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ABSTRACT: This study analyzes the origin of enzyme catalysis by ;
focusing on the reaction of orotidine S’-phosphate decarboxylase [ N
(ODCase). This reaction involves an enormous catalytic effect of \
23 kcal/mol that has been attributed to reactant state
destabilization associated with the use of binding energy through
the so-called Circe effect. However, our early studies and
subsequent key experiments have shown that the presumed effect
of the binding energy (namely, the strain exerted by a bond to a
phosphate group) does not contribute to the catalysis. In this study,
we perform quantitative empirical valence bond calculations that
reproduce the catalytic effect of ODCase and the effect of removing
the phosphate side chain. The calculations demonstrate that the
effect of the phosphate is due to a change in reorganization energy
and should not be described as an induced fit effect. Similarly, we show that the overall catalytic effect is due to electrostatic
transition state stabilization, which again reflects the smaller reorganization energy in the enzyme than in water. We also elaborate on
the problems with the induced fit proposal, including the fact that it does not serve to tell us what the actual origin of the action of
the catalytic effect is. In addition to the above points, we use this paper to discuss misconceptions about the meaning of the
preorganization effect, as well as other misunderstandings of what is being done in consistent calculations of enzyme catalysis.
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1. INTRODUCTION

The search for the origin of the catalytic power of enzymes has
a very long history, leading to many proposals (for reviews, see
refs 1—9). The validity of the key proposals has been explored
by computer simulations and experimental studies.”* However,
despite rather solid conclusions from some computational
studies, a large part of the community has continued to wonder
about the contributions of different catalytic effects. Unfortu-
nately, the attribution of such contributions involves proposals
that do not reflect any physical-based analysis. This general
criticism is even applied to the frequent assertion that Pauling’
offered the solution to the problem of enzyme catalysis. It is
true that Pauling had the great insight to state that enzymes
catalyze reactions by reducing the activation barrier. He even
mentioned that this is achieved by reducing the transition state
energy. However, he was not able to describe how this can be
done, and his actual suggestion involved using van der Waals
interactions that can only lead to ground state destabilization.
In fact, almost all the subsequent proposals from the chemical
and biochemical community that attempted to assign specific
catalytic factors involved ground state destabilization effects.
This included the strain proposal, the entropic proposal, the
desolvation proposal, the Circe proposal, and more (see ref 3
for a review).

In view of the controversy about the origin of the catalytic
power of enzymes, it is very useful to revisit cases where the
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catalytic effect is very large and the origin of the large effects is
unlikely to be accounted for by incorrect proposals. Such a case
is provided by the reaction of orotidine $'-phosphate
decarboxylase (ODCase).'” This enzyme involves one of the
largest catalytic effects; about a 23—24 kcal/mol difference
between the activation barrier between the catalyzed enzymatic
reaction and the reference reaction in water (see the analysis of
ref 11). We must clarify here that we define catalysis, as it
should be, as the difference between the reaction in a water
cage and the barrier associated with k., namely, the barrier of
the chemical step starting from the enzyme-substrate complex
(ES). As we explained before,'' the puzzle about enzyme
catalysis is not related to k.,/Ky (or defined accordingly as is
done in ref 12) because the factors that control the binding
energy are quite clear. At any rate, ODCase includes a
substrate with a negatively charged carboxylate group that is
converted to CO,, while the substrate ring becomes negatively
charged while accepting a proton from a Lys residue (Figure
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Figure 1. Describing the reaction steps of ODCase along a stepwise pathway for our 3-state EVB calculations. The presence of two charged Asp
residues is strong evidence that the active site of ODCase is not an oil drop.

1). An early attempt to rationalize the action of this enzyme'”
involved the classical desolvation idea,”®"* suggesting that
the enzyme active site is like an oil drop that destabilizes the
charged reactant state and thus increases the ground state
energy and reduces the activation barrier. Following the
publication of this proposal,’> we'® repeated our early
considerations, emphasizing that enzyme active sites are not
oil drops and predicted that when the enzyme structure is
elucidated, it will be found to have a very polar (rather than
oily) active site.

