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Abstract 

There has been growing interest in applying the empirical valence bond approach to a range 

of (bio)chemical problems, primarily to study enzymatic and non-enzymatic catalysis, but also 

to studying other processes such as excited state chemistry and reaction dynamics. Despite 

its apparent theoretical simplicity, this approach is a powerful computational tool that can be 

used to reproduce and rationalize a wide range of experimental observables, such as linear 

free energy relationships, kinetic isotope effects, and temperature effects on reaction rates. 

We provide here both a theoretical background for this approach, as well as highlighting 

several of its broad applications in computational physical organic chemistry. 

 

1. Introduction  
 
 

The empirical valence bond (EVB) approach is a semi-empirical quantum mechanical / 

molecular mechanical (QM/MM) approach, that uses classical force fields to describe chemical 

reactivity within a (valence-bond based) quantum-mechanical framework. It was originally 

developed in 1980, and presented as a “simple and reliable” approach with which to compare 

reactions in solution and enzymes.1, 2 Over the years, this approach has been applied to a broad 

range of (bio)chemical problems,3 from understanding the mode of action of biological and 

synthetic catalysts,4-7 through to studies of reaction dynamics,8-11 as well as excited state 

chemistry,12, 13 to name a few processes, and its scope of usage is constantly expanding.14  

The main advantages of this approach, which make it just as relevant today as when it was 

first originally developed almost 40 years ago, are the fact that, on the one hand, being based 

on classical force fields, the EVB approach is extremely fast, allowing for extensive 

configurational sampling, as well as addressing ever more complex biomolecular systems.15-19 

On the other hand, well-parameterized force fields carry a tremendous amount of chemical 



 3 

information, allowing for bond-breaking and bond-forming processes to be described in a 

physically meaningful way within an EVB framework.1-3 Finally, it is possible to use 

distributed computing approaches to simultaneously run multiple trajectories using several 

different starting structures, allowing one to easily sample reactive trajectories on the 

(cumulatively) microsecond timescale or beyond, as we have for instance done in several recent 

studies.20-23 

From a physical organic chemistry perspective, the EVB approach has been applied to 

understanding a broad range of experimental observables, such as linear free-energy 

relationships, kinetic isotope effects, and the temperature dependence of the thermodynamic 

parameters, that form cornerstones of the physical organic chemistry toolkit. The present 

chapter first provides a brief overview of the theoretical background underlying the EVB 

approach and then combines a historical overview of some of the most significant applications 

of this approach to understanding (bio)molecular reactivity with recent advances and potential 

future directions in the field. Overall, the goal of this chapter is to highlight the power of the 

EVB approach as an important tool to facilitate computational physical organic chemistry. 

2. Theoretical Background 
 
 

The EVB approach describes chemical reactivity by taking into account the diabatic states 

corresponding to the classical valence-bond structures describing the reactant and product 

states of a reaction, and any intermediate states (if such exist).2, 3 A simple schema for a two-

state reaction is shown in Fig. 1, where the energy of each diabatic state is represented 

approximately by a parabolic function. The actual expression for the potential energy of each 

diabatic state (H11 and H22 in this case) is given by Eq. (1):  
 

                                 (1) 
 

Hii = εi =Uintra
i (R,Q)+Uinter

i (R,Q, r,q)+Usolvent
i (r,q)+αgas

i
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where R and Q represent the atomic coordinates and charges of the reacting atoms in the 

respective reacting states, and r and q represent the corresponding coordinates and charges of 

the environment (i.e. the remainder of the protein, the non-reacting atoms of the substrate, or 

any water molecules in the system, as in a standard QM/MM calculation). The Uintra and Usolvent 

terms represent the intramolecular potential of the solute system (in which Morse potentials 

are used to describe the bonds being formed and broken during the reaction), and the potential 

energy of the solvent, respectively. The Uinter term represents the interaction potential between 

the solute atoms and each atom of the environment.  is the gas-phase energy of the ith 

diabatic state when the different fragments are considered to be at infinite separation, and is 

simply a constant that can be added to adjust either parabola in a pre-defined reference state, 

in order to better reproduce experimental energetics. Finally, the off-diagonal term, Hij, 

describes the coupling between the two diabatic states, and can be described using a simple 

distance-dependent exponential function, as shown in Eq. (2): 

                                        (2) 
 

where ∆R´ is the distance between (for example) the nucleophile and the leaving group in a 

reaction (leading to rapid decay of the coupling at long bond lengths), and A is a constant. It 

can also be described by more complex Gaussian potentials, such as in e.g. Ref. 24. From this 

it is possible to obtain the corresponding adiabatic ground state energy (Eg), and its 

corresponding eigenvector (Cg) by simply diagonalizing the EVB Hamiltonian, in the process 

also solving the corresponding secular equation HEVBCg= EgCg. The corresponding activation 

free energies can then be obtained by adiabatically changing the system from one diabatic state 

to another, using a “mapping potential”, εm, of the form: 

                                      (3) 
 

Here, (0 ≤ θm ≤1), and θm is gradually perturbed from 0 to 1 in user-defined increments, which 

are usually fixed increments (θm = 0/n, 1/n, 2/n, …, m/n), but can be any necessary alternative 

αgas
i

Hij =Aexp(−a ∆ R ' )

εm = (1−θm )ε1 +θmε2
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distribution to allow for greater sampling in relevant parts of the reaction coordinate. The 

system is then forced to fluctuate at the relevant point on the reaction coordinate using one or 

more intermediate values of θm. The corresponding free energy associated with perturbing θm 

from 0 to m/n can be obtained from this using the standard free-energy perturbation umbrella 

sampling (FEP/US) approach,2, 3 as outlined in Eq. (4):   

                                 (4) 

where εm is the potential that keeps the system in the appropriate point along the reaction 

coordinate (i.e. keeping x in the region of x´). Provided that the perturbation from 0/n to m/n 

occurs in sufficiently small increments, the free energy functional, ∆g(x´), will overlap over a 

range of x´. In this case, the full free-energy profile for the reaction can be obtained by patching 

together the full set of ∆gi(x´), and a similar approach can also be used to obtain the free-energy 

functional for each individual diabatic state2, 3. 

 
Fig. 1 Schematic representation of the EVB diabatic parabolas for a simple 2-state reaction (where εrs denotes the 

reactant state and εps denotes the product state), as well as the corresponding ground-state adiabatic free-energy 

surface (εg). Here the reaction coordinate can either be a geometric reaction coordinate or, as is more commonly 

used in a VB representation, it can also be the energy gap between the two diabatic states (∆ε = εrs – εps), as 

discussed in e.g. Ref. 3. Finally, shown also here is off-diagonal term H12, which describes the coupling between 

the two diabatic states. Note that a 2-state system is shown here only for simplicity, and as many states as necessary 

can be used in the simulation (see e.g. Refs. 25, 26). Therefore, the mapping potential in Eq. (3) uses numerical 

∆ g(x ') =∆Gm −β
−1 ln δ(x − x ')× exp −β{ Eg (x)−εm (x)#$ %&}

εm
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values to define different reacting states (ε1 and ε2), here, we assume a two-state system that moves from a reactant 

to a product state, denoted by εrs  and εps, respectively. 

