centroid reaction coordinate at the transition state.
Equation (5.15) shows that KIEs may be determined by computing the
potentials of mean force separately for the L andH isotopes,9–10,34,35,52 and this
can be achieved by first performing umbrella sampling using classical molecular
dynamics and then by performing centroid path integral free-particle sampling
with the constraints that the centroids of the quantised particles coincide with
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the corresponding positions sampled in the classical trajectory. This is, indeed,
what is typically done.9,34,35,52 However, the statistical fluctuations in the actual
simulation for computing the potential of mean force is typically as large as, or
even greater than, the isotope e!ect itself, resulting in poor convergence.10 To
alleviate this di"culty, in refs 9 and 10, we have introduced a procedure such
that the discretised beads positions for the heavy and light atoms are obtained
from exactly the same sampling sequence. Thus, the heavy and light path
integral beads distributions di!er only by their relative spread from the centroid
position, which is determined by the corresponding de Broglie wavelength.
To enhance convergence in these centroid path integral simulations, we have

developed a bisection sampling technique for a ring of beads, called BQCP, by
extending the original approach of Ceperley for free particle sampling in which
the initial and final beads are not connected.53,54 In our implementation, we
first make the bisection sampling as originally proposed by Ceperley,53,54

enforcing the first and last beads to be identical to enclose the polymer ring.8,9

Then, we make rigid-body translation of the centroid position of the new beads
configuration to coincide with the target (classical) coordinate. Since the free-
particle distribution is known exactly at a given temperature, each ring-bead
distribution is generated according to this distribution and thus 100% accep-
ted.54 Furthermore, in this construction, each new configuration is created
independently, starting from a single initial bead position, allowing the new
configuration to move into a completely di!erent region of configurational
space. This latter point is especially important in achieving convergence by
avoiding being trapped in a local region of the classical potential in the
path integral sampling. The BQCP method has been thoroughly tested8,9 and
applied to several condensed-phase systems.9–10,55,56

5.2.3.2 The PI-FEP/UM Method

The second algorithm is to obtain the ratio of the quantum partition functions
(eqn (5.10)) for two di!erent isotopes directly through free-energy perturbation
(FEP) theory by perturbing the mass from the light isotope to the heavy iso-
tope.10 In other words, only one simulation of a given isotopic reaction is
performed, while the ratio of the partition function, i.e. the KIE, to a di!erent
isotopic reaction, is obtained by FEP within this simulation. This is in contrast
to algorithem 1, in which two separate simulations are performed, and this
di!erence results in a major improvement in computation accuracy for KIE
calculations.10,32

Specifically, eqn (5.15) for computing kinetic isotope e!ect is rewritten in
terms of the ratio of the partial partition functions at the centroid reactant and
transition state and is given by:
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where the ratio of the partition function can be written as follows:

QH
qm!!z"
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i
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where the subscripts L specifies that the ensemble averages are done using the
light isotope, D !UL is defined by eqn (5.12), Fo

FP is the free energy of the free
particle reference state for the quantised particles,23 and DUL!H

i # U!ri;H" $
U!ri;L" represents the di!erence in ‘‘classical’’ potential energy at the heavy and
light bead positions ri,H and ri,L. In the bisection sampling scheme, the per-
turbed heavy isotope positions are related to the lighter ones by

ri;L
ri;H

#
lML

yi
lMH

yi
#

!!!!!!!!
MH

ML

r
; i # 1; 2; ' ' ' ;P !5:18"

where ri,L and ri,H are the coordinates for bead i of the corresponding light and
heavy isotopes, lML

and lMH
are isotopic masses for the light and heavy nuclei,

and yi is the position vector in the bisection sampling scheme that depends on
the previous sequence of directions and has been fully described in ref. 8.
Equation (5.18) indicates that the position vectors for the corresponding heavy
and light isotope beads in the path integral simulation are identical, thereby,
resulting in the relationship that bead positions are solely determined by the
ratio of the square roots of masses.
In eqn (5.17), we obtain the free-energy (inner average) di!erence between the

heavy and light isotopes by carrying out the bisection path integral sampling
with the light atom and then perturbing the heavy isotope positions according to
eqn (5.18). Then, the free-energy di!erence between the light and heavy isotope
ensembles is weighted by a Boltzmann factor for each quantised configuration.

