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Abstract

Enzymes play a key role in almost all biological processes, accelerating a variety of metabolic
reactions as well as controlling energy transduction, transcription and translation of genetic
information, and signaling. They possess the remarkable capacity to accelerate reactions by many
orders of magnitude compared to their uncatalyzed counterparts, making feasible crucial processes
that would otherwise not occur on biologically relevant timescales. Thus, there is broad interest in
understanding the catalytic power of enzymes on a molecular level. Several proposals have been
put forward to try to explain this phenomenon, and one that has rapidly gained momentum in
recent years is the idea that enzyme dynamics somehow contributes to catalysis. This review
examines the dynamical proposal in a critical way considering basically all reasonable definitions,
including (but not limited to) such proposed effects as “coupling between conformational and
chemical motions”, “landscape searches” and “entropy funnels”. It is shown that none of these
proposed effects have been experimentally demonstrated to contribute to catalysis, nor are they
supported by consistent theoretical studies. On the other hand, it is clarified that careful simulation
studies have excluded most (if not all) dynamical proposals. This review places significant
emphasis on clarifying the role of logical definitions of different catalytic proposals, and on the
need for a clear formulation in terms of the assumed potential surface and reaction coordinate.
Finally, it is pointed out that electrostatic preorganization actually accounts for the observed
catalytic effects of enzymes, through the corresponding changes in the activation free energies.
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1. Introduction

Enzymes play fundamental roles in almost all life processes. They accelerate a great variety
of metabolic reactions and they control signaling, energy transduction, and the transcription
and translation of genetic information. Their ability to catalyze reactions by many orders of
magnitude allows cells to carry out reactions that otherwise would not occur on biologically
useful timescales. There is, therefore, broad interest in understanding the origin of this
catalytic power on a molecular level.

Although many proposals have been put forward to rationalize the catalytic power of
enzymes (see the special issue edited by Schramm in Chem. Rev. 2006 for a partial list)1,
and some have accounted for the observed catalytic effects, we do not yet have a consensus
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about the relative importance of different factors. One of the most intriguing proposals is
associated with the idea that dynamical effects contribute to enzyme catalysis. Although the
definition of “dynamical effects” will require special discussion (see below), in a broader
sense, it means that the enzyme has evolved to optimize a particular vibrational mode for
moving the system to the TS, or for converting a system at the TS to the product state.

The general idea that dynamical effects play a major role in enzyme catalysis dates back at
least 25 years275. It has gained momentum since the mid-nineties and continues to attract
considerable attention6~19. Although this idea has been challenged20726, it clearly has
major appeal as is seen from its frequent appearance in high impact journals (see for
instance Refs. 27731, amongst others), as well as its repeated implication in countless recent
papers (e.g. Refs. 15:32734). The situation in the field is still in a state of flux, where, in
some cases, the dynamical proposal is stated more subtly (see below for examples).
However, in general, many of the papers that have promoted the dynamical proposal have
been rather vague about what is meant by this proposal, and, have sometimes avoided
discussing works that have addressed the definition in a clear way, In fact a symptomatic
example of this problem is a recent very high profile review27 that described the most
careful yet study of the dynamic proposal as a cause of “confusion” in the field. Now, our
aim here is not to set the record straight, but rather to insist that any discussion of the issue
starts with a well defined proposal, so that one will be able to apply the scientific
methodology to examine whether or not this proposal is valid. In this respect, it seems to us
that it is imperative to move away from soft definitions of the dynamical proposals (where
we have observed a recent tendency to describe differing views of the catalytic role of
enzyme dynamics as simply semantic issues). Fortunately, the key issues concern the
catalytic mechanisms that have actually been proposed, and not what names have been used
to describe such proposals. Since we believe that most fundamental points about this issue
rise considerably above the level of semantics, we will focus here on the specific proposals
that have been put forward, as well as other possible logical definitions, and try to examine
the validity of the dynamical proposals in the cases where there is no question what is meant
by each proposal. In other words, we will analyze well-defined proposals in order to be able
to determine their validity. Now it may seem to some that our definitions here are too
narrow. However, we would like to remind the reader that definitions are, per definition,
narrow, and only by using specific definitions is it possible to argue a case understandably
and clearly for any audience. Additionally, we remind the reader that what is important is
what the key players in the field have actually stated, not what may be later claimed was
stated, when it starts becoming clear that the proposal has difficulties (as was the case, for
instance, in the following exchange on the dynamic origins of allosteric activation35). This
issue is central to the present work, as the dynamical proposal (which now seems to be
accepted by many) has been put forward by some workers in such a way that it is obfuscated
with vague statements, which make it hard to address in a logical and well-defined manner.
Thus, we find it crucial to draw the attention of the reader to the documented opinions of the
key workers in the field, based on the published research. Some such examples are
highlighted below. We should note that these examples are merely a few (out of countless
more) that are presented here in order to illustrate our point, and to prevent the discussion in
the present work from being labeled as “semantic hyperbole”, which would prevent a
serious analysis of the validity of the dynamical proposal. We also like to clarify that the
examples below are not meant to express any judgment on the issue (at this stage), but rather
to simply establish what has been proposed, and to focus the discussion on factual proposals
in order to prevent the discussion from becoming circular.

“Enzyme Dynamics During Catalysis™, Science 295 (2002), 1520-1523.
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insights into the chemical mechanisms of many enzymes, enzyme dynamics and their
relation to catalytic function remain poorly characterized. Because many enzymatic
reactions occur on time scales of micro- to milliseconds, it is anticipated that the
conformational dynamics of the enzyme on these time scales might be linked to its
catalytic action.

“Linkage Between Dynamics and Catalysis in a Thermophilic-Mesophilic Enzyme
Pair”, Nat. Struct. Mol. Biol. 11 (2004), 945 — 949.

A fundamental question is how enzymes can accelerate chemical reactions. Catalysis is
not only defined by actual chemical steps, but also by enzyme structure and
dynamics. To investigate the role of protein dynamics in enzymatic turnover, we
measured residue-specific protein dynamics in hyperthermophilic and mesophilic
homologs of adenylate kinase during catalysis. A dynamic process, the opening of the
nucleotide-binding lids, was found to be rate-limiting for both enzymes as measured by
NMR relaxation. Moreover, we found that the reduced catalytic activity of the
hyperthermophilic enzyme at ambient temperatures is caused solely by a slower lid-
opening rate. This comparative and quantitative study of activity, structure and
dynamics revealed a close link between protein dynamics and catalytic turnover.

“Intrinsic Dynamics of an Enzyme Underlies Catalysis™, Nature 438 (2005), 117—
121.

... This correlation suggests that the protein motions necessary for catalysis are an
intrinsic property of the enzyme and may even limit the overall turnover rate. Motion is
localized not only to the active site but also to a wider dynamic network. Whereas
coupled networks in proteins have been proposed previously, we experimentally
measured the collective nature of motions with the use of mutant forms of CypA.
We propose that the pre-existence of collective dynamics in enzymes before catalysis
is a common feature of biocatalysts and that proteins have evolved under synergistic
pressure between structure and dynamics.

“Instrinsic Motions Along an Enzymatic Reaction Trajectory”, Nature 450 (2007),
838-844.

The mechanisms by which enzymes achieve extraordinary rate acceleration and
specificity have long been of key interest in biochemistry. It is generally recognized
that substrate binding coupled to conformational changes of the substrate-enzyme
complex aligns the reactive groups in an optimal environment for efficient
chemistry. Although chemical mechanisms have been elucidated for many enzymes,
the question of how enzymes achieve the catalytically competent state has only
recently become approachable by experiment and computation. Here we show
crystallographic evidence for conformational substates along the trajectory towards the
catalytically competent “‘closed’ state in the ligand-free form of the enzyme adenylate
kinase. Molecular dynamics simulations indicate that these partially closed
conformations are sampled in nanoseconds, whereas nuclear magnetic resonance and
single-molecule fluorescence resonance energy transfer reveal rare sampling of a fully
closed conformation occurring on the microsecond-to-millisecond timescale. Thus, the
larger-scale motions in substrate-free adenylate kinase are not random, but
preferentially follow the pathways that create the configuration capable of
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proficient chemistry. Such preferred directionality, encoded in the fold, may
contribute to catalysis in many enzymes.

“A Perspective on Enzyme Catalysis”, Science 301 (2003), 1196-1202.

The exploration for links between protein structure, movement, and catalysis will be
expanded by the advent of new methods. We anticipate additional examples of enzymes
for which motion is important and other cases for which it is not. Particularly attractive
are techniques that permit the observation of single molecules on the same
millisecond-to-second time scale on which enzymatic reactions normally occur. Such
kinetics provide data for conformational changes during enzymatic turnover that
may be masked in ensemble-averaged studies. Ensemble studies featuring isotopic
editing of specific regions of the protein coupled with temperature jump relaxation also
show considerable promise in detecting motions of mobile loops and active-site residues
important to catalysis. Similarly, the extensive isotopic labeling of the substrate coupled
with Kinetic isotope effect analysis can provide structural information for reaction
coordinate motions from the vantage point of the substrate. Isotopic editing, of course,
remains the basis of Raman, infrared, and NMR studies of protein dynamics.

(The reader should note that, as stated above, the examples presented here are only brought
up in order to prevent the argument that none of the above opinions have been expressed).

This main focus of this perspective will be to critically examine the current state of the
dynamical proposal, and particularly the impact of recent experimental and theoretical
studies, though we will also include points considered in our previous reviews. As stated
above, we will try to use clear definitions to remove any potential confusion due to semantic
issues. We will start by discussing the effects about which there exists a consensus view,
before moving on to other proposals where the juries are still out.

2. Defining Enzyme Catalysis

Before even considering what is meant by “dynamics”, it is absolutely essential to be clear
about enzyme catalysis, since the issue here is the idea that dynamical effects contribute to
enzyme catalysis. The definition starts by considering the generic enzymatic reaction:

k Kear 4
E+S 2 ES - ES* — EP — E+P
ko (1)

where E, S and P are the enzyme, substrate and product, respectively, and ES, EP and ES*
are the enzyme-substrate complex, enzyme-product complex and transition state. As was
shown convincingly by Wolfenden and coworkers36, many enzymes appear to have evolved
to optimize Keat/Km, Where Ky = (k-1 + Keat)/kq. This optimization can involve maximizing
Kcat, minimizing Ky, or both.

To quantitatively evaluate enzyme catalysis, we first must ask “catalysis relative to what?”
The most obvious reference is the uncatalysed reaction in water. Since the mechanism of the
reaction can be different in water than in the enzyme, one must not only consider the effects
of altering the environment, but also that of any changes in the mechanism. However,
differences in mechanism (such as using a general base instead of water as a base) can be
classified as “chemical effects”, and such effects are well understood. Thus, we find it very
useful to consider the “chemically filtered” reference reaction37. We also frequently
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consider the reference reaction at a “solvent cage”, where the fragments are free to move
within a typical volume of about 3A3 (this leaves only the trivial effect of moving from the
cage to a molar volume to evaluate analytically, which simplifies the overall analysis38).
Here, the key question is how to introduce the proper volume restraint in order to keep each
of the fragments in the system within v¢,ge. This is achieved by applying a special cage
restraint (Kcage = 0.3 mol™t A2) to a single atom in each fragment in the system, thus
keeping the fragments within a restricted volume (see Ref. 38 for more details), and then
analytically evaluating the free energy associated with releasing the cage restraint and
allowing the fragment be in the full molar volume39. Note that the cage effect has been well
understood in terms of the effect of moving to 55M40 and was never a puzzling factor in
catalysis. Our reference, therefore, should be a reaction that occurs by the same mechanism
as in water, so that the key question becomes how the structured environment of the enzyme
accelerates the reaction relative to the same process in a solvent cage41.

Any proposal of dynamical contributions to catalysis must focus on the rate constants Kgat
and keat/Km. Thus, we first have to clarify the nature of the rate constants. Our starting point
is the well-known expression:

k=kk,g, @

where kygT is the rate constant from transition-state theory (TST):

1

kTST:§<I x |>TS exp [-Ag“B] /fiuooexp [-Ag(x)B] dx

(3)

and k is the “transmission coefficient.” In Eq. 2, X again represents a generalized reaction
coordinate, which we now consider to be a function of time; x is the time-dependent
velocity along x, x* is the (time-independent) value of x at the TS, {--- )5 denotes a time
average over periods in the region of the TS, and Ag¥ is the activation free energy, Ag(x*).

In TST, the average velocity in the TS, {|x|)Ts, is equated to the mean velocity for one-
dimensional translation in a thermally equilibrated system, by the relationship shown in Eqg.
4.

<{ X |> =(2B_1/7rm)1/2

s (4)

where m is the reduced mass for this motion. Finally, if one includes the additional
assumptions that 4g is a harmonic function of x and that translation along x is an
equipartition of the energy with the other motions of the system, kst can be further
simplified to give:

kg = (Bh)_lexp(—ﬁAg") 5)

In light of the discussion above, it is clear that chemical catalysis would mean that the rate
constant of Eq. 2 is different to the rate constant of the reference reaction in solution. We
can also ask why k.q/Ky is different to the rate constant for the analyzed reaction, but this
will include the rather trivial issue of the binding step, which has never been a puzzling part
of the problem of enzyme catalysis. Thus, we will focus on the origin of the difference
between Keat and Keage. Furthermore, we will focus on the chemically filtered reference
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reaction discussed above, though we should emphasize, however, that we have no problem
to convert the obtained result to the actual rate in solution. Regardless of the definition used,
the question we have to address is whether dynamical effects in any way aid in making Kgat
faster than Keage.

3. Defining Dynamical Effects

As clarified above, we are looking for dynamical contributions to catalysis. However, this
question is meaningless without defining what dynamical effects actually are. In this work,
we cover a large range of possible reasonable definitions that have been used in the
literature, in order to avoid leaving the impression that our conclusions depend on the
definition used. Since atoms move in any chemical process that occurs at above a few °K,
we cannot equate dynamics with the trivial fact that atoms are moving. More specifically, if
the rate constant is entirely determined by the probability that the system will reach the TS,
then we do not have dynamical effects. In such a case, the odds that the atoms are at
different positions is determined by the corresponding Boltzamnn probability, and, in such a
case, TST is fully valid.

Thus, dynamical effects require deviations from TST. In principle, it is possible to show that
all the dynamical effects can be grouped into the transmission factor42~44, and having
dynamical effects requires that the transmission factor is significantly smaller than one (note
that we will nevertheless consider other definitions as well in this work). Another very
reasonable (and perhaps the best) definition of dynamical effects is that the probability of
reaching the TS does not follow the Boltzmann factor. In this way, we have coherent non-
Boltzmann motions that can be classified as genuine dynamical effects.

Some workers may try to classify deviations from TST as being due to nuclear tunneling.
We would like to clarify that tunneling corrections to TST are well understood, and are
frequently considered as to be a reduction of the activation free energy45. Nevertheless, we
will consider this proposal in this work. Other workers imply that having coupled motions is
associated with dynamical effects. Here, it is important to clarify that there is nothing special
about having coupled motions, since almost all motions in condensed phases are coupled,
though it seems that overlooking this fact has led some to assume that coupled motion
represents a dynamical effect. At any rate, having a coupled motion, along a reaction
coordinate, that follows the Boltzmann probability is not indicative of any dynamical effect.
Furthermore, we must consider the fact that the motions in solution are also strongly
coupled. Thus, to invoke coupling contributions to catalysis, one has to show that the
coupling in the enzyme is fundamentally different from that in solution, as only then is it
relevant to the rate enhancement by the enzyme.

In summary, one can invoke dynamical effects when (a) the transmission factor is small, (b)
there exist non-Boltzmann coherent motions, (c) there are large deviations from TST and (d)
the mode of the coupling in the enzyme does not follow the Boltzmann distribution.
However, the problem with all of these proposals is that even if one does find some
dynamical effects, they have to be very different in solution and in the protein in order to be
considered relevant to catalysis. At any rate, once we have clearly defined the dynamical
proposals, we can then examine their validity.

4. Simulating the Rate Constants of Enzymatic Reactions

Although experimental studies provide crucial information about the magnitude of the
catalytic effect, it is hard to determine whether the given rate acceleration reflect some
dynamical effects (or, in fact, any other effect) by experiment alone. Perhaps the only way to
determine what the magnitude of a given dynamical effect actually is is to calculate this
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effect (though naturally doing so by a model that reproduces the observed rate
enhancement). However, in order not to distract the reader from the main issue, we have left
the technical discussion of this issue for Section 14 and for the literature considered in this
section.

5. Dynamical Effects In Ultrafast Reactions

Before addressing the idea that dynamical effect contribute to enzyme catalysis, it is useful
to consider some specific studies of dynamical effects.

5.1. Ultrafast Photoisomerization and Electron Transport Reactions

Studying frictional effects in excited state ultrafast reactions has been a field of general
interest, for instance in the case of stilbene46:47, where it was found that frictional effects
are generally small when the barrier is large. A related study is one of the femotosecond
photoisomerization of bacteriorhodopsin (bR)48, which was pumped at either 550 or 405nm
and probed between 640 and 950nm. This study found the shape of the simulated emission
spectra to be time independent (which is inconsistent with more conventional models that
invoke low-frequency motion out of the Franck-Condon region following excitation). This
result is similar to the photoisomerization of cis-stilbene, and demonstrates that there exists
potentially interesting dynamics in these ultrafast reactions.

Simulations of ultrafast photoisomerization have a long history, dating as far back as the
simulations of the primary step in the vision process49 in the 1970s. Significant progress has
been made on this front since then (e.g. Refs. 50754) and, particularly, recent theoretical and
experimental studies strongly suggest that subpicosecond isomerization50:54+55 can have
significant dynamical effects.

Another clear case of dynamical effects is provided by the primary electron-transfer step in
photosynthetic bacterial reaction centers. In the photosynthetic case, an ensemble of
molecules can be coherently excited by use of a short pulse of light. In this system, electron
transfer from the excited state occurs on the same timescale as relaxation among the solvent
modes that are coupled to the reaction. Vibrational coherence can result in oscillatory
kinetics, and deviations from the predictions of Marcus theory56=59. Related dynamical
effects have also been observed in ground-state organic reactions that proceed from an
instantaneously generated intermediate60.

5.2 Electrostatic Fluctuations and Solvent Relaxation Times

Theoretical studies of solvation dynamics in enzymes have been a major part of the analysis
of dynamical ideas25:61:62. Such studies have included our early determination of the
autocorrelation of the electrostatic energy gap in enzymes and solutions (e.g Ref. 26), and an
analysis of the corresponding relaxation time (similar simulations have been recently
conducted with Hynes’s frictional approach62, which is equivalent to the energy gap
approach). This energy gap can be separated to the contributions from the reacting system
(solute) and the surrounding (solvent). The solvent contribution is of special interest, since
this is where the reaction in the enzyme and in solution can be different. This contribution is
also strongly related to the key parameters in experimental studies of solvation dynamics.
For example, Fig. 1 shows the calculated fluctuations of the energy gap between the reactant
and product states during MD simulations of haloalkane dehalogenase and the reference
system in water63.

As can be seen from Fig. 1, the fluctuations of the solvent coordinates in the enzyme and
solution are quite similar. For a more definitive analysis, one can use the autocorrelation
function of the energy gap to compare the transmission coefficients of the enzymatic and
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solution reactions. Fig. 2 shows the autocorrelation functions of the energy gap in the region
of the TS for haloalkane dehalogenase as well as for the reference reaction. This figure
presents the autocorrelation functions of both the total energy gap, C(t), as well as the
electrostatic component, which we take as the solvent coordinate, Cg(t). It includes the
results from two MD simulations of each system, in order to show the variability of the
results. Although the results depend somewhat on the initial positions and velocities in the
trajectories, the decay kinetics of the autocorrelation function are very similar in the enzyme
and water, indicating that the transmission coefficients are not significantly different in the
two systems. In both cases, the system relaxes in about 1 ps. Direct simulations of the actual
relaxation from the TS to the product state59:64 give similar results to those obtained from
the energy gap, and these simulations give no indication that the enzymatic catalysis
depends strongly on dynamical effects.