 

Finally, a particular challenge for all simulations that model chemical or conformational 

changes in biomolecular systems is to define an appropriate reaction coordinate for the process 

under study. In the case of studying simple reactions in vacuum or in a homogeneous solvent, 

this can be relatively straightforward, as one can use a simple geometric reaction coordinate to 

measure reaction progress. This is less trivial when one moves to larger systems, however, as 

one needs to also take into account the effect of environmental changes on the chosen reaction 

coordinate, and also, in the case of enzymatic reactions, multiple bonds can be cleaved or 

formed in the same reaction step (for example, when acid-base catalysis is involved). A major 

advantage of using EVB or any other valence-bond description of the system is that one does 

not necessarily need to use a geometric reaction coordinate, but rather can use as a reaction 

coordinate the “energy gap” (x = ε1 - ε2) between the two diabatic states2, 3 (note that the off-

diagonal terms are still fitted to geometric parameters). This projects the full multidimensional 

solvent space onto a single reaction coordinate, which not only allows for much faster 

convergence of the calculations, but also means that any environmental changes are explicitly 

included in the reaction coordinate used to describe the chemical process. This is an absolutely 

critical point when performing simulations of such relatively high-dimensional systems. 

3. Dissecting Catalysis Using the Empirical Valence Bond Approach 
 

Per definition, catalysis is the acceleration of a chemical reaction relative to a reference 

(uncatalyzed) rate, which in free-energy terms corresponds to a reduction of the activation free 

energy of the catalyzed reaction compared to the uncatalyzed reaction. The EVB approach 

allows one to easily define the origins of this barrier reduction using a modified Marcus 

equation:2 
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                  (5) 

The free-energy cost of bringing the reactant pair from infinite separation to the interaction 

complex, R0, at the reactant state, is denoted by the work term, 𝑤"  (note that here, R0 denotes 

the value of a coordinate in the interaction complex, not the complex itself). This term is related 

to the potential of mean force (PMF) of bringing the reacting groups together, and, when this 

PMF is close to zero, the work term is similar to the energy cost of creating the reactant 

complex. ∆G0 corresponds to the reaction free energy, Γ is the nuclear quantum mechanical 

correction, and 𝐻"%& corresponds to the average values of H12 at the reactant and transition states 

respectively. The most important term in this equation is the reorganization energy, λ, which 

has been illustrated in Fig. 1, and corresponds to the energetic cost for the reorganization of 

the system (i.e. reorganization of all bond, angle, torsion and non-bonded terms) upon moving 

from one diabatic state to another. It can be either directly obtained from the diabatic free 

energies, or estimated using Eq. (6): 

 

                                                  (6) 

 

 Here the reorganization energy is evaluated from the average difference between the 

energies of each diabatic state, <∆ε>, obtained from running trajectories using the potential of 

either ε1 or ε2. In principle, an enzyme can catalyze a reaction by either reducing the 

reorganization energy of the reaction compared to its uncatalyzed counterpart, thus reducing 

the energetic penalty for moving between the two diabatic states, or by better solvating the 

product state, thus shifting the parabolas and pushing down the activation free energy (Fig. 2). 

The power of the EVB approach is that it allows one to rapidly and easily quantify the two 

different catalytic scenarios, as well as pinpointing the precise origin of the two effects. This 

makes it a particularly effective tool for quantifying catalytic effects in enzymes and other 

catalysts. Additionally, the energy-gap reaction coordinate allows one to easily take into 
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account not only all effects of system reorganization but also the solute response to the 

polarization of the solvent.2, 3 This is significant when screening for mutational effects on 

catalysis, as proteins are dynamic entities, and therefore, they will respond to changes to the 

local electrostatic environment introduced by mutations. Unless one can reliably capture these 

environmental effects, it is very hard if not impossible to reliably quantify the catalytic effect 

of large numbers of different mutations. This makes the EVB approach particularly attractive 

for massive screening of mutational effects, as higher-level quantum-chemical approaches in 

principle provide better precision for each individual run, but are at present still far too 

computationally expensive to perform the extensive sampling needed to capture the changes in 

reorganization energy that tend to define the corresponding changes in catalytic activity upon 

mutations of enzyme residues.  

 

 

Fig. 2 Different ways in which a natural or synthetic catalyst can reduce ∆G‡. (A) In the first model, the reaction 

free energy of the catalyzed process (∆G´2) is reduced relative to the reaction free energy without the catalyst 

(∆G2), while at the same time the positions of the free energy functionals, as well as the reorganization energy, λ, 

remain unchanged (an example of the Hammond postulate27).  (B) In the second model, the minimum of ∆G2 

(corresponding to the second diabatic state) is shifted, which correspondingly shifts the reorganization energy, 

and thus linearly impacts ∆G‡ (an example of the Principle of Least Nuclear Motion,28, 29 see Section 4). Note 

here that the dashed line refers to the complex between the product of the reaction and the catalyst, as the true 

final (unbound) product state will be identical for both catalyzed and uncatalyzed reactions.  In this figure, the 
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reorganization energy for the uncatalyzed reaction (solid parabola) is depicted here by λ, and the reorganization 

energy for the catalyzed reaction (dashed parabola) is depicted here by λ´ (corresponding to changes in distortion 

energies for the two different product states). Finally, note also that this figure does not take into account the 

possibility of a third scenario, in which the curvature of either or both reacting states changes upon introduction 

of a catalyst, without necessarily changing the positions of either of the diabatic states involved relative to each 

other. Adapted and reprinted from Ref. 30, with permission from Elsevier.  

 

 The EVB approach has been applied to studying biological catalysis in a broad range of 

enzymatic systems,4 from triosephosphate isomerase21, 31, 32 to F0-ATPase,16 peptide-bond 

formation on the ribosome,15 and a simplified model of Cas9.19 Several examples of such work 

are provided in other sections of this review, and the use of EVB to study enzymatic reactions 

has been already reviewed in detail elsewhere (see e.g. Refs. 3, 4, 33); therefore we do not 

repeat such case studies here.  

Instead we would like to highlight here a number of examples of using the EVB approach 

to successfully study the origins of catalysis in synthetic catalysts. For example, b-cyclodextrin 

(b-CD) was proposed as a macrocyclic host – a chymotrypsin biomimetic34, 35 and a 

complexation agent.36 Although a poor enzyme mimetic, with a rate acceleration of only 102-

fold relative to the corresponding uncatalyzed reaction34 (compared to biological catalysts, 

which typically have rate acceleration that are on the order of 107 to at least 1019-fold37), b-CD 

was a striking model to study catalysis. Here, Luzkhov and Åqvist applied the EVB approach 

to study phenyl ester cleavage by b-CD in aqueous solution.38 Specifically, they examined 

reaction routes for the nucleophilic attack of the secondary alkoxide ions, O2- and O3- of b-CD 

(where the numbers 2 and 3 refer to positions in the b-CD molecule) on m-tert-butylphenyl 

acetate, yielding either (R)- or (S)-isomers of the ester tetrahedral intermediate. These 

calculations could identify the preferred path for the nucleophilic attack, as well as the fact that 

the catalytic action of b-CD appears to be accompanied by distortion of the macrocycle 
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structure, which in turn allows for strong binding of the non-polar part of the phenyl ester 

substrate during the reaction. The authors then extended this work to study the hydrolysis of 

three different meta-substituted phenyl esters by b-CD using EVB,39 showing that their EVB 

simulations could reproduce both binding and activation energies for these phenyl esters with 

good accuracy. This is impressive considering the challenges of the large conformational 

sampling required to accurately capture the catalytic behaviour of the highly flexible b-CD 

with the (comparatively) limited computational resources available at the time. The authors 

also used their simulations to highlight the importance of both conformational and 

environmental effects in catalysis by b-CD. 