5.2.3.3 Kleinert’s Variational Perturbation (KP) Theory

The canonical partition function QQM for a quantised particle in the bath of
classical solvent can be written in terms of the e!ective centroid potential w, as
a classical configuration integral:

Qqm
P #

!!!!!!!!!!!!!!
MkBT

2p!h2

s ZN

$N

e$bw!!r"d!r !5:19"

where M is the mass of the quantised particle, !h is Planck’s constant divided by
2p. In the 1980s, three groups proposed a variational method,39,57,58 known as
the Feynman and Kleinert (FK) variational method that yields an upper bound
of w!!r" and has been successfully used in a variety of applications.59–62 Kleinert
later showed that the FK approach in fact is just the first-order approximation
to a general variation perturbation theory,6,36 and the new Kleinert perturba-
tion theory (KP) has been shown in several model systems to have very
attractive features, including exponentially and uniformly convergent. For
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example, the electronic ground-state energy of a hydrogen atom converges at
accuracies of 85%, 95% and 98% in the first three orders of KP expansion. The
KP theory does not su!er from the numerical convergence issues in discretised
path integral simulations; however, it has so far only been applied to a few
limited model cases beyond the first-order approximation, i.e. the Feynman–
Kleinert approach.
We have shown recently that the KP theory can be adopted in chemical

applications to determine KIEs for chemical reactions, and because of its fast
convergence the second-order perturbation, denoted by KP2, can yield excel-
lent results for a series of proton-transfer reactions.7 We briefly summarise the
key elements of our theoretical development based on the Kleinert variational
perturbation theory.
The nth-order KP approximation Wn

O!!r" to the centroid potential w!!r" is
given by

#bWn
O!!r" $ lnQO!!r" #

1

!h
V!r
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!5:20"

where the angular frequency O is a variational parameter, which is introduced
to define the perturbation potential V!r

p%r& $ U!r;S" #U!r
O!r" about the reference

state at !r with the harmonic potential U!r
O!r" $ !M=2"O2!r# !r"2. The local

quantum partition function of the harmonic reference state QO!!r" is given as
follows:

QO!!r" $
b!hO!!r"=2

sinh!b!hO!!r"=2"
!5:21"

The remaining terms in eqn (5.20) are the nth-order corrections to approximate
the real system, in which the expectation value ( ( (h i!rO;c is called the cumulant.
The cumulants can be written in terms of the standard expectation value ( ( (h i!rO
by cumulant expansion. Kleinert and coworkers derived the expression for the
expectation value of a function in terms of Gaussian smearing convolution
integrals:6
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where Det!a2tktk0 "O#$ is the determinant of the n% n matrix consisting of the
Gaussian width a2tktk0 "O#, a

&2
tktk0

"O# is an element of the inverse matrix of the
Gaussian width, which is given by

a2tktk0 "O# '
1

bMO2

b!hO cosh!"jtk & tk0 j& b!h=2#O$
2 sinh!b!hO=2$ & 1

! "
"5:23#

As n tends to infinity,Wn
O"!r# becomes independent of the variational parameter

O. At a given order of the KP theory, the optimal frequency is given by the least
dependence of Wn

O"!r# on O, which is the solution to the equation of the lowest-
order derivative of Wn

O"!r# setting to zero.6 Thus, a self-consistent iterative
procedure is carried out. Given an initial trial of O, the corresponding Gaussian
widths are determined using eqn (5.23), with which a new Wn

O"!r# is obtained.
This is then used to obtain a further value of O until it is converged.7

An especially attractive feature of eqn (5.20) is that if the real system
potential U is expressed as a series of polynomials or Gaussian functions,
analytic expressions of eqn (5.18) can be obtained,7 making the computation
extremely e!cient because there is no need to perform the time-consuming
Monte Carlo or molecular dynamics sampling of the path integrals. If the
real potential is expanded to the mth-order polynomial and the KP theory is
terminated at the nth order (eqn (5.20)), we denoted our results as KPn/Pm.
If the number of quantised particles is N, the angular frequency variational

variable is a 3N%3Nmatrix, and this coupled with the 2n-dimension integrals in
eqn (5.22) makes the use of KP theory rather laborious and has been a major
factor limiting its applications beyond the KP1 level, the original FK approach.
To render the KP theory feasible for many-body systems with N nuclei for a
given configuration !ri; i ' 1; ( ( ( ;Nf g, we make use of instantaneous normal
mode (INM) coordinates q"!ri; i ' 1; ( ( ( ;N#f g3N and assume their motions
can be decoupled. Thus, system potential U({r},S) can be expanded in terms of
the INM coordinates at !ri; i ' 1; ( ( ( ;Nf g, and hence, the multidimensional
potential is e"ectively reduced to 3N one-dimensional potentials along each
normal coordinate. This approximation is particularly suited for the KP theory
because of the exponentially decaying property of the Gaussian convolution
integrations in eqn (5.22). With the INM approximation, the total e"ective
centroid potential for N-quantised nuclei can be simplified as:

