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Abstract
Despite the enormous increase in computer power, it is still extremely challenging to obtain 
computationally converging sampling of ab initio QM/MM (QM(ai)/MM) free energy surfaces in 
condensed phases. The sampling problem can be significantly reduced by the use of the reference 
potential paradynamics (PD) approach, but even this approach still requires major computer time 
in studies of enzymatic reactions. To further reduce the sampling problem we developed here a 
new PD version where we use an empirical valence bond reference potential that has a minimum 
rather than a maximum at the transition state region of the target potential (this is accomplished 
conveniently by shifting the EVB of the product state). Hence, we can map the TS region in a 
more efficient way. Here, we introduce and validate the inverted EVB PD approach. The validation 
involves the study of the SN2 step of the reaction catalyzed by haloakene dehalogenase (DhlA) and 
the GTP hydrolysis in the RasGAP system. In addition, we have also studied the corresponding 
reaction in water for each of the systems described here and the reaction involving 
trimethylsulfonium and dimethylamine in solution. The results are encouraging and the new 
strategy appears to provide a powerful way of evaluating QM(ai)/MM activation free energies.
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I. Introduction
Simulation of chemical processes in the condensed phases using the QM/MM1 technique 
has become a mainstream approach in computer simulation studies.2 Recent methodological 
advances in electronic structure calculations, increased computer power, as well as parallel 
computing have opened new opportunities for predictive ab initio QM/MM simulations and 
for understanding chemical processes in polar environment on a molecular level.3–6 One of 
the recent advances is a powerful computational scheme for the QM(ai)/MM free energy 
calculations using a reference potential (RP) approach,7–9 which was implemented in the 
Paradynamics (PD) model.10–13 The PD model is based on a number of earlier studies, 
including those which have established ways of efficient sampling of the RP using the 
empirical valence bond14 (EVB) method, as well as the ideas of refining the EVB RP9 to 
minimize the energy difference between the EVB RP and the target QM(ai)/MM potential 
(TP), and the idea of using the linear response approximation15,16 (LRA) or the free energy 
perturbation (FEP) approach, while moving from the RP to the TP at the TS and at the 
reactant states (RS) (Figure 1a). The refinement of the EVB RP is important for fast 
convergence of the LRA and FEP approaches. That is, evaluation of the activation free 
energy barrier by the PD approach using the EVB RP was estimated10 to require ∼200 times 
fewer calls to the TP compared to metadynamics (MTD) studies involving a direct sampling 
of the TP.17 The PD approach provides a rigorous way of dealing with the high 
computational cost of the sampling on the QM(ai)/MM potential, necessary to get the 
accurate free energy barrier.

Unfortunately, despite the effectiveness of the PD, its computational cost in evaluating free 
energy surfaces in proteins does not allow us to determine reliable surfaces for enzymatic 
reactions with both high enough ab initio level and sufficient sampling. Thus, for example 
we found it necessary recently18 to perform QM(ai)/MM free energy calculations only in 
solution and then calibrated an EVB surface on the calculated solution surface and used we 
introduced here a new twist of the PD idea. That is, instead of addressing the great challenge 
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of obtaining an EVB surface that has maximal similarity to the QM(ai)/MM at the transition 
state region, we generate two EVB states where the second state has a minimum at the TS 
region of the target potential (see Figure 1b and the discussion below). Placing the minimum 
of the second EVB state at the location of the QM(ai)/MM TS allows for an efficient 
sampling in the TS region using the EVB as a reference potential. In this case, we do not put 
a major effort into finding the best reference potential and therefore use a free energy 
perturbation (FEP) from the reference to the target potential.

We would like to clarify at this point that having a minimum at the TS position has similarity 
to the approach of Houk and co-workers,19 who used MM force fields with a minimum at 
the TS position. However, the similarity ends at this point, since in our approach the TS of 
the QM/MM surface has a true TS (maximum along the reaction coordinate) and the 
minimum on the EVB reference potential only serves to improve the convergence in 
evaluating the QM/MM TS free energy by an FEP mapping from the reference potential to 
the target potential (which has not been done in the approach of ref 19). On the other hand, 
an approach that has a closer relationship to our strategy has been used in a recent work by 
Heimdal and Ryde,20 who explored our reference potential idea with different classical MM 
potentials, that also included the quantum-to-molecular mechanics (Q2MM) method, and the 
MM potential of the type proposed by ref.19 However, this study mainly used a fixed solute 
(which avoids the main challenge in the field). Reference 20 also tried an approach called 
“QCTP – free” that allows the solute to move, but the FEP was still performed only on the 
reference surface (eq 4 of ref 20). Thus, they did not obtain a true FEP from the MM to the 
QM/MM and encounters convergence problems. Furthermore, no attempt was made to 
verify the results by obtaining the PMF on the QM/MM surface by direct umbrella 
sampling.