Following from this, Frushicheva and co-workers have studied how electrostatic 

stabilization in a supramolecular host catalyst causes the catalytic effects in this synthetic 

compound.5 In particular, they studied orthoformate hydrolysis using a GaIII4L6 host complex, 

where L represents N,N′-bis(2,3-dihydroxybenzoyl)-1,5-diaminonaphthalene.40, 41 The entire 

catalytic effect was found to be due to electrostatic preorganization rather than shape 

complementarity, as has been shown repeatedly to also be the case in a wide range of biological 

catalysts.4  

Finally, we presented an EVB study aimed at understanding how soluble transition-metal 

complexes catalyze water oxidation,6 as a part of the artificial photosynthesis process.42 The 

investigation of RuV(bda)L2 complexes (where bda = 2,2’-bipyridine-6,6’-dicarboxylate, and 

L = typically a nitrogen heterocycle) indicated second-order kinetics with respect to catalyst 

concentration, suggesting that two catalyst molecules are involved in the rate-determining 

step.43, 44 As solvation effects play a major role for the reaction kinetics, EVB simulations in 

explicit water provided a more thorough description of the catalytic process than the gas-phase 

or implicit-solvent DFT simulations. These effects include large structural reorientations of the 

axial ligands to enable p-p stacking interactions between the catalyst units in the aqueous 
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environment, which were lacking in the gas phase. Ahlquist and co-workers further applied 

molecular dynamics (MD) and EVB simulations to study RuV-catalyzed oxidation of water at 

carbon nanotube−water interfaces,7 a setup commonly employed to improve the catalyst 

recyclability and rate of electron transfer.45 They observed significantly larger (over 5 kcal mol-

1) activation energies at the nanotube interface compared to aqueous solution, most likely due 

to the larger structural distortion required at the TS on a nanotube. 

4. Using the Empirical Valence Bond Approach to Understand Linear 

Free Energy Relationships in Enzymatic Reactions 

 
Linear free-energy relationships (LFER) have a long and distinguished history as a valuable 

component in the physical organic chemistry toolbox, dating back almost a century to early 

work by first Hammett46 and then later Taft,47-49 who quantified the effect of meta and para 

benzene substitutions on ester hydrolysis. Such free-energy relationships typically correlate the 

rates and equilibria of chemical reactions (or, in thermodynamic terms, either the activation 

free energy ∆G‡ or the reaction free energy ∆G0 relative to the reaction free energy of a 

(standard) reference reaction), in order to obtain geometric information about the nature of the 

transition state, and the degree of charge transfer involved at the transition state. In the case of 

group-transfer reactions, such LFER are frequently defined in terms of the Brønsted50 (or 

extended Brønsted51) relationship, which correlates the relationship between the rate of the 

group transfer reactions and variations in nucleophile or leaving group pKa upon introducing 

substituents into the system. As described below, the EVB approach, which builds on Marcus’ 

treatment of electron-transfer reactions in solution52, provides an excellent framework for 

obtaining a microscopic understanding and rationalization of LFER, through the Hwang-

Åqvist-Warshel (HAW) relationship53 (see also e.g. Refs. 30, 54 for further discussion). 



 12 

In order to illustrate this fact, we present here a simple example of a one-step chemical 

reaction that can be described in terms of two diabatic states, corresponding to the ground state 

and product state of the reaction.30, 54 The ground-state adiabatic surface for this reaction, Eg, 

can be described by Eq. (7):  

𝐸( =
%
&
*(𝜀% + 𝜀&) − 0(𝜀% − 𝜀&)& + 4𝐻%&& 2                   (7) 

where 𝜀% and 𝜀& correspond to the individual diabatic states, describing the ground and product 

states, respectively, and H12 corresponds to the off-diagonal element describing the coupling 

between the two states. Based on this adiabatic surface, it is then possible to microscopically 

explore the relationship between ∆G‡ and ∆G0. Specifically, the EVB umbrella sampling 

procedure, described in Refs. 1, 2, allows for the profile of the free-energy function, ∆𝐺, which 

corresponds to the ground state adiabatic surface, Eg, as well as the free-energy functions ∆G1 

and ∆G2, which correspond to the individual diabatic states, 𝜀% and 𝜀&, to be rigorously 

evaluated. The linear relationship between these parameters is shown schematically in Fig. 3. 

These profiles then provide the activation free energy for the chemical step, ∆G‡, which can be 

converted to the corresponding rate constant, using transition state theory: 

𝑘6→8 ≅ :;<
=
> 𝑒𝑥𝑝 B−

∆CD→E
‡

;<
G                    (8) 

 

Note that 𝑘6→8	can be evaluated more rigorously by inclusion of the transmission coefficient, 

which can be obtained easily by running downhill trajectories,2 but that the corresponding 

correction is typically small.55, 56 In addition, as the EVB formulation described above yields 

the ∆𝐺 that corresponds to Eg, and the free-energy functions, ∆Gi that correspond to the 

individual diabatic states 𝜀% and 𝜀&, therefore Eq. (6) can be expanded to yield the following 

approximate expression: 

∆�̅�(𝑥) = %
&
JK∆𝐺%(𝑥) − ∆𝐺&(𝑥)L

& − MK∆𝐺%(𝑥) − ∆𝐺&(𝑥)L
& + 4𝐻%&& (𝑥)N               (9) 
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When H12 is small, this relationship is straightforward to verify, as in the case of the electron-

transfer studies of Ref. 57. In cases where H12 is large, a perturbative treatment needs to be 

used. 

 

 

Fig. 3 Illustrating the relationship between the activation (∆G‡) and reaction (∆G0) free energies, within an 

empirical valence-bond framework. Shown here specifically is how a shift of the energy of the second diabatic 

state, ∆G2, by a fixed amount, ∆∆G0 (which results in a corresponding change of ∆G2 to ∆G´2 and ∆G0 to ∆G0 + 

∆∆G0) changes ∆G‡ by a proportional amount, thus resulting in a linear relationship between ∆G‡ and ∆G0. 

Adapted and reprinted from Ref. 30, with permission from Elsevier. 