When the structure of ODCase was solved,'®'” it was found
(as predicted in ref 15) to be very polar, with an aspartic group
pointing toward substrate negatively charged carboxylate
(Figure 2). At this point, Gao and co-workers'’ proposed
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Figure 2. Active site and substrate of ORDcase are shown with Lys72,
which is involved in the catalytic reaction, as well as the Asp70 and
Asp75B residues that are assumed to destabilize the carboxylate.

that the catalysis is due again to reactant state destabilization
(RSD) but this time due to the repulsion between the ionized
Asp 70 and the substrate carboxylate.

However, the above proposal overlooked the simple fact that
if the ionized Asp repels the substrate’s carboxylate, the
repulsion will force the Asp to accept a proton (and thus lose
the RSD) since the Asp pK, value would be shifted by the
interaction with Asp 70. Furthermore, careful calculations of
the reaction in the enzyme and solution,"" which took into
account the fact that the reaction in the enzyme includes a
positively charged lysine residue, accounted for the catalysis
with a very large transition state stabilization (TSS).

Despite the above work, the idea of RSD in ODCase
continued to be popular. In particular, it was thought by some
that the side chain of the ring, which is terminated by a
phosphate group, pulls the ring and its carboxylate to a place
where it is very unstable.'”

However, an important experiment conducted by Richard
and co-workers'® has basically destroyed this proposal. That is,
these workers removed the bond between the phosphate and
the ring and found a major reduction in catalysis (which seems
consistent with the RSD proposal), but upon addition of
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inorganic phosphate to the system, the catalysis returned (see
Section 4). This established that the strained bonding between
the phosphate and the ring is not the reason for any RSD or
catalysis. Although this should have put to rest the RSD idea,
related proposals emerged by changing the original meaning of
the Jencks proposal of converting binding energies to RSD-
induced catalysis (see below).

Despite the major decrease in supporters of the explicit idea
that ODCase uses RSD, it has been difficult for some to use
the logical interpretation of the effect of phosphate removal
and re-insertion experiment, perhaps due to the difficulty to
fully understand the preorganization idea or the insistence on
using other proposals. This led, for example, to the recent
proposal that ODCase is using the induced fit effect.””

As is shown below, this idea is basically a poorly defined
catalytic proposal that was reincarnated inconsistently by ref 20
as an RSD idea. This point is established in Section 3. At any
rate, our point is not to disprove various proposals but rather
to establish that without consistent energy considerations, it is
impossible to establish any catalytic proposal. Thus, we will
consider carefully the induced fit and the Circe proposals and
show that they are either invalid or not defined in a way that
can tell us on the origin of the catalytic effect. In doing so, we
will focus on a careful analysis of the energetics of the reaction
of ODCase with and without the bound phosphate. This
analysis will start from the experimental facts (Figure 3) and
then use the empirical valence bond (EVB) to reproduce the
experimental facts and to elucidate the origin of the catalytic
effect.

2. RESULTS

2.1. Evaluating the Free Energy Profiles. Our analysis
starts with careful EVB calculations of the reaction of ODCase
in the enzyme and in solution. The calculations were
performed by the EVB method that is described in great
details in refs 21—-23 and also outlined in the Supporting
Information. The EVB parameters used were similar to those
used in ref 11 and implemented with the program Q6.**

The results of the calculations are summarized in Table 1
and shown in Figure 4. The calculated barriers were analyzed
using the representation given in Figure S that leads to the
approximated expressionz‘

_(AGy + 2)

HA(X
AG1¢_>2 ~ 4/1 12( 0)

_ +
IH, (X)) + (G, + 1)

(1)

We note that there is a good agreement between the
calculated EVB activation barriers and the corresponding
observed values. This means that we reproduced the observed
catalytic effect, including the effect of the phosphate (which is
not a minor accomplishment). The agreement between the
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Figure 3. Key experimental information about the catalytic reaction of
ODCase. E, is the unbound ODCase. ES is the ODCase with the
bound OMP substrate. ES’ is the ODCase with a bound OMP where
the side chain with the phosphate is removed. ES'P*” is ES’ in the
presence of inorganic phosphate. The uncatalyzed reaction in water
has a barrier of 39 kcal/mol. The binding affinity of OMP in ODCase
is —9.6 kcal/mol, while the catalyzed reaction has a chemical barrier
of 15 kcal/mol. The observations of Richard et. al.'® show that
removing the phosphate tail increases the barrier of the catalytic
reaction to 19.7 kcal/mol. However, the catalysis is recovered even in
the presence of inorganic phosphate with a barrier of 14.3 kcal/mol.