Here, we examine the effectiveness of the new PD version in addressing the challenge of 
evaluating QM(ai)/MM activation free energies of reactions catalyzed by haloakene 
dehalogenase (DhlA) and RasGAP system. We have also studied the corresponding reaction 
in water for these systems and the reaction of trimethylsulfonium and dimethylamine in 
solution.

II. Methods
The central idea of the PD (RP) approach is that the extensive configurational sampling 
required to calculate the QM(ai)/MM free energy barrier is done on a computationally 
inexpensive reference potential,7–9,16 rather than directly on the expensive target 
QM(ai)/MM potential. Our standard PD approach, described in Figure 1, involves a 
construction of the free energy surface (FES) for the RP using the EVB14 method and the 
FEP/US technique.21,22 This is followed by evaluating the free energy difference between 
the RP and TP, at the RS and TS region, using the LRA or FEP approach. In the ideal case 
when the TS position is very similar for the RP and TP surfaces we can write10
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(1)

where  is the reaction coordinate (RC) at the TS region of the TP target potential, ETP is 
the target potential, and ERP is the reference potential. We have the same approximation for 
the RS position

(2)

In this expression, ξETP is the RC for the RS at the target potential. It is also worth 
mentioning that the potentials used here were contained within the RS and TS regions at the 
TP by

(3)

(4)

where the Econs is a harmonic potential given by

(5)

Note that ξ is the reaction coordinate and can assume different values for the RS and TS 
regions.

The derivation of eqs 1 and 2 has been based on the linear response approximation 
(LRA),12,13 which becomes less reliable when the target potential and the reference potential 
are different. In such cases, we can use a treatment, which is a variant of the EVB FEP/US 
mapping formulation.21,22 That is, we are interested here in
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(6)

where the free energy function is given by

(7)

and

(8)

where

(9)

This potential moves from ERP (m = 0) to the target potential ETP (m = N + 1), where N is 
the number of frames. The ΔΔGm in eqs 7 and 8 is the result of moving from ERP + Econs to 
ETP + Econs by the FEP procedure, where the second term removes the effect of the 
constraining potential and selects the particular values of RC. It is important to point out that 
in the cases where the contribution of Econs term is very small one can write

(10)

With eqs 6, 7, and 8 we can use the thermodynamic cycle depicted in Figure 1 to determine 

the QM(ai)/MM free energy barrier . In this cycle, the free energy for moving 
from EVB1 to EVB2 (ΔgEVB1→EVB1) is obtained by an EVB surface that was constructed 
using two diabatic surfaces; the first one (EVB1) corresponds to the RS region of the target 
QM/MM surface and the second (EVB2) has a minimum that resembles the TS region of the 
target QM/MM surface. The cycle can be evaluated by either the LRA or FEP approaches, 

using the cycle depicted in the Figure 1 we can determine  using

(11)
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where ΔgEVB1→QM(RS) is the free energy for moving from EVB1 to the RS and 
ΔgEVB2→QM(TS) is the free energy for moving from EVB2 to the TS.

It is important to point out that in the regular EVB/MM the free energy surface at the TS 
region may not be similar to the corresponding region on the QM(ai)/MM surface. This 
problem can be reduced by the PD procedure (that involves iterative refinement of the EVB 
parameters) but this requires a significant effort.13 On the other hand, if we are not interested 
in refining the EVB surface but just in using it as a stable reference potential, we may 
construct a second EVB state with a minimum whose structure resembles the geometry of 
the TS in QM/MM surface (Figure 1B). In addition, the EVB offers a very convenient and 
effective way of having the minimum of EVB2 shifted to the position of the TS of the TP 
(see section III.1).