At this point, it may be useful for the reader to expand the discussion about the dehalogenase
test case, which involves the nucleophilic attack of a carboxylate group on the carbon of
chloroethane, via an Sy2 mechanism. Here, it has been demonstrated that the fluctuating
dipoles of the solvent or protein are capable of either stabilizing or destabilizing the product
state relative to the reactant state, thus modulating the chance that the solute moves to the
product state24 (a point that has been illustrated for many other systems65 as well). The
same system has also been examined by Nam et al.19, who used a QM/MM molecular
orbital approach that focuses on the force autocorrelation approach (i.e. Cg(t)), which is a
valid but less direct measure of the solvation dynamics of the autocorrelation function of the
energy gap (C(t)). Here, Nam et al. found that Cg(t) decays more rapidly in the enzyme than
in water, and that in the enzyme, Cg(t) has some oscillatory components that were not seen
in water. The finding that Cg(t) can be somewhat different in the enzyme and in water was
already described in an earlier study of alcohol dehydrogenase65, although the solvation
dynamics in the two systems was found to be similar. Additionally, Ref. 19 does not provide
a separate analysis for the solute and solvent coordinates, which is difficult to do in standard
QM/MM studies. However, the solute contribution cannot be reliably obtained by simply
omitting the solvent’s electrostatic contribution from the QM/MM Hamiltonian, as this
reproduces the gas-phase results, which are generally quite different from the behavior of
the solute in solution (this issue has been discussed at length in Refs. 61:66). In comparison,
we have examined not only the haloalkane DhIA reaction, but also the reference system in
water63 (see Figs. 1 and 2), and have used the autocorrelation of the energy gap in order to
compare the transmission coefficients in both the enzymatic and in the solution reactions.
Our studies demonstrated that even though the precise results obtained depend somewhat on
the initial positions and velocities in the trajectories, the decay kinetics of the autocorrelation
functions are very similar both in the enzyme and in water, indicating that the two systems
have very similar transmission coefficients. It should be pointed out that it has also been
possible to examine this system by direct simulations of the actual relaxation from the TS to
the product state59:66. However, overall, none of these simulations have given any
indication that enzymatic catalysis is dependent on dynamical effects.

The possible relevance of solvation dynamics to enzyme catalysis involved experimental
examination of the solvation dynamics at the active site of an enzyme, glutaminyl-tRNA
synthetase (GInRS), was studied using a fluorescence probe, acrylodan, site-specifically
attached at cysteine residue C229 near the active site67. The picosecond time-dependent
fluorescence Stokes shift indicates that in the absence of any substrate, there is slow
solvation dynamics at the active site of the enzyme. This serves as a strong argument against
the idea that the dynamics of the enzyme is faster than that of the solvent in the
corresponding reference reaction68. Here, we see that the dynamics in the enzyme is, if
anything, slower rather than faster than the corresponding solvent dynamics, a point which
had already been put forward by earlier theoretical studies (e.g. Ref. 63).
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6. Do Dynamical Coherence Effects Play a Role in Enzyme Catalysis?

While some may argue about the technicalities of what precisely constitutes dynamical
contributions to catalysis, it is clear that when the rate constant involves coherent
fluctuations that do not follow the Boltzmann law, we do have dynamical effects. Thus, it is
important to examine whether enzymatic reactions may involve coherent fluctuations. As
pointed out in the previous section, coherent dynamical effects do occur in photo-biological
processes such as the primary event in the vision process, and in the primary electron-
transfer step in photosynthetic bacterial reaction centers. However, such effects are far less
likely to operate in thermally activated barrier-crossing events, where the equilibrium energy
distribution usually appears to determine the rate constant.

In order to be very clear about the implications of the dynamical proposal, we clarify it by
means of Fig. 3. At this point we would like to insist that this is what is actually being
implied by the dynamical community (see also the quotes from key papers presented in the
introduction of this review). In this respect, it is important to recognize that the dynamical
proposal is very rarely presented with a clear definition of what is actually meant, which
perhaps allows some to later argue that no long-range memory effects or non-Boltzmann
behavior were ever suggested. The aim of this review is to prevent the confusion that can be
caused by such arguments, and to clarify the fact that the dynamical proposal has clear and
unique implications regardless of whether these implications have been clearly stated or not.
For example, let us consider statements like “During catalytic action of the enzyme
cyclophilin A, we detect conformational fluctuations of the active site that occur on a time
scale of hundreds of microseconds. The rates of conformational dynamics of the enzyme
strongly correlate with the microscopic rates of substrate turnover.””15, or, “Molecular
dynamics simulations indicate that these partially closed conformations are sampled in
nanoseconds, whereas nuclear magnetic resonance and single-molecule fluorescence
resonance energy transfer reveal rare sampling of a fully closed conformation occurring on
the microsecond-to-millisecond timescale. Thus, the larger-scale motions in substrate-free
adenylate kinase are not random, but preferentially follow the pathways that create the
configuration capable of proficient chemistry. Such preferred directionality, encoded in the
fold, may contribute to catalysis in many enzymes.29”” (amongst other works that claim that
such slow motions contribute to catalysis, such as those of Refs. 28:34:69). Such statements
cannot be formulated scientifically unless they involve non-Boltzmann behavior. Similarly,
any suggestions that dynamics modulates the free energy surface (as in e.g. Ref. 70) have no
clear meaning — motions do not tune any surface: any motion is a result of the surface itself,
unless of course the dynamical idea were to be correct (which, as we discuss in this review,
we doubt is the case). Thus, we would like to insist on using the description of Fig. 3 as the
main definition of the meaning of the dynamical proposal, and would gladly wait for a
logical definition that formulates this proposal without the features of this figure.

Now, short timescale dynamical effects can be studied theoretically in a direct way by
monitoring productive trajectories on the solute-solvent coordinate system. This can be
achieved by propagating trajectories both forwards and backwards in time from the TS.
Such a procedure was, for instance, carried out in the case of the haloalkane dehalogenase
reaction63. Here, it was demonstrated that the dynamics in both the enzyme and solution are
incoherent, with the trajectories moving randomly in the reactant state, and occasionally
acquiring enough thermal energy to move to the TS (see Fig. 4). Also, the overall
displacement on the solvent coordinate is larger in water than in the enzyme. However, the
pertinent motions in both cases clearly occur in the solute-solvent space rather than simply
the solute space. Furthermore, the dynamics of the relaxation from the TS to the product
state are essentially the same in the enzyme and solution.
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Unfortunately, most of the recent implications about dynamical effects are related to much
longer timescales (see for instance the statements in the introduction of this review). Thus,
we have a major challenge for both theoretical and experimental studies. Experimentally, it
is necessary to show whether the slow conformational dynamics have any effect on the rate
constant of the chemical step, while theoretically it is essential to run simulations of the
system in up to the millisecond timescale, and this is extremely challenging for current
simulation approaches. The sections below will examine what has been learnt about this
issue.

6.1 The Experimental Search for the Dynamical Coupling Between the Conformational and
Chemical Coordinates

In recent years, nuclear magnetic resonance spectroscopy has been utilized to study the
motions of enzymes over a wide range of timescales15:71773. An interesting such case is
that of the enzyme cyclophilin A (CypA), which catalyzes the cis-trans isomerization of
peptidyl proline bonds15:73775. Interestingly, the transverse relaxation of Arg55 (which is
hydrogen bonded to the substrate and is essential for catalysis) has been demonstrated to
accelerate in the presence of the substrate at a rate that approximately matches the dynamics
for forming the TS, suggesting that the motions of this residue might play a dynamical role
in the catalytic mechanism15. When considering this proposal, it is important to bear in
mind that if Arg55 or any other residue moves along the reaction coordinate, and if its
position changes in the TS, it necessarily moves on the same timescale as in the reaction.
For example, the solvent molecules in a reaction in solution must rearrange during the
reaction, and so must move at more or less the same rate as the solute atoms. Most of the
reorganization of the environment will occur on the same timescale as that of the reaction,
and the motions of the protein residues near the reacting substrate are not fundamentally
different in this regard to the motions of the solvent molecules in solution. Furthermore, as
long as the mations of the protein residues follow Boltzmann’s law, they simply reflect
probabilistic effects, and not bona fide dynamical effects (see also Ref. 75).

The dynamics of the reaction of CypA was also examined in both its substrate-free state and
during catalysis76, and it was argued for a dynamic network of coupled motions along the
protein, even in the absence of the substrate, that they claimed is essential for catalysis.
More specifically, it has been suggested15 that “the characteristic enzyme motions during
catalysis are already present in the free enzyme with frequencies corresponding to the
catalytic turnover rate” and that “this correlation suggests that the protein motions
necessary for catalysis are an intrinsic property of the enzyme”. The above statement has
very problematic implications. That is, if motion along the relevant chemical reaction
coordinate in the absence of the substrate is as slow as the turnover time, it would mean that
we already have a large barrier along the direction of the chemical reaction coordinate even
in the absence of the chemical barrier and thus the sum of chemical barrier and the protein
reorganization barrier must be larger than the actual turnover barrier, which is of course not
the case. In other words, this time cannot be the same as the chemical reaction time since the
barrier along the reaction coordinate is not the same in the absence and the presence of the
substrate (note that the above statement implies that the protein contribution is the same in
both cases). Obviously, it is hard to understand why motions between two states that are
involved in a reaction should contribute to catalysis if such motions occur already relatively
slowly in the absence of the substrate (the low speed implies a pre-existing barrier for the
reaction). A truly catalytic apo-enzyme should, in the absence of the substrate, have free
energy minima corresponding to the reactant and product states that are close together along
the reaction coordinate in order to minimize the reorganization energy (see Fig. 5). Already
having slow motions (on a scale that is close to the chemical reaction time) along the
reaction coordinate in the absence of the substrate means that the reorganization energy was
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not minimized, and thus that the apo-enzyme has not optimized the reaction speed (which is
the opposite of the catalytic implications). Of course, the resolution is simple, and what is
probably similar with and without the substrate is the barrier to the conformational change,
which has very little to do with the chemical barrier. It is likely that either (a) the NMR
measurement with the apo-enzymes does not provide the relevant information about the rate
of movement in the direction that will become the chemical reaction coordinate, but rather
only along the conformational coordinate, or (b) the protein contribution along the chemical
barrier in the apo-enzyme has nothing to do with the corresponding barrier at the ES
complex.

Benkovic, Wright and coworkers9:77:78 have studied the reaction of dihydrofolate
reductase by NMR. They found that site-directed mutations of residues in a loop that
undergoes relatively large backbone motions had detrimental effects on catalysis, and they
suggested that the dynamics of these residues could be important for catalysis. This
suggestion was supported by Brooks and coworkers12:79, who carried out MD simulations
of three ternary complexes of the enzyme. Motions of some residues were strongly
correlated, and were different in the enzyme-substrate and enzyme-product complexes.
Some of these motions were modified in simulations of mutant enzymes with diminished
activity. However, these studies did not examine any of the transition states in the reaction
or demonstrate any dynamical effects on the rate constant. The different motions of the ES
and EP complexes could just reflect the coupling of enzyme-substrate interactions to
interactions of various groups in the protein, which is common to all enzymes.

NMR studies have also been used in order to attempt to examine the dynamic energy
landscape of enzymes such as dihydrofolate reductase. For instance, Wright et al. used
NMR?70 in order to characterize higher energy conformational substrates of E-coli
dihydrofolate reductase. Each intermediate in the catalytic cycle was found to sample low-
lying excited states with conformations that resemble the ground-state structures of
preceding and subsequent intermediates, with substrate and cofactor exchange occurring
through these excited substrates, suggesting that the maximum hydride transfer and steady-
state turnover rates are governed by the dynamics of the transitions between the ground and
excited states of the intermediates. Thus, the authors have argued that the bound ligands
modulate the free energy landscape in order to funnel the enzyme through its reaction cycle
along a preferred kinetic path. As stated above, the modulation of the landscape is not a
dynamical effect, and claiming that ligand binding changes the landscape (via an induced fit
model) does not provide any insight into catalysis, since the important question is how the
barrier in the ES complex is reduced relative to that of the reacting complex in water. The
implications of the arguments about funnel effects with respect to the landscape will be
analyzed in more detail in Section 8.

Finally, in order to complete this section, we would like to focus on the adenylate kinase
system, as this enzyme has been the subject of extensive experimental studies of this
proposal29:76-80. For instance, several workers have recently simulated or observed
thermally driven dynamics on different timescales, and on this basis have argued for a link
between ps to ms domain motions and enzymatic function34:69:81 (despite the fact that not
much is understood about the connection between such motions and local atomic
fluctuations, which tend to be much faster). As an example of this, Kern and coworkers28
have studied fluctuations in the hinge regions of adenylate kinase and have demonstrated
that while ps to ns timescale atomic fluctuations in this region are quite different between a
mesophilic and a hyperthermophilic adenylate kinase, they are very similar at temperatures
where the enzymatic activity and folding energy are matched. Thus, based on this, the
authors have argued for a connection between the different timescales and the corresponding
amplitudes of motions in adeylate kinase in a so-called “hierarchy of timescales”, and
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believe that this hierarchy and its linkage to catalytic function is likely to be a general
characteristic of protein function.

It should be noted that while these studies are extremely valuable, they have not actually
established whether or not the conformational motions can transfer energy to the chemical
coordinate. More specifically, despite major experimental effort and the publication of
multiple articles in high profile journals, there is no single study that actually establishes any
connection between the conformational dynamics and the change in the rate of the chemical
step. At most, we have studies that have found a similar time range for the chemical and
conformational steps, but this does not provide any proof that the two are correlated. Thus,
we must explore this issue by theoretical approaches and such studies will be considered in
detail in Section 6.3.

6.2 Single Molecule Experiments

In recent years, advances in room-temperature single molecule spectroscopy have allowed
for the dynamic behavior of individual molecules to be recorded in real time82786. In turn,
this has resulted in an increase in interest in the relationship between single-molecule
experiments and the nature of protein landscapes. For instance, Xie and coworkers87 have
examined the enzymatic turnovers of single cholesterol oxidase molecules in real time by
monitoring emission from the enzyme’s fluorescent active site, flavin adenine dinucleotide
(FAD), and noticed significant and slow fluctuation in the rate of cholesterol oxidation by
FAD. They then used single-molecule approaches to examine the static and dynamic
disorder of the reaction rates, and used this to argue for a molecular memory phenomenon in
which an enzymatic turnover was not independent of its previous turnovers due to a slow
fluctuation of protein conformations. Thus, this87 and subsequent single-molecule studies
(e.g. Refs.88790) have proposed that a single enzyme molecule will exhibit large temporal
fluctuates of the turnover rate constant over a wide (1ms — 100s) range of timescales. This
phenomenon has been broadly referred to as “dynamic disorder”91:92. It has been argued
that the existence of such slow conformational changes on the same timescale of enzymatic
reactions makes the application of transition state theory inadequate93 (even though
transition state theory has actually been demonstrated to provide an excellent tool for studies
of enzymatic catalysis94).

Xie and coworkers95 have also used fluorescence assays in order to examine conformational
changes within bacteriophage T7 DNA polymerase ternary complex upon the binding of a
dNTP substrate. The authors found that the binding-induced conformational change is much
slower in the case of the wrong base pair (W) than for the right (R) base pair, and they
therefore suggested that the conformational change plays an important role in controlling the
fidelity. They also observed that the bimolecular association rate constant (kgy,) is correlated
with the binding energy. The finding in this paper is very important and adds crucial
information to the overall picture of DNA fidelity. However, we find some aspects of the
authors’ interpretation of their results slightly problematic. That is, they suggest that the
overall barrier that corresponds to kqq/Kpy determines the fidelity, and if the barrier that
corresponds to the rate of the binding step (ko) is smaller than the overall barrier, then kqp
cannot contribute to the fidelity. In fact, the important finding that ko, is correlated to the
binding energy leads to another interesting option, i.e. that the fidelity is most probably
controlled by the difference between the overall barriers for R and W. This barrier is
determined by two contributions - the binding free energy (rather than the barrier in the
binding step) and the activation barrier for the chemical step (see Ref. 96). In order to
achieve high fidelity, it is important for the enzyme to decrease the binding free energy (i.e.
make it less negative) as well as to increase the chemical barrier upon going from R to W.
The decrease in the binding energy leads to an increase in the binding barrier, as a result of
the correlation discovered in the present work. The increase in Ky, for W is part of the effect
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that is needed to achieve high fidelity. Thus, the increase in the binding barrier is a result of
the factors that control fidelity, rather than the reason for fidelity.

Based on these observations, there have been attempts to test the Michaelis-Menten equation
at the single-molecule level93:97, and a recent work constructed a two-dimensional
multisurface reaction free energy description of the catalytic cycle that explicitly connects
multi-timescale conformational dynamics and dispersed enzymatic kinetics to the classical
Michaelis-Menten equation93 (though this work did not make any novel contribution). Here,
the models presented the surface function of a slow conformational motion on a collective
enzyme coordinate, Q, that facilitates the catalytic reaction along the intrinsic reaction
coordinate, X, thus providing a dynamic realization of transition-state stabilization. The
catalytic cycle was subsequently modeled as transitions between multiple displaced
harmonic wells in the XQ space (representing different states of the cycle), which was then
constructed according to the free energy driving force of the cycle. Based on such a setup,
the authors observed that the enzyme-substrate complex under strain will exhibit a non-
equilibrium relaxation towards a new conformation that lowers the activation energy of the
reaction, thus enslaving the chemical reaction in X to the down hill slow motion on the Q
surface. Unfortunately the hypothetical surface was not based on any actual enzyme
landscape and had an insignificant barrier along the chemical coordinate. In fact as was
pointed out in Ref. 98, there is no evolutionary pressure to reduce the chemical barrier for an
enzyme-catalyzed reaction much below the diffusion controlled limit. As a result, it is
unlikely that the chemical barrier will ever fall significantly below the binding barrier, and
thus even a hypothetical situation in which the chemical barrier is much smaller than the
binding barrier93 is highly unrealistic (see Section 6.3).

6.3 Consistent Theoretical Studies Have Established That There Is No Dynamical Coupling
Between the Chemical and Conformational Coordinates

As was clarified in the discussion above, there is no current experimental finding that shows
a clear relationship between the conformational dynamics and the dynamics of the motion
along the chemical coordinate. In the absence of experimental evidence, the only way to
actually examine the dynamical hypothesis is to use theoretical studies that simulate the long
timescale dynamics along the conformational and chemical coordinates. Such studies are
extremely challenging however, and we have only recently started to make progress on this
front.

We took a major step in this direction in a recent simulation study99 that could actually
explore the dynamical idea, by bridging the necessary timescale for examining the
dynamical coupling between the conformational and chemical motions. This was achieved
by means of a multiscale approach, which allowed for the exploration of the dynamical
nature of enzyme catalysis in the ms timescale, making it the first realistic simulation-based
analysis of the proposed dynamical coupling on such a long timescale. Our approach is
based on renormalizing lower-dimensionality models in such a way that they capture the
energetics and dynamics of the full reacting protein system by transforming the energetics
and dynamics of the explicit all-atom enzyme to an equivalent low dimensional system.
Some elements of this approach have been introduced in our early works (e.g. in Ref. 100),
but this is the first work that uses this approach for simulating the long timescale behaviour
of enzymatic reactions. The full technical details of this approach are presented in Ref. 99,
and here we will only be discussing the major findings of the study of Ref. 99.

In Ref. 99, we used the catalytic reaction of adenylate kinase as a benchmark, though we
also demonstrated that our approach can be applied to a general protein model with different
types of conformational motions. Our preliminary study showed that the kinetic energy of
the conformational motion is completely dissipated during the opening and closing of the
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active site lid of adenylate kinase, and thus that this cannot affect the time of the chemical
process (a situation that holds for as long as the chemical barrier is higher than a few kcal/
mol). That is, we found that there is no significant dynamical coupling between the chemical
and conformational trajectories, with the inertial part of the conformational motion decaying
very rapidly (i.e. on a timescale of far less than a nanosecond), and the remainder of the
process being completely guided by the free energy surface and the corresponding
Boltzmann probability. Finally, the chemical process was shown to have no significant
“memory” of the dynamics of the conformational motion. This crucial finding is illustrated
in Fig. 6. We must also clarify that Ref. 99 not only explored the dynamical proposal with
the renormalized 2-D model, but also with the full CG protein-substrate model, where it was
demonstrated that adding very large excess kinetic energy to the conformational motion
(resembling the extreme possible effect of ligand binding) has no significant effect on the
rate constant of the chemical step.

Obviously, we are not in any way claiming that the experimental studies discussed above are
wrong, but merely that their dynamical interpretation is problematic. It could be argued that
our simulation study99 is the first to provide a molecular basis of the multitude of NMR and
FRET observations, at least as far as coupling between the conformational changes and
catalysis is concerned. On the basis of the data shown in Ref. 99, as well as the current
available experimental and theoretical studies discussed above, we believe that it is unlikely
that enzyme dynamics makes a significant contribution to catalysis.

