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Abstract: A hybrid quantum and molecular mechunical ( Q M M M )  free energy perturbation 

(FEP) method is implemented in the context of molecular dynamics (MD). The semiempirical 

quantum mechanical (QM) Hamiltonian (Austin Model I )  represents solute molecules, anc! the 

molecular mechanical (MM) CHARMM force field describes the water solvent. The QM/MM 

FEP method is used to calculate the free energy changes in aqueous solution for ( I )  a proton 

transfer from methanol to imidazole and (2) a hydride transfer fiom methoxide to nicotinamide. 

The QM/.M interaction energies between the solute and solvent are calibrated to emulate the 

solute-solvent inreraction energies determined at the Hartee-Fock 6-31 G(d) level of ab initio 

theory. The free energy changes for the proton and hydride transfers are calculated to be 15.1 

and -6.3 kcal/mol, respectively, which compare favorably with the corresponding experimental 

values of 12.9 and -7.4 kcallmol. An estimate of the reliability of the calculations is obtained 

through the computation of the forward (15.1 and -6.3 kcavmol) and backward (-14.1 and 9.1 

kcavmol) free energy changes. The reasonable correspondence between these two independent 

calculations suggests that adequate phase space sampling is obtained along the reaction 

pathways chosen to transform the proton and hydride systems between their respective reactant 

and product states. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disciosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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Introduction 

We describe a computational procedure which combines a hybrid quantum and molecular mechanical 

(QhUMM) Hamiltonian with molecular dynamics (MD) and free energy perturbation (FEP) methods for 

the calculation of free energy changes in condensed phase systems. As an application of our QM/MM FEP 

method, we calculate the free energy changes for the following proton and hydride transfer reactions in 

water. The proton transfer reaction (Rl) is: 

imidazole (IMID) imidazolium (IMID+ 

m- NT - CH,O- + aw 
methanol (MEOH) methoxide (MEO- ) 

and the hydride transfer reaction (R2) is: 

nicotinamide (NIC+ ) neutral nicotinamide (NICH) 

H ' cow, / c  c, / 

------+ CH,O + 
I formaldehyde (FORM) 

+ L@J CH,O- 
N 
I methoxide (MEO- ) 

H H 

We chose the above molecular species for study because we are ultimately interested in simulating the 

reaction mechanism of the enzyme malate dehydrogenase (MDH), which interconverts malate and 

oxaloacetate through one proton and one hydride transfer in the citric acid The biochemical 

reactions in MDH consist of a proton transfer from the hydroxyl group of malate to the imidazole side 
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chain of an active site histidine residue in the enzyme, and a hydride transfer from malate to the 

nicotinamide group of the enzyme co-factor nicotinamide adenine dinucleotide (NAD). The molecules 

designated as MEOH, MID, MEO-, IMIDH , NIC , and NICH in the reactions R1 and R2 are 
+ + 

molecular analogues of functional groups that participate directly in the MDH reaction. 

The motivation behind the simulations reported in this article is twofold. First, we intend to optimize 

and test the ability of our QM/MM FEP method to calculate the energetics and solvation effects for proton 

and hydride transfer rzactions in aqueous soiution. Reactions R1 and R2 are good test cases for evaluating 

the ability of our QM/MM FEP method to calculate reaction free energy changes because reliable free 

energies of transfer can be estimated from experimental pKa’s and redox  potential^.^^^ Second, the free 

energy properties of these reactions in solution provide a standard from which we can calibrate our 

QM/MM FEP method for subsequent simulations of proton and hydride transfers in the protein-and-water 

environment of malate dehydrogenase. Once we have optimized the performance and established the 

accuracy of our QM/MM FEP method with respect to free energies of proton and hydride transfers in 

water, the free energy calculations of proton and hydride transfers in the context of malate dehydrogenase 

can then be more meaningfully interpreted. 

The structure of this paper is as follows. First, we describe the QM/MM FEP method. Second, we 

report the energetic accuracy of the QM part of our QMMM Hamiltonian, and we summarize the 

calibration of QM/MM interaction energies against ab initio calculations and experimental data. Third, we 

report the simulation details and interpret the results of our free energy calculations of proton and hydride 

transfers in water. We conclude with a discussion of our results and their implications for future research. 



QM/MM Free Energy Procedure 

We have previously developed a combined QM (semiempirical AM1)6 and MM (CHARMM)7 

approach ( Q W )  for the study of condensed phase reactions, which extended and enhanced the 

concepts and implementations of earlier ,To use a QM/MM method, a simulation system is 

partitioned into QM and MM regions. The energies (EQMIMM) of and the forces ( F Q ~ , M ~ )  on QM 

atoms are given by the expectation values of the QM Hamiltonian and its derivative, respectively, and 

include electrostatic and van der Waals interactions with MM atoms. The determination of FQM~MM and 

