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C O N S P E C T U S

Computational methodologies are playing increasingly important roles in elucidating and presenting the complete and
detailed mechanisms of enzymatic reactions because of their capacity to determine and characterize intermediates and

transition states from both structural and energetics points of view, independent of their reduced lifetimes and without inter-
fering with the natural reactional flux. These features are turning the field into an active and interesting area of research,
involving a diverse range of studies, mostly directed at understanding the ways in which enzymes function under certain
circumstances and predicting how they will behave under others.

The accuracy of the computational data obtained for a given mechanistic hypothesis depends essentially on three mutu-
ally exclusive factors: the accuracy of the Hamiltonian of the reaction mechanism, consideration of the modulating aspect
of the enzyme’s structure in the energetics of the active center, and consideration of the enzyme’s conformational fluctua-
tions and dynamics. Although, unfortunately, it is impossible at present to optimize these crucial factors simultaneously, the
success of any enzymatic mechanistic study depends on the level of equilibrium achieved among them. Different authors
adopt different solutions, and this Account summarizes the most favored, with emphasis placed on our own preferences.

Another crucial aspect in computational enzymatic catalysis is the model used in the calculations. Our aim is to build
the simplest model that captures the essence of the catalytic power of an enzyme, allowing us to apply the highest possi-
ble theoretical level and minimize accidental errors. The choice is, however, far from obvious, ranging from simple models
containing tens of atoms up to models of full enzymes plus solvent. Many factors underlie the choice of an appropriate model;
here, examples are presented of very different modeling strategies that have been employed to obtain meaningful results.

One particular case study, that of enzyme ribonucleotide reductase (RNR), a radical enzyme that catalyzes the reduction
of ribonucleotides into deoxyribonucleotides, is one of the examples illustrating how the successive increase of the sys-
tem’s size does not dramatically change the thermodynamics and kinetics of the reaction. The values obtained and pre-
sented speak for themselves in that the only ones that are distinctly different are those calculated using an exceedingly small
model, which omitted the amino acids that establish hydrogen bonds with the reactive unit of the substrate.

This Account also describes our computational analysis of the mechanism of farnesyltransferase, a heterodimeric zinc
metalloenzyme that is currently one of the most fascinating targets in cancer research. We focus on the present method-
ologies that we have been using, our models and understanding of the problem, and the accuracy of results and associ-
ated problems within this area of research.

Introduction
Enzymes are extremely interesting, complex sys-

tems, and their behavior is often tricky and diffi-

cult to understand. Experimental methodologies

devoted to the study of enzymatic catalysis, in

general, typically involve many different areas of

expertise such as protein crystallography, NMR,

site-directed mutagenesis, kinetics, isotopic label-
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ing, and spectroscopy, to name but a few. However, the area

of computational enzymatic catalysis involves a range of com-

putational techniques, which in general allow for the mea-

surement of a wider range of observables than experiments

with the same level of effort, time, and budget. This fact, in our

opinion, turns computational enzymatic catalysis into an

amazingly interesting area of research, involving a diversity of

studies, mostly directed to understand the way enzymes work

in certain circumstances and to predict how they will behave

in others.

Many excellent groups have developed research is this

field in the past decade (see refs 1–5 and references therein),

contributing to great improvement in our understanding on

how enzymes work.

Predicting the catalytic or the inhibition mechanism of an

enzyme is generally a lengthy and complex task. A complete

characterization involves identifying all intermediaries and

transition states along the catalytic or the inhibitory cycle, as

well as the free energies of activation and reaction for each of

the reaction steps. Experimental methodologies typically allow

the determination of the initial enzyme/substrate (or substrate

analogue) complex, the identification of some albeit not all

intermediaries, and the determination of the free energy of

activation of the rate-limiting step. The structure and nature of

the transition states, as well as their energies, are generally

beyond these methodologies. As a result, computational meth-

odologies have taken an increasingly important role, due to

their capacity to determine and characterize intermediaries

and transition states from a structural and energetics point of

view, independently of their reduced lifetime and without

interfering with the natural reactional flux.