In this work, we explored the performance of our approach in evaluation of the activation 
free energy of the SN2 step of the reaction catalyzed by DhlA, the reaction of 
trimethylsulfonium and dimethylamine in solution, and GTP hydrolysis in water and in 
RasGAP. The initial structures for the calculations were taken from the Protein Data Bank 
(PDB) with the 1WQ123 PDB code for the RasGAP system, the PDB with the 2DHC code 
for the DhlA24 system, and the 3F9X PDB code for trimethylsulfonium and dimethylamine 
in solution.25

The EVB and the QM/MM calculations were carried out by the MOLARIS simulation 
program,11,26 using the ENZYMIX force field. The EVB free energy profiles were 
calculated at configurations selected by the same free energy perturbation umbrella sampling 
(FEP/US) approach used in our previous studies (e.g., ref 27, 28). The simulation systems 
were solvated by the surface constrained all atom solvent (SCAAS) model26 using a water 
sphere of 18 Å radius centered on the substrates and surrounded by a 2 Å grid of Langevin 
dipoles and finally by a bulk solvent. Long-range electrostatic effects were treated by the 
local reaction field (LRF) method.26

The next step of the PD involved FEP mapping from the EVB surface to the QM/MM 
surface. This was done by running 100 ps of QM/MM relaxation for each and then 11 
frames (where the simulation of each frame started with 10 ps relaxation and then 20 ps of 
production) for moving from the EVB potential to QM/MM potential. In other words, a total 
of 660 ps mapping simulations were performed when moving from the EVB potential to the 
QM potential at the TS and at the RS regions.

It is also worth mentioning that all the protein systems were equilibrated running 100 ps of 
EVB/MM MD simulation, followed by a FEP mapping procedure that involved the use of 11 
frames with 20 ps each for moving from EVB1 to EVB2. The EVB parameters are described 
in the Supporting Information (Tables S1, S2, and S3). In order to evaluate the convergence 
of our results, we also ran longer MD simulation for DhlA system, which involved 11 
frames with 100 ps each. It is important to clarify that this was done both for moving from 
EVB1 to EVB2 and for moving from EVB to PM6 potential at RS and TS region (see Table 
S6).
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It is also important to point out that for the DhlA system the ionizable protein residues were 
represented by their neutral states. In general, we add the effect of the ionized residues by 
using Coulomb's law with large effective dielectric, but here we neglect the effect of the 
ionized residues following our finding that adding the effect of the ionized residues 
(ASP260, ARG229, LYS176, ASP178, GLU293, ASP266, LYS221, LYS224, LYS261) 
decreases the EVB barrier by only 1.6 kcal/mol. In the case of RasGAP we selected ionized 
residues within the first solvation shells of the substrate (see Table S4 in SI). In addition, the 
tautomers of histidine residues (in its neutral form) were determined automatically by our 
standard procedure (included in MOLARIS), which automatically selects the configuration 
with lower electrostatic energy. The histidine residues where taken to be neutral with the 
proton on ND1 leaving to further work the evaluation of the pKa in the protein.

All the simulations were performed at 300 K using a 1 fs time step for the RasGAP system 
and a 0.5 fs step for DhlA and trimethylsulfonium and dimethylamine in solution. A 
harmonic constraint of 100 kcal mol−1 Å−2 was applied to select the particular values of RC 
on the TP. The effect of the constraint could be removed using eq 9, but in the cases 
analyzed here, the effect of constraining the RC was quite small. Finally, for QM/MM 
calculations with the B3LYP functional29,30 and the 6-31g* basis set, we used the Qchem 
4.031 package, while for the QM/MM calculations with the PM6 and PM3 potentials, we 
used MOPAC2009.32 In order to obtain reliable results, the FEP frame simulations were 
repeated for the PM6 cases with different initial conditions (obtained from arbitrary points 
on the relaxation trajectory).