As an aside, since the issue of semantics is being discussed at length in this paper, it is worth
mentioning theoretical studies such as that of Ref. 27, which bring up such terminology as
“the directionality of fluctuations” and purports to “show that pico- to hano-second
timescale atomic fluctuations in hinge regions of adenylate kinase facilitate the large-scale,
slower lid motions that produce a catalytically competent state”. The above study of
adenylate kinase shows that this is in fact not the case. However, the more important issue is
that whilst such statements are indeed quite elegant, it is not the beauty of the hypothesis,
but rather the scientific facts backing it up which are important, otherwise such statements
only serve to create even more confusion in a field that is already mired down in soft
definitions and vague statements.

7. What About Mode Coupling?

7.1 Vibrational Frequencies of Catalytically Important Modes

It is tempting to suggest that such special vibrational motions help in enzyme catalysis. An
example of this is a recent study of human aldose reductase101 that uses a vibrational
spectroscopy technique that measures the change in electric field at a specific site of a
protein as shifts in frequency (Stark shifts) of a calibrated nitrile vibration. It is suggested
that such shifts can be used to yield quantitative information on electric fields that can be
directly compared with electrostatics calculations. To this end, the authors also perform
molecular dynamics simulations in order to reproduce the observed changes in the field.
However, at present, it would seem that only the vibrations of the probes in proteins were
observed. That is, all other vibrations are implicit, as was, for instance, the case in resonance
raman studies of the photoisomerization of bacteriorhodopsin (e.g. Ref. 1027104). Thus,
such studies have not actually elucidated any relationship between special vibrational
motions and catalysis, nor can these be coherently excited in thermal processes. Also, no
relationship can be found between special vibrational motions and enzyme catalysis from
simulation studies that have observed overdumped motions in proteins50.

Now, in the case of a proton/hydride transfer reaction, the donor-acceptor distance not only
influences the height and width of the reaction barrier, but also affects the tunneling
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coefficient105. Thus, the rate of proton/hydride transfer is very sensitive to the donor-
acceptor vibrational dynamics. Normal-mode analysis (NMA) provides a useful approach to
study vibrational motions computationally106:107. Go and coworkers108 have used this
approach to evaluate the Franck-Condon factors for electron-transfer reactions of
cytochrome c. Additionally, Cui and Karplus109:110 have used an NMA to examine the
projections of some of the modes of the protein-substrate system on the reaction coordinate
in triosephosphate isomerase. They found that modes that symmetrically raise the energies
of the reactant and product (“promoting modes”) favor the reaction, while modes that affect
the energies asymmetrically (“demoting modes™) oppose it. Cui and Karplus111 also found
that crossing the barrier takes only about 30 fs for the proton-transfer step in triosephosphate
isomerase, whereas the full redistribution of vibrational energy would take much longer.
Therefore, they suggested that these non-equilibrium vibrational modes could influence the
transmission coefficient through a dynamical effect. They nevertheless agree that any
dynamical effect is likely to be minor, since the transmission coefficient is probably at least
0.5.

The limitation of NMA is that the harmonic approximation is not always valid due to the
anharmonic nature of the proteins on one hand and the reaction on the other hand. However,
it has been suggested in the above-mentioned studies that NMA is an efficient way to
acquire the intrinsic features of the collective motions of proteins, with qualitatively
reasonable results. In addition, NMA consumes significantly less computational resources
than MD simulations.

A general analysis of the coupling between the protein (or solvent) vibrations and the
chemical process have been introduced by Warshel and coworkers in terms of the dispersed
polaron (DP) spin boson treatment, which was first used in studies of electron transfer
reactions and then in modeling enzymatic reactions25:63:112:113. This approach, which is
based on the Fourier transform of the energy gap, provides the projections of the protein
modes along the action coordinate and also allows one to explore nuclear quantum
mechanical (NQM) effects in an approximated way?25. This is achieved by relating the
fluctuations of Ae1o during an MD trajectory to the fluctuations of an equivalent harmonic
system. Here, we start with the autocorrelation function of the total energy gap:

Ci(n)= (u(Du(t+7)) ®)

where u(t)=Ag12(t) — (Ae12). The power spectrum of the fluctuations in a given diabatic
state, J (w), can be obtained from the Fourier transform of the autocorrelation function:

Jw)=|[7 Cexpliwnd|. -

J (w) has peaks at the frequencies of the modes that are coupled to the reaction (wj), and in
the high-temperature limit, the amplitudes of these peaks are proportional to the square of
the displacement of the corresponding coordinate in w, relative to w:

J(a)):ﬂﬁ_l Zfzcujéjz&(m - wj)
j (8)

where index j now runs over the normal modes of both the solute and the solvent. The
Fourier magnitudes obtained from Eq. 8 can be scaled by relating the area under the spectral
density function to the overall reorganization energy (A) as in Eq. 9:
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Hynes114» 115 had previously used a one-dimensional coordinate to describe the protein
environment, and the promoting vibration was introduced to modulate the tunneling
splitting. The studies on the rate-promoting motions were subsequently advanced by
Schwartz and coworkers, whose analysis116 suggested that promoting vibrations only play a
role in the proton/hydride transfer if the frequency of the promoting vibrations is much
lower than that of the barrier. Schwartz and coworkers used their approach in studies of
several different systems1177119 and, in all cases, argued for the importance of rate-
promoting motions in catalysis. Unfortunately, none of these studies actually demonstrates
that the promoting modes account for a catalytic effect (either by showing a rate
enhancement relative to the reference reaction in water, or relative to different mutants).
Other fundamental problems with this interpretation will also be discussed in greater detail
in Section 7.2.

7.2 Networks of Correlated Motions, and Related Issues

Hammes-Schiffer and her coworkers79:120:121 identified a network of correlated
conformational changes with projections on the reaction path in simulations using the
MDQT approach, but suggested that these reflect equilibrium structural effects rather than
dynamical effects. QM/MM simulations described by Garcia-Vilocoa et al.122 also appear
to be in accord with this view. It is important to emphasize that in general, the identification
of correlated motions does not provide a new view of enzyme catalysis, because
reorganization of the solvent along the reaction path in solution also involves highly
correlated motions24:123. Correlated motions of an enzyme do not necessarily contribute to
catalysis, and indeed could be detrimental if they increase the reorganization energy of the
reaction. The EVB and dispersed-polaron approaches consider the enzyme reorganization
explicitly and automatically assess the complete structural changes along the reaction
coordinates. As pointed out above, a dispersed-polaron analysis can for example provide
information about the projection of the protein motion on the reaction coordinate and
provides a basis for a quantitative comparison with a reference reaction in solution.
Additionally, the coupling of protein motions to a reaction in an enzyme involves fluctuating
electrostatic interactions of the solute with charged or polar residues and bound water
molecules. In solution, it involves the reorientation of the solvation shells. Clearly, the
reaction coordinate in both cases will involve components along the environmental (solvent)
coordinate. The real difference is the amplitude of the change in the solvent coordinates
during the reaction, which determines the reorganization energy and generally is smaller in
the enzyme because of pre-organization of the active site.

Some of the misunderstandings with regards to the role of coupled motions may be
associated with the implications that the chemical step in enzymes is “facilitated by a
network of coupled motions that bring the donor and acceptor to the correct distance and
orientation and the correct electrostatic environment”124. However, this interesting and
appealing idea is still problematic, as the minimum of the free energy surface of the reaction
in the folded enzyme (which determines the positions of the reacting fragments as well as
the degree of electrostatic preorganization and the potential surface) also determines the
nature of the reactive modes, which are in fact simply modes that have significant
projections onto the reaction path. The reverse, however, is not true: that is, the reactive
motions do not bring the system to the pre-organized configuration but rather start from
these configurations (at least in the native enzyme). Apparently, the folded enzyme

Proteins. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamerlin and Warshel

Page 17

establishes the free energy surface for the catalytic reaction, and the motions on this surface
are merely a reflection of the Boltzmann probability of finding the system at different points
on the surface. This point is illustrated in Fig. 7, and has been discussed in Refs. 125 and
126.

Schwartz and coworkers119 have suggested that the catalytic reaction of purine nucleoside
phoshorylase involves protein modes that reduce the barrier height by 20% (which is an
enormous effect) by compressing the reacting fragments. To evaluate the contribution of
such modes to catalysis, one must evaluate the barrier height from the minimum in the
ground state, while taking into account the energy associated with the compression. Without
such an analysis, one may find that a sufficiently strong compression would eliminate the
barrier completely, resulting in a reduction of the barrier by 100%. Additionally, it is
important to bear in mind that compression modes similar to those that occur in the protein
also occur in the reference solution reaction. In the cases that we have studied, the cost of
bringing the reactants to the same distance are similar in solution and in the enzyme, which
means that the compression does not contribute significantly to catalysis (see the related
discussion of near-attack conformations in Refs. 127:128). Thus, the problem is that there is
simply no attempt to determine the rate enhancement (or barrier reduction relative to any
reference) by the enzyme, which is essential when attempting to explore catalytic effects.
Furthermore, there is no attempt to reproduce the mutational effect on the barrier. In fact,
there is no attempt to calculate or formulate the magnitude of the rate enhancement
associated with the dynamical effect of the protein-promoting vibrations. In particular, while
the study presents the difference in the power spectra of the H257G and H257A mutants, it
has not provided the corresponding difference in activation free energy (Ag”) between
theses mutants. Claiming that there is a change in the projections of different normal models
upon mutation does not provide any evidence of a dynamical effect since this is simply the
trivial result of the change of the potential energy surface. Here, one must define what the
dynamical effect is, and then convert it to a change in rate constant. Not doing so may
amount to semantic excess and potentially to a misleading message to these who confuse
such studies with a proper analysis of a catalytic effect where the proposed effect is actually
calculated. This might also reflect the belief in some circles that no enzymatic rate can be
actually calculated, and thus simulating changes in some other property is equivalent to
simulating the assumed resulting changes in the rate constant.

7.3 Flexibility and Catalysis

It has been frequently implied that flexibility helps enzyme catalysis (e.g. Refs. 6:1297133,
amongst others), and this seemingly appealing idea requires some critical examination. That
is, the idea that motions are needed for catalysis could, in principle, yield the conclusion that
the catalytic power of enzymes is connected to their flexibility134. In this vein, several
workers have used studies of the thermal adaptation of enzymes to argue for dynamical
contributions to catalysis6:1297131. More specifically, it has been argued that thermophilic
(Tm) enzymes (that have evolved to function at highly elevated temperatures) should at
most temperatures be more stable than the corresponding mesophilic (Ms) enzymes (that
have evolved to function at room temperatures). It is known that Tm enzymes have lower
catalytic power than Ms enzymes at the same low temperature, and, based on this, it has
been argued that the low catalytic power is presumably due to a decrease in dynamical
motion129:135:136. The possible relationship between the thermal stability and catalytic
power of enzymes (and the related implications that the reduced dynamics of Tm enzymes is
the root cause for their reduced catalytic power) was recently examined in the specific case
of DHFR by means of detailed simulations137. This study found that while the Tm enzymes
do indeed have restricted motions in the direction of the folding coordinate, this is not
relevant to the chemistry of these enzymes, as the motions along the reaction coordinate are
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perpendicular to the folding coordinate. Additionally, this study demonstrated that the rate
of the chemical reaction is not determined by dynamics or flexibility in the ground state, but
rather, it is determined by the activation barrier, which is in turned determined by the
corresponding reorganization energy, and the displacement along the reaction coordinate is
in fact larger in the case of the Tm enzyme than in the case of the Ms, which is the opposite
of the trend along the folding coordinate (and is of course contradictory to the flexibility
proposal). This suggests that the general trend in enzyme catalysis is that the best catalyst
requires less motion during the reaction than other less optimal catalysis, and that to obtain a
small electrostatic reorganization energy, some of the folding energy has to be invested into
the overall pre-organization process, leading to less stable optimal catalysts.

8. Free Energy Landscapes and Catalysis

The complexity of the free energy protein landscape of proteins and other considerations led
some to suggestions that this concept can help to rationalize the catalytic power of
enzymesx37:93:1387142, such as, for instance, Boehr and coworkers70 who stated that “the
modulation of the energy landscape by the bound ligands funnels the enzyme through its
reaction cycle along a preferred kinetic path”, or Benkovic and coworkers138 who argue
that “that the free-energy description of enzyme catalysis cannot be described in two
dimensions but requires a multi-dimensional free-energy landscape that is very rugged with
multiple minima and transition states. Thus, enzyme reactions can be regarded as operating
through “catalytic networks™ to achieve their remarkable efficiency”.

Now we completely agree that the folding landscape is an important concept in describing
the dimensionality of proteins (an issue that presents a significant challenge for simulation
approaches), and we have discussed landscape effects before elsewhere37:96:98. However,
the landscape can be described clearly in two dimensions, since a two-dimensional
description is still far better than no dimensions (which is what many workers do in their
discussions), or just one dimension. In fact, a two-dimensional description is the most
effective way to analyze the chemical and conformational landscape (it is also what is done
in folding studies), since we cannot visualize higher dimensionality. The trick, however, is
to be able to project all the physics of the many dimensional system onto the two
dimensional space (see below). Furthermore, we do not see it as any source of catalytic
effects in itself, but rather as just a way to define the relationship between the chemical and
conformational coordinates. This point will be discussed in more detail below.

This issue of the catalytic landscape has been highlighted by recent experimental work on
chorismate mutase143:144. Here, Hilvert and coworkers utilized NMR and various other
biochemical techniques to study a highly active monomeric chorismate mutase that was
obtained by the topological redesign of a dimeric helical bundle enzyme from
Methanococcus jannaschii. This enzyme is key to catalyzing the conversion of chorismate to
prephenate (see Ref. 145) in the biosynethsis of 1-tyrosine and 1-phenylalanine into a highly
active monomer (mMjCM). Interestingly, unlike its natural counterpart, the monomer
unexpectedly possesses all the characteristics of a molten globule but still works as well as
the native enzyme. These observations seem to challenge the conventional view that
efficient catalysis requires an exquisitely pre-organized active site structure.

Thus we explored recently98 the relationship between the folding landscape and catalysis in
CM by a simulation study. This study evaluated the chemical activation barriers for different
regions of the protein conformational coordinate. It was found that the CM monomer (that
behaves like a molten globule in the absence of the substrate) has low activation barriers
even in regions that are not exactly at the native configuration (see Fig. 8).
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Xiang et al.142 have also performed theoretical studies of the relationship between the
conformational landscape and catalysis, in the case of the enzyme DNA polymerase B. The
aim of this study was to attempt to elucidate how this enzyme discriminates between
incorrect (W) and correct (R) nucleotide incorporations by examining the conformational
landscape for this enzyme, and the simulations indicated that the transition states for the
incorporation of R and W nucleotides reside in substantially different protein conformations.
This work introduced structure-based calculations of catalytic landscape, and also
formulated some of the relevant questions in terms of the shape of the landscape, such as the
possible effect of reactive trajectories in different protein configurations.

The question about the role of the landscape in catalysis was addressed in a recent study138
(which was mentioned at the beginning of this section), which argued that the enzyme
mechanism should be viewed as “catalytic networks”, in which multiple conformations
occur during the mechanism (both serially and in parallel), and then form coupled ensembles
of conformations that require a “rugged” multi-dimensional free-energy surface with several
minima and transition states. In fact, this point was first formulated in our work142 (see Fig.
9), however, some issues about the impact of this effect on the rate remain unresolved (see
the discussion below).

It is most useful to return here to the adenylate kinase system that was discussed extensively
in Section 6.1, as mentioned earlier, we have recently modeled the landscape and dynamics
of this system on the millisecond timescale99. Our studies (and in particular those with the
full CG model) demonstrate that the landscape is not smooth. What remains to be done now
is to quantify the barriers between the different valleys that lead to the TS, and to actually
calculate the effect of having several passages in the limit of the low and high barriers. At
present, we do not see any reason why the inclusion of this effect will drastically change the
rate constant.

The apparent complexity of the landscape may be a reflection of the fact that some people
have difficulty with visualizing multidimensional details, as they are distracted by the fine
details, and do not have experience with the fact that computers can actually handle these
details quite well, and convert them to lower dimensionality models. This problem is
probably one of the factors contributing to the confusion that exists about the pre-
organization effect146~149 (see Section 11, and to the proposal that searching the landscape
leads to or accounts for the catalytic effect150. This is an extremely problematic proposal, as
searching the landscape is the normal behavior of any system as it moves with the
Boltzmann probability, and what is actually important is the height of the free energy
barrier. When we have several passes on the TS ridge (see Fig. 9), we have to take them into
account by considering the activation entropy, but the same treatment must also be done on
the ground state. The net effect is thus small and conceptually trivial, and of course does not
explain catalysis.

In our opinion, the only way that the landscape can contribute to catalysis is by having a
much larger configurational space at the TS (which is perhaps what Klinman vaguely
referred to as a funnel148 or what Nussinov141 had in mind). However, no such funnel is
found when one explores the actual landscape in real enzymes (see Fig. 9). More
specifically, a prominent example of the above issue is provided by the recent funnel model
of Klinmann (see Fig. 9 of Ref. 148). In this model, the frame of reference lies at the top of
the funnel, which is defined as a 100% probability for any protein conformer to achieve one
of the many catalytically relevant interactions, which can be formed between either different
substrates with each other or the protein. It was suggested that moving down the funnel then
progressively decreases the probability of finding conformers with increasing numbers of
substrate/protein interactions, until the family of conformers with sufficient numbers of
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interactions for catalysis to proceed is reached. Thus, progression along the funnel (from top
to bottom) is supposed to represent an overall decrease in entropy. This model is then used
to try to account for the T4S¥ temperature dependence of thermophilic ADH (see the next
section for further discussion of this issue). That is, the “freezing out” of protein flexibility,
which is supposed to accompany a reduction in temperature for the thermophilic proteins, is
argued148 to be representative of a more restrictive conformational space, occurring further
down the funnel, where it becomes necessary to increase protein disorder in such a way that
the protein moves into the range required for optimal catalytic conditions. Unfortunately,
this seemingly detailed proposal (which is almost as vague as many of the dynamical
proposals discussed above) mixes undefined “catalytic conditions”, and thus also
presumably the catalytic coordinate, with some elusive protein coordinate. In order to start
with clarifying the problems, we would like to point out that a surface is not described by
forming different interactions, but rather by the effect of all the interactions on the potential
surface along a given reaction coordinate. Unless this proposal is formulated in clear
physical terms that can be thoroughly explored (like the proposal being considered in Fig.
10), it cannot really be considered a proposal, and even the nature of the proposed funnel has
no relationship to the clear landscape description, or to any conceivable description of
physical landscapes. In other words, once we try to describe the entropic funnel idea we
must select one of the options presented in Fig. 10, and this is done below.

The first option is related to the entropic effect in the ES region (Point A of Fig. 10). In this
case the proposal implies a large entropic contribution to K, whereas in most cases, this
contribution is actually very small25:151. Furthermore, in this case it does not matter if the
entropic effect comes from the nearby protein groups25:37 or from the relaxation of the
whole protein (see Aqvist’s analysis of psychrophilic enzymes152 for an example of this),
as it occurs in the closed configuration and has little to do with the implications of the funnel
proposal. Of course, the origin of activation entropies in enzymes has to be analyzed
computationally, as was done by our restraint release approach in a related case153.

The second possibility is that the proposal implies that the reactive trajectories can pass
through many points at the TS (parts C and C' of Fig. 10), starting from a restricted ground
state region. Unfortunately, this proposal is inconsistent with any modeling study98:142.
That is, of course the landscape can be very complex (though contrary to the claims of Ref.
141 this is not necessarily a fundamental problem, nor does it on the other hand provide a
catalytic advantage), and this complexity can in principle include a scenario where the TS
region has more configurations than the RS. However, as the activation entropies are not
large in real enzymatic reactions25+151, it is highly unlikely that such a scenario can occur,
and, even in a scenario with a heterogenous set of barriers (similar to that observed in Ref.
98), the average rate is still determined by the highest barriers for the chemical step (which
is in turn determined by the corresponding reorganization energy), as long as the barriers
between the different configurations in the ground state are lower than the chemical barrier,
the solution of the multistate rate equation will simply follow the trend dictated by the
highest activation barrier(s).