Wn
O"f!rig

3N#EU"f!rig3N ;S# )
X3N

i'1

Wn
Oi
"fqig3N ;S# "5:24#

where Wn
Oi
"fqig3N ;S# is the centroid potential for normal mode i of the

quantised system in the classical bath coordinates of the remainder of the
system. Although the INM approximation sacrifices some accuracy, in return,
it allows analyses of quantum-mechanical vibration and tunnelling and their
separate contributions to the total quantum e"ects. Note that positive and
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negative values of Wn
Oi
!fqig3N ;S" in eqn (5.24) raise (vibration) and lower

(tunnelling) the classical potential U!f!rig3N ;S", respectively.

5.3 Potential-Energy Surface
Almost all enzyme reactions can be well described by the Born–Oppenheimer
approximation, in which the sum of the electronic energy and the nuclear
repulsion provides a potential-energy function, or potential-energy surface
(PES), governing the interatomic motions. Therefore, the molecular modelling
problem breaks into two parts: the PES and the dynamics simulations.
The potential-energy function describes the energetic changes as a function of

the variations in atomic coordinates, including thermal fluctuations and rear-
rangements of the chemical bonds. The accuracy of the potential-energy function
used to carry out molecular-dynamics simulations directly a!ects the reliability of
the computedDF 6#

TST and its nuclear quantum correction.5,20 The accuracy can be
achieved by the use of analytical functions fitted to reproduce key energetic,
structural, and force constant data, from either experiments or high-levelab initio
calculations. Molecular-mechanical (MM) potentials or force fields,63,64 however,
are not general for chemical reactions, and it requires reparameterisation of the
empirical parameters for every new reaction, which severely limits its applic-
ability. More importantly, often, little information is available in regions of the
PES other than the stationary reactant and product states and the saddle point
(transition state). On the other hand, combined quantum-mechanical and
molecular-mechanical (QM/MM) potentials o!er the advantages of both com-
putational e"ciency and accuracy for all regions of the PES.65,66

5.3.1 Combined QM/MM Potentials

In combined QM/MM potentials, the system is divided into a QM region and
an MM region.12,15,16,65,67–70, The QM region typically includes atoms that are
directly involved in the chemical step and they are treated explicitly by a
quantum-mechanical electronic-structure method, whereas the MM region
consists of the rest of the system and is approximated by an MM force field.
The method of combining QM with MM was first developed by Warshel and
Karplus for the treatment of conjugated polyenes with QM and the framework
with a force field,15 and it was subsequently applied to an enzyme by Warshel
and Levitt in which electrostatic interactions between QM and MM were
introduced.16 The remarkable applicability of this approach that it enjoys
today was in fact not appreciated until more than a decade later when mole-
cular dynamics and Monte Carlos simulations using combined QM/MM
potentials began to emerge.65,68,71 The QM/MM potential is given by:66,67

Utot # C!S"h jHo
qm!S" $Hqm=mm!S" C!S"j i$Umm !5:25"

where Ho
qm!S" is the Hamiltonian of the QM-subsystem (the substrate and key

amino-acid residues) in the gas phase, Umm is the classical (MM) potential
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energy of the remainder of the system, Hqm=mm!S" is the QM/MM interaction
Hamiltonian between the two regions, and C!S" is the molecular wavefunction
of the QM-subsystem optimised for Ho

qm!S" #Hqm=mm!S".
We have found that it is most convenient to rewrite eqn (5.25) as follows:65,68

Utot $ Eo
qm!S" # DEqm=mm!S" #Umm !5:26"

where Eo
qm!S" is the energy of an isolated QM subsystem in the gas phase,

Eo
qm!S" $ Co!S"h jHo

qm!S" C
o!S"j i !5:27"

In eqn (5.26), DEqm=mm!S" is the interaction energy between the QM and MM
regions, corresponding to the energy change of transferring the QM subsystem
from the gas phase into the condensed phase, which is defined by:

DEqm=mm!S" $ C!S"h jHo
qm!S" #Hqm=mm!S" C!S"j i% Eo

g !S" !5:28"