FMM, the forces on MM atoms (which include effects due to QM atoms), enables energy minimization and 

classical molecular dynamics (MD) to be done in a standard manner.'o With this QMMM MD method, 

we can calculate ensemble-averaged thermodynamic quantities such as the free energy changes of proton 

and hydride transfer reactions. The power of this QMMM approach in studying complex condensed phase 

reactions has been demonstrated by simulations of reaction pathways in ~ o l u t i o n ~ ~ - ~ ~  and by the simulation 

analysis of the enzyme reaction in triosephosphate isomerase, where a noire1 mechanism was suggested14 

and subsequently verified by experiment.I5 

To calculate the free energies of proton and hydride transfers in solution, we adopted a procedure 

similar in principle, but different in implementation, to that used by Gaol3 for the determination of the free 

energy profile of an S,2 reaction in aqueous solution. We use free energy perturbation (FEP) theory 

implemented with molecular dynamics to calculate the potential of mean force along a reaction coordinate, 

which is defined as the distances between a donor or acceptor (carbon, nitrogen, or oxygen) and the 

transferring proton or hydride anion. 

The free energy difference between two states, A and B, in thermodynamic equilibrium is 

AG(A -+ B )  = -XTln(exp{-[H(B) - H ( A ) ] / R T } ) A  , 
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where R and Tare the universal gas constant and absolute temperature, respectively, H(A) and H(B) are the 

Hamiltonians of states A and 3, and { ), denotes an ensemble average Calculated with respect to the 

probability density of state A. In practice, AG can be efficiently computed through the use of free energy 

perturbation (FEP) methods.16 

In the FEP formalism, a system is characterized by a Hamiltonian H(p,q;h), which depends 

parametrically on a multidimensional coupling parameter h arid is a function of phase space coordinates p 

and q. The free energy difference between two states A and B can be calculated by the following 

procedure. First, a discrete pathway consisting of N intermediate states hi (I 5 i 5 N such that 

A = B )  is constructed to connect states A and B. These intermediate states are referred h, I hi 5 h 

to as free energy perturbation windows, or simply as the “windows”. Second, free energy differences 

between neighboring states along the pathway are calculated by Equation 1. The free energy differences 

between a state hi and its two neighbors h = hi k are 

Finally, the free energy changes of all intermediate perturbation windows along the pathway are summed to 

obtain the free energy difference between states A and B,  Le., 

In practice, the number of perturbation windows (N) is chosen so that the phase space of the three 

states represented by h,  , and h,  k Ah can be adequately sampled, A value of A h  is chosen such that 

the probability densities of the two neighboring states h ,  and h,  + Ah (or h ,  - A h  ) are similar and that 

sufficient sampling will be obtained with respect to the probability density of state h, .  For our proton 
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(hydride) transfer simulations, the perturbation coordinate h ,,r,,,on ( h hydride ) is two-dimensional and 

consists of (1) the distance between the donor atom and the proton (hydride) and (2) the distance between 

the acceptor atom and the proton (hydride). Because the free energy is a state function for a 

thermodynamic system in equilibrium, the free energy change between states A and B is path-independent. 

Because we are only interested in calculating the free energy changes between states A and B, haroton (or 

hhJdride) can be arbitrarily chosen to connect the proton and hydride reactant and product states. In 

practice, we selected computationally .efficient pathways which connect rezctants A and products B. 

QM/MM Calibration 

Three factors determine the accuracy of our QM/MM FEP method: first, the ability of the QM part of 

the QhUMM Hamiltonian to accurately model the intrinsic energetic and structural properties of reactant 

and product states; second, the adequacy of the Qh4/MM Hamiltonian in reproducing the energetic effects 

of the solvent environment; and third, the ability of molecular dynamics to sample phase space sufficiently 

to obtain meaningful time-averaged thermodynamic quantities such as free energy changes. In this section, 

we address issues related to the energetic accuracy of the QM/MM Hamiltonian. Problems of phase space 

sampling will be discussed later. 

The theoretical and experimental absolute heats of formation (AH;) of the various molecular species 

that constitute our proton and hydride transfer reactions are displayed in Table 1 .  The Ml-derived AH; 

differ by as much as 20 kcal/mol from their experimental counterparts for the proton transfer reaction. 

However, for proton transfer free energy change calculations, only the relative enthalpy of reaction, Le., 

AAH; (proton) = AH; ( IMIDH) + MY ( M E O )  - AH; (ZMID) - AH; ( M E O H ) ,  is relevant. In this 

instance, the calculated AM," (proton) = 164.1 kcal/mol overestimates the experimental 

AAH:(prororz) = 157 kcal/mol by only 7 kcal/mol, which is within 4 96 of the total proton transfer 

enthalpy. For the hydride transfer reaction, the experimental AH," value of NIC and NICH are not 

available. Hence, the inherent accuracy of AM 1 in  this case can not be determined directly. An evaluation 
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of the adequacy of AM1 in the context of the energetics of the hydride transfer reaction in aqueous solution 

must await the final results of our solution free energy calculations, where we will provide an a posteriori 

justification of the adequacy of AM1 in modeling hydride transfer energetics. The calculated A M , "  for 

reaction (R2) is -158 kcal/mol. 