The simulations of enzymatic systems present some char-

acteristics that make them unique from a computational point

of view. They are big systems (typically tens of thousands of

atoms) in which only a small region, the active center, partic-

ipates actively in the reactive cycle. The remaining structure

works as a modulator of the active center, either stabilizing or

destabilizing the existing stationary states along the poten-

tial energy surface (PES). The solvent may or may not play an

active role in the catalysis either by participating in the reac-

tive cycle or by modulating indirectly the energetics of the pro-

cess. The enzymatic structure has a dynamics that encloses

several time scales, from side chain rotations, which occur in

the nanosecond scale, to conformational rearrangements or

domain movements, which typically happen in the microsec-

ond scale or even slower. Solvent dynamics is on the picosec-

ond time scale.

All this diversity in the chemical nature and the dynamics

of the systems’ participating species causes need for using

computational techniques equally diverse. We have chosen

two specific, very different examples from the systems that we

have been working with lately, in which we have used sev-

eral different methodologies to be able to achieve our final

objectives. They are ribonuclease reductase, a radical enzyme,

and farnesyltransferase, a metalloenzyme.

Results and Discussion
A successful computational scientist should be fully aware of

the experimental data available in the literature and related to

the system under study. Basically, to put forward the right

mechanism for an enzymatic reaction, we have to search for

the minimum energy pathway in the PES of our system. How-

ever, due to present computing limitations, it is important to

make some initial choices on which the mechanistic pathway

to determine will surely depend.6

The realism of the computational data obtained for a given

mechanistic hypothesis depends essentially on three factors of

mutually exclusive quality: (i) the system’s Hamiltonian accu-

racy, (ii) the sampling of the reactional space, and (iii) the sam-

pling of the conformational space. The success of a mechanistic

study depends on the level of equilibrium achieved among

these three factors.

One problem that has given rise to much controversy is the

explicit and implicit modeling of the enzyme outside the active

center. There are basically two methodologies. One intends to

represent atomistically the largest possible part of the enzy-

matic system resorting to molecular mechanics (MM) to deal

with the thousands of atoms involved.7–10 The other tries to

reduce as much as possible the atomistic region and intro-

duces the highest possible accuracy in its Hamiltonian, sub-

stituting the rest of the enzyme by a dielectric continuum.1,5,7

Dielectric values between 2 and 4 are appropriate to describe

the protein environment, its contribution being usually small,

and the difference between values ranging from 2 to 4 is neg-

ligible. If a large contribution from the dielectric medium is

found, it means that it cannot be accurately accounted for by

the dielectric, and the atomistic model must be enlarged.

The main advantage of the first methodology is the better

accuracy obtained in the evaluation of the long-range inter-

actions. The main advantage of the second is to be less prone

to incidental errors, which occur due to the difficulty in ensur-

ing that a large system does not travel between local confor-

mational minima (unrelated to the reaction coordinate) during

the geometry optimization of the stationary states. Even

though these minima are an integral part of the PES land-
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scape, their contribution is only included correctly if they are

properly explored and averaged, which is not the case in sin-

gle-structure geometry-optimized systems. It is only possible

to overcome this problem by resorting to extensive sampling

of the conformational space or by traveling backward and for-

ward along the reaction coordinate, both computationally

demanding processes. In such cases, however, the disadvan-

tage is transferred to the necessary reduction of the accuracy

of the Hamiltonian in relation to the small models.

A promising methodology to progress toward an accurate

ab initio quantum mechanical/molecular mechanical (QM/MM)

free energy surface (FES), in solvent and in enzymes, without

sacrificing conformational sampling, has been recently pre-

sented.11 The application of the method still demands a

lengthy and complicated set of procedures, and a wider set of

examples of its accuracy would be beneficial. However, it

opens a path toward mastering the nature of the catalytic

power of enzymes with ab initio accuracy and without invest-

ing unreasonable amounts of computer time.

