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Abstract

Gaining a deeper understanding of enzyme catalysis is of great practical and fundamental

importance. Over the years it has become clear that despite advances made in experimental

mutational studies, a quantitative understanding of enzyme catalysis will not be possible without

the use of computer modeling approaches. While we believe that electrostatic preorganization is

by far the most important catalytic factor, convincing the wider scientific community of this may

require the demonstration of effective rational enzyme design. Here we make the point that the

main current advances in enzyme design are basically advances in directed evolution and that

computer aided enzyme design must involve approaches that can reproduce catalysis in well-

defined test cases. Such an approach is provided by the empirical valence bond method.

I. Introduction

Many life processes are controlled by the action of enzymes and thus a deeper understanding

of enzyme catalysis is of great practical and fundamental importance. Such an understanding

is also important for refining various biotechnological processes. Overall, the nature of

enzyme catalysis has been the subject of intensive studies for more than a century (e.g., [1])

and the emergence of X-ray structural determination of enzymes [2] has offered the chance

to explore a structure/catalysis relationship. Over the years it has become clear that despite

advances in experimental mutational studies (e.g., [3,4]), a quantitative understanding will

not be possible without computer modeling approaches. In fact, quantitative computational

approaches have emerged (e.g., [5,6]) and the idea that the catalysis is mainly due to

electrostatic preorganization [7] has been illustrated in many cases (see [8]). Nevertheless,

many workers still overlook what was found in computational studies of the origin of

catalysis and some tend to accept ideas like dynamics (see below) and other exotic factors as
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key contributions. This is problematic since none of these ideas has been shown to

contribute to catalysis by consistent computational studies or by any direct experiment.

Perhaps one of the best ways to establish the importance of quantifying different catalytic

factors is to be able to guide rational design and refinement of enzymes. The challenges and

the advances on this front will be among the main subjects of our review.

We will start with what has been learnt from consistent computational studies about the

origin of enzyme catalysis. We will then consider the current state of computer aided

enzyme design and the fact that most of the advances are still done by directed evolution.

Finally, we will point out that rational design should be based on the ability to predict the

actual catalytic power of different design constructs.

II. Modeling Enzymatic Reactions in Well-Defined Active Sites

Before moving to the subject of enzyme design it is important to review the current state of

modeling enzymatic reactions. The first attempt to model an enzymatic reaction consistently

[9] introduced the QM/MM method and explored the electrostatic contribution in the

catalytic reaction of lysozyme. Subsequently, it became clear that molecular orbital (MO)

QM/MM methods could not give reliable results with the computational resources available

in the 80s and 90s, due to the difficulty of obtaining any reasonable sampling. This led to the

development of the empirical valence bond (EVB) method, with its focus on the difference

between the enzyme and solution reactions that allowed for reliable free energy calculations.

The main subsequent advances on the “technical” front have involved the use of ab initio

[10] QM/MM (QM(ai)/MM) with reliable sampling. The slow progress in this direction

reflected the insufficient realization of the fact that QM(ai)/MM calculations without

sampling and with only energy minimization are likely to lead to arbitrary results. A further

problem has been the assumption that reliable free energy calculations with semiempirical

models or low level DFT can be used to obtain reliable results. This problem could have

been minimized significantly by calibrating the semiempirical calculations on reference

solution reactions as is done in the EVB. Fortunately, the ability to obtain reliable

QM(ai)/MM results (at least in solution) has been greatly advanced by the use of the EVB as

a reference potential for the QM(ai)/MM calculations. This reference potential idea has been

advanced by us since 1992 (see discussion in [10]) and is now called the paradynamics (PD)

approach [11]. However, although the PD philosophy is now adopted by several groups (see

[10]) and is more effective than the alternative (elegant and seemingly automatic)

metadynamics (MTD) approach [12], it has not found widespread use. The problem here is

not so much in the use of the MTD but in the fact that some of the users seem to believe that

invoking the name MTD is equal to obtaining reliable results in solution and enzymes. The

situation is particularly challenging when one tries to use the MTD or even the PD in

enzymes. Here, even now, it is still not clear that fully converging QM(ai)/MM free energies

can be obtained in highly charged active sites. The best current solution seems to be to

perform the most careful QM(ai)/MM calculations both with PMF and PD on the reference

solution reaction, to calibrate the EVB surface on the solution surface and then to move to

the protein with the EVB surface (see [13], for example).
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Since this work deals mainly with calculations of mutational effects, we present in Fig. 1 the

results of an EVB study of the catalytic contributions of various residues in chorismate

mutase CM [14,15]. The figure demonstrates that the EVB model can serve as an effective

and accurate tool in the final stages of computer aided enzyme design. Other approaches for

fast screening were found to be less accurate and mainly useful for the qualitative screening

of ionized residues [15,16].