In eqns (5.25)–(5.28), we have identified the energy terms involving electronic
degrees of freedom by E and those purely empirical functions by U, the com-
bination of which is also an empirical potential.
Equation (5.26) is especially useful in that the total energy of a hybrid QM

and MM system is separated into two ‘‘independent’’ terms – the gas-phase
energy and the interaction energy – which can now be evaluated using di!erent
QM methods. There is sometimes confusion about the accuracy of applications
using semiempirical QM/MM potentials.72 Equation (5.26) illustrates that
there are two issues. The first is the intrinsic performance of the model, e.g., the
Eo
qm!S" term, which is indeed not adequate using semiempirical models and that

would require extremely high-level QM methods to achieve the desired accu-
racy. This is only possible by using CCSD(T), CASPT2 or well-tested density
functionals along with a large basis set, none of which methods are tractable for
applications to enzymes. When semiempirical methods are used, the PES for
the Eo

qm!S" term, is either reparameterised to fit experimental data, or replaced
by high-level results. Only in rare occasions when a semiempirical model yields
good agreement with experiment, are these methods directly used without
alteration.73,74

The second issue on accuracy is in the calculation of the DEqm=mm!S" term. It
was recognised early on,65,69,75 when explicit QM/MM simulations were carried
out, that combined QM/MM potential is an empirical model, which contains
empirical parameters and should be optimised to describe QM/MM interac-
tions. By systematically optimising the associated van der Waals parameters for
the ‘‘QM-atoms’’,65,69,75 both semiempirical and ab initio (Hartree–Fock) QM/
MM potentials can yield excellent results for hydrogen-bonding and dispersion
interactions in comparison with experimental data. The use of semiempirical
methods such as the Austin model 1 (AM1)76 or parameterised model 3
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(PM3)77 in QM/MM simulations has been validated through extensive studies
of a variety of properties and molecular systems, including computations of
free energies of solvation and polarisation energies of organic compounds,65,78

the free-energy profiles for organic reactions,55,73,79 and the e!ects of solvation
on molecular structures and on electronic transitions.80,81

The QM/MM PES combines the generality of quantum-mechanical methods
for treating chemical processes with the computational e"ciency of molecular
mechanics for large molecular systems. The use of an explicit electronic-
structure method to describe the enzyme-active site is important because
understanding the changes in electronic structure along the reaction path can
help to design inhibitors and novel catalysts. It is also important because the
dynamic fluctuations of the enzyme and aqueous solvent system have a major
impact on the polarisation of the species involved in the chemical reaction,
which, in turn, a!ects the chemical reactivity.65,82 Combined QM/MM meth-
ods have been reviewed in several articles.66–67,83–85,

5.3.2 The MOVB Potential

A novel combined QM/MM approach has been developed that utilises a mixed
molecular-orbital and valence-bond (MOVB) theory to represent the reactive
potential-energy surface. In this MOVB approach, molecular orbital theory
based on a block-localised orbital scheme is used to define the Lewis resonance
structures.11,86 These Lewis resonance structures are called e!ective diabatic
states, representing the reactant state, the product state or other states
important for the transition state of the chemical reaction under investigation,
which are coupled by configuration interaction (CI).12–14 A closely analogous
model is the empirical valence bond (EVB) potential that has been used by
Warshel and coworkers,87 who approximate these e!ective diabatic states by an
empirical force field, making the computation cheap for simulation studies.
Although it is perfectly reasonable to use empirical force field to represent these
diabatic states, provided that the force field is adequately parameterised to
reflect the true electronic structure for the entire system, in practice, it is often
assumed that the atomic partial charges are invariant by taking values at the
reactant state and product state, respectively. This is a major shortcoming
because intramolecular charge polarisation is ignored, which leads to incon-
sistent representation of the bond orders for the ‘‘primary’’ and ‘‘secondary’’
sites when KIEs are being computed. Note that although it is possible to
parameterise the free-energy barrier and its change from water to the enzyme
by reproducing experimental results, there is no rigorous justification for the
accuracy of the 3N-degree of freedom PES, casting doubt on results that
require a knowledge of the gradient and Hessian of the potential surface, a
prerequisite for computing KIEs.
Truhlar and coworkers developed a multiconfiguration molecular-mechanics

(MCMM) method that involves a systematic parameterisation for the o!-
diagonal element.88,89 The MCMM method is fitted to reproduce ab initio
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energies and gradients. Thus, the MCMM potential as well as the MOVB
theory are proper empirical and first-principle functions, respectively, for use in
computing nuclear quantum e!ects and kinetic isotope e!ects.