The final possibility is that somehow the landscape is very narrow at point B, and then we
have a large entropic effect upon moving to point A. This is simply a case of a binding
entropy effect, which is not observed experimentally, and, more importantly, has no effect at
all on the chemical step (i.e. the binding free energy has no effect on the chemical barrier,
which reflects the differential binding of the TS). It seems to us that the proposal implies a
configurational search on the way to the TS, but it cannot define how this can actually be
done. Here one of the major problems is that the activation entropy simply does not reflect
any such search, but rather, being a state function, it is simply the difference between the
entropies in the initial and final state.
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Overall, we would like to point out that unless the entropic funnel proposal is described in
terms of some landscape diagram it has no well defined meaning and cannot be explored or
exclude in a scientific way. However, while trying to find the most reasonable definitions,
we can show that at least with such a definition, the proposal is not likely to account for
catalysis.

9. Tunneling and Other Nuclear Quantum Mechanical Effects

Enormous information about biological mechanisms has been obtained by studies of isotope
effects in enzymatic reactions154:155. Such studies also provided excited information about
nuclear tunneling in enzymatic reactions (e.g. Refs. 150:156~158). However, the finding of
nuclear quantum mechanical effects (NQM) has also led to proposals that are strongly
related to the dynamical proposal. This has had several major implications including the
suggestions that the tunneling correction presents a major deviation from TST and that it
provides a major catalytic advantage, and that the temperature dependence of the isotope
effects implies special catalytic dynamical effects. We will show below that both
implications are neither justified nor supported by any unique experimental or theoretical
study.

9.1. NQM Effects Do Occur in Enzymes, But the Same Effects Also Occur in the
Corresponding Solution Reactions

Studies of isotope effects in some enzymatic reactions have pointed to nuclear tunneling and
other nuclear quantum mechanical effects, such as the zero-point energy contributions of the
participating vibrational modes159. For example, Klinman and coworkers have provided
clear evidences for nuclear tunneling in alcohol dehydrogenases6:160+161, serum amine
oxidase162, lipoxygenase163 and glucose oxidase164. These findings have frequently been
interpreted as evidence for dynamical effects. That is, is has been suggested that an enzyme
may, for example, exploit a particular vibrational mode that modulates the thickness of the
barrier through which an atom can tunnel. The argument that NQM effects contribute to
enzyme catalysis is based on the observation of large isotope effects in enzymatic reactions
as well as other indications of nuclear tunneling (e.g. Refs. 159:165). These findings are
both very reasonable and very important. They are also fairly consistent with the existence
of nuclear tunneling, and are reproducible by simulation studies166:167. The problem is,
however, that such contributions are not necessarily catalytic, since they must be quantified
relative to the corresponding reference solution reactions. However, as we have already
pointed out in several of our papers37:94:166:168'169, the same NQM effects that occur in
the enzyme also occur in the reference reaction in solution, and contribute in a similar way.

Similar findings have also been made in the several experimental studies in which the
reference reaction was experimentally observed36:170. We should nevertheless point out
that in many cases it can be hard to measure the relevant reference reaction, and computer
simulations thus offer a reasonable way to explore the reference reaction1717175. However,
such studies are only meaningful if they can reproduce the observed catalytic effects, and,
fortunately, our EVB approach (which is calibrated on ab initio solution studies) provides
the needed reliability. Now, EVB studies coupled with quantum classical path (QCP)
calculations167 of isotope effects have reproduced both the observed catalysis as well as the
observed isotope effects in any systems studied by us. The same calculations also found that
the isotope effects are similar in the enzymatic and solution reactions.

The most basic argument about the role of tunneling in enzyme catalysis starts with the idea
that the enzyme compresses the distance between the donor and acceptor, thus leading to a
narrower potential and to greater tunneling161:165:176179. This idea, that now appears to
be taught in standard undergraduate biochemistry courses, is very appealing. It has also been
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used to rationalize the temperature dependence of observed KIEs178. However, both us and
others have recently found167:180°181 that in fact even in the vibronic formulation, the
isotope effect increases due to the sharp distance dependence of the zero-zero vibrational
overlap (see Ref. 126 for a clear analysis). That is, in the more recent view, the NQM effects
decrease rather than increase upon compression. This effect is due to the fact that the
tunneling in proton and hydride transfer reactions depends on the overlap between the
vibrational wave functions of the reactant and product states, and this overlap in turn
depends on the distance between the corresponding minima (see Ref. 167). In fact, when the
donor and acceptor are pushed to a short enough distance, the mixing between the two states
makes the adiabatic surface very flat, and the tunneling effect disappears. While the above
claims may sound strange to some, the simplest way to convince the reader is to point out
that all key workers in this field (e.g. Refs. 180'181) now essentially obtain this result.

The above analysis has, of course, major implications with regards to the idea that NQM
effects make a significant contribution to enzyme catalysis. In fact, the effects that lead to an
increase in the NQM contributions appear to be anticatalytic. This is mainly due to the fact
that the rate constant is smaller for larger donor-acceptor distances. Since the fact that the
observation of a large KIE reflects an increase (rather than decrease) in the distance between
the donor and acceptor is a seemingly counterintuitive point, it still causes significant
confusion (see e.g. Ref. 126 for further discussion of this issue).

9.2 The Temperature Dependence of Isotope Effects Does Not Provide Support to the
Dynamical Idea

The temperature dependence of the NQM effects as manifested in the corresponding KIE
has been a topic of significant current interest159-166+180:182. Part of this interest stems
from the hope that this temperature dependence can provide useful information about
possible dynamical contributions to enzymatic reactions159:183.

As far as tunneling is concerned, there is a tendency to argue that the observed temperature
dependence of KIEs (e.g. 184:185) is clear evidence for thermally activated tunneling, and
thus, this can be considered support for the idea that tunneling contributes to catalysis. We
have no problems with agreeing that tunneling in enzymes can be thermally activated. In
fact, our simulations and formulations have long been consistent with this
view37:94:166°168:169. We have also recently succeeded in reproducing the observed
temperature effect167. However, our simulations have led to the conclusion that NQM
effects do not help in catalysis, since the same thermally activated tunneling also exists in
solution.

With the above findings in mind, we can ask what the actual meaning of the observed
temperature effect is, and what it tells us about catalysis. Apparently, the studies of
DHFR167 and lipoxygenase166 indicate that the KIE increases when the distance between
the donor and acceptor increases (see the previous section). At any rate, the temperature
dependence of the KIE appears to mainly reflect the temperature dependence of the distance
between the donor and acceptor. Thus, the temperature dependence actually indicates that
tunneling is anti-catalytic (see also our recent review126).

Kohen et al.6 made the interesting observation that the activation enthalpy (4H?¥) for the
reaction of the thermophilic alcohol dehydrogenase decreased from 23.6 kcal/mol at low
temperatures (0-30° C) to 14.6 kcal/mol at higher temperatures (30-65° C). They
interpreted this observation as supporting a contribution to k.4 from vibrationally-enhanced
tunneling at higher temperatures. The activation free energy, however, remained essentially
constant. In terms of TST, this means that a compensating increase in —TAS* accompanies
the decrease in AH* as the temperature is raised.
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Altough Kohen et al.6 attributed their finding the dynamical effects, in that they believed
that their findings on hydrogen transfer under physiological conditions could not “be
explained without invoking both quantum mechanics and enzyme dynamics”, Warshel and
coworkers have noted (e.g. Refs. 25:61:153) that the entire effect is in fact a simple entropic
effect, and the observed decrease in AS” with temperature in the alcohol-dehydrogenase
(ADH) reaction can be rationalized by considering the expected interactions of the solute
with its surroundings. As the reaction in the direction considered by Kohen et al.6 proceeds
from a polar ion-pair through to a less polar transition state to a non-polar product, the
motions of the surroundings are expected to be less restricted in the transition state than in
the reactant state, which contributes a positive term to 4S*. Raising the temperature will
release some of the motions that are frozen in the reactant state, which should make 4S* less
positive.

It should be noted that Klinman, who originally supported the dynamical explanation, now
agrees with the importance of entropic effects148, though she attributes this to the new
concept of a funnel (see Section 8). This presentation is then used to account for the TAS*
temperature dependence of thermophilic ADH (which was one of the central issues of our
previous analysis). This “freezing out” of protein flexibility, which is supposed to
accompany a reduction in temperature for the thermophilic proteins, is argued148 to be
representative of a more restrictive conformational space, occurring further down the funnel,
where it becomes necessary to increase protein disorder in such a way that the protein moves
into the range required for optimal catalytic conditions. As discussed in Section 8, such a
proposal has not yet been formulated in such a way that can be analyzed, and our attempt to
define such proposal resulted in models that are not likely to be supported by any
calculations or conceptual considerations. The proposal also overlooks that fact that in most
enzymatic reactions, —TAS” is very close to zero (see Refs. 25:151). Furthermore, this has
little to do with catalysis, since AG” is practically constant and temperature independent in
the cases being considered. Finally, even if in some unclear way it is be found by means of
calculations that the entropic effect in ADH is due to some changes occurring far from the
active site for case A in Figure 10 (which is far less likely than the simple local electrostatic
idea that was proposed by us25), it will have no dynamical implications since it is a simple
issue of the configurational space. We must clarify here that Case A in Fig. 10 has probably
nothing to do with the entropy funnel concept.

9.3 “High Percentage Tunneling” and Other Considerations

At this point we would like to comment on the fact that there have been some recent studies
which have classified reactions with a relatively small tunneling contribution186~188 (i.e. a
reduction of 4% in the barriers) as proceeding predominantly by tunneling. This view is
based on the fact that the NQM contribution to the rate constant is more than 50% (in one
case, it is even claimed that the reaction only proceeds 1% by the classical way, i.e. 99% by
tunneling187). This classification seems to reflect a major misunderstanding, and is actually
misleading. This point is discussed clearly in Ref. 126, but here we will clarify that the
reaction barrier changes only from e.g. 15 to 14 kcal/mol186 when we add tunneling and
zero point energies, were the 1 kcal/mol is trivial as compared to the actual classical effect
of 15 kcal/mol. Perhaps the best way to see the falacy of the definition above is to realize
that in order to distinguish between a classical mechanism with proceeds over the barrier to
a tunneling mechanism which proceeds through the barrier, one must be able to quantify
what fraction of the molecules are reacting via tunneling, and how many are reacting
classically. We do not believe that there is any logical way to relate a trivial reduction in a
rate constant by a factor of ~20 to a change in the reaction from 100% of the molecules
reacting classically to a situation where 95% are reacting through tunneling (i.e. the only
point that was established in the works mentioned above is that the rate changes, not that the
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fraction of molecules tunneling through the barrier changes by that percentage). Now, if
there is no possible way to define such a relationship, then such a relationship most likely
does not exist.

In summary, a careful analysis of the available experimental studies concluded that there
exists no single piece of consistent experimental evidence that demonstrates that tunneling
makes a significant contribution to catalysis, whereas all computational studies that actually
explore this issue have consistently have found that the catalytic effect of NQM is very
small (if there is any at all). Once again, we refer the reader to our recent review126 for
further discussion.

10. What About Conflicting Theoretical Findings?

At this point in the review, it is important to address any potential concerns that the reader
may have that perhaps our perspective is too biased, and that somehow other theoretical
studies have reached different conclusions. This issue has already been partially addressed
earlier in this work. However, it is useful to focus here on the findings of the key studies that
have explicitly or implicitly supported the dynamical idea. In particular, we would like to
convey the point that theoretical studies that are supposed to determine catalytic
contributions must be able to actually calculate the given catalytic effect so that the effect is
clearly estimated. Such studies must also be able to evaluate the overall catalytic effect
reasonably quantitatively, so that the there is a way to assess the quantitative level of the
given estimate. Some of these issues were considered systematically in previous
works25:61, and, in this review, we have only provided a few instructive examples (e.g the
discussion of Ref. 119 in Section 7.2 and also in the discussion of Ref. 189 that is presented
in Ref. 37) in order to try to give the readers a few pointers on how to evaluate theoretical
studies of dynamical effects (such that even if the reader does not necessarily agree with our
conclusions, at least they are aware of what has actually been established through theory).
We genuinely believe that the above examples, combined with independent critical
judgment, will lead the reader to agree that while there have been significant advances in
theoretical studies of this question, there still exists no single consistent study that has
actually demonstrated that dynamical effects significantly increase the rate constant.

11. Enzyme Catalysis is Due to Polar Preorganization, But This Has Little to
Do With Recent Dynamical Definitions of Preorganization and
Reorganization

The issues presented in this section have to some extent already been discussed in Ref. 37.
However, here we would like to remind the reader of the preorganization effect. Early
experiments with model compounds in solution which explored the role of electrostatic
effects (by the use of charged groups in order to stabilize the TS charge distribution) came to
the conclusion that such effects must necessarily be small190:191. Phenomenological
attempts to estimate the magnitude of electrostatic contributions192 to catalysis reached
similar conclusions. Thus, it was considered more or less “common knowledge” that
electrostatic effects do not play an important role in catalysis (even though physical organic
chemistry experiments in solution could be rather irrelevant to an active site, and
phenomenological attempts to estimate the strength of electrostatic effects in proteins simply
cannot asses the dielectric effects without a proper computational model). Similarly, in his
key work, Jencks193 did not consider electrostatic stabilization of the TS as important for
catalysis, but rather argued that electrostatic and desolvation effects are the price to be paid
for substrate “destabilization”. Thus, it wasn’t until the 1976 work of Warshel and Levitt194
that anyone really demonstrated that electrostatic effects can play a major role in enzyme
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catalysis. We should point out that per definition40:194:195, “electrostatic catalysis”
includes the effect of the protein charges, permanent dipoles (residual charges), induced
dipoles (polarizability), and solvation by bound water molecules. It does not, however,
include the van der Waals strain effects, orientational entropy, charge transfer covalent
interactions, or dynamical effects. However, since 1976, there has been growing theoretical
support for the role of electrostatic stabilization in catalysis (e.g. Refs. 26:63:127:1967198
amongst others), and in fact it is becoming quite clear that electrostatic effects are central to
catalysis (for a detailed review, see Ref. 37).

As shown in Ref. 37, there are multiple cases where most of the catalytic effect is clearly
due to electrostatic interactions, though it is of course important to be able to establish that
these effects are due to TS stabilization, and to determine why the protein can provide such
large effects. This issue can be explored using the LRA expression below199 for both the
TS and RS:

AG(Q7)=0.5(<U(Q=07)-U(Q=0)>,_,- +<U(Q=0")-U(Q=0)>, ,=0.5(<AU>,, +<AU>) (108)

s ,
AT=0.5(<AU>q — <AU>Q4J (10b)

where U is the solute-solvent interaction potential, Q designations the solute residual
charges, Q7 indicates the TS charges, and <AU>( designates an average over configurations
obtained from an MD run with the given solute charge distribution. The A in Eq. 10b denotes
the reorganization energy for the solvation of the TS, which will be discussed below. The
first term in Eq. 10 is the interaction energy at the TS, where Q=Q7, and this is similar in
enzymes and in solution. The second term expresses the effect of the preorganization of the
environment: if this is randomly oriented towards the TS in the absence of charge (as in the
case in water), then this second term is zero, and we get:

-1
0w 1
AG(Q )xul_2<AU>Q= (11

Here, the electrostatic free energy is half of the average electrostatic potential200. However,
this does not hold in the preorganized environment of the enzyme, where we have a
significant contribution from the second term, giving an overall <AU>q that is more negative
than in water. This is a result of the catalytic effect of the enzyme. Another way of seeing
this is to picture that fact that in water, the solvent dipoles are randomly oriented around the
uncharged form of the TS, and the activation free energy includes the free energy that is
required to reorganize these solvent dipoles towards the charged TS. On the other hand, in
protein, this reaction costs less reorganization energy, as the active dipoles (which come
from polar groups, charged groups and water molecules) are already partially associated
towards the TS charge201. This concept is illustrated in Fig. 11. This effect is related to
Marcus’ well-known reorganization energy, however, it is not identical to it, as Marcus’
reorganization energy202 relates to transfer from the reactant to product state, whereas we
are dealing here with charging the TS. The conceptual and practical differences between the
two have been discussed in detail in Refs. 37:65.

Although the preorganization idea has been repeatedly confirmed by consistent simulation
studies it has not been fully accepted, partially because it is not simple to understand this
concept intuitively, and thus to realize that the catalytic effect is not due to the enzyme

Proteins. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamerlin and Warshel

Page 26

substrate interaction, but rather to the energy change (i.e. the small reorganization in the
preorganized enzyme) in the enzyme. This might be one of the reasons for the constant
search for other catalytic effects, such as the dynamical proposal. Additionally, it is not
helpful when other workers keep redefining the concept of preorganization, for instance in
the case of Schlick et al.,149 who incorrectly add the concept of a “pre-chemistry avenue” to
the preorganization idea (where pre-chemistry advocates that additional structural changes
occur after a conformational change but before the chemistry in DNA Polymerase 3, and
that these structural changes drive the system towards a reaction state that is then congruent
with the chemical step), which while an interesting idea, is entirely unrelated to the concept
of pre-organization. Similarly, Klinman et al.203 went even further, by not only renaming
the pre-organization concept to describe something fundamentally different, but even more
dangerously, incorrectly using the terminology of the original pre-organization concept in
doing this203. That is, it was stated ““Warshel and coworkers have also stressed, via
modeling, the importance of pre-organization for catalysis and KIEs. However, our
perspective is that pre-organization is a transient, dynamical feature of the enzyme, whereas
Warshel and co-workers conclude that sampling of multiple conformers does not contribute
significantly to the observed kinetic properties of enzymes”, despite the fact that this new
definition of pre-organization has nothing to do with the original definition of this term.
Furthermore, the idea that the physics described by this new definition of “preorganization”
can be related to catalysis is very problematic. That is, the sampling of multiple
configurations before reaching the ES does not contribute to catalysis at all, as was
established in Section 8. Additionally, if the statement above is related to the time required
to sample the TS region, then this time simply reflects the free energy barrier, but, of course,
this is completely related to the reason the activation barrier changes, which is what catalysis
is actually about (see also Section 8, which discusses the relationship between free energy
landscapes and catalysis). In other words, the sampling of multiple configurations simply
reflects the free energy landscape, rather than affects it.

The difficulty with the preorganization concept is perhaps best illustrated with the case of
ketosteroid isomerase (KSI), which is also one of the best examples of the preorganization
effect. This case will be considered below.

The catalytic effect of KSI was originally quantified by the EVB calculations of Feierberg
and Aqvist204, who reproduced the observed effect, and demonstrated its electrostatic
origin. However, as argued above, this was not universally accepted, and Kraut et al. 146
chose the same system to attempt to demonstrate that the electrostatic effect cannot provide
a major contribution to enzyme catalysis. In this work, the authors found that the binding
energy of different substituted phenolate TSAs does not change significantly upon
modification of the phenolates. What does change is the charge distribution of these
phenolates, and thus the authors concluded that the electrostatic contribution to binding must
be small in these systems, as well as with the actual TS and enolate intermediate of the KSI
reaction. This conclusion was then assumed to represent valid experimental proof that
electrostatic effects do not contribute to the catalytic power of KSI (and presumably that of
other enzymes) in a major way. However, the authors reached this conclusion without any
form of unique energy based analyses, and in fact completely contradict Feierberg and
Aqvist’s204 careful study, which found that the catalytic effect of KSI is almost entirely due
to electrostatic reorganization effects.

In order to resolve this controversy, we recently decided205 to reanalyze the relationship
between TSA binding and the chemical catalysis by KSI, as well as the binding of the
transition state by means of theoretical simulations that do not make non-scientific
speculations, but rather reproduce the relevant experimental results, and can thus be used to
actually quantify the different contributions to the observed experimental effects. This study
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quantitatively reproduced the finding of a small electrostatic contribution to the binding of
the TSAs, but also found a very large electrostatic contribution to the binding of the TS. The
reason for this appeared to be the fact that the contributions from electrostatic
preorganization to the binding of the enolate intermediate (and the TS) of KSI are
significantly larger than the same effect for the binding of the TSAs. It was found that the
difference between the TSA and TS is associated with the preorganization contribution
(<AU>q), which reflects the non-polar state of the TSAs and the TS. The difference is that
the TSAs are small and can rotate freely in the active site when they are in the non-polar
form and thus have a near zero preorganization contribution. On the other hand the TS
cannot rotate, and this results in a large electrostatic preorganization term (see Ref. 205).
These solid quantitative results significantly contradict the speculation of Kraut et al.146,
who simply postulated that the electrostatic effect must be correlated with the presumed
localization of the charge in the isolated phenolate, without quantitatively evaluating the
corresponding electrostatic contribution (and thus without providing any way to quantify,
assess or formulate either the electrostatic or in fact any other contributions). We realize that
the concept of preorganization is complex, but in view of its crucial role as by far the most
important catalytic factor it is essential to be able to evaluate it, and to understand its nature.