As far as the reactional space is concerned, our experience

is that to explore it, an atomistic model of large dimensions

is not always needed, since a great deal of the energy

involved in reactional transitions involves the breaking and

formation of bonds and first sphere interactions, and the long-

range interactions are usually less important. However, excep-

tions are not uncommon, in particular with reactions involving

charge transfer, which means that such small models should

be employed with caution and after a proper evaluation of the

specific system under consideration.

It is absolutely essential that the model includes the sub-

strate or inhibitor and all the residues that we know or sus-

pect to interact with the ligand and to be essential for catalysis

or inhibition. The size of models has to vary from system to

system. There are many for which the model used can be

small, amounting to only tenths of atoms.12 These cases

include metallic centers, radical enzymes, enzymes lacking

specific long-range enzyme-ligand interactions, or enzymes

with ligands that are very small or have much localized elec-

tronic density. It is rewarding when we find out that increas-

ing the model brings no new information to the mechanistic

pathway or the energies associated with it.

Ribonucleotide Reductase, a Radical Enzyme. An inter-

esting example is that of the enzyme ribonucleotide reduc-

tase (RNR), a radical enzyme that catalyzes the reduction of

ribonucleotides into deoxyribonucleotides.

In Scheme 1, it is possible to follow the steps that consti-

tute the currently accepted mechanism of RNR both experi-

mentally13 and computationally.14,15

Figure 1 shows different strategies for modeling the mono-

mer R1 of RNR, as well as the activation and reaction free

energies for the first step of the catalytic mechanism of RNR,

obtained with different sized models.7

The values speak for themselves; the only ones that are

predictably different are those calculated with an exceedingly

small model in which amino acids that establish hydrogen

bonds with the reactive part of the substrate, as well as geo-

metric constraints due to the connections to the backbone

were omitted, thus confirming the necessity of including an

SCHEME 1. Mechanism for Reduction of Ribonucleotides by RNR13
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acceptable first shell of amino acids in the minimum model.

All the others seem to converge to the same value of 20 kcal/

mol for the activation energy, regardless of the size of model.

In the case of RNR and similar ones, the role played by the

enzyme seems to be that of preorganizing the geometry of the

active center, imposing stereospecificity in the reaction, and

changing the mechanism to a fast, radical one, not viable in

water.15 These effects obviously constitute no problem for a

computer to mimic. Less often, we encounter enzymatic sys-

tems for which the active center is very open to the solvent or

involving very flexible or charged species, establishing spe-

cific long-range enzyme-ligand interactions, or involving con-

formational changes or even ligands with highly delocalized

electronic density. In these cases, it is generally more diffi-

cult to handle small models because the results produced can

prove unrealistic. We have come across one of those systems:

the related enzymes thioredoxin and DsbA, which present

very different pKa’s for a homologous active site cysteine. In

order to clarify the long-waited, elusive molecular-level ori-

gin of this difference, it has been necessary to use the entire

enzymes. With such models, a ∆pKa of 4.5 was obtained (the

experimental value range is 4.0-4.5).17 The largest contribu-

tion came from an R helix adjacent to the active site, whose

microdipoles stabilized the thiolates of both enzymes to a dif-

ferent extent.

We have conducted a series of mechanistic studies to elu-

cidate the catalytic and inhibition pathways of RNR. Even

though the whole substrate mechanism has been studied in

detail, and all its stationary points identified, maybe the most

important result has been the clarification of the rate-limiting

disulfide formation pathway. The radical anionic disulfide was

shown to generate the neutral disulfide in a single step,

through a very complex transition state, illustrated in Figure 2,

involving a coupled proton and electron transfer, with con-

comitant reduction of the disulfide. The radical transfer was

not mediated through Asn437 or Glu441.