  

 Since the ∆Gi curves can be approximated as parabolas of equal curvature (see e.g. Ref. 58 

for validation of this fact), this approximation can be expressed using the following 

relationship: 

∆𝐺6(𝑥) = 	𝜆 P QRQS
(D)

QS
(E)RQS

(D)T
&

                    (10) 
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Combining Eqs. (9) and (10) then yields the so-called “Hwang-Åqvist-Warshel” (HAW) 

equation,53 which can be generalized as: 

∆𝐺6→8
‡ =

:	∆CD→E
S UVD→E>

W

XV
− 𝐻68(𝑥‡) +

YDE
W :QS

(D)>

∆CD→E
S UVD→E

+ Γ68                           (11) 

Here ∆G6→8[  indicates the overall free energy of the reaction, and 𝐻68	is the off-diagonal term 

that mixes the two relevant diabatic states in our two-state model (Fig. 3) with average values 

at the reactant (𝑥[
(6)) and transition (𝑥‡) states. Finally, Γ68 is a correction that is added in order 

to reflect the effect of tunneling and zero-point energy corrections (in the case of light-atom 

transfer reactions). The quantitative validity of the HAW equation has been established in many 

EVB studies,58, 59 and, simply put, these equations show that when the changes in ∆G0 are 

small, there exists a linear relationship between ∆𝐺6→8
‡  and ∆G0. That is, differentiating the 

∆𝐺6→8
‡  of Eq. (11) with respect to ∆𝐺6→8[  gives the relationship: 

∆∆𝐺6→8
‡ = 𝜃∆∆𝐺6→8[                      (12) 

 

where 𝜃 =
∆CD→E

S UV

&V
 (thus correlating ∆G‡ to the reorganization energy, 𝜆). Note that the 

contribution from the last term of Eq. (11), Γ68, is neglected here, and the linear correlation 

coefficient depends on the relative magnitudes of 𝜆 and ∆G0. For more details about the 

validation of this relationship, see Refs. 2, 58, 60-62, and note that the derivation presented 

here closely follows that in Refs. 30, 54, 63. 

From the HAW equation, Eq. (11), it should be clear that it is essential to take into account 

the effect of the coupling parameter, Hij, when exploring LFER for chemical reactions, as the 

magnitude of Hij is frequently very significant and, therefore, its neglect will lead to the 

corresponding reorganization energy being estimated incorrectly.30 In addition, detailed studies 

have confirmed the phase-independence of Hij,64 such that the same Hij values can be 

legitimately used in simulations in vacuum, in aqueous solution, and in different biological and 
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abiological environments. More recently, a study using ab initio frozen density functional 

theory (FDFT)65 explored the nature of the off-diagonal coupling element in SN2 reactions, and 

found that the off-diagonal coupling matrix elements are negligibly affected irrespective of the 

nucleophile and leaving group used in the reaction modeled, but change upon changing the 

central group. This study also again verified the phase-independence of the off-diagonal 

elements, and established that the FDFT diabatic profiles are, to a good approximation, 

parabolic. This study is significant because it not only supports the basic approximation of the 

empirical valence-bond treatment of LFER, but also validates the EVB model for the origin of 

LFER using a first-principles approach. 

LFER are thus a powerful empirical tool to analyze chemical reactivity, and their use to 

study reactions involving small molecules is well established.66 There are many ways in which 

one could extend this to group and correlate the kinetic and thermodynamic properties of an 

enzymatic reaction. It depends on the availability of experimental observables from an assay 

for a particular enzyme-substrate system. In addition, a number of computational studies, as 

we discuss, have used various “flavors” of LFER, combined with the empirical valence-bond 

approach, to obtain valuable information about enzyme-catalyzed reactions. 

As one example, Schweins and co-workers67 performed experiments to study the 

mechanism of the Ras GTPase catalyzed hydrolysis of GTP to GDP, both in the presence and 

absence of the GTPase activating protein (GAP).68 These proteins are biologically important 

as they play a crucial role in signal transduction pathways.69 Using LFER, it is possible to probe 

the extent to which perturbations in reaction conditions or mutations of key active-site residues 

can affect the mechanism of a reaction (and the nature of the associated transition states), which 

can then be verified using computational approaches. In this study, the authors constructed an 

LFER between the logarithm of the overall rate of GTP hydrolysis and the apparent pKa of the 

γ-phosphate of the protein-bound GTP, in the wild-type and various mutants of p21ras. The 
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excellent linear correlation, with a slope of 2.1, observed between the two parameters led the 

authors to argue that the γ-phosphate of the GTP was the base. Interestingly, while the majority 

of p21ras mutants studied followed the LFER, two mutants – Q61L and G12D – deviated from 

the LFER. The authors then grouped these with a different set of Ras proteins, and found them 

to follow a different LFER. However, it was argued that this does not necessarily indicate an 

alternate reaction mechanism for these mutants, but rather could just show that they affect the 

reaction in a different manner from the other p21ras mutants studied, that strongly follow the 

original LFER. A similar LFER constructed for the p21ras-GAP complex system using the 

intrinsic pKa of bound GTP also gave a linear correlation with a slope of 4.9, showing that the 

basic reaction mechanism for GTP-hydrolysis in GAP-bound and free p21ras was observed to 

be devoid of any fundamental differences.  

Following from this, Bjelic and Åqvist used a combination of MD, free energy perturbation 

(FEP) and EVB in order to study the catalytic mechanisms of aspartic proteases – plasmepsin 

II (Plm II), cathepsin D (Cat D) and human immunodeficiency type 1 protease (HIVP) – with 

various peptide substrates.70 The active site of an aspartic protease is mainly comprised of two 

aspartates, one acting as a general acid/base while the other stabilizing the negative charge 

developing on the substrate carbonyl oxygen. Specifically, the authors used these 

computational approaches to examine the mechanism of nucleophilic attack by a water 

molecule (activated by the general-base aspartate) to trigger the cleavage of a peptide bond. 

Their calculations showed that the enzymes studied catalyze the reaction by stabilizing the 

transition state associated with the nucleophilic attack. The short peptides RMFLSF and 

IAFFSR were used as substrates for Plm II and Cat D respectively, whereas HIVP was studied 

with two substrates KILFLD and QVLAIA. The calculated values of the activation and reaction 

free energies for the step involving the nucleophilic attack in the four enzyme-substrate 

complexes were plotted against each other for the LFER analysis. A clear correlation with a 
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slope of ~1 was observed, implying that a change in the free energy of the tetrahedral 

intermediate has a similar energetic effect on the transition state. It is worth noting that the 

reference reaction in water does not fall on the same LFER as the enzyme catalyzed processes, 

but rather falls 3-4 kcal mol–1 above it which, as the authors rationalized, is due to the fact that 

the aspartic proteases studied reduce the reorganization energy compared to the that of the 

corresponding non-enzymatic reaction, and thus the non-enzymatic reaction does not fall on 

the same LFER. 

A number of studies by Goodman and co-workers71, 72 utilized biochemical and 

computational tools to explore the chemistry governing efficiency, fidelity and the reaction 

mechanism of nucleotide incorporation in human DNA Polymerase β (Pol β). While fidelity of 

DNA synthesis depends greatly on the ability of a polymerase to recognize correct base pairing, 

the corresponding catalytic efficiency and the mechanism of addition of an incoming 

nucleotide to the primer could be governed by the nature of the leaving group upon cleavage 

of the triphosphate moiety. Two chemical steps were identified as potential candidates to be 

rate-determining: the addition step involving a nucleophilic attack of the target DNA 3´-oxygen 

on the α-phosphate of the triphosphate moiety, and the subsequent elimination of 

pyrophosphate. The authors studied the effect of varying leaving group moieties on the rate-

limiting step of nucleotide transfer.71 This exercise was carried out both with correctly matched 

and mismatched base pairs in order to determine the effect of base-pair recognition on 

nucleotide addition. CH2, CHF, CF2 and CCl2 groups were used to replace the β,γ bridging 

oxygen (Oβγ) in the dNTP analogues. LFER were constructed by plotting the logarithm of the 

catalytic rate constant (kpol) against the highest leaving-group pKa, which interestingly showed 

a break in linearity for pKa values between ~9-11. This behavior was observed both for correct 

and mismatched base pairs and was hypothesized to be a result of a transition point between 

two rate-limiting steps at the pKa of discontinuity. A comparison of data points corresponding 
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to various leaving group substituents in the LFER suggested the stabilization of leaving-group 

elimination as the primary effect of the Oβγ replacement.  