Another related issue is the attempt of Devi-Kasavan and Gao68 to classify electrostatic
stabilization of the transition state (which has been clearly formulated and defined from as
early as 1978201 as being a generalized solvation effect) as a desolvation effect is
worrisome, particularly as there is no attempt to compare the electrostatic stabilization due
to the environment in the protein and in water, and thus to actually examine the desolvation
idea. In our opinion, the attempt to invert the meaning of the desolvation idea after it has
already been shown by others to be incorrect is not useful.

Throughout this section, we have again emphasized two key points. One is the fact that
despite attempts to reduce the discussion of dynamical effects to a “semantic” issue,
semantics do in fact play a key role, as without clear-cut definitions, it is impossible to
conduct scientific discourse. The concept of preorganization is a key example of this, as, as
we have illustrated above, there are to the best of our knowledge now four completely
different definitions (including our own) of our original concept. The result of re-defining
terms in such an ad hoc fashion has been significant misunderstandings in the field, that
have resulted in exhaustive searches for explanations that have not produced any
quantitative concepts, and lead us no closer to understanding enzyme catalysis than before
these explanations.

12. Experimental Information from NMR and Other Approaches is Clearly
Crucial to Our Understanding of Protein Action

Our discussion up to this point may have left the reader with the impression that we are
downplaying the value of information from NMR or other experimental studies for
understanding enzyme action (or biology in general), but we would like to emphasize that
nothing is further from the truth. NMR studies provide major information about, for
instance, protein flexibility, or pK; values, which can be directly relevant to studies of
enzyme catalysis. What we do object to is the loose usage of NMR studies to define
thermodynamic quantities as being dynamical effects, which we will elaborate upon below.

We would like to start by point out that NMR studies of short timescale (i.e. sub-ns) side and
main chain dynamics in proteins that have been very helpful towards understanding protein
action in general. Due to the breadth of the field, here, we will only be highlighting a few
key studies, and for more detailed analysis, we refer the reader to the reviews of Refs. 206
and 207.
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As an example of the usefulness of NMR in understanding protein action, Akke and
coworkers208 have used side-chain methyl groups as local reporters for conformational
transitions that take place in the microsecond regime. In this work, they examined human
FK-506 binding protein (FKBP12), an enzyme that uses a common surface for bonding the
substrate and in its dual role as an immunophilin and folding assistant. They found
conformational dynamics on a timescale of ~130us for methyl groups located in the
substrate binding pocket, demonstrating the plasticity of this pocket in the absence of the
substrate. From this, they suggested that substrate recognition involves the rapid relative
movement of a subdomain in the enzyme comprising residues Ala81 — Thr96, and that these
observed dynamics play an important role in facilitating the interaction of this protein with
its many partners. While the actual role of dynamics in the biding process is still unclear, we
have here a challenging and thought provoking issue.

NMR relaxation studies have also been useful in probing the long-range effects of substrate
binding to an enzyme. An example of this is Oljeniczak and coworkers’ study209 of the
changes in the backbone dynamics of the phosphotyrosine-binding domain (PTB) of the
insulin receptor substrate 1 (IRS-1) when complexed with a Tyr-phosphorylated peptide
drived from the interleukin 4 (IL-4) receptor. This work used NMR relaxation techniques to
examine the changes in the dynamics of the backbone nitrogens of the IRS-1 PTB domain in
both the free protein and the complex between the protein and te IL-4 receptor
phosphopeptide, demonstrating that the backbone nitrogens of several key residues which
make important contacts to the ligand are motionally restricted in both the free and
complexed protein, with other residues only becoming maotionally restricted after ligand
binding (this included several residues that do not have any direct contact with the ligand).
Additionally, increases in order parameters and internal correlation times were observed in
residues in the loop between the f3 and 4 strands, which are located on opposite sides of
the peptide-binding site. Taken together, this suggests that substrate binding can result in
long-range reductions in mobility as a result of indirect contacts with the IL-4 peptide,
mediated by the adjacent loops and B-strands.

NMR studies have been utilized to try to evaluate the role of changes in conformational
entropy in elucidating protein function. For instance, Lee and coworkers210 have performed
an in-depth study of the response of the internal dynamics of calcium-saturated calmodulin
to the formation of a complex with a peptide model of the calmodulin-binding domain of the
smooth muscle myosin light chain kinase. Here, if was found that upon complex formation,
the calmodulin backbone is unaffected by the binding of the domain, whereas the side chain
dynamics are significantly perturbed. This was interpreted in terms of a heterogenous
enthalpy/entropy partition. Now such studies can indeed help in decomposing entropy
contributions into those of the substrate and those of the solvent (or protein), and, in fact,
this issue has been the subject of several recent studies of enzyme catalysis (e.g. Refs.
152:153:211) as well as that of works which attempted to decompose the binding entropies
into their different components212. In such cases, comparison to NMR findings would be of
enormous importance.

Another key use of NMR information is, in fact, the detection of slow conformational
motions (as was done in e.g. Refs. 15:28:29:34:69:71773) which is being explored in the
present work. Such information is useful in that it presents a well-defined set of facts, which
should be reproduced by careful simulation studies. However, as clarified in the rest of the
review, we believe that there are major problems with the interpretation of these findings as
being dynamical effects that aid in the chemical step. Finally, even with regards to the pure
dynamical proposal, we believe that NMR studies can aid in shedding major light on the
question, by for instance the use of two distinct probes (one for the conformational and one
for the chemical coordinates).
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13. Conclusions

In recent years, the idea that enzyme dynamics can somehow contribute to catalysis has
rapidly gained popularity, and been the subject of significant experimental and theoretical
investigation. In this review, we have examined the most compelling arguments both for and
against this proposal, and we conclude that existing studies have still not provided any
unique evidence that enzyme dynamics makes a significant contribution to the catalysis of
ground-state reactions. That is, although enzymes have evolved to dramatically lower the
activation free energies of chemical reactions, no enzyme has actually been shown to
increase the transmission factor by more than a factor of ~3 compared to that for the same
reaction in water.

We should note that we have already published a previous work61 on this topic, and in our
current review, we take into account the vast body of experimental and theoretical work that
has been published since then. We remind the reader that a recent high profile review27 has
considered our previous work61 a source of “confusion” in the field, as well as incorrectly
crediting other workers (e.g. Refs. 213:214) with our findings that dynamical effects have no
contribution to the overall rate (see also our previous review61 for a discussion of this
issue). The assertion of Ref. 27 is extremely problematic: our previous work61 was a clear
attempt to try to clarify the misconceptions in the field, and to move behind the idea that
everything could be defined and redefined as a gray area. Unfortunately, the idea that
protein motions have a role in catalysis has been strongly supported by some of the most
prolific workers in the field for a long time (for examples, see for instance Refs.
29:31:93:124:138, amongst others). This includes the clear suggestions76 that both protein
structure and dynamics have co-evolved synergistically and that there exists a “pre-sampling
of conformational substrates before catalysis that are harvested for catalytic turnover. Other
similar statements are presented in Section 1. Thus, the attempts of the some supporters of
the dynamical proposal to now claim that dynamics does not actually contribute to
catalysis27 is one of the major sources of misunderstanding in the field.

The other source of misunderstanding is due to the fact that many of the versions of the
dynamical proposal do not clearly formulate what the authors actually mean by it, making it
hard to know what to look for in attempts to verify these claims. Further misunderstandings
are associated with the tendency to use soft (changing) definitions and even to adopt key
concepts such as the preorganization idea and to completely redefine these concepts. Thus, a
large part of this review was about trying to clarify what the actual issues are to the reader,
and to provide clear scientific definitions that let one judge the validity of the dynamical
proposal for oneself. This problematic aspect of the field has been discussed extensively in
Sections 8, 9 and 11 where we try to clarify to the readers that only clearly defined proposals
can be used when analyzing ideas about enzyme catalysis and that if the proposal is not
defined in terms of some reaction coordinate and energy surface it cannot be explored,
validated or discussed in logical terms. The complexity of the field and the difficulty with
understanding the polar preorganization idea might be a part of the problem. However,
recent attempts37:93:1387142 to recast the complexity of e.g. the features of the free energy
landscape as the solution to this question are problematic in themselves. To clarify this
issue, we invested significant effort in Sections 8, 9 and 10 on showing that concepts like
“landscape searches”, “entropy funnels” and “promoting motions” cannot account for any
catalytic rate enhancement. We also emphasized that the best way to follow our point or to
understand the problems with the other proposals it to try to formulate this proposals in a
physically meaningful way (e.g. Figs. 6 and 9). Otherwise, one ends up with a completely
circular discussion and no way to reach any conclusions. Thus, in the interests of
thoroughness, we have examined the vast wealth of experimental and theoretical work that
has argued both for and against dynamical contributions to catalysis. After covering most
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probably all reasonable definitions of dynamics and catalysis, we concluded that there is
currently no single experimental study that proves that dynamical effects contribute to
chemical catalysis, and that all consistent theoretical studies conclude that there are in fact
no significant dynamical contributions to enzyme catalysis.

The search for dynamical effects will undoubtedly continue, generating additional intriguing
results and providing an active meeting ground for investigators with new experimental and
computational approaches. Our thesis is simply that in order to demonstrate a dynamical
effect, one must show that it contributes significantly to catalysis in the enzyme and does not
occur in the same reaction in solution, and we have yet to find a work that fulfills this simple
requirement. Here it may be useful comment on the recent tendency to argue that we use a
“limited definition of catalysis”. First of all, catalysis has no meaning without a reference
state, and second of all, any vague implication of dynamical rate enhancement must show
what such enhancement is relative to, and even if it is defined as the activity of the native
enzyme relative to its mutants, we must show that this is actually due to dynamical effects.
To date, no such demonstration has been provided.

In summary we would like to emphasize that, as discussed in this work, there is no reported
experiment that actually established any dynamical coupling between the conformational
and chemical coordinates. On the other hand, the dynamical proposal has been finally
explored by a theoretical study that actually simulates the coupling between the
conformational and chemical motions and finds that the conformational motions do not
affect the chemical rate constant. Of course, exploring this conclusion in detail is still a
challenge that remains for future experimental and theoretical studies. But, what is currently
the only direct consistent analysis in the field concluded that the chemical step does not
remember the conformational motion, and thus that dynamics does not play an important
role in catalysis and is unlikely to be the future of enzymology (and, in particular, the
understanding of enzyme catalysis) for the 215t century.

14. Technical Background

Computational approaches such as standard molecular mechanics simulations do not include
electronic quantum effects, and therefore have to be combined with other approaches in
order to be applicable to enzymatic reactions that exhibit quantum effects. Such hybrid
quantum mechanics/molecular mechanics (QM/MM) methods41 can in principle take into
account the entire enzyme, but most are limited by their general neglect of entropic
effects215. Some specialized approaches however did attempt to address entropic effects as
well25. Thus, the use of hybrid QM/MM techniques and a classical molecular dynamics
approach allow for a wide-ranging analysis of the system at hand. While classical MD
simulations do not take into account zero-point energies and tunneling, these effects can be
incorporated by a number of different methods, some of which are illustrated below215. MD
techniques such as umbrella sampling allow for the generation of free energy surfaces and
the associated energetic barriers even for rare events, thus, combining such techniques with
quantum mechanical considerations may provide a breadth of information about the system.

Now, in order to be able to gain a quantitative understanding of enzymatic reactions (as well
as the corresponding reference reactions in solution, it is essential to be able to accurately
calculate free energy profiles for these reactions, and, in recent years, the hybrid QM/MM
approach has become the key tool for calculating protein function in general, and for
studying chemical processes in proteins in particular (see for instance Refs. 2167224, to
name but a few examples). However, despite the advances described above, we have not yet
reached a stage where it is possible to use QM/MM approaches in fully quantitative studies
of enzyme catalysis, as a quantitative evaluation of the potential surfaces for the reacting
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fragment should involve ab initio electronic structure calculations, which are too expensive
to allow for the extensive configurational averaging that is necessary for proper free energy
calculations (as using a QM/MM approach without proper sampling is not so effective225),
despite the recent explosion of studies that use energy minimization approaches without
proper sampling (for instance those of Refs. 149:226:227, amongst others).

These problems can be overcome to some extent by specialized approaches that allow us to
move towards ab initio QM/MM free energy calculations (such as those introduced in Refs.
2287230), but even these approaches are still in a development stage. Thus, we believe at
present, the most reliable tool for understanding protein function is the EVB approach,
which calibrates the system to the energetics of the reference solution reaction. That is, the
EVB is a proper QM/MM method, that describes chemical reactivity by mixing resonance
(or more precisely diabatic) states that correspond to the classical valence-bond (VB)
structures describing the reactant, intermediate(s) and product states, the potential energies
of which are represented by classical MM forcefields of the form:

E= @+ Ut R, Q)+UL (R, Q, 1, q)+U,(r, q) (12)

Here, R and Q represent the atomic coordinates and charges of the diabatic states, and r and

g are those of the surrounding protein and solvent, a;(,s is the gas-phase energy of the ith
diabatic state (where all the fragments are taken to be at infinity), Ujnya(R, Q) is the
intramolecular potential of the solute system (relative to its minimum); Uss(R, Q, r, Q)
represents the interaction between the solute (S) atoms and the surrounding (s) solvent and
protein atoms, Ug(r, q) represents the potential energy of the protein/solvent system (**ss”
designates surrounding-surrounding). The ¢; of Eq. 12 forms the diagonal elements of the
EVB Hamiltonian (H;;). The off-diagonal elements of the Hamiltonian, Hj;, are represented
by simple exponential functions of the distances between the reacting atoms. The Hj;
elements are assumed to be the same in the gas phase, in solutions and in proteins, and the
ground state energy, Eg, is then obtained by diagonalizing the EVB Hamiltonian.

The relevant activation free energies (Ag¥) are then obtained by adiabatically changing the
system from one diabatic state to another. In the simplest case, which only involves two
diabatic states, this “mapping” potential &) can be written as a linear combination of the
potentials of the reactant and product, i.e. &1 and &, respectively:

En=(1 —Ap)e1+Aner (0<1<1) (13)

where A, is changed from 0 to 1 in n+1 fixed increments (A, = 0/n, 1/n, 2/n, ..., n/n), and
potentials with one or more of the intermediate values of 1, force the system to fluctuate
near the TS.

Finally, the free energy, AG,, associated with changing A, from 0 to m/n is evaluated by the
free energy perturbation (FEP) procedure (which has been described in detail in e.g. Ref. 21,
amongst others). However, after obtaining AG,, we also need to obtain the free energy that
corresponds to the adiabatic ground state surface along the reaction coordinate, x. This free
energy (which is referred to as a “free energy functional™) is obtained by the FEP-umbrella
sampling (FEP/US) method21:66. The main point for purpose of doing this is that the FEP/
US approach may be also used to obtain the free energy functional of the diabatic states by
the equation below21:
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Agi(x)=AG,, — B In(5(x = xexpl -Be1 (x) = en(xD]), (14)

Here, e, is the mapping potential that keeps x in the region of x'. If the changes in ¢, are
sufficiently gradual, the free energy functional Ag(x’) that is obtained with several values of
m overlap over a range of x’, and the complete free energy curve for the reaction can be
obtained by patching together the full set of Ag(x’), and the energy gap (Xx=g1—¢5) is
generally defined by the generated reaction coordinate, x. This selection21:231 is
particularly powerful when one tries to represent the entire many dimensional solvent space
by a single coordinate (see Ref. 66).

Now, in recent years, the effectiveness of the EVB has been recognized by many workers
other than us (e.g. Refs. 121:181:2327234, just to name a few works), and, perhaps the
strongest indicator of its increasing popularity are recent attempts to repackage the EVB
under a different name (see e.g. Refs. 2357237). Some of these studies are extremely,
problematic as clarified in our recent discussion238 on a work of Truhlar, Gao and
coworkers239. In any case, the EVB is, at present, the most powerful approach for
quantitative evaluations of activation free energies in enzymes and in solution. The
quantitative value of this method has already been demonstrated in the challenging
calculations of the effect of mutations on the catalytic reaction of dihydrofolate reductase
(DHFR)125, where distant mutations have a significant effect, and being able to do this
accurately in fact requires averaging over several calculations, which has been recently
accomplished by others240. Furthermore, the power of the EVB approach has also been
demonstrated in benchmarks for enzyme design. This issue is crucial, since if reliable free
energy calculations are able to reproduce the observed rate constant and catalytic effect, then
it is hard to argue that other effects are missing.

In order to get the full rate constant of Eq. 2, we also need the to evaluate the transmission
coefficient (k). This factor at least formally44 contains all dynamical effects (although we
will consider many other definitions). Much of the discussion of whether or not dynamical
effects contribute to enzyme catalysis has therefore revolved around whether or not k is
higher in enzymes than in solution. If we temporarily neglect tunneling and other quantum
effects, k depends on two interrelated factors: (a) the probability that a system arriving at x*
from the reactant side of the barrier will end up on the product side rather than regenerating
the reactants, and (b) the average number of times that a productive trajectory passes back
and forth across x* before it permanently moves to the product side. These factors can be
evaluated by examining a family of MD trajectories that start in the TS with a thermal
distribution of velocities842~44:241. The trajectories are propagated both forwards and
backwards in time until both segments have settled in either the reactant or the product state,
and the forward and backward segments are combined to obtain a complete trajectory.

One way to calculate the transmission coefficient, called the “reactive flux” method
described elsewhere2417243. The transmission factor also can be obtained by considering
the average effective velocity with which productive trajectories cross the TS25:64. This can
be converted to an expression related to the autocorrelation of the EVB energy gap25:64,
which is in turn related to the autocorrelation that has been widely used in studies of
solvation dynamics244—248. In fact, despite the elegance of the reactive flux method, the
autocorrelation of the energy gap has the added advantage that it provides a more direct
connection to the view of the enzyme as an effective solvent for the reacting groups. The
transmission factor can also be evaluated by the EA-VTST249 method.
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Simulation studies of dynamical effect should also be able to explore nuclear quantum
mechanical quantum mechanical (NQM) effects. This can be done by using the quantum
classical path (QCP) approach of Warshel and coworkers250:251, which is based on the
centroid version45:252:253 of Feynman’s path integral approach254, but involves a major
practical improvement, based on using a classical reference potential and classical
trajectories to evaluate the quantized free energy (by using a perturbation treatment for the
move from the classical to the quantized potential). That is, calculating the centroid
probabilities in condensed-phase reactions is very challenging, as it involves major
convergence problems, and the QCP approach therefore offers an extremely effective (and
simple) way to evaluate this probability, without making any significant changes to the
simulation program. This is done by taking the classical potential surface of the reacting
system as a reference potential, propagating trajectories on this surface, and then using the
position of the classical atoms to generate the centroid position for the quantum mechanical
partition function.

It is worth noting that QCP studies61:94 that have focused on comparing the NQM effects in
enzyme and solution have found that the corresponding corrections are similar. It is also
important to note that our QCP approach has been recently adopted by other
workers23:2557257. Also, Hammes-Schiffer et al. employed a molecular dynamics with
quantum transitions (MDQT) surface hopping method258, in combination with the reactive
flux approach259 in their studies of dihydrofolate reductase (DHFR)260:261. Finally, the
ensemble-averaged variational transition state theory with multidimensional tunneling (EA-
VTST) approach249:255 has also been used to calculate the magnitude of quantum effects
on nuclear motions.

Acknowledgments

This work was supported by NIH grants GM24492 and 5U19A105010, NSF grant MCB-0342276, and NCI grant 1
U19 1050101-01.

References

1. Schramm VL. Introduction: Principles of Enzymatic Catalysis. Chem Rev. 2006; 106:3029-3030.
and many chapters in this issue (issue 3028, pp. 3029-3496).