The above gas phase calculations provide an estimate of the inherent accuracy of the AM1 method in 

modeling the energetics of these proton and hydride reactions. However, we are interested primarily in 

evaluating the ability of our QM/MM FEP method to model the energetics mG solvation effects in 

condensed phase reactions. To model solvation effects realistically, it is necessary that the QM/MM 

Hamiltonian represents as accurately as possible the interaction energies between solute atoms (which are 

described by QM) and solvent atoms (which are described by MM). In our QM/MM method, QM and 

MM atoms interact through (1) the one-electron Hamiltonian via QM electron and MM "core" partial 

charges, (2) QM core positive charges and MM "core" partial charges, and (3) QM and MM van der 

Waals (vdW) interactions. Term (3) models electronic repulsion and dispersion interactions, which do not 

exist between QM and MM atoms because MM atoms possess no explicit electrons. Within the framework 

of this formalism, QM/MM interactions can be calibrated by adjusting the vdW parameters of QM atoms 

such that the interaction energies between QM and MM atoms emulate those determined from ab initio 

QM calculations and experimental data. 

Our QM/MM interaction energy optimization procedure is similar in principle to one used to develop a 

molecular mechanics force fieId.I7 Specifically, we match the interaction energy between a water molecule 

(MM) and a functional group (QM) calculated by our QM/MM Hamiltonian to those determined at the 

Hartree-Fock 6-31G(d) level of theory. This fitting procedure is accomplished by adjusting the vdW 

parameters of the QM atoms until the QM/MM interaction energies agree with the ab irztio values. The 6- 

3 1 G(d) basis set has been shown to reproduce interaction energies for hydrogen bonding complexes with 

good accuracy,'x.''' and therefore provides a reasonable standard for our QM/MM calibrations. 
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To calculate the interaction energies between water (MM) and solute (QM), we used the following 

procedure. First, the geometry of each model compound monomer, including the water probe, was 

optimized using Gaussian HF 6-31G(d), AM1, and MM levels of theory. Using these optimized 

monomers, model compound/water complexes were constructed in the orientations shown in Figure 1. All 

degrees of freedom were fixed except the distance and/or angle parameters shown in these figures, which 

were optimized to obtain the minimum energy conformations of each complex with respect to the given set 

of constraints. Table 2 lists the ub initio interaction energies scaled by a factor of 1.16 for uncharged 

molecules, because it has been determined that 6-31G(d) interaction energies scaled by a factor of 1.16 

provides a more realistic standard than the native ab initio values for neutral molecules.2° The vdW 

parameters (Table 3) on the AM1 QM atoms of molecules IMIDH, NIC' , and MEO- were adjusted so 

that the QM/MM interaction eEergies emulate as closely as possible the ab initio interaction energies. 

These vdW parameters were then used on analogous atom types in IMID, NICH, and FORM. Satisfactory 

agreement between ab initio and QMMM interaction energies was found. The average deviation of these 

QM/MM interaction energies from the ab initio reference values was 0.42 k 0.44 kcal/mol. However, the 

interaction distance between AM1 QM and MM water probe was generally too short by 0.25 k 0.14 %, 

when compared to the ab initio values. The largest deviations were between 0.3 and 0.5 8, for MEO- , 

MEOH, and FORM. Although these are relatively large structural errors for these complexes, our primary 

interest is the simulation of the energetic properties of these molecules in bulk aqueous solution. With 

respect to this objective, the interaction energies are more important and we concentrated our effort on the 

fitting of the interaction energies to be as c!ose as possible to ab initio values at the expense of some error 

in the structures of the complexes. These results are similar to those obtained by Gao.21 



Proton Transfer and Hydride Transfer Free Energy Calculations 

Two reaction coordinates are used to describe both the proton and hydride transfer reactions. 

Schematic diagrams of the proton and hydride transfer solutes and their corresponding reaction coordinates 

are displayed in Figures 2 and 3, respectively. For FEP calculations, the two-dimensional coupling 

constants for proton and hydride transfer are hPrOtOn = {d(02 - H2) ,  d ( H 2  - NE2)} ,  and 

A,,,,, = {d( C2 - H21), d(H21- C4N)}, where d(X - Y )  z “distance between atoms X and Y ’7. 

We modeled the proton and hydride reactions in solution as follows. The solute molecules represented 

in Figures 2 and 3 are immersed in 18-81 radius balls of TIP3P water22 centered at atom CG (IMID and 

IMIDH ) for the proton system and atom NA (NIC and NICH) for the hydride system. We removed all 

TP3P molecules within 3.1 8, of nonhydrogen solute atoms. A deformable stochastic b ~ u n d a r y ~ ~ . ~ ~  with a 

reaction zone of 16 81 and a buffer region of 2 8, was imposed on both proton and hydride reaction systems, 

and molecular dynamics was used to sample phase space. The atom CG (Figure 2) in the proton system 

and atom N2 (Figure 3) of the hydride system were fixed in space. All other degrees of freedom were 

unconstrained except the reaction coordinates ?LPrOtOn and ?Lhydrj& , which were constrained using SHAKE25, 

to specific values along the FEP pathways (for numerical values of hi see Tables 4 and 5). The initial 

geometry of the carbonyl oxygen in the protonated nicotinamide was trans to atom C4N (as shown in 

Figure 3). 