Another point that has been clarified concerns the 2′-ke-

toribonucleotide paradox. This species is a very stable inter-

mediate in both the substrate and the inhibition pathways of

most 2′-substituted suicide inhibitors. However, in the latter

but not in the first, it escapes from the active site and gener-

FIGURE 1. Activation (Ea) and reaction energies (Er) for the first step of the catalytic mechanism of RNR (top) calculated with several enzyme
models (bottom). In green is represented a small model in the protein environment (ε ) 4), in red a bigger model with 140 atoms, in yellow
the same model of 140 atoms but in the protein environment (ε ) 4), and in blue the full R1 monomer in water (implicit solvent, ε ) 80) in
which we have used ONIOM16 for the energy calculations.7

FIGURE 2. Transition state for the rate-limiting step of RNR. Atomic
charges (q) and spin densities (S) are depicted.
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ates a species in solution that alkylates the enzyme, promot-

ing RNR inactivation (see Scheme 2).

The reason for such different behavior has been found to

lie in the different pattern of hydrogen bonds generated by

the anionic substituent of the inhibitors, together with its more

favorable solvation free energy when compared with the neu-

tral water molecule eliminated from the substrate.18

RNR inhibition is clinically very important, due to its well-

known anticancer effects.19 A large set of suicide inhibitors

have been studied, namely, 2′-azido-2′-deoxyribonucleoside-

5′-diphosphate (N3NDP),20,21 2′-mercapto-2′-deoxyribonucleo-

side-5′-diphosphate (SHNDP),22 (E)-2′-fluoromethylene-2′-
deoxynucleotide-5′-diphosphate (FMNDP),23 2′-chloro-2′-
deoxyribonucleoside-5′-diphosphate (ClNDP),21 and 2′ ,2′-
difluoro-2′-deoxyribonucleoside-5′-diphosphate (F2NDP),24

their mechanisms being too extensive to review in this

Account. Just two of the more interesting cases will be

summarized.

The whole pathway of N3NDP has been mapped on the

PES with the help of a large amount of experimental data, and

the structure of a well-known radical intermediate, detected

experimentally, has been predicted. The predictions turned out

to be confirmed by a posterior experimental study, which suc-

cessfully trapped and characterized the radical intermediate,

and the rest of the extremely bizarre mechanism was in

remarkable agreement with the theoretical PES illustrated in

Scheme 3.25

Multiple substrate binding modes is a common problem in

enzymes, which is usually due to the lack of specificity of the

enzyme for a given substrate. This situation seems to occur

when an enzyme binds many different substrates. However,

RNR is highly specific for ribonucleotides, and thus it should

be expected that substrate binding occurs mostly in a single,

well-defined conformation. Just to find out how true this might

be, we have conducted a search15 of the conformational space

to look for alternative binding modes besides that of the crys-

tallographic structure. In this particular case, we have used a

currently available molecular docking approach.26

Subsequently, to make sure that our ligand is in the cor-

rect position, we have developed a Multistaged Docking with

SCHEME 2. Schematic Representation of the Normal Reduction Pathway and an Inhibitory Mechanism of RNR with Their Common Keto-
deoxyribonucleotide Intermediate
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an Automated Molecular Modeling protocol, MADAMM,27

which enables both flexibility of the ligand and flexibility of

the receptor to confirm that our initial structure really corre-

sponds to the correct position of the ligand. The results point

out that if we do not introduce a certain degree of flexibility

in several residues near the active site region, standard dock-

ing software will not give reliable results. This is not related to

the score function or to the search algorithm but is simply

because some residues of the active site occupy some space

that is required for the correct binding of the ligand. MAD-

AMM has shown to be very useful to speed up the process,

and in the end it provides a collection of structures in which

the interaction between the receptor and the ligand is opti-

mized. We observed at this stage that the small changes

induced in the protein during the procedure introducing flex-

ibility (such as changes in the side chain rotamers) can lead to

backbone movements that are shown to be important for the

correct binding of the ligand.