5.4 Computational Details
In the path integral simulations using algorithms 1 and 2, we employ a com-
bined QM/MM potential in molecular-dynamics simulations.65,66 In these
studies, the solute is represented explicitly by an electronic-structure method
and the solvent is approximated by the three-point charge TIP3P model for
water.90 In the deprotonation of nitroethane by acetate ion, the standard
semiempirical AM1 model76 failed to yield adequate energetic results. Conse-
quently, a set of specific reaction parameters (SRP) has been developed within
the AM1 formalism to fit results from high-level ab initio theory as well as from
experiments.10,55 The performance of the SRP-AM1 model has been reported
previously, and we focus here on the study of the kinetic isotope e!ects using
the PI-FEP/UM method.
In the study of carbon acid deprotonation using the KP2 theory, the solute is

treated by B3LYP/6-31+G(d,p) density functional theory, whereas the solvent
is represented by the polarisable continuum model with a dielectric constant of
78 for water. Note that the KP centroid path-integral method is numerical
integration free; thus, high-level electronic-structure methods such as DFT with
a relatively large basis set can be used. In these calculations, the potential along
each normal mode direction for the reactant state, transition state and product
state is determined at the B3LYP level by stepping in each direction at an
interval of 0.1 Å, and the resulting potential is fitted to a 20th-order poly-
nomial, whose Gaussian smearing integrals (eqn (5.22)) have been derived
analytically at the KP2 level. Thus, our results are obtained at the KP2/P20
level for the proton-transfer reactions of a series of aryl-substituted a-meth-
oxystyrene compounds to acetate ion.
For algorithms 1 and 2, the simulations were performed using periodic

boundary conditions in the isothermal–isobaric (NPT) ensemble at 25 1C and
1 atm. A total of 898 water molecules were included in a cubic box of about
30! 30! 30 Å3. Nonbonded electrostatic interactions are described by the
particle-mesh Ewald summation method for QM/MM simulations,91 whereas
van der Waals interactions are smoothed to zero at 9.5 Å based on group–
group separations. The bond lengths and angles of solvent water molecules are
constrained by the SHAKE algorithm, and an integration step of 1 fs was used
for all calculations.92

The potential of mean force (PMF) profile is obtained using the umbrella
sampling technique.93 For the proton-transfer reaction between nitroethane
and acetate ion, the classical reaction coordinate is defined as the di!erence in
distance for the proton between the donor (a carbon of nitroethane) and the
acceptor (an oxygen of the acetate ion) atom: ZPT " r#Ca $H% $ r#H$O%. A
total of ca. 4 ns of simulations were performed (with time step of 1 fs).
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The BQCP simulations employed 29 168 classical configurations for each
isotope (1H, 2H, and 3H; or H, D, and T), combined with 10 path-integral steps
per classical step. For the deprotonation reaction the nitroethane Ca-atom, the
abstracting acetate oxygen, the transferring proton, as well as the secondary
hydrogen atom, are quantised. Each quantised atom has spawned into 32
beads.
To estimate statistical uncertainties in the computed KIEs, the entire path

integral simulations have been divided into ten segments, each of which is
treated as independent simulations. Standard uncertainties (!1s) were deter-
mined from the total average and those from the ten separate blocks. All
simulations employed the CHARMM program94 and all path-integral simu-
lations used a parallel version that e!ciently distributes integral calculations
for the quantised beads.8–10

5.5 Illustrative Examples

5.5.1 Proton Transfer between Nitroethane and Acetate Ion

The proton-abstraction reaction of nitroalkane by acetate ion is a classical
example, exhibiting an unusual Brønsted relationship in water, known as the
nitroalkane anomaly.95–97 This process is also catalysed by the nitroalkane
oxidase in the initial step of the oxidation of nitroalkanes.98 Valley and
Fitzpatrick reported a KIE of 9.2! 0.4 for the di-deuterated substrate (1,1-2H2)
nitroethane in nitroalkane oxidase, and 7.8! 0.1 for uncatalysed reaction by an
acetate ion in water.99 We have previously studied the solvent e"ects and
reported preliminary results of H/D kinetic isotope e"ects.55 Then, the KIEs
for all D and T primary and secondary isotope e"ects were determined.32

The computed PMF, in which the ‘‘primary’’ and ‘‘secondary’’ hydrogen
atoms as well as the donor carbon and acceptor oxygen atoms are quantised for
the deprotonation of nitroethane by acetate, reveals a computed barrier of
24.4 kcal/mol,10,32,55 in reasonable accord with the experimental values of
24.8.99 Without the quantum contribution the computed barrier would have
been 27.4 kcal/mol, illustrating the importance of including nuclear quantum
e"ects to accurately determine the free energy of activation for proton-transfer
reactions.100