+ + 

To calculate the free energies for the proton or the hydride transfer, two states A (reactant state) and B 

(product state) are defined with a set of reaction coordinates (?L,,~~,~~,,~ or Ahy&;&), and each system is 

transformed from state A to state B along a convenient pathway. For the proton transfer system, the 

reaction pathway consisted of a series of changes in the two reaction coordinates 4 0 2  - H 3 )  and 

d( H 2  - NE2)  (0.05 A increments) such that the system was transformed from a methanol-imidazole 
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complex to a methoxide-imidazolium complex. Three partitions are defined along the pathway as (1) the 

proton transfer region, (2) MEOH complex region, and (3) MEO- complex region. The proton transfer 

region is defmed by perturbation windows where the proton is transferred from MEOH to IMID by 

alternately changing the distances d(02 - H 2 )  and d ( H 2  - NE2) while keeping their sum, 

4 0 2  - H 2 )  + d ( H 2  - NE2), to 2.45 or 2.50 8, (see Table 4). In the MEOH complex region, 

d(H2  - NE2) is altered from 1.45 to 3.0 A while d(02 - H 2 )  is kept constant at 1.0 A. The MEO- 

complex region consists of perturbation windows where d(02 - H 2 )  changes from 1-45 to 2.45 8, and 

d(H2 - NE2) is kept constant at 1.0 A. The end points for the MEO- and MEOH complex regions were 

defined where the calculated free energy changes approached values close to zero (Table 4 and Figure 4). 

The reaction pathway for the hydride transfer reaction was determined by an analogous procedure. 

For each window in the above pathways, either 4 0 2  - H 2 )  [ d(C2 - H21) in the hydride case] or 

d ( H 2  - NE2) [ d(H21- C4N) in the hydride case] was perturbed, but not both. To perturb the 

reaction coordinate 4 0 2  - H 2 ) ,  the atom H2 is included in the definition of molecule IMID and reaction 

coordinate d ( H 2  - NE2) is held constant. The two molecules, ME0 and MID, are subsequently 

displaced as rigid bodies along the vector defined by the 02-H2 bond by 20.025 A, which produces a net 

change in the 02-H2 bond length of k0.05 A. A similar procedure is used to perturb the reaction 

coordinate d ( H 2  - NE2) .  In this case, H2 is included in the definition of molecule MEO-, and the 

perturbation is along the vector defined by the H2-NE2 bond (Figure 2). The hydride transfer reaction 

coordinates are transformed by an analogous protocol. 

To illustrate the computational details, we use the proton transfer system. A pre-equilibration of one 

starting window (h,,,,,, = {d(U2-H2) = d(H2-NE2) = 1.3 A}) was carried out for 80 ps using I-fs time 

steps at a constant temperature of 298 K. The solute molecules are treated with QM and solvent with MM 

for all equilibration and data collection simulations. The coordinates and velocities from the end of this 

pre-equilibration MD run were used as the initial conditions for subsequent MD simulations detined in 



Table 4. These perturbation windows are physically independent of one another, and simulations 

associated with these states can therefore be done in parallel. The equilibration and data collection tasks of 

each window were assigned to separate processors of a 128-node LBM SP parallel computer. To ensure 

that each of these independent systems and simulations was adequately equilibrated, an additional 20 ps of 

MD at 298 K was run for each window. After this equilibration phase, 10 ps of free energy data collection 

was carried out. The data displayed in Table 4 shows that the free energy change of each window after 5 

ps of data collection is very close to that after 10 ps. This suggests that adequate equilibration had been 

attained for all perturbation windows and that the calculated free energies had converged. 

For each proton perturbation window, we calculated the free energy changes for the “forward” and 

“backward” directions (hi to hi k AI,.), which is known as “double-wide sampling” (Equation 2). The total 

free energy changes AGproton (forward) and AGproton (backward) are determined using Equations 3 and 

4, respectively. An estimation of the hysteresis associated with each window is 

and the total hysteresis is 

The total hysteresis for the proton transfer simulations is about 1 kcaVmo1, which suggests that adequate 

phase space sampling had been achieved along the entire pathway. A plot of the free energy changes for 

the forward and backward directions, which are listed in Table 4, is shown in Figure 4. 
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The calculations of the free energy changes associated with the hydride transfer reaction were carried 

out using a procedure analogous to that used for the proton transfer reaction. As in the proton case, a 

comparison between 5 ps and 10 ps of data collection suggests that the free energy values have converged. 