III. Key Catalytic Concepts

Extensive computer simulations of different enzymatic reactions have repeatedly indicated

that the main catalytic factor is associated with electrostatic stabilization of the transition

state [8]. It was concluded [7,8] that the source of the TS stabilization is the reduction in the

reorganization energy upon moving from solution to the protein (with its polar

preorganization [7]). This idea has been also supported by studies of other research groups

(e.g., [6]).

Although the preorganization idea has been accepted by some, other catalytic options

continue to be propagated. These include the idea of ground state destabilization (e.g.,

[17,18]) and the idea that enzymes work by dynamical effects, tunneling and compression

(e.g., [19]). Unfortunately, the corresponding catalytic effects have been found to be very

small or non-existent by studies that actually examined each of them in a quantitative way

(e.g., see [20] and below). Here, we do not have the space to repeat the details of the

systematic studies that also included major efforts and insistence on defining the relevant

issues. However, it may be very instructive to comment on the currently most popular

proposal, namely the dynamical proposal. This proposal implies that somehow special

conformational motions of the protein help to reduce the chemical barrier by dynamical

effects (effects that do not reflect the Boltzmann probability, e.g. see [21–26] and the

discussion in [27]). However, we established repeatedly that dynamical contributions to

catalysis are small [20,28] and that the inertial effect of the conformational motion is

dissipated before it can be transferred to the chemical direction [8]. Significantly, we were

able to explore the millisecond time range [29] and to show that dynamical effects do not

contribute to catalysis in one of the popular model systems (namely adenylate kinase

(ADK)).

A high profile work [30] that was written after our analysis of ADK tried to establish the

dynamical proposal by freezing conformational motions in dihydrofolate reductase (DHFR),

and argued that the reduced catalysis cannot reflect reduction in preorganization, but rather

dynamical effects. However our subsequent EVB work [31] has clearly established that none

of the structural observations of ref. [30] could assess the reorganization effects (this can

only be done by computation), and has shown that all the observed barrier increases can be

reproduced quantitatively by the increase in activation free energy. Interestingly, subsequent

theoretical works [32,33] reached the same conclusions as those established in our study.

A similar problem has been associated with the idea of quantum tunneling and other nuclear

quantum mechanical (NQM) effects in enzyme catalysis (e.g., [34]). Here it is useful to

point out that using our quantized classical path (QCP) approach [35,36], we demonstrated
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that the corresponding NQM contributions are similar in the protein and in solution [28,37].

Furthermore, the original tunneling idea postulated that compression makes the barrier

narrower, increases tunneling and accelerates reactions. However (see [38]), we have

demonstrated that in all the proton and hydrogen transfer reactions the compression leads to

a reduction and disappearance of the barrier and that the tunneling actually increases upon

increase in donor –acceptor distance. Strangely, none of the supporters of the tunneling/

compression idea has dealt with our clear analysis and argument.

The difficulty in focusing on or accepting the electrostatic preorganization idea can be

demonstrated by studies of the binding of a series of phenolate transition states (TSAs) to

ketosteroid isomerase (KSI), which found a small change in the binding energy upon

significant change in charge delocalization of the TSAs [39]. This finding was taken as a

proof that electrostatic effects do not contribute to the catalytic power of KSI in a major

way. However, our systematic analysis [40] of the relationship between the binding of the

TSAs and the chemical catalysis by KSI, reproduced both the very small electrostatic

contribution to the binding of the TSAs and the very large contribution to the binding of the

actual TS. It was found that the electrostatic preorganization contributions to the binding of

the enolate intermediate of KSI (and the TS) are much larger than the corresponding effect

on the binding of the TSAs. Subsequent challenges (e.g., [41]) to our findings were resolved

in [42]. It is encouraging to note that some of those who challenged the preorganization idea

in KSI are now confirming it [43].

Overall we believe that only computer simulations can resolve the above controversies and

that any proposal must come with a qualitative estimate of the magnitude of the given effect.