Farnesyltransferase, a Metalloenzyme. One other sys-

tem that proved challenging and therefore very interesting is

that of farnesyltransferase (FTase), shown in Figure 3. Protein

FTase is a heterodimeric zinc metalloenzyme,28 currently one

of the most fascinating targets in cancer research. However,

despite the thrilling achievements in the development of far-

nesyltransferase inhibitors (FTIs) over the past few years, the

farnesylation mechanism remains, to some degree, a mys-

tery.29 Detailed knowledge of it would enable the develop-

ment of more specific inhibitors, rationally designed, with

great potential in the treatment of cancer, malaria, and sleep-

ing sickness and even in antiviral activity.

FTase catalyzes the addition of isoprenoid farnesyl from far-

nesyl diphosphate (FPP) to a cysteine residue of a protein sub-

strate containing a typical -CAAX motif at the carboxyl

terminus. In this characteristic motif, C stands for the cysteine

residue that is farnesylated, A is an aliphatic amino acid

whereas X represents the terminal amino acid residue, usu-

ally methionine, serine, alanine, or glutamine.

We have been able to solve many of the mechanistic

dilemmas,30 yet the mechanism still remains elusive. How-

ever, we draw many conclusions and elucidate the following

aspects:

1. The identity of the fourth ligand of the catalytic zinc ion.

Contradictory experimental data pointed to a tightly bound

water molecule or an almost symmetrical bidentate aspar-

tate. Quantum calculations have shown that both struc-

tures, depicted in Figure 4, lie notably close in energy and

are connected in the PES through a typical carboxylate-

shift transition state31,32 and thus coexist at room temper-

ature, which explains the ambiguous X-ray distances

obtained for this complex.12

2. The protonation state of the peptide nucleophilic cysteine.

It was known that peptide binding results in the establish-

SCHEME 3. Pathways for the Suicide Inhibitor N3NDPa

a The solid line represents the theoretical proposal confirmed later experimentally. The dashed line represents the previous experimental proposals.

FIGURE 3. Farnesyltransferase and representation of two models
used in the elucidation of some of the many doubts remaining in
its unsolved catalytic mechanism.
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ment of a zinc-cysteine thiolate bond. However, the pro-

tonation state of the nucleophile (thiol/thiolate) was not

possible to determine. We have followed the mechanistic

path for both hypotheses, and the results shown in Figure

5 left no doubt that a protonated thiol was the responsi-

ble for the attack, with a free energy barrier of 2.5 kcal/

mol in contrast with the 21.9 kcal/mol barrier for thiolate

entrance and binding.33

3. The distances paradox, which consists in the existence of

a very large distance (more than 8 Å) between the react-

ing atoms (zinc-bound cysteine sulfur and C1 of farnesyl-

diphosphate) in all crystallographic structures. The two

proposed alternatives, sulfur displacement from the cata-

lytic zinc ion with subsequent attack to C1 or FPP rear-

rangement, moving C1 toward the nucleophile, were

mapped onto the PES. Sulfur displacement presented a very

high barrier (up to 22.6 kcal/mol in a DFT model includ-

ing 119 atoms), higher than the rate-limiting step. FPP rear-

rangement, through the movement of subunits 1 and 2 of

the isoprenyl moiety, led to a plateau in the PES only 10

kcal/mol above the reactants valley, as calculated with a

full enzyme model plus solvent with the Amber force field

(see Figure 6). Such energy was only due to the conforma-

tional change of the substrate. Such conformational energy

was recalculated at the Hartree-Fock and DFT levels, with

excellent agreement with the MM energies. The conforma-

tional rearrangement toward the zinc-bound thiolate places

the two reactive atoms in an adequate position for cataly-

sis.34

4. The product coordination ambiguity. X-ray crystallographic

structures of medium resolution and UV-vis data in a

FIGURE 4. Mono- and bidentate equilibrium (top), the PES for the reaction calculated in several different media (bottom left), and the free
energy difference between the mono- and bidentate structures (bottom right).