The computed primary and secondary KIEs for D and T substitutions are
listed in Table 5.1. Figure 5.1 depicts an illustrative example of the computed
ratio of the partial quantum partition functions as a function of the centroid
path integral reaction coordinate. The kinetic isotope e"ects have been com-
puted without including the free-energy di"erence given in eqn (5.16), which
may introduce some errors in the present calculations. The computed
H/D primary and secondary intrinsic KIEs are kHH=k

H
D " 6.63! 0.31 and

kHH=k
D
H "1.34! 0.13, respectively, whereas the total e"ect where both primary

and secondary hydrogen atoms are replaced by a deuterium isotope is
kHH=k

D
D " 8.31! 0.13 (Table 5.1), which may be compared with the
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Table 5.1 Computed and experimental primary and secondary kinetic isotope
e!ects for the proton-transfer reaction between nitroethane and
acetate ion in water at 25 1C.a

KIE PI-FEP/UM Expt.b

Primary KIE
kHH/k

H
D 6.63! 0.31

kHH/k
H
T 12.96! 0.98

KD
D/k

D
T 2.17! 0.04

Secondary KIE
kHH/k

D
H 1.340! 0.132

kHH/k
T
H 1.375! 0.183

KD
D/k

T
D 1.096! 0.039

Total KIE
kHH/k

D
D 8.31! 0.13 7.8

aKinetic isotope e!ects are determined by using the average value of the top two bins in the
potential of the mean force for the ratio of the partial quantum partition function for the transition
state, and the average value of the middle fifteen bins for the reactant state. The bin size used for
data collection is 0.05 Å in the reaction coordinate, half of which may be considered as the error in
the reaction coordinate value.
bRef. [99].
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Figure 5.1 Computed ratio of the quantum-mechanical partition functions for the
primary H/D kinetic isotope e!ects in which the secondary site is occupied
by a hydrogen along the proton-transfer reaction coordinate. The PI-FEP/
UM method was used.
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experimental value of 7.8.99 There are no experimental data for comparison
with the results of single-site substitutions.
The computational results allow us to examine the rule of the geometric

mean (RGM),101 which is expressed as follows:

kHH=k
H
D ! kDH=k

D
D ! "kHH=kDD#

"kHH=kDH#
"5:29#

The RGM states that there is no isotope e!ect from a second site on the kinetic
isotope e!ect of the first site.102 The rule was originally derived at the high-
temperature limit with small quantum tunnelling corrections,101 and it has been
shown to have negligible deviations on model systems using semiclassical
transition-state theory.103 However, deviations or the observations of RGM
breakdown are often used as a measure of the extent of tunnelling in the sys-
tem.102 Using the RGM of eqn (5.29), we obtain an estimated value of 8.88
(6.63$ 1.34) for the total deuterium KIE if the free energies of the primary and
secondary KIE were additive. This gives a ratio of 1.07 over the actual com-
puted value (8.31). Another way of interpreting the results is that there is a
secondary kinetic isotope e!ect of 1.07 on the primary kinetic isotope e!ects:

gHD
HD ! "kHH=kHD#

"kDH=kDD#
! 6:630

"8:308=1:340#
! 1:07 "5:30#

This result indicates that there is some correction in the motions between the
secondary hydrogen and the primary hydrogen in the proton-transfer reaction
between nitroethane and acetate ion in water.
Primary and secondary tritium kinetic isotope e!ects are also given in

Table 5.1, which have values of kHH=k
H
T ! 12.96% 0.98 and kHH=k

T
H !1.37% 0.18.

These e!ects are greater than the deuterium KIEs because of its larger mass.
Employing the rule of the geometric mean, an estimated total tritium KIE of
kHH=k

T
T ! 17.8 is obtained.