However, the hysteresis in the calculated total free energies is 2.8 kcal/mol, which is higher than the value 

obtained for the proton transfer calculations and suggests insufficient sampling may have occurred in some 

regions along the pathway. A closer look at Table 5 shows that all of the hysteresis is accumulated in the 

portion of the pathway where the hydride is actually transferred between the donor and acceptor atoms (Le., 

windows where d(C2-H21)+d(H21-C4N)= 2.65 or 2.70 A). A visual inspection of 

representative molecular geometries from the MD trajectories associated with these windows indicated that 

rotation of the amide and carbonyl groups about the C9-Cl2 bond (see Figure 1) of the nicotinamide 

occurred during the course of these simulations and that the dihedral angle C4WC9-Cl2-013 differs from 

one window to another. This leads to the observed hysteresis, which may be reduced by adopting a smaller 

perturbation increment, , and/or performing more phase space sampling in this region of our pathway. 

The free energy results for the hydride transfer simulations are shown in Table 5 and Figure 5. 

Discussion 

In the condensed phase, solvation effects can dramatically alter the energetics of chemical reactions, 

and our free energy simulations illustrate this point. The energy required to transfer a proton from 

methanol to imidazole in vacuum, depicted in reaction R1, is about 157 kcaVmol (Table l), whereas, the 

experimental free energy for this proton transfer in water at 298 K is only 12.9 kcal/mol. This solution 

value is calculated from the experimental pK,’s of methanol ( 15.5)4 and imidazole (6.04)26 where 

AGsrrlveN (Rl) = 2.3 RT{-pK,  (IMID) - p K ,  (MEOH)}. There is a significant energetic stabilization 

effect due to the solvation of methoxide (charge -1 ) and imidazolium (charge + l  ) relative to the 

uncharged methanol and imidazole species, which is due to the electrostatic screenins and hydrogen- 

bonding properties of water. Our simulated proton free energy change (Table 4 and Figure 4) of 15.1 

kcal/mol (-14.2 for the backward transformation) compares favorably to the experimental value of 12.9 
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kcal/mol and appears to account for most of the effects of solvation. The good agreement between theory 

and experiment in this case is due to (1) the ability of AM1 to reproduce sufficiently well the A M , "  of 

reaction R1, (2) the calibration of QM/MM interaction energies which lead to a reasonable representation 

of solvation energetics, and (3) the adequate sampling of phase space along the pathway chosen for the 

perturbations as obtained through the MD simulations. 

+ 
An experimental value for a hydride transfer from MEO- to NIC is not available. However, using 

the standard redox potentials5 of a similar set of molecules (ethanol, acetaldehyde, NAD, and NADH) as 

the ones used in our simulations, the free energy change, AG.Tolvent (R3), of the reaction 

MEOH + NIC' -+ FORM + NICH (R3) 

is estimated to be 5.5 kcaVmo1. Using the principle of thermodynamic cycles, the free energy change, 

AGS,,,,,(R2), for the hydride transfer reaction R2 is determined from 

AGsolv,, (R2) = AG.solvmt (R3) - AGs,l,,nt (Rl) = 5.5 kcaVmol - 12.9 kcaVmol = -7.4 kcaVmo1. We 

obtained a simulated AG,olvenr (R2) value of -6.3 kcaVmol for the forward direction and 9.1 kcallmol in 

the reverse direction (Table 5 and Figure 5). Our calculated values compare reasonably well with the 

estimated experimental free energy change for this hydride transfer reaction in solution. Solvation effects 

can be obtained by comparing gas phase and solution energy changes for reaction R2. Experimental heats 

of formation for protonated nicotinamide and 1,4dihydronicotinamide are not available, therefore, we use 

the AM1 values for comparison to the solution calculations. From the experimentally derived value of 

AGs,,lvea (R2) = -7.4 kcal/mol and the AM 1 calculated A M , "  (R2) = -158 kcal/mol, the water solvent is 

estimated to stabilize the charged reactants with respect to the uncharged products by about 150 kcal/mol. 

Our calculated and experimentally derived values for AG,c,lucm (R2j are withiii 2 kcal/mol of each other, 

which suggests that we are including the stabilization effects of the solvent environment reasonably well. 

These results, together with those of the proton transfer simulations, indicate that our AM1 Q M M M  
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method provides a good model for the energetics of these particular functional groups in the context of a 

water solvent condensed phase. 

Conclusions 

We have described the theoretical principles and computational implementations of a hybrid quantum 

and molecular mechanical free energy perturbation method, which can be used to simulate the properties of 

condensed phase reactions. This method uses molecular dynamics to generate statistical ensembles, which 

lead to time-averaged quantities such as the free energy. We have demonstrated that when the Q , W M  

Hamiltonian is calibrated to reproduce the solvation effects of a water molecule (which is described by 

molecular mechanics) interacting with a solute molecule (which is described by quantum mechanics), the 

QM/MM FEP method can calculate the free energy changes for proton and hydride transfers in solution to 

almost experimental accuracy. The quality of the performance of the QM/MM FEP method in these sets of 

simulations can be attributed to two factors. First, the AM1 Hamiltonian models the relative heats of 

formation for the gas phase reactions R1 and R2 with reasonable accuracy. Second, solvation effects 

dominate in both the proton and hydride transfer reactions, which we are able to emulate through our 

QM/MM solvent parameterization procedure. 