2. Careri G, Fasella P, Gratton E. Enzyme dynamics: the statistical physics approach. Ann Rev
Biophys Bioeng. 1979; 8:69-97. [PubMed: 383008]

3. Gavish B, Werber MM. Viscosity-Dependent Structural Fluctuation in Enzyme Catalysis.
Biochemistry. 1979; 18:1269-1275. [PubMed: 427112]

4. McCammon JA, Wolynes PG, Karplus M. Picosecond Dynamics of Tyrosine Side Chains in
Proteins. Biochemistry. 1979; 18:927-942. [PubMed: 427100]

5. Karplus M, McCammon JA. Dynamics of proteins: elements and function. Ann Rev Biochem.
1983; 53:263-300. [PubMed: 6351724]

6. Kohen A, Cannio R, Bartolucci S, Klinman JP. Enzyme dynamics and hydrogen tunnelling in a
thermophilic alcohol dehydrogenase. Nature. 1999; 399:496-499. [PubMed: 10365965]

7. Cannon WR, Singleton SF, Benkovic SJ. A perspective on biological catalysis. Nat Struct Biol.
1996; 3:821-833. [PubMed: 8836096]

8. Neria E, Karplus M. Molecular dynamics of an enzyme reaction: Proton transfer in TIM. Chem
Phys Lett. 1997; 267(1-2):23-30.

9. Miller GP, Benkovic SJ. Deletion of a highly motional residue affects formation of the Michaelis
complex for Escherichia coli dihydrofolate reductase. Biochemistry. 1998; 37:6327-6335.
[PubMed: 9572847]

10. Zavodszky P, Kardos J, Svingor A, Petsko GA. Adjustment of conformational flexibility is a key

event in the thermal adaptation of proteins. Proc Natl Acad Sci U S A. 1998; 95(13):7406-7411.
[PubMed: 9636162]

Proteins. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamerlin and Warshel

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Page 34

. Kohen A, Klinman JP. Hydrogen tunneling in biology. Chem Biol. 1999; 6:R191-R198. [PubMed:
10381408]

Radkiewicz JL, Brooks CL. Protein dynamics in enzymatic catalysis: Exploration of dihydrofolate
reductase. J Am Chem Soc. 2000; 122(2):225-231.

Daniel RM, Dunn RV, Finney JL, Smith JC. The role of dynamics in enzyme activity. Ann Rev
Phys Biomol Struc. 2003; 32:69-92.

Xie XS, Lu HP. Single-molecule enzymology. J Biol Chem. 1999; 274(23):15967-15970.
[PubMed: 10347141]

Eisenmesser EZ, Bosco DA, Akke M, Kern D. Enzyme Dynamics During Catalysis. Science.
2002; 295:1520-1523. [PubMed: 11859194]

Antoniou D, Schwartz SD. Large kinetic isotope effects in enzymatic proton transfer and the role
of substrate oscillations. Proc Natl Acad Sci USA. 1997; 94:12360-12365. [PubMed: 9356454]
Basran J, Sutcliffe MJ, Scrutton NS. Enzymatic H-transfer requires vibration-driven extreme
tunneling. Biochemistry. 1999; 38(10):3218-3222. [PubMed: 10074378]

Liang X-Z, Klinman JP. Curr Opin Struct Biol. 2004; 14:648. [PubMed: 15582387]

Nam K, Prat-Resina X, Garcia-Viloca M, Devi-Kesavan LS, Gao J. Dynamics of an Enzymatic
Substitution Reaction in Haloalkane Dehalogenase. J Am Chem Soc. 2004; 126(5):1369-1376.
[PubMed: 14759194]

Villa J, Warshel A. Energetics and dynamics of enzymatic reactions. J Phys Chem B. 2001;
105(33):7887-7907.

Warshel, A. Computer Modeling of Chemical Reactions in Enzymes and Solutions. New York:
John Wiley & Sons; 1991.

Thorpe, IF.; Brooks, CL, Il1 . J Phys Chem B. ASAP; 2003. Barriers to Hydride Transfer in Wild
Type and Mutant Dihydrofolate Reductase from E. coli.

Billeter SR, Webb SP, Agarwal PK, lordanov T, Hammes-Schiffer S. Hydride Transfer in Liver
Alcohol Dehydrogenase: Quantum Dynamics, Kinetic Isotope Effects, and Role of Enzyme
Motion. J Am Chem Soc. 2001; 123:11262-11272. [PubMed: 11697969]

Warshel A. Dynamics of enzymatic reactions. Proc Natl Acad Sci USA. 1984; 81:444-448.
[PubMed: 6582500]

Warshel A, Parson WW. Dynamics of biochemical and biophysical reactions: insight from
computer simulations. Q Rev Biophys. 2001; 34:563-670. [PubMed: 11852595]

Warshel A, Sussman F, Hwang J-K. Evaluation of Catalytic Free Energies in Genetically Modified
Proteins. J Mol Biol. 1988; 201:139-159. [PubMed: 3047396]

Henzler-Wildman K, Kern D. Dynamic personalities of proteins. Nature. 2007; 450:964-972.
[PubMed: 18075575]

Henzler-Wildman KA, Lei M, Thai V, Kerns SJ, Karplus M, Kern D. A hierarchy of timescales in
protein dynamics is linked to enzyme catalysis. Nature. 2007; 450:913-916. [PubMed: 18026087]
Henzler-Wildman KA, Thai V, Lei M, Ott M, Wolf-Watz M, Fenn T, Pozharski E, Wilson MA,
Petsko GA, Karplus M, Hubner CG, Kern D. Intrinsic motions along an enzymatic reaction
trajectory. Nature. 2007; 450:838-844. [PubMed: 18026086]

Kale S, Ulas G, Song J, Brudvig GW, Furey W, Jordan F. Efficient coupling of catalysis and
dynamics in the E1 component of Escherichia coli pyruvate dehydrogenase multienzyme complex.
Proc Natl Acad Sci. 2008; 105:1158-1163. [PubMed: 18216265]

Saen-Oon S, Ghanem M, Schramm VL, Schwart SD. Remote mutations and active site dynamics
correlate with catalytic properties of purine nucleoside phosphorylase. Biophys J. 2008; 94:4078—
4088. [PubMed: 18234834]

Kern D, Eisenmesser EZ, Wolf-Watz M. Enzyme dynamics during catalysis measured my NMR
spectroscopy. Methods in Enzym. 2005; 394:507-524.

Kern D, Zuiderweg ER. The role of dynamics in allosteric reulation. Curr Opin Struct Biol. 2003;
13:748-757. [PubMed: 14675554]

Wolf-Watz M, Thai V, Henzler-Wildman K, Hadjipavlou G, Eisenmesser EZ, Kern D. Linkage
between dynamics and catalysis in a thermophilic-mesophilic enzyme pair. Nat Struct Mol Biol.
2004; 11:945-949. [PubMed: 15334070]

Proteins. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamerlin and Warshel

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 35

Wand JA. On the dynamic origin of allosteric activation. Science. 2001; 24:1395. [PubMed:
11520951]

Wolfenden R, Snider MJ. The depth of chemical time and the power of enzymes as catalysts. Acc
Chem Res. 2001; 34(12):938-945. [PubMed: 11747411]

Warshel A, Sharma PK, Kato M, Xiang Y, Liu H, Olsson MHM. Electrostatic basis for enzyme
catalysis. Chem Rev. 2006; 106:3210-3235. [PubMed: 16895325]

Strajbl M, Sham YY, Villa J, Chu ZT, Warshel A. Calculations of activation entropies of chemical
reactions in solution. J Phys Chem B. 2000; 104:4578-4584.

Strajbl M, Sham Y'Y, Villa J, Chu ZT, Warshel A. Calculation of activation entropies of chemical
reactions in solution. J Phys Chem B. 2000; 104:4578-4584.

Jencks, WP. Catalysis in Chemistry and Enzymology. New York: Dover; 1987.

Shurki A, Warshel A. Structure/function correlations of proteins using MM, QM/MM, and related
approaches: Methods, concepts, pitfalls, and current progress. Adv Protein Chem. 2003; 66:249—
313. [PubMed: 14631821]

Bennett, CH. Molecular dynamics and transition state theory: the simulation of infrequent events.
In: Christofferson, RE., editor. Algorithms for chemical computations. Washington DC: ACS;
1977. p. 63-97.

Keck JC. Variational Theory of Reaction Rates. Adv Chem Phys. 1966; 13:85-121.
Grimmelmann EK, Tully JC, Helfand E. Molecular-Dynamics of Infrequent Events - Thermal-
Desorption of Xenon from a Platinum Surface. J Chem Phys. 1981; 74(9):5300-5310.

Voth GA, Chandler D, Miller WH. Rigorous Formulation of Quantum Transition State Theory and
Its Dynamical Corrections. J Chem Phys. 1989; 91:7749.

Abrash S, Repinec S, Hochstrasse RM. The viscosity dependence and reaction coordinate for
isomerization of cis-stilbene. J Chem Phys. 1990; 93:1041.

Todd DC, Fleming GR. Cis-stilbene isomerization: Temperature dependence and the role of
mechanical friction. J Chem Phys. 1993; 98:269.

Haran G, Wynne K, Xie AH, He Q, Chance M, Hochstrasser RM. Excited state dynamics of
bacteriorhodopsin revealed by transient stimulated emission spectra. Chem Phys Lett. 1996;
261:389-395.

Warshel A. Bicycle-pedal model for the first step in the vision process. Nature. 1976; 260:679-
683. [PubMed: 1264239]

Warshel A, Chu ZT. Nature of the surface crossing process in bacteriorhodopsin: Computer
simulations of the quantum dynamics of the primary photochemical event. J Phys Chem B. 2001,
105(40):9857-9871.

Hayashi S, Tajkhorshid E, Schulten K. Molecular dynamics simulation of bacteriorhodopsin’s
photoisomerization using ab initio forces for the excited chromophore. Biophys J. 2003; 85(3):
1440-1449. [PubMed: 12944261]

Olsen, S.; Toniolo, A.; Ko, C.; Manohar, L.; Lamothe, K.; Martinez, TJ. Computation of reaction
mechanisms and dynamics in photobiology. Olivucci, M., editor. Amsterdam: Elsevier; 2005.
Olivucci M, Ragazos IN, Bernardi F, Robb MA. A Conical Intersection Mechanism for the
Photochemistry of Butadiene. J Am Chem Soc. 1993; 115:3710-3721.

Frutos LM, Anduniéw T, Santoro F, Ferré N, Olivucci M. Tracking the excited-state time
evolution of the visual pigment with multiconfigurational quantum chemistry. Proc Natl Acad Sci
U S A. 2007; 104:7764-7769. [PubMed: 17470789]

Kukura P, McCamant DW, Yoon S, Wandschneider DB, Mathies RA. Structural observation of the
primary isomerization in vision with femtosecond-stimulated raman. Science. 2005; 11:1006—
1009. [PubMed: 16284176]

Parson WW, Warshel A. A density-matrix model of photosynthetic electron transfer with
microscopically estimated vibrational relaxation times. Chem Phys. 2004; 296(2-3):201-216.
Vos MH, Lambry JC, Robles SJ, Youvan DC, Breton J, Martin JL. Direct Observation of
Vibrational Coherence in Bacterial Reaction Centers Using Femtosecond Absorption-
Spectroscopy. Proc Natl Acad Sci U S A. 1991; 88(20):8885-8889. [PubMed: 1924348]

Proteins. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamerlin and Warshel

58

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

Page 36

. Yakovlev AG, Shkuropatov AC, Shuvalov AV. Nuclear wavepacket motion producing a reversible
charge separation in bacterial reaction centers. FEBS Lett. 2000; 466:209-212. [PubMed:
10682829]

Parson WW, Warshel A. Dependence of Photosynthetic Electron-Transfer Kinetics on
Temperature and Energy in a Density-Matrix Model. J Phys Chem B. 2004; (108):10474-10483.
Carpenter BK. Nonexponential decay of reactive intermediates: new challenges for spectroscopic
observation, kinetic modeling and mechanistic interpretation. J Phys Org Chem. 2003; 16(11):
858-868.

Olsson MHM, Parson WW, Warshel A. Dynamical contributions to enzyme catalysis: Critical tests
of a popular hypothesis. Chem Rev. 2006; 106:1737-1756. [PubMed: 16683752]

Roca M, Moliner V, Tunon I, Hynes JT. Coupling between protein and reaction dynamics in
enzymatic processes: Application of Grote-Hynes theory to catechol omethyltransferase. J Am
Chem Soc. 2006; 128:6186-6193. [PubMed: 16669689]

Olsson MHM, Warshel A. Solute Solvent Dynamics and Energetics in Enzyme Catalysis: The SN2
Reaction of Dehalogenase as a General Benchmark. J Am Chem Soc. 2004; 126(46):15167—
15179. [PubMed: 15548014]

Hwang JK, King G, Creighton S, Warshel A. Simulation of Free-Energy Relationships and
Dynamics of SN2 Reactions in Aqueous-Solution. J Am Chem Soc. 1988; 110(16):5297-5311.

Villa J, Warshel A. Energetics and dynamics of enzymatic reactions. J Phys Chem B. 2001;
105(33):7887-7907.

Hwang J-K, King G, Creighton S, Warshel A. Simulation of Free Energy Relationships and
Dynamics of SN2 Reactions in Aqueous Solution. J Am Chem Soc. 1988; 110(16):5297-5311.

Guha S, Sahu K, Roy D, Mondal SK, Bahattacharyya K. Slow solvation dynamics at the acftive
site of an enzyme: Implications for catalysis. Biochemistry. 2005; 44:8940-8947. [PubMed:
15966719]

Devi-Kesavan LS, Gao J. Combined QM/MM Study of the Mechanism and Kinetic Isotope Effect
of the Nucleophilic Substitution Reaction in Haloalkane Dehalogenase. J Am Chem Soc. 2003;
125(6):1532-1540. [PubMed: 12568613]

Boehr DD, Dyson HJ, Wright PE. An NMR perspective on enzyme dynamics. Chem Rev. 2006;
106(8):3055-3079. [PubMed: 16895318]

Boehr DD, McElheny D, Dyson HJ, Wright PE. The dynamic energy landscape of dihydrofolate
reductase catalysis. Science. 2006; 313:1638-1642. [PubMed: 16973882]

Palmer AG, Kroenke CD, Loria JP. Nuclear magnetic resonance methods for quantifying
microsecond-to-millisecond motions in biological macromolecules. Nuclear Magnetic Resonance
of Biological Macromolecules, Pt B. 2001; 339:204-238.

Palmer AG. NMR Characterization of the Dynamics of Biomactomolecules. Chem Rev. 2004;
104:3623-3640. [PubMed: 15303831]

Akke M. NMR methods for characterizing microsecond to millisecond dynamics in recognition
and catalysis. Curr Opin Struct Biol. 2002; 12:642-647. [PubMed: 12464317]

Falke JJ. A moving story. Science. 2002; 295(5559):1480-1481. [PubMed: 11859184]

Li GH, Cui Q. What is so special about Arg 55 in the catalysis of cyclophilin A? Insights from
hybrid QM/MM simulations. J Am Chem Soc. 2003; 125(49):15028-15038. [PubMed: 14653737]
Eisenmesser EZ, Millet O, Labeikovsky W, Korzhnev DM, Wolf-Watz M, Bosco DA, Skalicky JJ,
Kay LE. Intrinsic dynamcs of an enzyme underlies catalysis. Nature. 2005; 438:117-121.
[PubMed: 16267559]

Epstein DM, Benkovic SJ, Wright PE. Dynamics of the dihydrofolate reductase folate complex -
catalytic sites and regions known to undergo conformational change exhibit diverse dynamical
features. Biochemistry. 1995; 34:11037-11048. [PubMed: 7669761]

Schnell JR, Dyson HJ, Wright PE. Structure, dynamics, and catalytic function of dihydrofolate
reductase. Ann Rev Biophys Biomol Struc. 2004; 33:119-140.

Rod TH, Radkiewicz JL, Brooks CL. Correlated motion and the effect of distal mutations in
dihydrofolate reductase. Proc Natl Acad Sci U S A. 2003; 100(12):6980-6985. [PubMed:
12756296]

Proteins. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamerlin and Warshel

80

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

Page 37

. Akke M. Out of hot water. Nat Struct Mol Biol. 2004; 11:912-913. [PubMed: 15452559]
81.

Austin RH, Beeson KW, Eisenstein L, Frauenfelder H, Gunsalus IC. Dynamics of ligand binding
to myoglobin. Biochemistry. 1979; 14:5355-5373. [PubMed: 1191643]

Xie XS, Trautman JK. Single-molecule optical studies at room temperature. Annu Rev Phys Chem.
1998; 49:441-480. [PubMed: 15012434]

Moerner WE, Orrit M. llluminating single molecules in condensed matter. Science. 1999;
283:1670-1676. [PubMed: 10073924]

Weiss S. Fluorescence spectroscopy of single biomolecules. Science. 2000; 283:1670-1676.

Strick TR, Allemand JF, Bensimon D, Croquette V. Stress induced structural transitions in DNA
and proteins. Annu Rev Biophys Biomol Struc. 2000; 29:523-543.

Bustamante C, Bryant Z, Smith SB. Ten years of tension: Single-molecule DNA mechanics.
Nature Struc Biol. 2003; 421:423-427.

Lu HP, Xun L, Xie XS. Single-molecule enzymatic dynamics. Science. 1998; 282:1877-1882.
[PubMed: 9836635]

Yang H, Luo G, Karnchanaphanurach P, Louie T-M, Rech I, Cova S, Xun L, Xie XS. Protein
conformational dynamics probed by single-molecule electron transfer. Science. 2003; 302:262—
266. [PubMed: 14551431]

van Oijen AM, Blainey PC, Crampton DJ, Richardson CC, Ellenberger T, Xie XS. Single-
molecule kinetics of | exonuclease reveal base dependence and dynamics disorder. Science. 2003;
301:1235-1238. [PubMed: 12947199]

Min W, English BP, Luo GB, Cherayil BJ, Kou SC, Xie XS. Fluctuating enzymes: Lessons from
single-molecule studies. Acc Chem Res. 2005; 38(12):923-931. [PubMed: 16359164]

Zwanzig R. Rate processes with dynamic disorder. Acc Chem Res. 1990; 23:148-152.

Zwanzig R. Rate processes with dynamic disorder: Passage through a fluctuating bottleneck. J
Chem Phys. 1990; 97:3587-3589.

Min W, Xie S, Bagchi B. Two-dimensional reaction free energy surfaces of catalytic reaction:
Effects of protein conformational dynamics on enzyme catalysis. J Phys Chem B. 2008; 112:454—
466. [PubMed: 18085768]

Olsson MHM, Mavri J, Warshel A. Transition state theory can be used in studies of enzyme
catalysis: lessons from simulations of tunnelling and dynamical effects in lipoxygenase and other
systems. Phil Trans R Soc B. 2006; 361(1472):1417-1432. [PubMed: 16873128]

Luo G, Wang M, Konigsbreg WH, Xie XS. Single-molecule and ensemble fluorescence assays for
a functionally important conformational change in T7 DNA polymerase. Proc Natl Acad Sci USA.
2007; 104:12610-12615. [PubMed: 17640918]

Florian J, Goodman MF, Warshel A. Computer simulations of protein functions: Searching for the
molecular origin of the replication fidelity of DNA polymerases. Proc Natl Acad Sci USA. 2005;
102(19):6819-6824. [PubMed: 15863620]

English BP, Min W, van Oijen AM, Lee K-T, Luo G, Sun H, Cherayil BJ, Kou SC, Xie XS. Ever-
fluctuating single enzyme molecules: Michaelis-Menten equation revisited. Nat Chem Biol. 2006;
2:87-94. [PubMed: 16415859]

Roca M, Messer B, Hilvert D, Warshel A. On the relationship between folding and chemical
landscapes in enzyme catalysis. Proc Natl Acad Sci USA. 2008; 105:13877-13882. [PubMed:
18779576]

Pisliakov AV, Cao J, Kamerlin SCL, Warshel A. Can enzyme millisecond dynamics catalyze the
chemical step? Proc Natl Acad Sci. In Press. (Available online as early view article).

100. Braun-Sand S, Strajbl M, Warshel A. Studies of proton translocations in biological systems:

Simulating proton transport in carbonic anhydrase by EVB based models. Biophys J. 2004;
87:2221-2239. [PubMed: 15454425]

101. Sudyam IT, Snow CD, Pande VJ, Boxer SG. Electric fields at the active site of an enzyme: Direct

comparison of experiment with theory. Science. 2006; 313:200-204. [PubMed: 16840693]

102. van der Berg R, Jeong-Jang D, Bitting HC, El-Sayed MA. Subpicosecond resonance Raman

spectra of the early intermediates in the photocycle of bacteriorhodopsin. Biophys J. 1990;
58:135-141. [PubMed: 19431759]

Proteins. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamerlin and Warshel

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.
121.

122.

123.

124.