III. Results and Discussion
III.1. Using the Inverted (Shifted) EVB as a Reference Potential

This work tried to both validate and use the new PD version. The corresponding study 
started by considering the DhlA system that catalyzes the SN2 reaction step described by the 
EVB states of Figure 2. The simulation of the corresponding catalytic effect has already 
been the subject of several PD studies.12,13 The general features of the PD are discussed 
elsewhere33 where in general the performance depends on the similarity between the RP and 
the TP. Here, however, we are proposing an EVB RP with a minimum close to the TS of the 
QM/MM TP. This new PD version reduces the sampling problem and minimizes the 
structural difference between the RP and TP at the QM/MM TS region. In other words, 
refining the bonds, angles, and torsion parameters allows us to describe the inverted EVB 
potential in terms of two key resonance structures: the first corresponds to the RS and the 
second corresponds to the TS of the QM/MM surface. In this way, we force the inverted 
EVB to have a minimum at a structure that will be as close as possible to the TS of the TP.34 

The actual construction of the inverted EVB is extremely simple, within the EVB 
formulation. That is, we pull the product resonance structure EVB2 (see Figure 1b) down by 
changing the EVB parameters (bond, angles, and torsions) and/or gas phase shift (the 
constant that is added to the energy of EVB2), and this allows us to move the TS of the 
inverted minima backward along the reaction coordinate and then we change the bonding 
parameters for the bonds that are changed during the given reaction step, until the minimum 
of EVB2 moves to the approximate position of the QM/MM TS. Since the original EVB has 
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very reliable features in the directions appendicular to the RC (e.g., angle bending) it is easy 
to retain the reliability in these directions and only generate a minimum along the reaction 
coordinate. We provide below a benchmark example of application of inverted EVB as RP.

In our first example, we used the EVB/MM as the reference potential and the semiempirical 
PM6/MM35 as a target potential, where we evaluated the activation barrier of the target 
potential using a reference potential composed of EVB1 and EVB2, whose minima 
correspond the geometries shown in Figure 2. The reaction coordinate we considered here 
was the standard solute RC defined by ξ = d(Cl−C) − d(C−O), where we selected ξ = −1.3 
for RS and ξ = 0.2 for the TS using information from ref 13 and Figure S1 in the SI. The 
free-energy change of moving from the EVB to the MO-based PM6/MM potential at the RS 
and TS was calculated using the FEP method (eq 6).

The validation of the proposed inverted EVB PD approach requires us to demonstrate that 
the barrier calculated for the TP using the PD cycle is close to the corresponding barrier 
obtained by PMF calculations. Here we must emphasize that the issue is not the ability to 
obtain the correct activation free energy with a high level of quantum theory, but rather the 
comparison of the results obtained using the new PD version with the PMF results. Thus, we 
have compared our results with full PM6/MM PMF scheme described in ref 13 for the 
reaction in DhlA and the reference reaction in water. As seen from Figure 3 the PM6/MM 
barriers estimated by the inverted EVB PD approach were found to be 26.0 and 14.0 
kcal/mol (Table 1) in water and in the protein, respectively. The result found here gave 
higher barriers than those obtained in ref 13, which have reported from the calculated PMF a 
PM6/MM activation barriers of 19.0 and 10 kcal/mol for the same reaction in water and 
protein, respectively. The origin of the difference will be explored in subsequent studies. In 
addition, the protocol employed here reproduced closely the experimental catalytic effect of 
11.7 kcal/mol36 and activation barrier for the reaction in the protein (15.3 kcal/mol) and in 
water (27 kcal/mol).36