In addition to demonstrating the viability of our QM/MM FEP method in describing proton and hydride 

transfers in solution, this study paves the way for the simulation and analysis of the reaction mechanism in 

the enzyme malate dehydrogenase. For malate dehydrogenase, the functional groups involved in its proton 

and hydride transfer reactions are analogous to the solute molecules used in this study. We anticipate that 

the amino acid solvent environment of the enzyme will dominate the energetics associated with its proton 

and hydride transfers. The vdW parameters obtained in the present set of calibrations of solute (QM) and 

water (MM) interactions should provide a reasonable first approximation to the vdW parameters to be used 

in the enzyme (MM) and reaction zone (QM) simulations of proton and hydride transfers in malate 

dehydrogenase. 
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Table 1 

Molecular Group AMI Experimental AH; 
(Solute) 

(kcaumol) (kcaUmo1) 
ME0 -38.52 -33.152.9 

MEOH -57.06 4 8 . 1  
IMID 50.76. 35.oko.s 

IMIDH 196.31 177 .O 
FORM -3 I .52 -26.M.2 

NIC 150.14 - 
NICH -14.69 - 

I I 

Table 1. Semiempirical QM (AM1) and experimental absolute heats of formation (AH; )27 of 
solute molecules used in the proton and hydride transfer reactions. 
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Tahle 2 

I NIC(8) I -5.56 I 2.98 (013) I -7.31 I 2.76 (013) I -5.66 I 2.80(013) I 
(e=14 1 (0= 135) (e=i40) 

(+=108) ($=I 10) (@101) 
NIC (9) -3.64 3.05 (013) -4.28 2.80 (013) -3.41 2.88 (013) 

M E 0  (1) -1  8.75 2.67 (02) -20.17 2.38 (02) -20.33 2.62 (02) 

MEOH(4) -6.72 3.01 (02) -4.58 2.70 (02) - - 
(cp=125) (cp= I 28) 

FORM (1) -5.45 3.09 (02) -6.30 2.50 (02) 
(0=I IS) (e= 125) 

- - 

FORM (2) -4.15 3. I5 (02) -5.75 2.62 (02)  __ - 

20 



Table 2. Solute-solvent interaction energies (kcaumole), equilibrium distances (A) between solute 
atom “X” and water oxygen atom “OW’ (Figure l), and equilibrium angles (Figure 1) calculated 
by three different f theoretical methods: ab initio Gaussian HF 6-31G(d), QM/MM, and MM. 
Solute name (e.g. MID) and water-solute orientation number in column 1 corresponds to the 
molecular complexes displayed in Figure 1. The experimental interaction energy between water 
and methoxide has been measured to be -23.9 kcal/mol.28 The HF 6-31G(d) interaction energies 
have been scaled by a constant factor of 1.16 for uncharged 
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Table 3 

Molecule AMl/MM MM (CHARMM22) 
(Atom) E (kcal) r* (A) E (kcal) r* (A) 

1.8000 

1.8500 

1.8500 

IMID, IMIDH -0.0500 1 .8000 -0.0500 
(CE, CD, CG) 
IMID, IMIDH -0.1000 1.7000 -0.2000 
(NEZ) 
IMID, IMIDH -0.1000 1.7000 -0.2000 
(ND) 
NIC, NICH -0.0 100 2.1000 -0.1800 1.8000 
(C3, C5) 
NIC, NICH -0.wo1 1.5000 -0.1800 
(C4N) 
NIC, NICH -0.3500 2.1000 -0.1800 1 .8000 
(C10) 
NIC, NICH -0.1500 1.7000 -0.0700 2.0000 
(C12) 
NIC, NICH -0.0330 1.8500 -0.0330 1 .85OO 
(NZ) 

(N14) 
NIC, NICH -0.1500 1.7000 -0.1200 1.7000 
(013) 
MEO, MEOH -0.0800 2.0600 -0.0800 2.0600 
FORM (C2) 
MEO, MEOH -0.001 1 2.0000 -0.1200 1.7000 
FORM (02) 

1.8000 

NIC, NICH -0.0200 1 .go00 -0.0200 1 .goo0 

Table 3. The van der Waals parameters of solute for QM/MM and MM (CHARMM) atoms 
(molecule and atom names correspond to those in Figure 1). 
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Table 4: 
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1.40 I 1.40 I 1.10 I 1.05 
1.40 1 1.45 1 1.05 I 1.05 

- 
-2.01(0.31) 
1.62(0.30) 

2.22(0.34) 
1.77(0.32) 
1.61(0.34) 
1.59(0.36) 
1.37(0.36) 
1.17(0.36) 
0.91(0.34) 
0.68(0.33) 

, l.OS(0.32) 
0.37(0.38) 
0.30(0.37) 
0.09(0.41) 
0.18 (037) 
O.M(O.33) 
O.OS(0.38) 

0.08(0.38) 
0.04(0.40) 
0.28(0.35) 
O.ll(0.39) 
0.16(0.35) 