EVB simulations71 were then performed to determine key stationary points and their 

respective energies along the reaction coordinate for the Pol β-catalyzed reaction. Different 

mechanisms such as a stepwise associative mechanism as well as a concerted reaction were 

tested separately using simulations to compare calculated and experimental LFER, and also to 

identify the rate-limiting step before and after the break in linearity. The stepwise associative 

mechanism, which was modeled in T7 DNA polymerase in earlier EVB simulations to study 

its reaction mechanism,73, 74 showed the nucleophilic attack step to be rate-limiting. However, 

this mechanism showed inconsistencies in the calculated relative rate constants when 

comparing to the experimentally observed LFER. Modeling the concerted mechanism correctly 

reproduced the LFER for the native substrate and the CH2 analogue. Neither of the two models 

showed protein-substrate steric contacts affecting CH2 or CF2 analogues. The free-energy 

surfaces obtained from the simulations suggested a change in mechanism from concerted to 

stepwise, corresponding with an increase in the stability of the pentavalent intermediate. The 

simulations thus offered a reliable and qualitative description of the change in the rate-

determining step as a function of leaving-group pKa.  

Another more recent study used a combination of FEP and EVB simulations to identify the 

most feasible mechanism for nucleotidyl-transfer in human X-family DNA polymerases β and 

λ75. This process is initiated by an Mg2+-mediated proton transfer from the 3´-OH group of the 

primer DNA to either an active-site residue (general-base mechanism) or a hydroxide ion in 

bulk water (specific-base mechanism), to generate the nucleophilic oxygen (Onuc). This is 

followed by nucleophilic attack on the α-phosphate of an incoming dNTP, coupled with 

cleavage of the Pα-Olg bond, to generate inorganic pyrophosphate. EVB simulations were 

performed with the aim of investigating if the initial proton-transfer step occurs via a general-
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base or a specific-base mechanism, and whether or not the subsequent Onuc-Pα formation and 

Pα-Olg cleavage is concerted. The activation and reaction free energies for each step of the 

process in water, Pol β, and Pol λ, were calculated to identify the energetically favourable 

pathway of proceeding towards the end product of the process. At the heart of the analysis was 

an application of LFER to identify the rate-limiting step in nucleotidyl-transfer, which was 

divided into three discrete reaction steps, involving two intermediate states, for the purpose of 

this study. The specific-base mechanism was found to be preferred for the initial step of 

deprotonation, with slopes ranging from 0.92 to 1.08. As discrete valence-bond states for each 

reaction step needed to be defined for EVB, it provided an opportunity to study the energetics 

involved in each step and to determine the rate-limiting step. The P-O bond formation/cleavage 

step was found to be rate-limiting and concerted, with an early loose transition state. Having 

addressed key questions pertaining to the reaction mechanism in this system, this study resulted 

in a valuable model that can be used to predict the effects of mutants on the chemical steps of 

catalysis. 

Finally, we recently performed detailed EVB studies of the triosephosphate isomerase 

(TIM)-catalyzed reversible isomerization of dihydroxyacetone phosphate (DHAP) to 

glyceraldehyde 3-phosphate (GAP) via enediolate phosphate intermediates.21, 76, 77 

Specifically, we modelled the initial deprotonation of the acidic carbon of each substrate by 

the catalytic general base E16521 (note that this is the rate-limiting step in the isomerization 

process and subsequent proton-transfer steps are expected to be rapid and not likely to affect 

the overall energetics of the process). Structurally, the enzyme consists of a flexible loop 

which, after substrate-binding, closes over the active site by interacting with the 

phosphodianion moiety of the substrate. In the process, it extrudes water molecules out of the 

active site, mainly due to the presence of an isoleucine residue I170, which has a bulky 

hydrophobic side chain. Combined biochemical and structural biology studies of the truncation 
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of two key residues, that form a hydrophobic clamp over the catalytic base, to alanine 

(specifically, the substitutions I170A and L230A, as well as the double mutant I170A/L230A) 

showed minimal structural perturbations upon this truncation, but with large effects on the 

corresponding reaction kinetics78. The structural studies did show, however, that the truncation 

of the residues forming the hydrophobic clamp resulted in increased solvent penetration into 

the active site, in proximity to the side chain of the catalytic base, E16578. Our EVB study21 

reproduced both experimental activation free energies and the increased solvent penetration 

into the active site, but, most importantly, we observed a stark linear free-energy relationship 

between the kinetic (∆G‡) and thermodynamic (∆G0) barriers for the deprotonation of 

substrates DHAP and GAP, respectively (Fig. 4). This is a perfect illustration of the schema 

described in Fig. 2, showing how the activation free energy, ∆G‡, is directly affected by the 

reaction free energy, ∆G0.  

 

Fig. 4 Linear free-energy relationships between activation (∆G‡) and reaction free energies (∆G0) for the TIM-

catalyzed deprotonation of substrates DHAP and GAP. Shown here is the reaction catalyzed by both wild-type 

TIM and the I170A, L230A and I170A/L230A mutants. All ∆G0 values are from EVB calculations presented in 
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Ref. 21, the ∆G‡ values are either obtained from experiment (+) (see Ref. 78) or by EVB calculations (●)21. The 

resulting correlation coefficients, calculated using linear regression analysis, are 0.992 and 0.999 for DHAP, and 

0.991 and 0.990 for GAP (calculated and experimental values, respectively). This figure was initially presented 

in Ref. 21 (direct link: https://pubs.acs.org/doi/10.1021/jacs.7b05576), and is reproduced with permission from 

the American Chemical Society. Please note that requests for permissions regarding further reuse of this figure 

should be directed to the American Chemical Society. 

5. Using the Empirical Valence Bond Approach to Understand the 

Temperature Dependence of Activation Free Energies  

Eyring and Arrhenius plots are powerful experimental tools to describe the relationship 

between reaction rates and temperature, as well as to obtain thermodynamic parameters 

(entropies and enthalpies) for (bio)chemical reactions.79-81 They are used extensively in 

experimental studies, and also, their interpretation has been discussed in great detail in the 

literature, for example in the case of deviations from linearity.82, 83 As mentioned previously, 

an advantage of the EVB approach is that it is tremendously fast, as it is based on classical 

force fields, while carrying a large amount of thermodynamic information parameterized into 

the EVB force fields, allowing for free energies and the associated thermodynamic properties 

to be reproduced in physically meaningful ways. The speed of this approach allows for a large 

number of discrete trajectories to be generated at different temperatures, and, therefore, 

provided that the simulation time is sufficiently long and enough trajectories are generated to 

ensure adequate sampling of the conformational space, it is possible to use this approach to 

also study such temperature effects computationally. This is important not just as a test of the 

ability to reproduce experimental observables, but also as a means to probe, for example, the 

role of entropy in enzyme catalysis,32, 84-89 the origins of the temperature dependence of kinetic 

isotope effects90, 91 and, also, when good agreement with experiment is found, such calculations 

can be used to discriminate between different mechanistic possibilities for the same system.17, 
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22, 92 In this section we discuss some recent examples of the EVB approach to dissect 

thermodynamic parameters, by studying the temperature dependence of the reaction rates, and 

by doing so to address key mechanistic and evolutionary questions. 