IV. Computer Aided Enzyme Design

In view of the above discussion one can argue that enzyme design should be based on the

ability to predict the expected catalytic effect. As a start we point out that the attempts to use

enzyme engineering to explore enzyme catalysis date back to the early eighties (e.g., [3,44]).

These studies were followed by early computational studies with reasonable reliability

[45,46] and with subsequent studies of mutational effects (e.g., [46]). Recent years

witnessed major new advances in enzyme design, both in attempts to change the activity of

existing enzymes and to create new enzymes (e.g., [4,47–60]). However, most of the recent

attempts at using computational approaches in enzyme design have not involved approaches

that can reproduce the relevant activation barriers, even in cases where the structure of the

enzyme substrate complex is known. However, it is instructive to consider the current state

of the field.

IV.1 Attempts at designing Kemp eliminases as a general example

One of the most visible attempts at enzyme design has been the design of Kemp eliminases

(e.g., [61]). Here we started by noting that the actual catalytic effect relative to the correct

reference reaction (namely the reaction in a solvent cage) is actually very small [16,62]. We

then reproduced the observed catalytic effect [16,62], while realizing that this system is not

the best candidate for demonstrating effective catalysis, since the change in the residual

charges upon moving from the RS to the TS is relatively small, thus making it hard to
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exploit preorganization effects. Nevertheless, we explored the origin of the small but

meaningful catalytic improvement obtained by directed evolution experiments (e.g.,

[55,63]). It was found that the directed evolution used the simple and not sophisticated trick

of destabilizing the charges of the reactant state (ground state destabilization) that is not

used by any of the enzymes studied by us that have been refined by real evolution. We also

examined the catalytic effect of changing the proton acceptor in Kemp eliminase and

reproduced the corresponding observed LFER [16] (see Fig. 2).

It is useful to point out that other attempts to explore and refine the Kemp eliminase by

computational approaches have not reached a quantitative level. This point is obvious when

one considers the gas phase models that were used for the initial screening in some cases

(e.g., [61]). Similarly, MM simulations [64] can tell us about the optimal donor/acceptor

geometries but are unlikely to be able to predict the catalytic trends in properly oriented

systems. Furthermore, even semiempirical MO-QM/MM studies with a fixed main chain

[65] that perform nicely in exploring the effect of changing the distance between the donor

and acceptor (i.e. the Glu to Asp mutation [66]), could not reproduce the effect of changing

the environment (which occurs in directed evolution experiments and is usually responsible

for the catalytic activity). Alternatively, ref. [64] attempted to use the ONIOM truncated

protein model but obtained relatively poor agreement (with a spread of about 12 kcal mol−1

for experimental deviations of 2 kcal mol−1). This work implies that a predictive power

requires a very high level QM method. However, predictive approaches like the EVB are not

interested in predicting the absolute QM energy of the substrate since what counts is the

change in this energy upon moving from water to the protein active site.

IV.2 Phosphate triester and lactone as an example of promiscuity

Considering the fact that Kemp eliminase is not the enzyme where one can best demonstrate

the advantage of quantitative enzyme design, it is useful to explore systems with large

catalytic effects, where we have large changes in charges during the formation of the TS. A

promising direction is provided by considering the evolution from phosphotriesterase (with a

paraoxon substrate) to arylesterase (with a 2-naphthylhexanoate substrate [67]). The

observed trend presents a functional tradeoff, which seems to be a general phenomenon [68–

71]. In exploring the above trend we examined a strategy of evaluating the catalytic effect

for a whole set of different mutants for three possible mechanisms (MJL Mills et al.,

unpublished), where the first involves an attack from a −OH nucleophile that is situated

between the two Zn ions, the second involves an attack by a −OH nucleophile that is bound

to one Zn ion, and the third involves a proton transfer from the attacking −OH to an Asp

residue that ligates one of the Zn ions. It was found that the second mechanism produced by

far the best results and thus should allow us to make useful predictions.