The single site Swain–Schaad exponents104 is expressed below using the
notation of Huskey,102

nHD ! ln"kHH=kHT #
ln"kHH=kHD#

"5:31#

and

nDT ! ln"kHH=kHT #
ln"kHD=kHT #

"5:32#

These equations assume that the isotope e!ects are determined solely by the use
of a one-frequency model with contributions only from the zero-point energy
without tunnelling. Studies have shown that the value of nHD for primary KIEs
is typically in the range of 1.43–1.45.102 Deviations from these values are
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thought to be indications of contributions from tunnelling.105 Using the data in
Table 5.1, we obtained a single-site Swain–Schaad exponent of n

!1"
HD # 1:35 for

the primary KIE, and of n
!2"
HD # 1:09 for the secondary KIE. The exponents,

n
!1"
DT and n

!2"
DT, for D/T ratios are 3.82 and 12.3, respectively. These values show

significant deviations from the semiclassical limits, particularly on secondary
KIEs, which can have greater computational errors because of the small free-
energy di!erence. The deviations may be attributed to too large a secondary
H/D e!ect.
Mixed isotopic Swain–Schaad exponent is often used to assess tunnelling:104

nDD
DT # ln!kHH=kHT "

ln!kDD=kDT "
!5:33"

and

nDT
DD # ln!kHH=kTH"

ln!kDD=kTD"
!5:34"

The first equation is the primary Swain–Schaad exponent, which describes the
relationship between H/T primary KIE when the secondary position is occu-
pied by a hydrogen atom with the D/T primary KIE when the secondary
position is occupied by a deuterium isotope. The second equation describes a
similar relationship for the secondary kinetic isotope e!ects. Values of the
mixed Swain–Schaad exponents significantly greater than 3.3 are typically
attributed to contributions from tunnelling,105 and experimental studies
showed that the secondary exponent is more sensitive than the primary expo-
nent in this type of analysis.
For the proton-transfer reaction between nitroethane and acetate ion in

water, we obtain a primary KIE Swain–Schaad exponent of nDD
DT # 3:31 and a

secondary exponent of nDD
DT # 3:47. These results are close to the semiclassical

limit, suggesting that tunnelling contributions are not significant for this
reaction in aqueous solution. It will be interesting to examine the e!ects of the
enzyme-active site on tunnelling and the Swain–Schaad exponents.98,99

5.5.2 The Decarboxylation of N-Methyl Picolinate

The primary and secondary heavy atom kinetic isotope e!ects for the de-
carboxylation of N-methyl picolinate have been determined by Rishavy and
Cleland.106 QM/MM simulations were carried out for N-methyl picolinate,
treated by the AM1 Hamiltonian, in a cubic box (30$ 30$ 30 Å3) of 888 water
molecules, described by the TIP3P potential.10 As usual, long-range electro-
static interactions were treated by the PME method for QM/MM potentials.91

2 ns of classical dynamics simulations were performed followed by path integral
PI-FEP/UM simulations, employing a total of 97 800 classical configurations
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for each isotope (12C, 13C, 14N, and 15N), combined with 10 path-integral steps
per classical configuration. Each quantised atom was described by 32 beads.

N
C2

CH3

C

O

O
N

C2

CH3

+  CO2

Solvent e!ects are significant, increasing the free-energy barrier by 15.2 kcal/mol
to a value of 26.8 kcal/mol, which is accompanied by a net free energy of
reaction of 24.7 kcal/mol. The large solvent e!ect is due to the presence of a
positive charge on the pyridine nitrogen, which is annihilated in the decarbox-
ylation reaction.

Both the 12C/13C primary KIE and the 14N/15N secondary KIE have been
determined (Table 5.2), with the immediate adjacent atoms about the isotopic
substitution site quantised as well. To our knowledge, we are not aware of any
such simulations prior to our work for a condensed-phase reaction with con-
verged secondary heavy isotope e!ects.10 This demonstrate the applicability
and accuracy of the PI-FEP/UM method.10 Figures 5.2 and 5.3 depict the
di!erence between the 12C and 13C quantum e!ects along the reaction path to
illustrate the computational sensitivity using algorithem 1 (PI/UM) and
algorithem 2 (PI-FEP/UM). First, the nuclear quantum e!ects are non-negli-
gible even for bond cleavage involving two carbon atoms, which reduce the
free-energy barrier by 0.45 kcal/mol (Figure 5.2). The computed intrinsic 13C
primary KIE, without including the reactant state quantum free energy term in
eqn (5.16), is 1.0345! 0.0051 at 25 1C (Table 5.1). To emphasise the sensitivity
of the computational result, the computed KIE is equivalent to a free-energy
di!erence of merely 0.0187 kcal/mol, which is feasible by the use of free-energy
perturbation/umbrella sampling techniques. For comparison, the experimental
value is 1.0281! 0.0003 at 25 1C. For the secondary 15N KIE, the PI-FEP/UM
simulation yields an average value of 1.0083! 0.0026, which may be compared
with experiment (1.0070! 0.0003).106 The agreement between theory and
experiment is excellent, which provides support for a unimolecular decarbox-
ylation mechanism in this model reaction.