-3.11(0.31) 

-0.03(0.34) 

-14.16 

-2.03(0.33) 1 -2.02(0.33) 1.83(0.32) 
-1.61(0.32) I -1.56(0.32) 1.65(0.34) 

- 1.36(0.32) I -1.36(0.35) 1.40(0.37) 
-1.16(0.36) I -1.14(0.36) l.lS(0.32) 

2.20 I 2.25 I 1.00 I 1.00 1 -0.05(0.37) I -0.05(0.37) I O.OO(0.35) 
2.25 I 2.30 I 1.00 I 1.00 I 0.03(0.35) I O.OS(0.34) 1 O.lO(0.37) 
2.30 2.35 1 .oo 1 .OO -0.10(0.35) -0.09(0.37) 0.06(0.40) 
2.35 2.40 1.00 1 .OO -0.09(0.40) -0.06(0.39) 0.26(0.37) 
2.40 2.45 1 .oo 1 .OO -0.24(0.36) -0.24(0.35) 0.14(0.39) 
2.45 2.50 1 .oo 1.00 -0.15(0.38) -0.12(0.38) 0.16(0.36) 

15.23 15.11 -13.49 

Table 4. Symbol “oh“ (columns I and 2) denotes the proton reaction coordinate d(02 - H2); 
symbol “hn” denotes the proton reaction coordinate d(H2 - NE2) (Figure 2). “Begin” (columns 1 
and 3) means initial value of the reaction coordinates before perturbation, and ‘‘end” (columns 2 
and 4) means the final value of reaction coordinates after the perturbation (i.e., reaction 
coordinates are perturbed from &(begin) and hn(begin) to oh(end) and hn(end)). Units of all 
reaction coordinates are in A. AG(5) and AG(1O) are forward free energy changes for a 
perturbation window after averaging 5000 and 10000 steps of data collection, respectively. 
AGrcv(5) and AGre,,(lO) are the free energy changes after averaging 5000 and 10000 data 
collection steps for the reverse perturbation in the window concerned. AG ( AG,,) values for each 
window are shown with fluctuations in parentheses. Units of all free energies are in kcal/mole. 
For each perturbation, the system is first equilibrated for 20 ps (1 fs MD time steps) with reaction 
coordinates fixed (using SHAKE) at values oh(begin) and hn(begin). The free energies in the 
forward direction are calculated by perturbing reaction coordinates from oh(begin) and hn(begin) 
to olz(endj and hn(end). For each backward perturbation, AG,, is calculated by perturbing 
reaction coordinates from oh(end) and hn(end) to oh(beginj and hn(begin). The last row displays 
the net free energy change summed over all perturbation windows. 



Table 5 

1.10 1.10 1.80 1.75 1.56(0.40) lSl(0.40) -1.45(0.39) -1.46(0.39) 
1.10 1.10 1.75 1.70 1.66(0.39) 1.66(0.38) -1.4q0.39) -1.50(0.39) 
1.10 1.10 1.70 1.65 1.71(0.38) 1.73(0.38) -1.73(0.39) -1.77(0.40) 
1.10 1.10 1.65 1.60 1.98(0.40) 2.01(0.40) -2.06(0.42) -2.05(0.29) 
1.10 1.10 1.60 I .55 2.24(0.43) 2.23(0.41) -2.28(0.39) -2.27(0.39) 
1.10 1.15 1.55 1.55 - 1.59(0.37) -1.61(0.37) 1.72(0.38) 1.73(0.38) 
1.15 1.15 1.55 1 S O  2.01(0.5 1) 2.03(0.48) -1.93(0.49) -1.94(0.48) 
1.15 1.20 1.50 1.50 -0.65(0.46) -0.56(0.45) 0.44(0.44) 0.46(0.43) 
1.20 1.20 1 S O  1.45 1.89(0.52) 1.73(0.54) -1.72(0.5 1) -1.67(0.55) 

1.40 I 1.45 I 1.25 I 1.25 I -2.05(0.46) 1 -2.10(0.44) I 2.38(0.35) I 2.41(0.34) 
1.45 I 1.45 I 1.25 I 1.20 I -0.93(0.33) I -0.93(0.35) I 0.99(0.34) I 0.97(0.33) 

I 1.45 I 1.50 I 1.20 I 1.20 1 -7.19(0.36) I -2.1Y(0.37) I 2.24(0.33) 1 2.22(0.33) I 

2s 



Table 5: “ch” (columns 1 and 2) denotes hydride reaction coordinate d(C2 - H21), and symbol 
“hc” denotes hydride reaction coordinate d(H21- C4N) (see Figure 3). “Begin” (columns 1 and 3) 
means the initial value of reaction coordinates before the perturbation, and “end” (columns 2 and 
4) refers to the final value of reaction coordinates after the perturbation (i.e., reaction coordinates 
are perturbed from ch(begin) and Izc(begin) to ch(end) and hc(end)). The units and simulation 
procedure are the same as described in Table 4. The free energies in the forward direction are 
calculated by perturbing reaction coordinates from ch(begin) and hc(begin) to ch(end) and 
hc(end). For each perturbation in the reverse direction, AGrev is calculated by perturbing reaction 
coordinates from ch(end) and hc(eiid) to ch(begin) and hc(begii1). 
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Chemical Formula 1 (for page 3 of this manuscript). L.L. Ho, A.D. MacKerell, Jr., and P.A. Bash; 
“Proton and Hydride Transfers in Solution: Hybrid QWMM Free Energy Perturbation Study”. 