Table 1. Calculated Estimates of the Activation Barriers and
the Corresponding Observed Results”

system AGogyp b A Ge*q P AGs A Gfbsd
water 30.0 352 63.4 40 38.0.
ES’ 14.5 250 324 24 19.7
ES 6.0 228 23.9 20 15.0

“All energies are in unit of kcal/mol. Hy_j; = 45. “When 1 is very
different from A;_;, we use their average as A. CAqul is evaluated
using eq 1. 9Observed values from ref 18.

AGI{>2 evaluated by eq 1 and the observed value is much less
satisfactory. This reflects the fact that the reorganization
energies are not identical in the forward and backward
directions. Obviously, we could obtain a refined “effective”
reorganization energy by fitting eq 1 to reproduce the observed
activation barrier. However, the qualitative values of the
reorganization energies are sufficient for our purpose.

At any rate, the key question in this study is the origin of the
catalytic effect of the phosphate and the overall catalytic effect.
We start by commenting on the relationship between the

reorganization energy and AGljF_,z. We first note that the
reorganization energy along the reaction coordinate is
evaluated from the actual full diabatic curves and is given in
Figure S1 and listed in Table 1. With the values of the
reorganization energies and the AG, we can analyze the
factors that determine the changes in the activation barriers.
We can start our analysis by considering the largest effect,
which is the change in the activation barrier that occurs upon
moving the substrate from solution to the enzyme—substrate
complex (ES). In the case of the solution reaction, AG, is very
large and we are at the limit of AG, > 0, where AAGF is
approximately AAG,. In this case, we should ask what is
leading to the very large change in AG, (a calculated reduction
of 24 kcal/mol). Interestingly, this effect is not due to the
reorganization energy along the reaction coordinate (4).
Nevertheless, it still reflects a reduction in a reorganization
energy. That is, it appears that upon moving from state I to
state II, the Lys residue moves closer to C6, whereas in water,
it stays at a larger distance. Now, the reduction in the ion pair
distance can lead to a significant stabilization inside protein’s
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Figure 4. EVB calculations of the reaction of ODCase (energies in
kcal/mol). Each figure describes the free energy functionals of the two
diabatic states and the adiabatic state obtained from their mixing
AGgyg. The intersection of the diabatic states gives the diabatic
barrier AG¥ and the maximum of the adiabatic functional gives the
actual barrier. Figures (a—c) describe, respectively, the EVB results for
the reaction in water, the reaction of ES’, and the reaction of ES. The
calculations evaluated the free energy barrier for the first step (I-1I),
which provides a reasonable estimate for the barrier of the concerted
path (see the Supporting Information). The full figure that allows us
to determine the reorganization energy is given in the Supporting
Information.

active sites and much less in water.”® This reflects a smaller
effective dielectric for charge—charge interaction in the protein
than in water due to a smaller reorganization of the polar
environment in the protein. The fact that we have less
reorganization in the protein (and thus less solvation reduction
as a response to the reduction in the ion pair distance) is
reflected in a significantly lower reorganization energy along
the solvation coordinate in the protein than in water, as
documented in Table 1.

Next, we turn our attention to the change in the activation
barrier upon moving from the complex without the phosphate
tail (ES’) to ES, reflecting the effect of the phosphate. In this
case, we note that AG, is smaller than that in the water case

https://doi.org/10.1021/jacs.2c11728
J. Am. Chem. Soc. 2023, 145, 1334—-1341


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11728/suppl_file/ja2c11728_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11728?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11728?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11728?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11728?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11728?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11728?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11728?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11728/suppl_file/ja2c11728_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11728/suppl_file/ja2c11728_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11728/suppl_file/ja2c11728_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11728?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c11728?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
(Eo+Sw)*
1
1
,:' (EoS)*(?)
1
3 (EcS)!
g / /
© Ec+Sw ! K
3 Qo / /
:cj 0] Eo+Sw ll’ III
@ < !
L EcS /[
[EOS]Hyp

AG"

Reaction Coordinate (Energy Gap)

Figure S. Describing the relationship between the diabatic and
adiabatic curves and the meaning of the reorganization energy.

and thus the direct effect of the change in 4 in eq 1 is
significant, although it does not reach the limit of AG, < 4,
where eq 1 can be approximated by AG* ~ A/4. Apparently,
we have here a combined effect of the change in A and in AG,,.
Thus, it is useful to consider both factors while using eq 1. In
doing so, we note that our calculated change in AG, is
consistent with the experimental estimate of ref 27. At any rate,
the overall decrease in the activation barrier is due to the direct
reduction in the reorganization energy and the related
reduction in AG,. This reduction also reflects a reduction in
reorganization energy as discussed above.