In order to establish the reliability of our approach we moved the minimum of EVB2 
forward across the reaction coordinate and obtained a change of about 1 kcal/mol in the PD 
activation free energy (see Table S5). We also ran longer MD simulations to evaluate the 
convergence of our results. This was done for the DhlA system with PM6 as the target 
potential. The simulation involved 11 frames with 100 ps each. The results suggest that the 
PD prediction using longer MD deviate only 1.0 kcal/mol from the PD prediction using 
shorter MD simulation (see Table 1 and Table S6), which is a very encouraging result for 
those interested in using DFT as a target potential. Finally, we also changed the position of 
the RS and obtained about 2 kcal/mol deviation upon changing the minimum along the RC 
(Table S5). In addition, we built a histogram for the MD trajectories to see the distribution of 
the energy gap between the two potentials (see Figure S3). The distribution of the energy 
gap for the MD trajectories propagated on the EVB MD and the PM6 MD is centered at 
−100 kcal/mol and −80, respectively. Similarly, for the TS region, the distribution of the 
energy gap for the MD trajectories propagated on EVB MD and PM6 MD is centered at −84 
kcal/mol and −66, respectively. The overlap between the distributions of the EVB and PM6 
distributions indicates that we should have a good convergence.
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In trying to estimate the error range of the calculations one can follow ref 37 or simpler 
estimate like looking at a single step LRA (ETP(ξETP) − ERP(ξETP)ERP) and evaluating the 
standard deviation for results that are obtained from sections that are taken at 10 ps spacing. 
In this case, we obtained a standard deviation of 1.8 and 1.6 kcal/mol for the FEP at the TS 
region and the PMF, respectively. However, in our view a more useful estimate is obtained 
by evaluating the FEP (or PMF) barrier using trajectories that start from different initial 
points (obtained from collecting structures in a fixed time interval of a long trajectory) and 
then finding the statistical error between the different FEP (PMF) results. This approach has 
some similarity to the philosophy of the replica exchange method, and if we had the 
resources for running many trajectories we would have obtained a reliable estimate of the 
error range. In the present case, we found that the FEP and the PMF have errors of 2.1 
kcal/mol (from 7 trajectories) and 1.3 kcal/mol (from 5 trajectories), respectively. Note, 
however, that our main estimate of the error of the current method is the difference between 
the barrier obtained by the PMF on the QM/MM potential and the same activation barrier 
evaluated by the PD cycle (see Figure 3b). This error extends from 1.0 kcal/mol in the 
proton transfer (PT) in the RasGAP example (see section III.4) to about 6 kcal/mol in a SN2 
reaction in water. More work is needed to reduce the error, but it is not likely to be resolved 
just by running longer runs.

In order to validate the new PD version described above, we also explored the reaction 
involving a methyl group migration from trimethylsulfonium and dimethylamine in 
solution.38 Of course, this example was done by changing the system and the TP in order to 
evaluate the effectiveness of the inverted EVB/MM in the determination for the activation 
barrier using different system and target potential. Again, the reaction is described by two 
diabatic states that correspond to classical valence bond (VB) structures that represent the 
reactant and transition state of the TP (Figure 4). This test system was studied using the 
PM339 level of theory as target potential. The PM3/MM free energy barrier calculated for 
the reaction in water with full PMF (see Figure S2 in the SI for the PMF) gives 33 kcal/mol, 
while the result with the PD cycle is 27.0 kcal/mol for the reaction involving 
trimethylsulfonium and dimethyl-amine in solution (see Figure 5 and Table 2). In this case, 
the PD prediction is in agreement with the experimental estimate of 28.0 kcal/mol.30 

However, it underestimates by ∼6 kcal/mol the results obtained from PM3/MM PMF. It is 
important to point out that it is hard to identify the source of the deviation between the 
PM3/MM PMF and PD cycles; performing such analysis is a nontrivial task that is left for 
future studies.

The above SN2 study provides an ideal tool for exploring the related reaction catalyzed by 
catechol O-methyltransferase (COMT), expanding on our latest study40 where we 
reproduced the catalytic effect of COMT and its mutants and show that this effect is not a 
near-attack conformation (NAC) effect. A PD study will have particular value in allowing us 
to clarify the problems with the recent work of Klinman and co-workers,41 presuming that 
our EVB study has not established the origin of the catalytic effect of COMT (despite our 
published results) and arguing that this effect is due to a NAC type “active site compression” 
in COMT. Furthermore, ref 41 has implied that graphics processing unit (GPU) based 
QM/MM is the only way to explore the active site compression, although the GPU 
calculations reported in ref 41 only give information on the ground state and incorrectly 
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imply that one must use a very large QM region, while our EVB studies have established 
that QM/MM calculations with a limited-sized QM region work very well when they involve 
comparison of native and mutants or comparison of water and protein reactions. At any rate, 
while we and others believe that the NAC idea has been shown to be invalid, we would like 
to point out that the current PD approach offers a way to explore the NAC idea with proper 
sampling while using QM regions of different sizes and to examine the reliability of the 
calculated catalytic effect and the mutational effects, as well as a consistent analysis of the 
NAC effect. Such PD studies can also use the wt as the reference potential for calculating the 
mutant activation barrier and even to use our QCP centroid calculations42 to evaluate the 
kinetic isotope effect (KIE), while using non-EVB QM/MM models.