An important “hint” that emerged from our study was the finding that we can reproduce the

observed LFER by using a three state EVB model where the rate determining barrier differs

between the phosphotriesterases and arylesterases. This finding indicates that the

combination of experimental LFER studies with computational modeling can be a very

useful guide in enzyme design.
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IV.3 Enantioselectivity

Another important aspect of the design front is the issue of controlling the enantioselectivity

of enzyme active sites (e.g., see [49,72–74]). Our studies in this direction focused on the

ability to use the EVB in an analysis that considers the protein relaxation consistently. The

first benchmark focused on the reproduction of the experimentally observed

enantioselectivity (E) of Candida antarctica lipase A (CALA) [54] and succeeded to obtain

reasonable results for both the overall E and the contribution to E from kcat. In particular, we

have been successful in direct mutations from R to S [75]. More recently [76] we succeeded

to reproduce the effect of large steric effects on the selectivity of CALB [77], a challenge

that has not been met by other approaches. Furthermore, the combination of the EVB with

our restraint release approach [78] reproduced the entropic contribution to selectivity.

Efforts in studies of enantioselectivity by others (e.g., [79,80]) are also instructive.

V. Other Systems

Recent advances in design, including directed evolution studies [52] of carbonic anhydrase

II (CA II), succeeded to generate a modest increase in the esterase activity. Another advance

has been reported by Pecoraro and coworkers [81], who constructed an artificial

metalloprotein on the skeleton of three helix bundles with two metal binding sites where one

has a similar first coordination sphere to that of CA II. This system provides an excellent

opportunity to compare CA to a designer enzyme and to determine what the crucial

differences are. A recent study [54] redesigned a mononuclear zinc enzyme in adenosine

deaminase as a template for the catalysis of organophosphate. Subsequent directed evolution

steps led to a very large increase of kcat (relative to the original design).

Finally, it might be useful to comment on the long ongoing attempt to design non-biological

artificial catalysts (e.g., [82,83]). A part of this effort has suffered from the fact that the

synthetic community has not been familiar with the true catalytic effects such as the

preorganization effect (see discussion in [84]). Here, as in the case of enzyme catalysis, we

do not see a substitute to serious computer modeling of the origin of the catalytic effect.

Among the very few examples we like to mention a study of cyclodextrin catalysis [85] and

a recent study [84] that have elucidated the electrostatic origin of the catalytic action of the

supramolecular host of ref. [86].

VI. Concluding Remarks

This work discussed the current state of modeling enzyme catalysis and computer aided

enzyme design. Overall, we believe that the main effect is polar preorganization and that the

difficulties in appreciating this issue are based on insufficient familiarity with physical

chemistry concepts and the slow realization of the fact that consistent computational results

are the only way to identify the origin of enzyme catalysis. As much as enzyme design is

concerned, it seems to us that many people do not see the difference between approaches

that can be used as predictive tools and approaches that cannot even reproduce the catalytic

effects in well-defined active sites. Here it is important to emphasize that in contrast to

statements [63] such as “More effective designs should also consider the computation of
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substrate floppiness, of pKa values of key residues, and of water molecules”, we and others

have used such approaches for many years and of course have also used them in enzyme

design studies (e.g., [62]). Of course, it remains to be seen whether consistent calculations

can guide the design of effective new enzymes. On the other hand, we believe that we can

exploit our ability to predict reliably long range electrostatic contributions to catalysis and

stability and to systematically and iteratively refine the catalytic activity of designer

enzymes [62]. In this case, however, we cannot obtain enormous effect from distant

residues.

At present, most (if not all) of the successful advances in enzyme design have been due to

directed evolution rather than by computational guidance. Thus, in addition to the obvious

need to improve the computational strategies, it would be interesting to use computational

approaches to reproduce, analyze and guide the sequence “moves” of directed evolution

experiments.

In concluding this review we would like to point out that despite the non-impressive current

state of computer aided enzyme design, there is no doubt that the future must be quite

promising. That is, in view of the rapid increase in computer power and the gradual

realization that enzyme design must involve reliable modeling of the chemical step, it is very

likely that designer enzymes will eventually reach very significant catalytic effects.
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Highlights

• The origin of enzyme catalysis can only be determined by computational

approaches.

• Enzyme catalysis is due to preorganization, and not to other exotic factors.

• Computer aided enzyme design must be able to produce known catalytic effects.

• The EVB model allows one to produce the trend of directed evolution.

• At present the main advances in enzyme design are due to directed evolution.
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Figure 1.
Comparing the calculated (in blue) and observed (in red) activation free energies for the

indicated systems. The dashed line designates the activation free energy of the reaction in

aqueous solution (taken from [15]).
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Figure 2.
Calculated and observed activation barriers for the different Kemp eliminases studied in our

works [16,62].
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Figure 3.
The calculated and observed LFERs for phosphotriesters and arylesters.
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