2.2, Induced Fit Does Not Explain Enzyme Catalysis
Nor the Effect of the Phosphate in ODCase. Recently,” it
was proposed that ODCase catalysis reflects the induced fit
effect. This proposal'” has been shown before to be extremely
poorly defined and very problematic (see ref 28). Briefly, the
induced fit proposal attributes the catalysis to the structural
change associated with the substrate binding. Now, first, the
issue has always been what is the origin of the reduction of the
activation barrier for the chemical step starting from the ES
state (where the substrate is already bound). Second, the
induced fit proposal provides zero information of how the
catalysis is accomplished, and finally, in most cases, most of the
catalysis is obtained by the preorganization of the enzyme
before the binding of the substrate.

Regardless of the above arguments, it is very useful to
consider the induced fit proposal in the case of ODCase, where
the RSD is now attributed to the enzyme rather than to the
bond to the phosphate. That is, ref 20 argued that the catalytic
reaction of ODCase can be accounted for by the energy
diagram presented in Figure 6.

Apparently, the diagram and the corresponding concepts
have major problems. This starts with trivial issues, such as the
fact that if the ES is lower in energy than ES, then the system
will remain at EoS (unless we have a very unrealistic
conformational barriers). Furthermore, we face much more
fundamental problems. First, the assumption that we have the
same TS energy at different enzyme conformations [which is
similar to the common incorrect assumption that the TS
energy is the same in the enzyme and in water (e.g., ref 2)] is
fundamentally incorrect. Second, the assumption that the
motion to E¢ leads to a major instability in the enzyme does
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Figure 6. Schematic reproduction of the induced fit diagram of ref 20.
In this proposal, the substrate binding energy stabilizes the open state
Eo and drives the conformation to the closed state forming (EcS),
which in turn catalyzes the reaction moving the system to (EcSH).
The energy of the complex with the open state is indicated by
[EoS]iyp- The energy of the transition state with the open state
(EoS)* is not indicated in the original diagram and is probably
assumed to be the same as (E.S¥).

not mean that this instability only occurs at the reactant state.
Thus, the proposal of ref 20 does not provide clues about the
presumed way by which the conformational change is
supposed to stabilize the TS (this is needed since the
presumed RSD is not sufficient). Finally, we really have to
account for the enormous difference between the activation
barrier in water and in the enzyme (about 23 kcal/mol). If it is
due to the binding energy, then we would need at least 23
kcal/mol interaction between the substrate and the binding
site, which is hard to rationalize (see Section 4). In fact, one of
the largest binding energies seen in biochemistry is found in
acetylcholinesterase inhibitors, which go up to 18 kcal/mol.”
At this point, it is useful to point out that the recent promotion
of the induced fit effect in ODCase has been focused on the
phosphate effect. However, the largest catalytic effect is due to
the change between water and ES’ and thus not due to any
structural change induced by the phosphate. In fact, in many
enzymes, the catalysis is due to the preorganization to the
folded structure before the binding of the substrate.

Finally, we may comment on the idea that it is possible to
classify our preorganization concept as an induced fit effect.
Here, the fundamental difference is that the preorganization
concept clearly defines and quantifies the catalytic effect, where
the induced fit statement does not tell us anything about the
nature of the contribution of the substrate binding to catalysis.
Furthermore, most of the preorganization effect is already
determined by the folding of the protein in the unbound state.

2.3. Circe Effect Does Not Account for Enzyme
Catalysis. The catalysis of ODCases has been vigorously
propagated as an example of the famous “Circe proposal” of
Jencks.” According to this proposal, enzymes work by RSD
(see clarification below) and the binding of a nonreactive part
of the substrate pulls the chemical part of the substrate into the
active site (in the same way that Circe from the Greek
mythology lured Odysseus’s men into her mansion, drugged
them, and transformed them into pigs). The Circe proposal
has been very popular and used as a general explanation for the
catalytic power of enzymes (without providing clear any
correct thermodynamic considerations).