From a methodological perspective, Kazemi and Åqvist have performed detailed brute-

force EVB simulations of the hydrolytic deamination of cytidine and dihydrocytidine in water, 

both in order to assess agreement between theory and experiment when obtaining the 

thermodynamic parameters using different EVB protocols, as well as to discriminate between 

different mechanisms.86 Specifically, they compared whether the deamination would occur via 

a concerted pathway, or a stepwise pathway, both of which lead ultimately to the formation of 

a transient tetrahedral intermediate, as had been suggested by previous theoretical studies.93-96 

In the latter case, cytidine would be first protonated at a ring nitrogen atom by a water molecule, 

generating a hydroxide ion that could then perform the nucleophilic attack, whereas in the 

concerted pathway both processes would occur simultaneously. The authors first performed 

quantum-chemical calculations of the two pathways, obtaining rate-limiting transition states 

with activation barriers of 29.9 and 31.8 kcal mol-1 for the concerted and stepwise pathways, 

respectively, compared to 30.4 kcal mol-1 from experiment.97 A similar picture emerged also 

from studying the deamination of 5,6-dihydrocytidine. Therefore, discriminating between the 

two pathways on purely energetic terms proved to be challenging, as both pathways appear to 

be equally favorable (within the error margins expected of such calculations), with rate-limiting 

formation of the tetrahedral intermediate.86  

The experimentally derived thermodynamic parameters for this reaction are highly unusual, 

however.97, 98 In the case of cytidine, the enthalpy and entropy contributions to the activation 

free energy are ∆H‡ = 22.1 kcal mol-1 and -T∆S‡ = 8.3 kcal mol-1 at 25 °C. That is, the entropic 

contribution is almost a third of the enthalpic contribution to the activation free energy. In 

contrast, in the case of 5,6-dihydrocytidine, these values are far more closely matched, with 
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∆H‡ = 13.4 kcal mol-1 and -T∆S‡ = 10.1 kcal mol-1 at 25 °C. EVB calculations of the 

thermodynamic parameters allowed the authors to clearly discriminate between the stepwise 

and concerted pathways, showing that a concerted pathway with a “three-water-molecule” 

mechanism resulting in an eight-membered transition state could reproduce the experimental 

enthalpy and entropy to within 1 kcal mol-1 accuracy for both substrates, while the stepwise 

pathway gave far less good agreement with experiment. In addition, the authors highlight the 

importance of correctly capturing the configurational entropy of the solvent in order to be able 

to accurately reproduce the experimental thermodynamic parameters, as this contribution 

appears to be dominating the observed entropies.86 Curiously, there is a very large difference 

in entropy between the enzymatic deamination of cytidine, as catalyzed by the enzyme cytidine 

deaminase, and the corresponding non-enzymatic deamination of cytidine. That is, in the case 

of the reaction catalyzed by cytidine deaminase, the entropic penalty for this reaction almost 

completely vanishes, with a near-zero activation entropy of 0.8 kcal mol-1.97 While this may 

seem to be a prototypical example of a Circe effect,99 detailed EVB simulations showed that, 

in fact, the biggest difference between the enzymatic and non-enzymatic reactions is that in 

cytidine deaminase the reaction proceeds through proton transfer from a zinc-bound water 

molecule (via an intervening glutamine side chain) to the cytidine. In aqueous solution, this 

would be associated with a large negative entropy change due to the strong solvation of the 

two charged species (and thus a major penalty for reorganization of water molecules around 

the charges), whereas the preorganized environment of the cytidine deaminase active site 

allows for this reaction to proceed with no reorganization penalty. Therefore, the authors 

argued that rather than needing to invoke a Circe effect, cytidine deaminase simply operates 

by stabilizing a reaction path that is unfavorable in aqueous solution.87 

Computational Eyring-like plots, calculated using the EVB approach, have been used as a 

tool to discriminate between different mechanistic options in other systems as well as cytidine 
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deaminase (see e.g. Refs. 17, 22, 92). For example, in the case of the small GTPase Ras and 

the translational GTPase elongation factor thermo unstable (EF-Tu), there has been substantial 

debate as to whether the reaction proceeds via a more dissociative metaphosphate-like 

transition state, a substrate-assisted transition state, or even general-base catalysis via an 

amino-acid side chain, such as has been suggested for the H84 side chain in EF-Tu.100 Detailed 

EVB simulations not only allowed for different mechanisms to be tested in the different 

systems, but also to observe changes in mechanism between the different systems. Similarly, 

in the case of the organophosphate hydrolase DFPase, there has been controversy about the 

role of an active site side chain, D229, and whether it acts as a nucleophile or a general base in 

the reaction catalyzed by this enzyme22, 101-103 (Fig. 5). We used extensive EVB simulations to 

calculate the temperature-dependence of the thermodynamic parameters for both the 

nucleophilic substitution and general-base mechanisms involving the D229 sidechain, and in 

doing so, we observed clear and immediate discrimination between the two pathways, in favor 

of a general-base mechanism.22 This is in good agreement with previous experimental work on 

a related enzyme, PON1, which has a virtually identical active site to DFPase and which has 

been both computationally and experimentally determined to hydrolyze organophosphates via 

a general-base mechanism, involving the analogous residue, D269. 

 

Fig. 5 (A) Temperature dependence of the experimental and calculated activation free energies for diisopropyl 

fluorophosphate (DFP) hydrolysis by diisopropyl fluorophosphatase (DFPase), proceeding via either a (B) 

general-base or (C) nucleophilic substitution mechanism, involving the D229 side chain. The individual panels 

for this figure were initially presented in Ref. 21 (direct link: 
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https://pubs.acs.org/doi/abs/10.1021%2Fjacs.7b09384), and are reproduced with permission from the American 

Chemical Society. Please note that requests for permissions regarding further reuse of this figure should be 

directed to the American Chemical Society. 