III.2. LRA Calculations
The use of the LRA approach to calculate the free energy differences between the RP and 
TP drastically reduced the computational cost of implementation of the PD approach.43 

However, the convergence of the LRA may be problematic when the difference between the 
RP and the TP is significant. On the other hand, it is important to point out that the LRA is 
just the end point approximation of the full FEP treatment which can be implemented by 
using eq 1. Thus, while the full FEP can take into account cases when the two surfaces are 
very different, the LRA is not expected to give reliable results in such cases. In this study, 
we start our examination of the validity of the LRA treatment by evaluating the FEP and 
LRA perturbations between the EVB/MM and PM6/MM potentials of the MOPAC200932 

package; this is done for the same reaction described in Figure 2. Here we would like to 
emphasize that the thermodynamic cycle used to estimate activation free energy can be 
evaluated by either the LRA or FEP approaches; using the cycle depicted in Figure 1 we can 

determine  using eq 11.

Using the inverted EVB PD combined with the LRA approach, we obtained barriers of about 
27.0 and 15.0 kcal/mol for the reaction in water and protein, respectively (see Table 1 and 
Figure S4 for comparison between the FEP and LRA results). The calculated difference of 
the activation barrier in FEP and LRA is ∼1 kcal/mol for the reaction in water and in protein, 
which suggest a good performance of the end-point LRA treatment with nearly identical 
results to those of the full FEP treatment for this case. However, in other cases the 
performance of the LRA is much less impressive (see section III.4).

III.3. Moving from EVB to DFT Potentials
In the previous section, we demonstrate the PD cycle with FEP treatment for moving from 
the EVB/MM (RP) to the PM6/MM (TP). We also used EVB/MM (RP) and a hybrid DFT 
B3LYP//6-31G*/MM (TP). In the PM6/MM example, we used full n-step FEP in computing 
the free energy of switching from the EVB to the PM6 potential, where it was computed 
with 11 mapping steps the for the RS region and 11 mapping steps for the TS region, which 
correspond to 22 trajectories. In the case with the DFT RP it is important to try to save 
computer time, and thus we might try to use the LRA approach. That is, using the two-step 
LRA also allows us to compute the activation free energies at a significantly reduced 
computational cost, which includes two trajectories at reactants and two trajectories at the 
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transition state. Therefore, the LRA may be a feasible approach in terms of computational 
cost in calculating the B3LYP//6-31G*/MM free-energy barriers for an enzymatic reaction. 
However, this strategy will only work when the TP and RP are similar.

Using the inverted EVB PD and LRA approaches, we evaluated the activation free energy of 
the reaction of DhlA using the inverted EVB PD(RP) and the B3LYP//6-31g*/MM (TP), 
where the EVB parameters are given in Table S1. The results of the calculations are also 
summarized in Table 3. The computed barrier is about 11 kcal/mol which is overestimating 
the 8.8 kcal/mol B3LYP//6-31g*/MM calculated by ref 13. Apparently, the inverted EVB PD 
approach is overestimating the results obtained by ref 13. The origin for this discrepancy 
would require further examination and it may reflect a difference in sampling of the protein 
configurations. Note that the catalytic effect is well described in both cases. Using the 
inverted EVB PD approach we obtained barriers of 22.04 and 10.71 kcal/mol for the 
reaction in water and protein, respectively, with the B3LYP//6-31g* potential. It is important 
to point out that the EVB PD and LRA approaches closely reproduced the experimental 
catalytic effect of 11.7 kcal/mol using inverted EVB PD and B3LYP//6-31g*/MM as target 
potential (Table 3).