In order to prevent incorrect arguments, we like to point out
that Jencks defined the Circe effect as “the utilization of string
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Figure 7. Description of the experiment that actually disproved the Circe RSD effect. (a) Describing the ODCase enzyme substrate system, which
is an extremely powerful catalyst, where the Circe proposal assumes that the binding of the phosphate tail pushed the substrate to a state with a very
large RSD (due to the presumed repulsion between the substrate carboxylate and Asp 70). (b) After chopping the tail group, the catalysis stops,
which seems fully consistent with the Circe proposal since the presumed RSD disappears when the tail does not pull the substrate to the position
where it has a large RSD. (c) Surprisingly, adding inorganic phosphate restores the catalysis, and this means that the catalysis is not related to the
strain between the tail and the reactive part. The fact that we do not have RSD is established in the simplest way by seeing that the observed
binding free energy of the substrate without the chain with the phosphate (S’) is negative, as shown in Figure 3.

attractive force to lure a substrate into a site in which it
undergoes an extraordinary transformation” (which does not
explain how the transformation is performed). However, it is
clear that his writing has always involved the RSD proposal
where the binding of the unreactive part brings the substrate
chemical part to an unfavorable configuration where the
activation barrier is reduced due to RSD (see the appendix of
ref 31). Thus, arguing that Jencks’ proposal involves the use of
the binding energy for TSS is simply misleading.

Now, we can return to the ODCase issue. That is, as shown
in Figure 2, the enzyme includes a substrate with a negatively
charged carboxylate group that is converted to CO,, while the
substrate ring becomes negatively charged. Here, it is tempting
to suggest, following the Circe proposal, that the chemical part
is forced into a destabilizing environment by the binding
energy of the phosphate group of the substrate, which is not a
part of the chemical region.

Fortunately, as mentioned above, Richard and his co-
workers,"® who originally supported the Circe idea in its RSD
version, performed a great relevant experiment, illustrated in
Figure 7. That is, they chopped the substrate tail and indeed
found that the catalysis disappeared, which seems to be
consistent with the RSD Circe idea since without the
presumed distanced strain, the substrate should lose the
destabilization of the chemical part and the catalytic effect.
However, they then performed an additional experiment and
added inorganic phosphate instead of the tail, and then
suddenly, the enzyme started to catalyze the reaction. This has
shown that the bond to the phosphate (and the corresponding
presumed distanced strain) is not the reason for the catalysis.
In other words, the enzyme does not work using distanced
binding energy in an RSD mechanism and a Circe effect.

An excellent example of the influence and problem with the
Circe idea is the analysis of the catalysis of cytidine deaminase.
The corresponding catalytic effect was attributed to the
entropic loss that is paid by the binding energy. However,
the careful study of Aqvist and co-workers™ found that the
apparent catalytic effect is due to a change in the reaction
mechanism between the solution and the enzyme active site
and is due to preorganization rather than the Circe effect.

3. DISCUSSION

This study starts by providing a quantitative and unique
reproduction of the catalytic effect of the phosphate as well as
the overall catalysis, while showing that the catalytic effect is
due to electrostatic effects. Perhaps the most interesting
finding is the establishment that the catalytic effect of the
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phosphate is due to the preorganization induced by its negative
charge. Interestingly, our accomplishment allows us to
demonstrate what are the main factors in enzyme catalysis
and to address some problems with the proposal that are not
based on energy considerations or clear verifiable logic. To
further elaborate on our points, we will consider below some
instructive points.

3.1. General Consideration of the Problems with the
Induced Fit Catalytic Proposal. As we argued before,” the
induced fit proposal has never been more than the realization
that enzymes can change their structure upon substrate
binding, and obviously, the resulting ES structure is likely to
be the structure that was optimized for catalysis. However, this
proposal could not describe consistently how the conforma-
tional change would contribute to catalysis. This proposal does
not provide information about the relationship between the
structural change upon the formation of the ES and the
activation barrier of the chemical step. In fact, the catalysis of
the chemical step is defined by the difference between the
activation barrier in the ES complex and the barrier for the
reference reaction in water. Otherwise, enzyme catalysis can be
considered relative to any structure during the folding to the
ES state and not just relative to the structure before the
substate binding (in general, the folding energy is invested in
reorganizing the active sitel).