 

A different problem that can be addressed using computational Eyring-like plots is the 

origins of enzymatic cold adaptation. This has been examined using EVB in the cases of 

trypsin88, 89 and triosephosphate isomerase.32 In the case of trypsins, it has been argued on the 

basis of such calculations performed on both cold- and warm-adapted trypsins that regulating 

protein surface softness plays an important role in allowing for the cold-adaptation of these 

enzymes.88 Specifically, it was argued that the relationship between changes in thermodynamic 

parameters between the different trypsins could be directly linked to significantly different 

internal protein energy changes during the reaction, which were found both in the active site 

of these enzymes, and also in the outer regions of the protein. Here, the cold-adapted enzyme 

showed a higher degree of surface softness. The authors also examined different structural 

mechanisms for “softening” the protein surface. In a follow-up study, the authors performed 

further simulations to show that the entropy-enthalpy balance in cold-adapted organisms, 

compared to their mesophilic counterparts, is indeed due to controlling the protein surface 

rigidity outside the active site region, which in turn allows the cold-adapted enzymes to attain 

significantly higher reaction rates at low-to-moderate temperatures than their warm-adapted 

counterparts.89 In a related study of the triosephosphate isomerase from the psychrophilic 

bacterium Vibrio marinus, it was argued that the cold-adapted behavior of this enzyme 

compared to its mesophilic counterpart is again due to differential mobilities in surface-

exposed protein loops,32 where key mutations increase the flexibility of these loops in the cold-

adapted enzyme, rationalizing both the reduced activation enthalpy contribution from the 

protein surface, and the lower thermostability of the cold-adapted enzyme. 
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Finally, we note that while our focus has been on using brute-force EVB simulations to 

understand temperature effects, such simulations can be similarly used to study pressure 

effects, for example in the case of Ref. 104, which presented a mixed molecular dynamics / 

Monte Carlo (MD/MC) algorithm coupled with the EVB approach in order to study extreme 

pressure effects in low-molecular-weight protein tyrosine phosphatase (lmPTP). 

6. Using the Empirical Valence Bond Approach to Explore Kinetic 

Isotope Effects in Proton and Hydride Transfer Reactions 

There has been a great deal of research interest in developing approaches to evaluate 

nuclear quantum-mechanical (NQM) effects in enzyme reaction mechanisms, and a broad 

range of such approaches exist. In the context of the EVB approach, it is straightforward to 

evaluate such effects by coupling EVB trajectories to post-processing using approaches such 

as the quantum/classical path (QCP) version105-107 of the centroid path-integral approach,108, 109 

in order to quantify and explore the catalytic contribution of NQM effects. Following e.g. Ref. 

90, in the QCP approach, the nuclear quantum-mechanical rate constant is expressed using the 

relationship: 

𝑘]^ = 𝐹]^ `
ab<
=
c exp	(−𝛽∆𝐺]^

‡ )                   (13) 

Here FQM denotes the transmission factor, kB Boltzmann’s constant, T the absolute temperature, 

h, Planck’s constant, and β=1/kBT. Provided that the system has a significant activation barrier, 

the majority of the NQM are incorporated into the quantum-mechanical activation free energy 

(∆G‡QM), and the corresponding contributions from the pre-exponential transmission factor are 

minor.110 Therefore, it is possible to divide the reaction free energy into quantum and classical 

mechanical parts, following Eq. (14): 
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where the subscripts QM and CL denote the quantum and classical mechanical components, 

respectively. The quantum-mechanical correction, ∆∆G‡CLàQM can further be divided into 

temperature-dependent and temperature-independent terms: 

∆∆𝐺ij→]^
‡ (𝑇) = ∆∆𝐻ij→]^

‡ − 𝑇∆∆𝑆ij→]^
‡ (𝑇)                (15) 

Finally, the quantum-mechanical free-energy barrier, ∆G‡QM, can be evaluated using 

Feynman’s path-integral formulation,111 in which each classical coordinate from the EVB 

trajectory is replaced by a ring of quasiparticles (Fig. 6), that are then subjected to an effective 

“quantum-mechanical” potential: 

𝑈]^ = ∑ %
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𝑀Ω&n

aq% ∆𝑥a& +
%
n
𝑈(𝑥a)                   (16) 

Here U is the actual potential used in the classical simulation, M is the mass of the quasiparticle, 

Ω = p/ħβ, p denotes the number of quasiparticles, and ∆xk = xk+1 – xk (where xp+1 = x1). 

Therefore, it is possible to obtain the total quantum-mechanical partition function through 

running classical trajectories of the quasiparticles, using the potential UQM and then 

approximating the probability of being at the transition state by a probability distribution of the 

center of mass of the quasiparticles (the centroid), rather than by using the single point from 

the classical trajectory (for further discussion, see e.g. Refs. 90, 105). 

 

 

Fig. 6 A schematic representation of the conversion between (A) classical particles and (B) ring polymers, using 

the methyl transfer reaction catalyzed by catechol O-methyltransferase (COMT) as a model reaction.112  Carbon 

atoms are shown in green, oxygen atoms are shown in red, sulphur atoms are shown in yellow, and hydrogen 

atoms are shown in white. Adapted and reprinted from Ref. 112, with permission from Elsevier. 
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Following from this, in a recent release of the Q simulation package (Q6)112, we have 

implemented the bisection quantum classical path (BQCP) approach of Gao and Major.113-115 

This approach combines the original QCP methodology,105-107 with the bisection sampling 

algorithm.116, 117 As in the original QCP approach, the NQM contribution to the calculated 

activation free energies are calculated using a path-integral formalism, using quasiparticles 

(beads) in lieu of the classical particles (Fig. 6). The QM correction to the classical-mechanical 

partition function (QQM vs. QCL) can be evaluated by: 
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Here Uj is the potential at the position of the bead, p is the number of beads (quasiparticles), 

and Uc is the classical position. < >FP denotes the ensemble average over the free-particle (FP) 

bead distribution, and < >Uc the ensemble average performed over the classical potential. In the 

BQCP approach, the FP distribution is sampled by an exact Monte Carlo sampling scheme. 

For more details of the approach itself, see Ref. 115, and for details of its implementation into 

Q6, see Ref. 112. The Q6 implementation of the BQCP approach was benchmarked against a 

simple E2 elimination reaction (the elimination of 2-phenylethylbromide in ethanol118), as well 

as the transmethylation reaction catalyzed by catechol O-methyltransferase (COMT).119, 120 

The latter system, in particular, has been the subject of substantial computational effort, e.g. 

Refs. 121-128, making it an ideal test system for our BQCP implementation. As described in 

Ref. 112, we obtained a calculated KIE of 5.5 for the E2 elimination in ethanol (compared to 

an experimentally measured KIE of 7.1118), and a calculated KIE of 0.80 for the COMT-

catalyzed reaction, in agreement with the experimental value of 0.79.120 

One of the main uses of such calculations, coupled with the EVB approach, have been to 

understand the temperature dependence of kinetic isotope effects, as well as the validity of 

transition state theory to describe enzymatic reactions. One of the earliest of such studies used 
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the EVB and QCP approaches to study proton and deuterium transfer in carbonic anhydrase,105 

in order to explore how important NQM effects are in enzyme catalysis. The authors observed 

that while indeed there are large NQM effects in the reaction catalyzed by carbonic anhydrase, 

similarly large NQM effects are also observed in the corresponding background reaction, and 

thus that the net effect of such NQM to catalysis are likely to be small, although non-negligible. 

This observation was repeated in a number of other systems, such as glyoxalase 1129 and 

lipoxygenase,90  to name two examples. Therefore, it was argued that transition state theory is 

fully adequate to describe enzyme catalysis, as has been concluded by independent studies 

using different computational approaches (e.g. Refs. 130, 131).  