Page 38

Logunov SL, El-Sayed MA, Song L, Lanyi JK. Photoisomerization quantum yield and apparent
energy content of the K intermediate in the photocycles of bacteriorhodopsin, its mutants D85N,
R82Q, and D212N, and deionized blue bacteriorhodopsin. J Phys Chem. 1996; 100:2391-2398.

Logunov S, Song L, El-Sayed M. Excited-state dynamics of a protonated retinal schiff base in
solution. J Phys Chem. 1996; 100:18586-18591.

Borgis, D.; Hynes, JT. Proton transfer reaction. In: Cooper, A.; Houben, J.; Chien, L., editors. The
enzyme catalysis process. New York: Plenum; 1989. p. 293-303.

Wilson, EB.; Decius, JC.; Cross, PC. Molecular vibrations: the theory of infrared and Raman
vibrational spectra. VVol. xi. New York: Dover Publications; 1980. p. 388

Brooks BR, Janezic D, Karplus M. Harmonic analysis of large systems. I. Methodology. J Comp
Chem. 1995; 16(12):1522-1542.

Basu G, Kitao A, Kuki A, Go N. Protein electron transfer reorganization energy spectrum from
normal mode analysis. 1. Theory. J Phys Chem B. 1998; 102(11):2076—2084.

Cui Q, Karplus M. Quantum mechanics/molecular mechanics studies of triosephosphate
isomerase-catalyzed reactions: Effect of geometry and tunneling on proton-transfer rate
constants. J Am Chem Soc. 2002; 124(12):3093-3124. [PubMed: 11902900]

Cui Q, Elstner M, Karplus M. A theoretical analysis of the proton and hydride transfer in liver
alcohol dehydrogenase (LADH). J Phys Chem B. 2002; 106:2721-2740.

Cui QA, Karplus M. Promoting modes and demoting modes in enzyme-catalyzed proton transfer
reactions: A study of models and realistic systems. J Phys Chem B. 2002; 106(32):7927-7947.
Hwang J-K, Warshel A. Simulation of the dynamics of electron transfer reactions in polar
solvent: Semiclassical trajectories and dispersed polaron approaches. J Chem Phys. 1986;
84:4938-4957.

Hwang J-K, Chu ZT, Yadav A, Warshel A. Simulations of Quantum Mechanical Corrections for
Rate Constants of Hydride-Transfer Reactions in Enzymes and Solutions. J Phys Chem. 1991;
95:8445-8448.

Borgis D, Hynes JT. Molecular-dynamics simulation for a model nonadiabatic proton transfer
reaction in solution. J Chem Phys. 1991; 94:3619-3628.

Borgis D, Lee S, Hynes JT. A Dynamical Theory of Nonadiabatic Proton and Hydrogen Atom
Transfer Reaction Rates in Solution. Chem Phys Lett. 1989; 162:19-26.

Antoniou D, Schwartz SD. Activated chemistry in the presence of a strongly symmetrically
coupled vibration. J Chem Phys. 1998; 108(9):3620-3625.

Antoniou D, Caratzoulas S, Kalyanaraman C, Mincer JS, Schwartz SD. Barrier passage and
protein dynamics in enzymatically catalyzed reactions. Eur J Biochem. 2002; 269:3103-3112.
and many cited therein. [PubMed: 12084050]

Basner JE, Schwartz SD. Donor—acceptor distance and protein promoting vibration coupling to
hydride transfer: A possible mechanism for kinetic control in isozymes of human lactate
dehydrogenase. J Phys Chem B. 2004; 108:444-451.

Nunez S, Antoniou D, Schramm VL, Schwartz SD. Promoting vibrations in human purine
nucleoside phosphorylase. A molecular dynamics and hybrid quantum mechanical/molecular
mechanical study. J Am Chem Soc. 2004; 126(48):15720-15729. [PubMed: 15571394]
Hammes-Schiffer S. Curr Opin Struc Biol. 2004; (14):192.

Watney JB, Agarwal PK, Hammes-Schiffer S. Effect of mutation on enzyme motion in
dihydrofolate reductase. J Am Chem Soc. 2003; 125(13):3745-3750. [PubMed: 12656604]
Garcia-Viloca M, Truhlar DG, Gao JL. Reaction-path energetics and kinetics of the hydride
transfer reaction catalyzed by dihydrofolate reductase. Biochemistry. 2003; 42(46):13558-13575.
[PubMed: 14622003]

Hwang JK, Chu ZT, Yadav A, Warshel A. Simulations of Quantum-Mechanical Corrections for
Rate Constants of Hydride-Transfer Reactions in Enzymes and Solutions. J Phys Chem. 1991;
95(22):8445-8448.

Hammes-Schiffer S, Benkovic SJ. Relating protein motion to catalysis. Ann Rev Biochem. 2006;
75:519-541. [PubMed: 16756501]

Proteins. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamerlin and Warshel

125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.
141.

142.

143.

144.

145.

146.

Page 39

Liu H, Warshel A. The catalytic effect of dihydrofolate reductase and its mutants is determined
by reorganization energies. Biochemistry. 2007; 46:6011-6025. [PubMed: 17469852]

Kamerlin SCL, Warshel A. An analysis of all the relevant facts and arguments indicates that
enzyme catalysis does not involve large contributions from nuclear tunneling. J Phys Org Chem.
2009 In Press.

Shurki A, Strajbl M, Villa J, Warshel A. How Much Do Enzymes Really Gain by Restraining
Their Reacting Fragments? J Am Chem Soc. 2002; 124:4097-4107. [PubMed: 11942849]
Strajbl M, Shurki A, Kato M, Warshel A. Apparent NAC effect in chorismate mutase reflects
electrostatic transition state stabilization. J Am Chem Soc. 2003; 125(34):10228-10237.
[PubMed: 12926945]

Zavodszky P, Kardos J, Svingor A, Petsko GA. Adjustment of conformational flexibility is a key
event in the thermal adaptation of proteins. Proc Natl Acad Sci. 1998; 95(13):7406—7411.
[PubMed: 9636162]

Ringe D, Petsko GA. Quantum enzymology - Tunnel vision. Nature. 1999; 399(6735):417-418.
[PubMed: 10365952]

Kohen A, Klinman JP. Protein flexibility correlates with degree of hydrogen tunneling in
thermophilic and mesophilic alcohol dehydrogenases. J Am Chem Soc. 2000; 122:10738-10739.
Miller GP, Benkovic SJ. Stretching excercises - flexibility in dihydrofolate reductase catalysis.
Chem Biol. 1998; 5:R105-R113. [PubMed: 9578637]

Rajagopalan PT, Benkovic SJ. Preorganization and protein dynamics in enzyme catalysis. Chem
Rec. 2002; 2:24-36. [PubMed: 11933259]

Dodson GG, Lane DP, Verma CS. Molecular simulations of protein dynamics: New windows on
mechanisms in biology. EMBO Reports. 2008; 9:144-150. [PubMed: 18246106]

Maglia G, Javed MH, Allemann RK. Hydride transfer during catalysis by dihydrofolate reductase
from Thermotoga maritima. Biochem J. 2003; 374:529-535. [PubMed: 12765545]

Wrba A, Schwieger A, Schultes V, Jaenicke R, Zavodsky P. Extremely Thermostable D-
Glyceraldehyde-3-Phosphate Dehydrogenase from the Eubacterium Thermotoga maritima.
Biochemistry. 1990; 29:7584-7592. [PubMed: 2271518]

Roca M, Liu H, Messer B, Warshel A. On the relationship between thermal stability and catalytic
power of enzymes. Biochemistry. 2007; 46:15076-15088. [PubMed: 18052079]

Benkovic SJ, Hammes GG, Hammes-Schiffer S. Free-energy landscape of enzyme catalysis.
Biochemistry. 2008; 47:3317-3321. [PubMed: 18298083]

Prakash MK, Marcus RA. An interpretation of fluctuations in enzyme catalysis rate, spectral
diffusion, and radiative component of lifetimes in terms of electric field fluctuations. Proc Natl
Acad Sci USA. 2007; 104:15982-15987. [PubMed: 17911244]

Arnaud CA. Enzymes’ many movements. C&EN News. 2009; 87:34-36.

Kumar S, Ma BY, Tsai CJ, Sinha N, Nussinov R. Folding and binding cascades: Dynamic
landscapes and population shifts. Protein Sci. 2000; 9(1):10-19. [PubMed: 10739242]

Xiang Y, Goodman MF, Beard WA, Wilson SH, Warshel A. Exploring the Role of Large
Conformational Changes in the Fidelity of DNA Polymerase b. Proteins. 2008; 70:231-247.
[PubMed: 17671961]

Vamvaca K, Vdgeli B, Kast P, Pervushin K, Hilvert D. An enzymatic molten globule: Efficient
coupling of folding and catalysis. Proc Natl Acad Sci USA. 2004; 101:12860-12864. [PubMed:
15322276]

Pervushin K, Vamvaca K, Vdgeli B, Hilvert D. Structure and dynamics of a molten globular
enzyme. Nat Struct Mol Biol. 2007; 14:1202-1206. [PubMed: 17994104]

Gajewski JJ, Jurayj J, Kimbrough DR, Gande ME, Ganem B, Carpenter BK. On the Mechanism
of Rearrangement of Chorismic Acid and Related-Compounds. J Am Chem Soc. 1987; 109(4):
1170-1186.

Kraut DA, Sigala PA, Pybus B, Liu CW, Ringe D, Petsko GA, Herschlag D. Testing Electrostatic
Complementarity in Enzyme Catalysis: Hydrogen Bonding in the Ketosteroid Isomerase
Oxyanion Hole. PLoS Biol. 2006; 4(4):0501-0519.

Proteins. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamerlin and Warshel

147.

148.

149.

150.

151.

152.

153.

154.
155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.
166.

167.

168.

Page 40

Sigala PA, Kraut DAC, JMM, Pybus B, Ruben EA, Ringe D, Petsko GA, Herschlag D. Testing
geometrical discrimination within an enzyme active site: Constrained hydrogen bonding in the
ketosteroid isomerase oxyanion hole. J Am Chem Soc. 2008; 130:13696-13708. [PubMed:
18808119]

Klinman JP. An integrated model for enzyme catalysis emerges from studies of hydrogen
tunneling. Chem Phys Lett. 2009; 471:179-193. [PubMed: 20354595]

Alberts IL, Wang YA, Schlick T. DNA polymerase catalysis: are different mechanisms possible?
J Am Chem Soc. 2007; 129:11100-11110. [PubMed: 17696533]

Nagel Z, Klinman JP. Tunneling and dynamics in enzymatic hydride transfer. Chem Rev. 2006;
106:3095-3118. [PubMed: 16895320]

Snider MJ, Gaunitz S, Ridgeway C, Short SA, Wolfenden R. Temperature effects on the catalytic
efficiency, rate enhancement, and transition state affinity of cytidine deaminase, and the
thermodynamic consequences for catalysis of removing a substrate “anchor”. Biochemistry.
2000; 39:9746-9753. [PubMed: 10933791]

Sinisa B, Brandsdal B, Aqvist J. Cold adaptation of enzyme reaction rates. Biochemistry. 2008;
47:10049-10057. [PubMed: 18759500]

Villa J, étrajbl M, Glennon TM, Sham YY, Chu ZT, Warshel A. How Important are Entropy
Contributions in Enzymatic Catalysis? Proc Natl Acad Sci USA. 2000; 97:11899-11904.
[PubMed: 11050223]

Cook, PF. Enzyme mechanism from isotope effects. Boca Raton, Florida: CRC Press; 1991.
Kohen, A.; Limbarch, H. Isotopic effects in chemistry and biology. Boca Raton: Taylor & Francis
Group, LLC; 2006.

Knapp MJ, Klinman JP. Environmentally coupled hydrogen tunneling - Linking catalysis to
dynamics. Eur J Biochem. 2002; 269(13):3113-3121. [PubMed: 12084051]

Liang X-Z, Klinman JP. Structural bases for hydrogen tunneling in enzymes: progress and
puzzles. Curr Opin Struct Biol. 2004; 14:648-655. [PubMed: 15582387]

Klinman JP. Linking protein structure and dynamics to catalysis: The role of hydrogen tunneling.
Phil Trans R Soc B. 2006; 361:1323-1331. [PubMed: 16873120]

Knapp MJ, Rickert K, Klinman JP. Temperature-dependent isotope effects in soybean
lipoxygenase-1: Correlating hydrogen tunneling with protein dynamics. J Am Chem Soc. 2002;
124(15):3865-3874. [PubMed: 11942823]

Tsai S-C, Klinman JP. Probes of Hydrogen Tunneling with Horse Liver Alcohol Dehydrogenase
at Subzero Temperature. J Am Chem Soc. 2001; 40:2303-2311.

Bahnson BJ, Colby TD, Chin JK, Goldstein BM, Klinman JP. A link between protein structure
and enzyme catalyzed hydrogen tunneling. Proc Natl Acad Sci U S A. 1997; 94(24):12797-
12802. [PubMed: 9371755]

Grant KL, Klinman JP. Evidence That Both Protium and Deuterium Undergo Significant
Tunneling in the Reaction Catalyzed by Bovine Serum Amine Oxidase. Biochemistry. 1989;
28(16):6597-6605. [PubMed: 2790014]

Jonsson T, Glickman MH, Sun SJ, Klinman JP. Experimental evidence for extensive tunneling of
hydrogen in the lipoxygenase reaction: Implications for enzyme catalysis. J Am Chem Soc. 1996;
118(42):10319-10320.

Kohen A, Jonsson T, Klinman JP. Effects of protein glycosylation on catalysis: Changes in
hydrogen tunneling and enthalpy of activation in the glucose oxidase reaction (vol 36, pg 2603,
1997). Biochemistry. 1997; 36(22):6854-6854.

Ball P. Enzymes: By chance, or by design? Nature. 2004; 431:396-397. [PubMed: 15385982]
Olsson MH, Siegbahn PEM, Warshel A. Simulations of the large kinetic isotope effect and the
temperature dependence of the hydrogen atom transfer in lipoxygenase. J Am Chem Soc. 2004;
126:2820-2828. [PubMed: 14995199]

Liu H, Warshel A. Origin of the temperature dependence of isotope effects in enzymatic
reactions: The case of dihydrofolate reductase. J Phys Chem B. 2007; 111(27):7852-7861.
[PubMed: 17571875]

Hwang JK, Warshel A. How important are quantum mechanical nuclear motions in enzyme
catalysis? J Am Chem Soc. 1996; 118:11745-11751.

Proteins. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamerlin and Warshel

Page 41

169. Olsson MH, Parson WW, Warshel A. Dynamical contributions to enzyme catalysis: Critical tests
of a popular hypothesis. Chem Rev. 2006; 106:1737-1756. [PubMed: 16683752]

170. Radzicka A, Wolfenden R. A proficient enzyme. Science. 1995; 267:90 — 93. [PubMed: 7809611]
171. Warshel A. Calculations of chemical processes in solutions. J Phys Chem. 1979; 83:1640-1652.

172. Florian J, Warshel A. Phosphate ester hydrolysis in aqueous solution: Associative versus
dissociative mechanisms. J Phys Chem B. 1998; 102:719-734.

173. Strajbl M, Florian J, Warshel A. Ab intio evaluation of the potential surface for general base-
catalyzed methanolysis of formamide: A reference solution reaction for studies of serine
proteases. J Am Chem Soc. 2000; 122:5354-5366.

174. Strajbl M, Florian J, Warshel A. Ab initio evaluation of the free energy surfaces for the general
base/acid catalyzed thiolysis of formamide and the hydrolysis of methyl thiolformate: A
reference solution reaction for studies of cysteine proteases. J Phys Chem B. 2001; 105:4471-
4484,

175. Rosta E, Kamerlin SCL, Warshel A. On the interpretation of the observed LFER in phosphate
hydrolysis: A thorough computational study of phosphate diester hydrolysis in solution.
Biochemistry. 2008; 47:3725-3735. [PubMed: 18307312]

176. Luo J, Kahn K, Bruice TC. The linear dependence of log(keat/Km) for reduction of NAD* by
PhCH>OH on the distance between reactants when catalyzed by horse liver alcohol
dehydrogenase and 203 single point mutants. Bioorg Chem. 1999; 27:289-296.

177. Klinman JP. Quantum mechanical effects in enzyme-catalysed hydrogen transfer reactions.
Trends Biochem Sci. 1989; 14:368-373. [PubMed: 2688201]

178. Mincer JS, Schwartz SD. A computational method to identify residues important in creating a
protein promoting vibration in enzymes. J Phys Chem B. 2003; 107:366-371.

179. Sutcliffe MJ, Scrutton NS. Enzymology takes a quantum leap forward. Phil Trans Roy Soc Series
A. 2000; 358:367-386.

180. Knapp MJ, Klinman JP. Environmentally coupled hydrogen tunneling - linking catalysis to
dynamics. Eur J Biochem. 2002; 269:3113-3121. [PubMed: 12084051]

181. Hatcher E, Soudackov AV, Hammes-Schiffer S. Proton-Coupled Electron Transfer in Soybean
Lipoxygenase: Dynamical Behavior and Temperature Dependence of Kinetic Isotope Effects. J
Am Chem Soc. 2007; 129(1):187-196. [PubMed: 17199298]

182. Kuznetsov AM, Ulstrop J. Proton and hydrogen atom tunnelling in hydrolytic and redox enzyme
catalysis. Can J Chem. 1999; 77:1085-1096.

183. Wang L, Goodey NM, Benkovic SJ, Kohen A. Coordinated effects of distal mutations on
environmentally coupled tunneling in dihydrofolate reductase. Proc Natl Acad Sci USA. 2006;
103:15753-15758. [PubMed: 17032759]

184. Liang Z-X, Klinman JP. Structural bases of hydrogen tunneling in enzymes: Progress and
puzzles. Curr Opin Struct Biol. 2004; 14:648-655. [PubMed: 15582387]

185. Bruno W, Bialek W. Vibrationally enhanced tunneling as a mechanism for enzymatic hydrogen
transfer. Biophys J. 1992; 63:689-699. [PubMed: 1420907]

186. Pang JY, Pu JZ, Gao JL, Truhlar DG, Alleman RK. Hydride transfer reaction catalyzed by
hyperthermophilic dihydrofolate reductase Is dominated by quantum mechanical tunneling and is
promoted by both inter- and intramonomeric correlated motions. J Am Chem Soc. 2006;
128:8015-8023. [PubMed: 16771517]

187. Dybala-Defratyka A, Paneth P, Banarjee R, Truhlar DG. Coupling of hydrogenic tunneling to
active-site motion in the hydrogen radical transfer catalyzed by a coenzyme B1-dependent
mutase. Proc Natl Ada Sci U S A. 2007; 104:10774-10779.

188. Masgrau L, Roujeinikova A, Johannissen L, Hothi P, Basran J, Ranaghan KE, Mulholland AJ,
Sutcliffe MJ, Scrutton NS, Leys D. Atomic description of an enzyme reaction dominated by
proton tunneling. Science. 2006; 312:237-241. [PubMed: 16614214]

189. Agarwal PK. Role of protein dynamics in reaction rate enhancement by enzymes. J Am Chem
Soc. 2005; 127:15248-15256. [PubMed: 16248667]

190. Dunn BM, Bruice TC. Physical organic models for the mechanism of lysozyme action. Adv
Enzymol Relat Areas Mol Biol. 1973; 37:1-60. [PubMed: 4570067]

Proteins. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamerlin and Warshel

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Page 42

Fife TH, Jaffe SH, Natarajan R. Intramolecular General Acid and Electrostatic Catalysis in Acetal
Hydrolysis. Hydrolysis of 2-(Substituted Phenoxy)-6-Carboxytetrahydropyrans and 2-alkoxy-6-
Carboxytetrahydropyrans. J Am Chem Soc. 1991; 113:7646-7653.

Thoma JA. Separation of factors responsible for lysozyme catalysis. J Theor Biol. 1974; 44:305.
[PubMed: 4829237]

Jencks, WP. Binding Energy, Specificity, and Enzymic Catalysis: The Circe Effect. In: Meister,
A., editor. Advances in Enzymology and Related Areas of Molecular Biology. Vol. 43. New
York: J. Wiley & Sons, Inc; 1975. p. 219-410.