Table 5.2 Computed and experimental primary 12C/13C and secondary
14N/15N kinetic isotope e!ects for the decarboxylation of N-methyl
picolinate at 25 1C in water.

12k/13k 14k/15k

Exp (120 1C) 1.0212! 0.0002 1.0053! 0.0002
Exp (25 1C) 1.0281! 0.0003 1.0070! 0.0003
PI/UM 1.035! 0.877 1.007! 0.886
PI-FEP/UM 1.034! 0.005 1.008! 0.003
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Figure 5.2 Nuclear quantum-mechanical free-energy corrections for the decarbox-
ylation reaction of N-methyl picolinate in aqueous solution from PI/UM
calculations. Two separate path integral simulations are performed in this
method.
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Figure 5.3 The ratio of the quantum-mechanical partition functions between 12C and
13C isotopic substitutions at the carboxyl carbon position from the
PI-FEP/UM method. A single path integral simulation was performed.
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5.5.3 Proton Transfer between Chloroacetic Acid and
Substituted a-Methoxystyrenes

Richard and coworkers reported the product isotope e!ects of a series of
interesting reactions involving the formation of carbocations from aryl-sub-
stituted (R) a-methoxystyrenes by proton transfer from chloroacetic acid.107,108

These product isotope e!ects have been converted into KIEs, and the e!ects of
substituents on the observed KIEs have been determined by the KP2/P20 the-
ory.7 Figure 5.4 shows the computed KIEs using only harmonic frequencies
(zero-point energies) and the KP2/P20 values that include tunnelling and
anharmonic corrections. Clearly, although the harmonic values correctly
reproduced the experimental trend as a function of substituent electron-
withdrawing power, the absolute values are significantly underestimated in
comparison with experiment. Inclusion of anharmonicity for the description of
the individual potential along each normal mode coordinate and tunnelling near
the barrier top is critical to obtaining quantitative results for the computed KIEs.

5.6 Concluding Remarks

Centroid path integral methods have been presented for computing kinetic
isotope e!ects for chemical reactions in aqueous solution. Three algorithms are

Figure 5.4 Computed primary (protium/deuterium) kinetic isotope e!ects for the
proton-transfer reaction from chloroacetic acid to substituted methoxy-
styrenes (colour lines) in water represented by a polarizable dielectric
continuum model using the KP2/P20 theory (1! 4-methoxy, 2!H,
3! 4-Nitro, and 4! 3,5-dinitro groups).
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described: the first two algorithms involve discretised centroid path integral
simulations to make quantum corrections to the classical free-energy path, and
the third algorithm employs Kleinert variational perturbation theory at the
second order in which the path integrals have been integrated analytically. In
computing kinetic isotope e!ects, the first discretised simulation method is
similar to the quantised classical path (QCP) approach developed by Hwang
and Warshel, but we have developed a fast-converging sampling scheme,
namely the bisection sampling method BQCP, by extending the method ori-
ginally used by Ceperley and coworkers. In the second simulation algorithm,
free-energy perturbation is employed by perturbing the light isotope mass into
a heavier one in one single simulation, thereby avoiding the need of subtracting
two quantum free energies with equally large fluctuations from two separate
simulations. Thus, the accuracy in the computed KIEs is significantly
improved. In Kleinert variational perturbation theory, analytical results are
obtained when the potential surface is represented as a polynomial function,
avoiding numerical convergence problems altogether. These methods are illu-
strated by computing the primary and secondary KIEs, analysing the results of
the rule of geometric mean, and elucidating substituents e!ects. Three reactions
have been considered: the proton abstraction of nitroethane by acetate ion, the
proton-transfer reaction between substituted methoxystyrenes and chloracetic
acid, and the decarboxylation of N-methyl picolinate, all of which are in water.

These examples illustrate the shortcomings of the two-separate simulation
strategy of algorithem 1, typically used in the literature in path integral-based
calculations of KIEs, and improved accuracy in the integrated centroid path
integral–free energy perturbation and umbrella sampling scheme (algorithem 2)
that uses a single simulation of a single isotope by perturbing its mass in the
context of bisection sampling. Finally, the Kleinert variational perturbation
theory gives an automated, numerical integration-free method for computing
KIEs. The KP theory has the feature of exponentially and uniformly con-
vergent such that the second-order perturbation (KP2) is su"cient to provide
accurate results. An instantaneous normal mode approximation was made to
extend the KP2 theory to multidimensional systems.
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