III.4. PD for More Complex Systems
Although the present study provides encouraging results, one can wonder whether we found 
the correct ab initio TS. In the previous example, we have used RS and TS structures 
obtained from the PMF reported in ref 13. However, in most cases one deals with problems 
where the TS structure is unknown. One possible way to obtain more conclusive results is to 
first find the reasonable target region and then to calculate the PMF on the target surface at 
the neighborhood of this RTS. Of course, it is important to have some idea about the 
geometry of the TP and some options are possible. In this respect, it is useful to comment on 
the work of ref 13 which suggested the computation of the full free-energy surface using a 
low level of accuracy (PM3, AM1, PM6, etc.) to identify the reaction path and then select 
regions, which correspond to RS, TS, or PS to perform a local PMF moving to TP.13 

Another option is to start with a free energy surface for the reaction in solution and then 
using the corresponding TS geometries in the protein. Recently, we reported QM(ai)/MM 
free energy calculations for the reaction of phosphate monoester hydrolysis in aqueous 
solution,44 exploring the relevant free-energy surfaces by several approaches, including 
QM(DFT)/MM MD. In this example we report the study reaction in RasGAP using TS 
structural information from the solution calculation of ref 44.

As commented above, in this example we chose a particularly challenging system, namely, 
the GTP hydrolysis in the reaction of RasGAP. The mechanistic options for the reference 
reaction in water is described in ref 44 where a very careful and systematic study was 
performed, and the corresponding free energy surfaces established that the mechanism that 
involves an additional water molecule (the 2W mechanism,see Figure6) has at least 6 
kcal/mol lower barrier and is the likely mechanism in the protein. More specifically, the 
reaction involves an attack by the nucleophilic water that reaches a plateau on the free 
energy surface and then performs a proton transfer (PT) to another water (with a very low 
barrier), and then continues in a subsequent PT to the phosphate oxygen. Calibrating an 
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EVB surface on the solution ab initio results and using this surface in studies of G-proteins 
confirmed our previous view (see ref 45) that the activation of G-proteins involved 
electrostatic stabilization of the TS, which is exerted, in the 2W mechanism, almost entirely 
at the plateau. Nevertheless, obtaining the same conclusions from the ab initio surface in the 
protein would provide further confirmation.

With the above considerations in mind, we tried to move one step further and explore the 
protein ab initio activation barrier. In order to progress in this direction we start with the 
examination of our approach for the reference solution reaction. It is important emphasize 
that our main strategy is simply to create to EVB type force fields where one (EVB1) has a 
minimum at the RS state and the second (EVB2) at the location of the TP TS. As 
commented in the previous section, using these two states, we can complete the 
thermodynamic cycle of Figure 1. The calculations for the 1W mechanism used EVB 
diabatic states with minima at the structures of EVB1 and EVB2 and the corresponding PD 
results are summarized in Table 4. As seen from this table we obtained a barrier of around 
11 kcal/mol in a good agreement with the values found previously in the extensive 
QM(ai)/MM PMF calculations of ref 44 (see Table 3 of ref 44), while the results for the 
proton transfer in the 2W mechanism in water are summarized in Table 5.