FIGURE 5. The PES for both reactions, i.e. thiolate entrance (red)
and thiol entrance (blue). FIGURE 6. PES for FPP rearrangement calculated at several

theoretical levels. The energy of the FPP substrate alone in the
geometries that it adopts through the conformational change is
also depicted.
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Co2+-substituted enzyme suggested the existence of a

weak zinc-thioether product coordination, even though

extended X-ray absorption fine structure (EXAFS) studies

have failed to detect any interaction at all. On the basis of

models of several sizes, ranging from small QM to full-en-

zyme QM/MM models, we have shown the existence of a

zinc-coordinated thioether product (Figure 7).35 An expla-

nation for the contradictory experimental results was also

provided.

We have yet to make clear the nature of the chemical step,

that is, nucleophilic vs electrophilic hypotheses, and elucidate

the location and the role of a magnesium in the catalysis.

The interesting thing about FTase is that to get to all these

conclusions for its catalytic mechanism, we had to perform a

significant amount of calculations using a plethora of

methodologies.

Here, as in RNR, we have used different size models (Fig-

ure 2), a smaller model of only 25 atoms at the B3LYP/6-

311+G(2d,2p)//B3LYP/SDD level (IEF-PCM, ε ) 1, 4, and 80)

and a larger one with 127 atoms in which we had to use

ONIOM16 with B3LYP/SDD:PM3 for the optimization part and

B3LYP/6-311+G(2d,2p):B3LYP/6-31+G(d) (IEF-PCM, ε ) 1, 4,

and 80) for the energy calculations. The preparation of the

larger model was carefully planned to capture both the intrin-

sic characteristics of the zinc complex and the influence of the

anisotropic enzyme environment on the zinc coordination

sphere.

Some Thoughts on the Methodology That We Have
Been Favoring. In a subject where there are no real rules, the

ruling principle seems to be that of mastering all the informa-

tion available in the literature that concerns our system and

managing to put it together as in a puzzle to produce a good

working mechanistic hypothesis. A creative mind together with

adequate computational resources and a talent for “travel-

ing” through a PES can do the trick!

For small models, typically with less than 150

atoms,7,12,36–38 our preferred choice of methodology has

been density functional theory (DFT).39 We have used it in

several catalytic and inhibition mechanisms of various

enzymes, having obtained very good values in agreement

with experiment.

If DFT has been our choice for geometry optimizations and

single-point energy calculations albeit with a larger basis set,

presently we have abandoned this as far as the latter cases are

concerned, to favor quadratic configuration interaction40 with

single and double excitations and the triple excitation correc-

tion added (QCISD(T))41 for small active site regions (an eval-

uation of the general performance and limitations of density

functionals, compiling hundreds of benchmarks, can be found

in ref 42). With technological informatics advances, the choice

of QCISD(T) is now feasible, and energy values do improve

with this methodology. A recent work has shown that very

high theoretical levels (in this case coupled-cluster) might be

needed for the high-accuracy calculation of enzymatic bar-

rier heights.

When our system models become bigger or we want to

use the whole enzyme, then hybrid quantum mechanics/quan-

tum mechanics (QM/QM) or quantum mechanics/molecular

mechanics (QM/MM) are a must. In them, the QM part must

describe the part of the system in which the reaction occurs,

typically the active site, along with the ligand, that is, the sub-

strate or inhibitor. In fact, in the recent past, we have adopted

a QM/QM description of our system by using a DFT//PM3MM

hybrid methodology7,12,15 within the ONIOM scheme.16 How-

ever, nowadays we are favoring the more rewarding DFT//MM

methodologies with which we can actually present results that

involve the whole enzyme.17,43 In such systems, it is neces-

sary to freeze atoms beyond a given radius, since geometry

optimizations tend to move peripheral regions of the enzyme

(unrelated with the reaction coordinate) to different local min-

ima, resulting in spurious contributions for the activation and

reaction energies. It must be said that QM/MM methodolo-

gies have been introduced long ago,44 and from then on a

plethora of techniques, beyond the one preferred by the

authors, have been developed. A more comprehensive

approach to these methods can be found in refs 8–10.