imidazole (IMID) imidmlium (IMID+ ) 

N- .7 
CH,OH + 

methanol (MEOH) 

- CH,O- + 
methoxide ( M E 6  ) 

27 



28 

Chemicai Formula 2 (for page 3 of this manuscript). L.L. Ho, A.D. MacKerell, Jr., and P.A. Bash; 
“Proton and Hydride Transfers in Solution: Hybrid QM/MM Free Energy Perturbation Study”. 

nicotinamide (NIC’ ) neutral nicotinamide (NICH) 

H ‘ CONH, 

CH,O- + GI’ ______+ CH20 + 
N formaldehyde (FORM) I i methoxide ( M E 6  ) 
H H 



P 

Figure 1. Solute-solvent complexes for QM/MM interaction energy calibrations 

Figure 2. Schematic diagram of the proton transfer (Rl) solute. The proton is the atom labeled 

“H2”, and the two proton reaction coordinates are the vectors labeled d(O2-H2) and d(IIZNE2). 

Figure 3. Schematic diagram of the hydride transfer (R2) solute. The hydride is the atom labeled 

“H21”, and the two.hydride reaction coordinates are the vectors labeled d(CZH21) and d(H21- 

c4N). 

Figure 4. Free energy “profile” for the proton transfer reaction listed in Table 4. The points along 

the ordinate correspond to the reaction coordinates. The abscissa gives the cumulative free 

energies along this reaction coordinate for the forward (-) and reverse directions (- - -). The 

difference in the free energies between the points A and B is the calculated free energy change for 

the proton transfer reaction. 

Figure 5. Free energy “profile” for the hydride transfer reaction listed in Table 5. The points 

along the ordinate correspond to the 1-eaction coordinates. The abscissa gives the accumulative free 

energies along this reaction coordinate for the forward (-) and reverse directions (- - -). The 

difference in the free energies between the points A and 3 is the calculated free energy change for 

the hydride transfer reaction. 
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Figure 1 (Figure la to Figure 1s) L.L. Ho, A.D. MacKerell, Jr., and P.A. Bash; “Proton and Hydride 
Transfers in Solution: Hybrid Q M M M  Free Energy Perturbation Study”. 
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Figure 1 (Figure la  to Figure lg)  L.L. Ho, A.D. MacKerell, Jr., and P.A. Bash; "Proton and tiydride 
Transfers in Solution: Hybrid QM/MM Free Energy Perturbation Study". 
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Figure 1 (Figure la to Figure lg) L.L. Ho, A.D. MacKerell, Jr., and P.A. Bash; “Proton and Hydride 
Transfers in Solution: Hybrid QMMM Free Energy Perturbation Study”. 
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Figure 1 (Fiyre la to Figure ig) L.L. Ho, A.D. MacKerell, Jr., and P.A. Bash; “Proton and Hydride 
Transfers in Solution: Hybrid QM/MM Free Energy Perturbation Study”. 
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Figure 1 (Figure la to Figure lg) L.L. Ho, A.D. MacKerell, Jr., and P.A. Bash; "Proton and Hydride 
Transfers in Solution: Hybrid QM/MM Free Energy Perturbation Study". 
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Figure 1 (Figure l a  to Figure lg) L.L. Ho, A.D. MacKerell, Jr., and P.A. Bash; "Proton and Hydride 
Transfers in Solution: Hybrid QM/MM Free Energy Perturbation Study". 
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Figure 1 (Figure la to Figure lg) L.L. Ho, A.D. MacKerell, Jr., and P.A. Bash; “Proton and Hydride 
Transfers in Solution: Hybrid QM/MM Free Energy Perturbation Study”. 
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L 

Figure 2 L.L. Ho, A.D. MacKerell, Jr., and P.A. Bash; “Proton and Hydride Transfers in Solution: 
Hybrid QM/MM Free Energy Perturbation Study”. 
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t 

t Figure 3 L.L. Ho, A.D. MacKerell, Jr., and P.A. Bash; “Proton and Hydride Transfers in Solution: 
Hybrid QM/MM Free Energy Perturbation Study”. 
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t 

t Figure 4 L.L. Ho, A.D. MacKerell, Jr., and P.A. Bash; “Proton and Hydride Transfers in Solution: 
Hybrid QMA4M Free Energy Perturbation Study”. 
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Figure 5 L.L. Ho, A.D. MacKerell, Jr., and P.A. Bash; “Proton and Hydride Transfers in Solution: 
Hybrid QM/MM Free Energy Perturbation Study”. 
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