Another issue that has been of great interest is the temperature dependence of kinetic 

isotope effects, as discussed in e.g. Refs. 90, 91, 132-139 among others, particularly in the 

context of understanding the contributions of tunneling to catalysis. Specifically, based on 

unusual temperature dependence of KIE, it has been argued that tunneling is thermally 

activated and thus catalytically important.132, 138 The issue of tunneling is controversial and has 

been discussed in detail elsewhere, and we refer the reader to reviews such as Refs. 139-145 

for some of the relevant debate. We note here, however, that on the basis of detailed EVB+QCP 

studies of lipoxygenase90 and dihydrofolate reductase,91 it was argued that there is a correlation 

between increasing KIE and increasing donor-acceptor distance, and that the temperature 

dependence of the KIE appears to mainly reflect the temperature dependence of the donor-

acceptor distance.   

7. Using the Empirical Valence Bond Approach to Understand the 

Evolution of Enzyme Function 

 
Recent years have seen an explosion of interest in both experimental and computational 

approaches to understand the evolution of enzyme function (see e.g. Refs. 146-158, among 
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many others). As we and others have demonstrated,20, 22, 32, 33, 88, 89, 92, 128, 159-164 the EVB 

approach is an excellent tool with which to address this issue computationally. This is due to 

its relative speed compared to most other reliable approaches capable of characterizing 

chemical reactivity in biological systems, which means that it is possible to perform detailed 

EVB simulations across enzyme evolutionary trajectories. From there, it is possible to use the 

tools of computational physical organic chemistry, to perform comparative enzymology in 

order to identify the physio-chemical parameters that shape changes in activity and selectivity, 

or the gain in new enzyme function. We have performed extensive studies of both the 

electrostatic and conformational effects that drive the evolution of new enzyme functions,20, 22, 

92, 162, 164 the Åqvist group have used EVB-based studies to perform extensive analysis of 

temperature adaptation during enzyme evolution,32, 88, 89 the Warshel group have shown the 

potential of the EVB approach as a powerful tool in enzyme design33, 159, 160 (most recently 

through computational engineering of a dehalogenase active site128), as well as probing the 

evolution of a phosphotriesterase to an arylesterase using EVB,163 and the Fuxreiter group have 

used EVB to showcase the importance of the optimization of the reorganization energy in 

enzyme evolution.161  

We have reviewed computational studies of enzyme evolution in detail elsewhere,156-158 

and therefore here would like to mainly highlight one key recent study164 of the designed Kemp 

eliminase, KE07.165 This variant is not the most proficient Kemp eliminase designed: it 

catalyzes the cleavage of 5-nitrobenzisoxazole (Fig. 7) with a modest 103-fold rate acceleration 

compared to the corresponding non-enzymatic reaction in aqueous solution,165 and the turnover 

rate (kcat) is only 0.018 s-1.165 The efficiency of this enzyme was however improved by >100-

fold over seven rounds of evolution.165 While this is overall not a very efficient enzyme, its 

low efficiency makes it ideal to understand the features that allow for stepwise improvements 

in efficiency over an evolutionary trajectory. In particular, although there have been several 
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experimental and computational studies of the evolved KE07 variants,160, 161, 166-170 they have 

not been able to rationalize the role of remote mutations in later rounds of evolution, which 

clearly do contribute to the activity.  

 

 

Fig. 7 (left) a comparison of different conformational sub-states observed during directed evolution of the Kemp 

eliminase KE07.164  The most important conformational change is the repositioning of W50, which in turn affects 

substrate binding and stabilization. This figure shows an overlay of the R1 (grey) and R7-2 (pink) variants from 

this evolutionary trajectory. (right) A comparison of calculated164 and experimental165 activation free energies 

(kcal mol-1) for different KE07 variants from the evolutionary trajectory, obtained as described in Ref. 164. Here, 

Conf A corresponds to the initial conformation of W50, shown in grey in the panel to the left. Conf B is the 

perpendicular conformation shown in pink. Conf C is very similar to Conf A, however, W50 has rotated such that 

the indole ring of the tryptophan is now able to form a hydrogen bond to the catalytic base, E101. Note that not 

all conformations were observed in all variants, and this panel corresponds to simulations of the conformations 

that were observed in any given variant. As can be seen from this panel, all conformations in all variants show 

activation free energies similar to or lower than that of the initial R1 variant, with Conf B and then Conf C 

gradually becoming dominant across the trajectory. This figure is adapted from Ref. 164, and was originally 

published under a CC-BY license.  

 

To address this issue, we combined structural biology, quantum-chemical calculations, 

enhanced-sampling simulations and EVB simulations in order to explore the changes in 

conformational sampling, electrostatic preorganization, and quantum tunneling, along the 
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KE07 evolutionary trajectory.164 We observed that in later rounds of evolution, curiously, the 

instability of the original designed active site led to the emergence of two additional active-site 

configurations,164 and all three were at least as catalytically active as the original design in 

EVB simulations of the different active-site conformations across the evolutionary trajectory 

(Fig. 7). However, evolutionary conformational selection gradually stabilized the most 

efficient configuration of the three, leading to an improved enzyme with a new dominant 

active-site configuration by the end of the evolutionary trajectory. This major conformational 

shift was achieved through the concerted effect of a series of remote point mutations that could 

completely remodel the original active site design through subtle structural shifts, exemplifying 

the critical link between conformational plasticity and evolvability. In addition, it highlights 

the usefulness of the EVB approach in this context, as this approach is able to capture not just 

local conformational effects along the evolutionary trajectory, but also the effect of remote 

point mutations, while also being able to simulate many structures of the same variant at once 

due to its computational efficiency. Finally, this study serves as general reminder of the fact 

that any simulation of a biomolecular system is only as good as the quality of the starting 

structure, and the complex effects observed along the KE07 evolutionary trajectory would have 

been impossible to capture without structural information about the new evolved active-site 

conformation, however accurate the computational method otherwise is.  

8. Conclusion 

The purpose of this chapter is to provide a general introduction to the empirical valence-

bond approach, as well as to showcase its utility as a powerful tool in computational physical 

organic chemistry. We have, as examples, illustrated how the EVB approach can be used to 

provide microscopic rationale for the existence of linear free energy relationships, to explore 

temperature effects in enzyme catalysis, and to reproduce and rationalize key experimental 
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observables such as kinetic isotope effects. The scope of use of this approach extends well 

beyond the examples showcased in this review, and it is being used to study everything from 

excited state proton transfer12, 13 to reaction dynamics,8-11 which requires extremely high 

precision in the calculations. In addition, increases in computational power have greatly 

expanded both the size of biological systems that can be addressed (for instance studying F0-

ATPase16 or peptide bond formation on the ribosome15), as well as the scope of simulations 

that can be performed, making routine the simulations of different systems on the (cumulative) 

microsecond timescale,20-23 which also involves the simulation of large numbers of enzyme 

variants. This is important from not just from the perspective of expanding our fundamental 

understanding of (bio)molecular reactivity, but also makes EVB a very powerful tool in 

(bio)molecular design, both as a tool for enzyme design,128, 159, 160, 171 but also as a tool for the 

design of new supramolecular catalysts5-7 for a host of chemical processes. 
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