In the 2W case the FEP estimate of the activation free energy of moving from the plateau is 
very reasonable and similar to the B3LYP//6-31g* activation free energy of 1.4 kcal/mol 
obtained in ref 44 (note that the result obtained by the PD cycle can also be negative if the 
result of the cycle deviates by more than 1.4 from the PMF). In this case, the LRA result is 
not in agreement with FEP results (see Tables 4 and 5). The reason for this discrepancy 
between FEP and LRA results may reflect the convergence of the LRA that may be 
problematic when there is a significant difference between the RP and the TP potential. 
Next, we constructed the reference EVB for the reaction in the protein and explored the 
crucial first step (the formation of the plateau). This was done using the EVB structures 
shown in Figure 7 and the corresponding results are summarized in Table 6 and Figure 8. 
The resulting plateau free energy of about 20 kcal/mol overestimated the actual barrier of 
about 15 kcal/mol18 (which should be similar to the value at the plateau) but it still presents 
a significant catalysis relative to the about 27 kcal/mol obtained at the same level for the 
plateau in water.44 The lower value of about 15 kcal/mol18 obtained by EVB calculations 
calibrated on the QM(ai)/MM solution surface probably reflects a more extensive sampling. 
Interestingly, the best agreement between the PMFs and the PD was obtained when both 
calculations started from the same configurations. The same trend appears in regular EVB 
studies when we usually average over different starting points. This type of averaging is also 
necessary for the PD calculations. Finally, it is useful to point out that obtaining proper 
converging surfaces for the reaction of RasGAP and related systems is of major importance, 
when one tries to explore the validity of energy minimization studies, that obtained very 
small energy at the plateau region (ref 46) as well as the issue of the two water path that was 
not explored in ref 46.
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IV. Concluding Discussion
This work introduced a new version of the PD approach where the reference potential at the 
TS region is represented by the minimum of the product diabatic state. The approach is 
found to be convenient and quite powerful. Of course, in this case we are not trying to obtain 
the best realistic adiabatic EVB but simply to use a reference potential with a very 
convenient way of evaluating the free energy for moving from EVB1 to EVB2. The new PD 
approach seems to be powerful enough to allow one to obtain QM(ai)/MM activation free 
energies in enzymatic reactions. However, we still recommend examination of the calculated 
results by using EVB surfaces that are calibrated on the solution reaction and then 
transferred to the enzyme environment. In this way, one can repeat the EVB calculations 
with different initial conditions and find the true convergence error in the calculations. We 
would like to clarify again that the main difficulty in our PD approach is capturing the effect 
of the variation in the solute (substrate) coordinate and not in capturing the effect of the 
environment. In general, it is quiet trivial to obtain the free energy contribution of the 
environment for a fixed solute, but capturing the correct reaction coordinate along the solute 
surface has been a major challenge. This work only discussed briefly what type of problems 
can be explored by our general approach, in addition to exploring complex issues like 
enzyme design where we have one or two metals. It can also be used in challenging 
problems like the action of G-proteins and in exploring the action and the mutational effects 
on COMT and related systems (see above). At any rate, the inverted PD approach is 
expected to be very useful in exploring ab initio QM/MM free energy surfaces in enzyme.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Thermodynamic cycle used in the Paradynamics approach to calculate free energy 
barriers. To achieve that, we estimate free energy of moving from the reference potential to 
the target potential at the RS and at the TS. (b) A thermodynamic cycle that provides a 
pictorial way of calculating the QM/MM activation free energy, where the QM/MM barrier 
obtained by moving from the EVB/MM to the QM/MM potential is shown by a red arrow. 
EVB2 represents a reference potential whose minimum is placed at the position of the TS of 
the TP.
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Figure 2. 
EVB resonance structure for the reaction catalyzed by haloalkane dehalogenase. The figure 
illustrates the structures that correspond to the minima of EVB1 and EVB2 in the reference 
potential of the SN2 step of the reaction catalyzed by DhlA. The initial structure was taken 
from the PDB with the 2DHC PDB code.
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Figure 3. 
PD cycles obtained with a PM6/MM as target potential and an inverted EVB reference 
potential for the SN2 step in the reaction catalyzed by DhlA. (a) Reaction in water and (b) 
reaction in the protein. (c) Activation free energy computed from PMF PM6/MM and 
activation free energy obtained from the thermodynamic cycle in the protein.
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Figure 4. 
EVB resonance structures for the reaction involving trimethylsulfonium and dimethylamine 
in solution.
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Figure 5. 
A PD cycle obtained with a PM3/MM as target potential and an inverted EVB reference 
potential for the SN2 reaction involving trimethylsulfonium and dimethylamine in solution.
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Figure 6. 
Mechanistic options for the hydrolysis of phosphate monoester. (A) Structural model where 
the proton is directly transferred from the attacking nucleophilic water to the substrate. (B) 
Structural model where the proton transfer occurs through the assistance of an additional 
water (2 water mechanism).
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Figure 7. 
(a) EVB1 and (b) EVB2 structures for the approach to the plateau in the hydrolysis of GTP 
in the active site of the RasGAP system, where the initial structure was taken from Protein 
Data Bank (PDB) with the 1WQ1 PDB code.
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Figure 8. 
Thermodynamic cycle for the arrival to the plateau in the hydrolysis of phosphate monoester 
in the active site of RasGAP, where B3LYP//6-31g*/MM was used as the target potential.
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Table 6
Free Energies for Transferring from the EVB to the DFT Free-Energy Surfacea

method ΔΔgEVB→DFT (EVB1) ΔΔgEVB→DFT (EVB2) ΔΔgEVB1→EVB2

 

FEP 1176.0 1376.0 −179.0 21.0

LRA 1176.0 1375.0 −179.0 21.0

a
PD thermodynamic cycle for the arrival to the plateau in the hydrolysis of GTP in the RasGAP system.
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