The use of pseudopotentials in geometry optimization of

metal-containing systems has given excellent results. For zinc,

we have found that the SDD potential45 is in fact very good.46

Si is another element for which we have used effective core

FIGURE 7. The PES for the coordination reaction of the thioether
product to the active site zinc ion, using several models,
consistently supports the picture of a fast bound/unbound
equilibrium, favoring the bound state.
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potentials (ecps), in particular SHC*,47 and have obtained very

accurate results at a fraction of the time of full-electron basis

sets.48

In our calculations as far as the solvent is concerned, we

have adopted a simple strategy that produces good results in

the majority of cases. When we calculate the final single point

energies we use a polarized continuum model, lately IEF-

PCM.49 However, this strategy will not work in the cases for

which optimization with the solvent is a must, in order to

account for a very charged system or environment.50

Enzymatic systems have a rather unsmooth PES, full of

local minima surrounded by high energy barriers. Such is due

to the extremely elevated number of degrees of freedom of

the system and its own morphology. A protein consists of a

semirigid skeleton in which side chains are anchored with a

highly correlated orientation, due to the system’s high den-

sity. Therefore, the variation of a rotamer of a given side chain

is only typically possible if reorientation of the neighboring

rotamers takes place. Its size and the translational restraint

caused by the bond to the backbone result in a dynamics at

the nanosecond scale. The reorganization of the protein struc-

ture at the level of the backbone itself occurs in time scales

that are several times higher. It is thus easy to understand that

it is presently not possible to get significant and ergodic sam-

pling of the conformational space, and the results of such an

exploration are inevitably conditioned by the starting struc-

ture. Therefore, the only possible kind of sampling will be that

of a subregion of the conformational space, around the rele-

vant region for the problem under study.

Getting a set of conformations in that subregion has asso-

ciated however a high computational cost, and as a result,

generally we have to settle for a less accurate Hamiltonian.

Up until now, we have opted to favor the Hamiltonian in

detriment of the sampling. This option is far from being uni-

versally valid and its application essentially depends on the

system under study. The evaluation of a reaction mechanism

based on optimizations of a single geometry or of a small set

of geometries is generally possible, if there is rigor and com-

mon sense in the procedure. Possible pitfalls of this method-

ology have recently been advertised by Warshel and

co-workers.51

Conclusion
In conclusion, computational enzymatic catalysis is still in its

infancy even though particularly rewarding from the point of

view that we can actually determine and present a complete

and detailed mechanism, which no other single experiment

can produce. Additionally, detailed atomic level understand-

ing of enzymatic mechanisms is possible through computa-

tionally established mechanisms.

Computational enzymatic catalysis is our favorite field of

research, and rather than briefly introducing several of those

mechanisms in which we have been involved lately, for exam-

ple, PFL,52,53 COX2,36 uroporphyrinogen III decarboxylase,37

fumarate reductase,38 thiol/disulfide exchange,50 thioredoxin,

and DsbA,17,43 we chose to present in greater detail two

cases that we have studied at length, ribonucleotide

reductase7,13,15,18–24 and farnesyltransferase.12,30,32–35,46 We

have chosen them not only because they are very different

systems but also for the simple reason that we have had to

apply a large spectrum of different methodologies to unravel

their respective catalytic and inhibition mechanisms.

Methodology plays a major role in computational enzy-

matic catalysis, and therefore we presented that which we

have favored in the past. With an adequate model, the suc-

cess of the mechanistic prediction will depend on the domain

and the inter-relation of the experimental evidence as well as

on the imagination and common sense with which we search

the vast reactional space.
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