Warshel A, Levitt M. Theoretical studies of enzymic reactions: dielectric, electrostatic and steric
stabilization of the carbonium ion in the reaction of lysozyme. J Mol Biol. 1976; 103:227-249.
[PubMed: 985660]

Warshel A, Papazyan A. Energy Considerations Show that Low-Barrier Hydrogen Bonds Do Not
Offer A Catalytic Advantage Over Ordinary Hydrogen Bonds. Proc Natl Acad Sci USA. 1996;
93:13665-13670. [PubMed: 8942991]

Warshel A, Weiss RM. An Empirical Valence Bond Approach for Comparing Reactions in
Solutions and in Enzymes. J Am Chem Soc. 1980; 102(20):6218-6226.

Warshel A, Naray-Szabo G, Sussman F, Hwang J-K. How do Serine Proteases Really Work?
Biochemistry. 1989; 28:3629-3637. [PubMed: 2665806]

Hwang J-K, Warshel A. Semiquantitative calculations of catalytic free energies in genetically
modified enzymes. Biochemistry. 1987; 26(10):2669-2673. [PubMed: 3300766]

Lee FS, Chu ZT, Bolger MB, Warshel A. Calculations Of Antibody Antigen Interactions -
Microscopic And Semimicroscopic Evaluation Of The Free-Energies Of Binding Of
Phosphorylcholine Analogs To Mcpc603. Protein Engineering. 1992; 5(3):215-228. [PubMed:
1409541]

Warshel A, Russel ST. Calculations of electrostatic interactions in biological systems and in
solutions. Q Rev Biophys. 1984; 17:283-422. [PubMed: 6098916]

Warshel A. Energetics of Enzyme Catalysis. Proc Natl Acad Sci U S A. 1978; 75:5250-5254.
[PubMed: 281676]

Marcus RA. On the Theory of Oxidation-Reduction Reactions Involving Electron Transfer I. J
Chem Phys. 1956; 24:966-978.

Nagel ZD, Klinman JP. A 21st century revisionist’s view at a turning point in enzymology. Nat
Chem Biol. 2009; 5:543-550. [PubMed: 19620995]

Feierberg I, Aqvist J. The Catalytic Power of Ketosteroid Isomerase Investigated by Computer
Simulation. Biochemistry. 2002; 41(52):15728 —15735. [PubMed: 12501201]

Warshel A, Sharma PK, Chu ZT, Aqvist J. Electrostatic Contributions to Binding of Transition
State Analogues Can Be Very Different from the Corresponding Contributions to Catalysis:
Phenolates Binding to the Oxyanion Hole of Ketosteroid Isomerase. Biochemistry. 2007; 46(6):
1466-1476. [PubMed: 17279612]

Igumenova TI, Frederick KK, Wand JA. Characterization of the fast dynamics of protein amino
acid side chains using NMR relaxation in solution. Chem Rev. 2006; 106:1672-1699. [PubMed:
16683749]

Jarymowycz VA, Stone MJ. Fast time scale dynamics of protein backbones: NMR relaxation
methods, applications, and functional consequences. Chem Rev. 2006; 106:1624-1671.
[PubMed: 16683748]

Brath U, Akke M, Yang D, Kay LE, Mulder FAA. Functional Dynamics of Human FKBP12
Revealed by Methyl 13C Rotating Frame Relaxation Dispersion NMR Spectroscopy. J Am
Chem Soc. 2006; 128:5718-5727. [PubMed: 16637639]

Oljeniczak ET, Zhou M-M, Fesik SW. Changes in the NMR-derived motional parameters of the
insulin receptor substrate 1 phosphotyrosine binding domain upon binding of an interleukin 4
receptor phosphopeptide. Biochemistry. 1997; 36:4118-4124. [PubMed: 9100005]

Lee AL, Kinnear SA, Wand JA. Redistribution and loss of side chain entropy upon formation of a
calmodulin-peptide complex. Nat Struct Biol. 2000; 7:72-77. [PubMed: 10625431]

Proteins. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamerlin and Warshel

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Page 43

Sharma PK, Xiang Y, Kato M, Warshel A. What Are the Roles of Substrate-Assisted Catalysis
and Proximity Effects in Peptide Bond Formation by the Ribosome? Biochemistry. 2005; 44(34):
11307-11314. [PubMed: 16114867]

Singh N, Warshel A. Toward accurate microscopic calculation of solvation entropies: Extending
the restraint release approach to studies of solvation effects. J Phys Chem B. 2009; 113:7372-
7382. [PubMed: 19402609]

Benkovic SJ, Hammes-Schiffer S. A perspective on enzyme catalysis. Science. 2003; 301(5637):
1196-1202. [PubMed: 12947189]

Gertner BJ, Wilson KR, Hynes JT. Nonequilibrium solvation effects on reaction-rates for model
SN2 reactions in water. J Chem Phys. 1989; 90:3537-3558.

Hammes-Schiffer S. Quantum-classical simulation methods for hydrogen transfer in enzymes: a
case study of dihydrofolate reductase. Curr Opin Struct Biol. 2004; 14(2):192-201. [PubMed:
15093834]

Friesner RA, Beachy MD. Quantum mechanical calculations on biological systems. Curr Opin
Struct Biol. 1998; 8(2):257-262. [PubMed: 9631302]

Bakowies D, Thiel W. Hybrid Models for Combined Quantum Mechanical and Molecular
Approaches. J Phys Chem. 1996; 100:10580-10594.

Field MJ, Bash PA, Karplus M. A Combined Quantum Mechanical and Molecular Mechanical
Potential for Molecular Dynamics Simulations. J Comp Chem. 1990; 11:700-733.

Kanaan N, Marti S, Moliner VV, Kohen AA. A QM/MM study of the catalytic mechanism of the
thymidylate synthase. Biochemistry. 2007; 46:3704-3713. [PubMed: 17328531]

Bowman AL, Grant IM, Mulholand AJ. QM/MM simulations predict a covalent intermediate in
the hen egg white lysozyme reaction with its natural substrate. Chem Commun. 2008:4425-4427.
Wang Y, Schlick T. Quantum mechanics/molecular mechanics investigation of the chemical
reaction in Dpo4 reveals water-dependent pathways and requirements for active site
reorganization. J Am Chem Soc. 2008; 130:13240-13250. [PubMed: 18785738]

Stanton CL, Kuo I-FW, Munday CJ, Laino TD, Houk KN. QM/MM metadynamics study of the
direct decarboxylation mechanism for orotidine-5-monophosphate decarboxylase using two
different QM regions: Acceleration too small to explain rate of enzyme catalysts. J Phys Chem B.
2007; 111:12573-12581. [PubMed: 17927240]

Rod TH, Ryde U. Quantum Mechanical Free Energy Barrier for an Enzymatic Reaction. Phys
Rev Lett. 2005; 94:138302. [PubMed: 15904045]

Crespo A, Marti MA, Estrin DA, Roitberg AE. Multiple-steering QM-MM calculation of the free
energy profile in chorismate mutase. J Am Chem Soc. 2005; 127:6940-6941. [PubMed:
15884923]

Klahn M, Braun-Sand S, Rosta E, Warshel A. On possible pitfalls in ab initio quantum
mechanics/molecular mechanics minimization approaches for studies of enzymatic reactions. J
Phys Chem B. 2005; 109(32):15645-15650. [PubMed: 16852982]

Mulholland AJ, Lyne PD, Karplus M. Ab Initio QM/MM Study of the Citrate Synthase
Mechanism. A Low-Barrier Hydrogen Bond Is not Involved. J Am Chem Soc. 2000; 122:534—
535.

Grigorenko BL, Nemukhin AV, Topol 1A, Cachau RE, Burt SK. QM/MM modeling the Ras-GAP
catalyzed hydrolysis of guanosine triphosphate. Proteins: Struct Funct Bioinf. 2005; 60:495-503.
Rosta E, Klahn M, Warshel A. Towards Accurate Ab Initio QM/MM Calculations of Free-Energy
Profiles of Enzymatic Reactions. J Phys Chem B. 2006; 110(6):2934-2941. [PubMed: 16471904]
Kamerlin SCL, Haranczyk M, Warshel A. Progress in Ab Initio QM/MM Free-Energy
Simulations of Electrostatic Energies in Proteins: Accelerated QM/MM Studies of pKa, Redox
Reactions and Solvation Free Energies. J Phys Chem B. 2009; 113:1253-1272. [PubMed:
19055405]

Strajbl M, Hong G, Warshel A. Ab Initio QM/MM Simulation with Proper Sampling: “First
Principle” Calculations of the Free Energy of the Autodissociation of Water in Aqueous Solution.
J Phys Chem B. 2002; 106(51):13333-13343.

Warshel A. Dynamics of Reactions in Polar Solvents. Semiclassical Trajectory Studies of
Electron-Transfer and Proton-Transfer Reactions. J Phys Chem. 1982; 86:2218-2224.

Proteins. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamerlin and Warshel

232.

233.

234,

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

Page 44

Kuharski RA, Bader JS, Chandler D, Sprik M, Klein ML, Impey RW. Molecular model for
aqueous Ferrous-Ferric electron transfer. J Chem Phys. 1988; 89:3248-3257.

Cascella M, Magistrato A, Tavernelli I, Carloni P, Rothlisberger U. Role of protein frame and
solvent for the redox properties of azurin from Pseudonomas aeruginosa. Proc Natl Ada Sci U S
A. 2006; 103:19641-19646.

Blumberger J, Bernasconi L, Tavernelli I, Vuilleumier R, Sprik M. Electronic structure and
solvation of copper and silver ions: A theoretical picture of a model aqueous redox reaction. J
Am Chem Soc. 2004; 126:3928-3938. [PubMed: 15038747]

Kim Y, Corchado JC, Villa J, Xing J, Truhlar DG. Multiconfiguration Molecular Mechanics
Algorithm for Potential Energy Surfaces of Chemical Reactions. J Chem Phys. 2000; 112:2718—
2735.

Florian J. Comment on Molecular Mechanics for Chemical Reactions. J Phys Chem A. 2002;
106(19):5046-5047.

Higashi M, Truhlar DG. Electrostatically embedded multiconfiguration molecular mechanics
based on the combined density functional and molecular mechanical method. J Chem Theor
Comput. 2008; 4:790-803.

Kamerlin SCL, Cao J, Rosta E, Warshel A. On unjustifiably misrepresenting the EVB approach
while simultaneously adopting it. J Phys Chem B. 2009; 113:10905-10915. [PubMed: 19606825]
Valero R, Song L, Gao J, Truhlar DG. Perspective on Diabatic Models of Chemical Reactivity, as
Illustraetd by the Gas-Phase SN2 Reaction of Acetate lon with 1,2-Dichloroethane. J Chem
Theory Comput. 2009; 5:1-22. [PubMed: 20047005]

Edwards SJ, Soudackov AV, Hammes-Schiffer S. Analysis of kinetic isotope effects for proton-
coupled electron transfer reactions. J Phys Chem A. 2009; 113:2117-2126. [PubMed: 19182970]
Chandler D. Statistical-Mechanics of Isomerization Dynamics in Liquids and Transition-State
Approximation. Journal of Chemical Physics. 1978; 68(6):2959-2970.

Rosenberg RO, Berne BJ, Chandler D. Isomerization dynamics in liquids by molecular dynamics.
Chem Phys Lett. 1980; 75:162-168.

Anderson JB. Predicting rare events in molecular dynamics. Adv Chem Phys. 1995; 91:381-431.
Warshel A, Hwang J-K. Simulation of the Dynamics of Electron Transfer Reactions in Polar
Solvents: Semiclassical Trajectories and Dispersed Polaron Approaches. J Chem Phys. 1986;
84:4938-4957.

Maroncelli M, Fleming GR. Computer-Simulation of the Dynamics of Aqueous Solvation. J
Chem Phys. 1988; 89(8):5044-5069.

Fleming GR, Wolynes PG. Chemical-Dynamics in Solution. Physics Today. 1990; 43(5):36—43.
Nandi N, Bhattacharyya K, Bagchi B. Dielectric relaxation and solvation dynamics of water in
complex chemical and biological systems. Chem Rev. 2000; 100(6):2013-2045. [PubMed:
11749282]

Pal SK, Peon J, Zewail AH. Ultrafast surface hydration dynamics and expression of protein
functionality: alpha-Chymotrypsin. Proc Natl Acad Sci U S A. 2002; 99(24):15297-15302.
[PubMed: 12427971]

Truhlar DG, Gao J, Garcia-Viloca M, Alhambra C, Corchado J, Sanchez ML, Poulsen TD.
Ensemble-Averaged Variational Transition State Theory with Optimized Multidimensional
Tunneling for Enzyme Kinetics and Other Condensed-Phase Reactions. Int J Quant Chem. 2004;
100:1136-1152.

Hwang J-K, Warshel A. A quantized classical path approach for calculations of quantum
mechanical rate constants. J Phys Chem. 1993; 97(39):10053-10058.

Hwang J-K, Warshel A. How important are quantum mechanical nuclear motions in enzyme
catalysis? J Am Chem Soc. 1996; 118:11745-11751.

Gillan MJ. Quantum-Classical Crossover of the Transition Rate in the Damped Double Well. J
Phys C Solid State Phys. 1987; 20:3621-3641.

Voth GA. Path-integral centroid methods in quantum statistical mechanics and dynamics. Adv
Chem Phys. 1996; 93:135-218.

Feynman, RP. Statistical mechanics. New York: Benjamin; 1972.

Proteins. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamerlin and Warshel

255.

256.

257.

258.

259.

260.

261.

Page 45

Alhambra C, Corchado J, Sanchez ML, Garcia-Viloca M, Gao J, Truhlar DG. Canonical
variational theory for enzyme kinetics with the protein mean force and multidimensional
quantum mechanism tunneling dynamics. J Phys Chem B. 2001; 105:11326-11340.

Turhlar DG, Gao J, Alhambra C, Garcia-Viloca M, Corchado J, Sanchez ML, Villa J. The
incorporation of quantum effects in enzyme kinetics modeling. Acc Chem Res. 2002; 35:341-
349. [PubMed: 12069618]

Billeter SR, Webb SP, lordanov T, Agarwal PK, Hammes-Schiffer S. Hybrid approach for
including electronic and nuclear quantum effects in molecular dynamics simulations of hydrogen
transfer reactions in enzymes. J Chem Phys. 2001; 114:6925-6936.

Kim SY, Hammes-Schiffer S. Molecular dynamics with quantum transitions for proton transfer:
Quantum treatment of hydrogen and donor-acceptor motions. J Chem Phys. 2003; 119:4389—
4398.

Hammes-Schiffer S. Calculation of the transition state theory rate constant for a general reaction
coordinate: application to hydride transfer in an enzyme. Chem Phys Lett. 2006; 418:268-271.
Wong KF, Selzer T, Benkovic SJ, Hammes-Schiffer S. Impact of distal mutations on the network
of coupled motions correlated to hydride transfer in dihydrofolate reductase. Proc Natl Acad Sci
U S A. 2005; 102(19):6807-6812. [PubMed: 15811945]

Sergi A, Watney JB, Wong K, Hammes-Schiffer S. Freezing a single distal mutation in
dihydrofolate reductase. J Phys Chem B. 2006; 110:2435-2441. [PubMed: 16471835]

Proteins. Author manuscript; available in PMC 2011 May 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Kamerlin and Warshel

Page 46

Energy gap, A€ (kcal/mol)

Simulation time (ps)

Fig. 1.

The energy gap between the diabatic product and reactant states in the reaction catalyzed by
haloalkane dehalogenase (DhlA), during MD simulations of the enzyme (red), as well as the
same reaction in water (blue). This figure was originally presented in Ref. 63.
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Fig. 2.

Autocorrelation function of the energy gap between the reactant and product states in the
region of the TS in haloalkane dehalogenase (red), as well as the reference reaction in water
(blue). The plot on the top shows the total energy, whereas that on the bottom shows only
the electrostatic contribution to the energy. The autocorrelation functions are normalized to
1 at zero time. This figure was originally presented in Ref. 63.
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Fig. 3.

A schematic depiction of the diffusive (A, B) and the inertial models (C, D). These two
limiting models are shown in the case where the conformational barrier is much smaller than
the chemical one (i.e. Ag¢ conf K Ag*chem, parts A and C at the top of the figure), and where
the two barriers are similar (i.e. Ag*conf ~ Agﬂhemy parts B and D at the bottom of the
figure). This figure was originally presented in the supporting information of Ref. 99
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Fig. 4.

The behavior of 200fs downhill trajectories run on the ground-state EVB surface of (b) the
DhlA system and (a) the relevant reference reaction in water. This figure shows the
trajectories separated into solvent and intramolecular solute components, and the time
reversal of these trajectories corresponds to the actual reactive trajectories. This figure was
originally presented in Ref. 75.
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Showing why the trend in the energy contributions along the reaction coordinate of the
reaction of CypA, contradict the proposal of Ref. 15:76. As seen from the figure, the
chemical barrier in the protein (which is around 15 kcal/mol) is smaller than that in vacuum
(see Ref. 264 Note also that these free energy values are very qualitative, and only brought
in, in order to focus the discussion). This means that the contributions of the protein at the
TS of the protein/substrate complex, is negative. Thus, if the barrier due to the protein along
the chemical coordinate is around 15 kcal/mol in the apo-enzyme (as is implied by Kern’s
work), it cannot be similar to the same contribution at the ES system. This means that the
study of the apo-enzyme is either (a) unlikely to tell us about the protein contribution along
the chemical coordinate in the apo-enzyme, or (b) that the landscape in the corresponding
barrier in the apo-enzyme is not related to the barrier in the presence of the substrate.
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Fig. 6.
The relationship between the first passage (fp) time, z¢, over the chemical barrier, and the

height of the conformational barrier (for the case where Ag?, , =5kcal/mol). The
calculations represent the average from several runs. The figure considers two correlations:
(A) The inverse fp time, (Tfp)_l, as a function of the conformational barrier, where it is
shown that the crossing time of the chemical barrier is independent of the characteristic time
of motion along the conformational coordinate as long as Keonf > Kehem, and (B) z¢p and 7 ¢, *
(which is the fp time when we start the counting from the moment the trajectory reaches the
RS). It can be seen that even when Keont < Kchem, the time of crossing the chemical barrier is
independent of the conformational landscape. This figure was originally presented in Ref.
99.
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Highlighted here is the fact that motions to the ES region do not contribute to catalysis. That
is, the figure illustrates that in a properly evolved native enzyme, the motions to and from
the partially unfolded or unbound configurations are simply a part of the random excursion
of the system around the ES minimum. Therefore, there are no fluctuations that “bring the
system to the preorganized ES”, as the system is already at the ES (where the fluctuations
follow the Boltzmann probability, and the chance of reaching the TS region is determined
solely by the free energy of the TS relative to the ES). The same thing holds for the mutants
that were used to support the argument that the motion to the ES is relevant to catalysis. In
fact, unless the motion to the ES is uphill (which means that the binding free energy is
positive), Keat is determined by the motion from the ES and not the motion to the ES (i.e. the
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reaction goes (a) — (b) — (c) — (d) and not (b) — (c) — (d)). This figure was originally
presented in Ref. 126.
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Fig. 8.

The landscapes for the chemical profiles for the monomeric (A) and dimeric (B) forms of
chorismate mutase. Here, the profiles are equally spaced according to the rmsd from the
native structure for the three regions (1, 11, and I11) of the enzyme. The orange dashed line
designates the 16 kcal/mol height that corresponds to a reasonably low activation barrier,
from which it can be seen that the monomer has several catalytic configurations in the
second region, whereas the dimer does not have any. This figure was originally presented in
Ref. 98.
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Fig. 9.

A schematic representation of the free energy landscape as a function of the conformational
and chemical coordinates in a reacting enzyme. The figure depicts trajectories across the
conformational coordinate and a continuation of this trajectory along the chemical reaction
coordinate. This figure is adopted in part from Ref. 142.
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Fig. 10.

Examining the relationship between the free energy landscape and entropic effects. This
figure serves to illustrate the fact that the recent suggestion of the existence of an “entropy
funnel” 148 has no relationship to the actual free energy landscape.
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An illustration of the preorganization effect when considering (a) the stabilization of an ion

in water by polarization effects, and (b) the stabilization of an ion in a protein by the

cumulative effects of preorganization and polarization. This figure was originally presented

in Ref. 205.
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Fig. 12.

A comparison of the energetics of charging (a) the enolate intermediate in the active site of
KSI and in water, and (b) the phenolate ligand in the active site of KSI. The preorganization
effect is illustrated in the bottom part of each figure, and it can be seen that this effect is
significantly smaller in the case of the phenolates, as once the ligand it converted to its non-
polar form, it is no longer held in a fixed orientation. This figure was originally presented in
Ref. 205.
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