While the above points might sound somewhat philosoph-
ical, it is crucial to realize that the current work took the case of
the phosphate-indued catalysis, which was brought up as an
example of an induced fit effect and provided quantitative
evidence for its true origin. That is, as shown above, the
structural change due to the phosphate charge changes the
catalytic effect by a very well-defined change in electrostatic
preorganization, and trying to label this effect as an induced fit
(which might be formally reasonable for the differential
phosphate effect) only serves to obscure the understanding
of what is the actual effect of the structural change induced by
the phosphate.

3.2. Clarifying Misunderstanding about the Preorga-
nization Effect and Other Catalytic Factors. The crucial
preorganization concept is not completely intuitive, and its
understanding may require familiarity with the nature of
solvation effects. However, misrepresentation of this effect
does not advance the understanding of enzyme catalysis. A
recent example of the misunderstanding of the preorganization
effect is provided by the studies of Menger and Nome
(MN),*>** who ventured to assert that the calculations of the
preorganization effect by our group ignored the evaluation of
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the interaction between the environment and the reacting
system. This mischaracterization is carefully discussed in ref
34, clarifying that MN ignored the explanation that the
interactions were always considered, but they appeared to be
very similar in the enzyme and in solution and thus are not the
origin of the catalytic effect. However, the original misunder-
standing was followed by a new “review” of MN”’ that
overlooked energy-based calculations, which had been used
very reliably in the last 40 years. Reference 33 appeared to
spread misleading information, despite the clarification that
our studies (e.g., ref 1) considered very carefully general acid-
based catalysis (see below) and other catalytic factors. The
readers of ref 33 were told that no such effect has been
considered. Similarly, the readers were told that major catalytic
factors were never considered by us.

Reference 33 continues to assert that we proposed that the
catalysis is due to “water molecules preorganized in the active
site”. This is an alarming misunderstanding since we have
calculated the activation free energies and the reorganization
energies in the bulk water and in the protein active site and
compared them. It was found that in the bulk water (without
the protein), the activation free energy is much larger due to
the reorganization energy (of the water in the bulk), while in
the protein active site, the protein polar groups (not water
molecules) cannot reorganize significantly, and this is the
reason for the catalytic effect. This point has been completely
clarified in previous occasions. Of course, MN never tried to
estimate reorganization energies by simulations (where our
methods are now used by many groups) and failed to follow
our studies on this issue. They also missed the fact that
estimating reorganization energy without considering the
electronic mixing term (the H,, term in eq 1 and Figure S)
gives extremely small and incorrect reorganization energies
(see refs 35 and 36).

Unfortunately, ref 33 was unable or unwilling to follow our
studies of any enzyme. For example, in the case of ketosteroid
isomerase (KSI), they stated that “the first step in the enzyme
reaction involves an aspartate carboxylate catalyzing the
enolization of a ketone, with the barrier diminishing from
21.9 kcal/mol in water to 10.3 kcal/mol within the enzyme”.
The origin of this catalytic effect was attributed, in part, to the
“electrostatic stabilization” of the enolate by hydrogen bonds
to TyrS7 and Aspl03. Bio-organic chemists call the effect a
“general-base/general-base catalysis”, although the term per se
is not found in the Warshel article. Unfortunately, the issue in
the field is not the names of different effects but the ability to
understand and include such effects in the given study.
Probably, MN were confused by the term “catalysis” in the
name general acid/base catalysis and missed the fact that the
same effect (e.g., having a base in the system) is shared by both
the enzyme and the solution reactions. The term “catalysis” is
with regard to a reference state without a base. The confusion
about the nature of the general base effect is the consequence
of not trying to move from descriptive names to quantitative
energy surfaces. This problem is particularly obvious when ref
33 presumes that the 21.9 to 10.3 kcal/mol observed catalytic
effect of KSI reflects general acid/base catalysis, completely
failing to realize that the general acid/base effect designates a
mechanism that already exists in the reference reaction in
water and thus has not been considered in the actual enzyme
catalytic effect.” Unfortunately, ref 33 substitutes mentioning
names of different physical organic concepts with the ability to
evaluate the contributions of such effects. For example, the
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issue with the enolate contribution in KSI is not just its
existence, which was objected by many workers, but the
difference between the energy of the enolate in the protein and
in water, which is mainly an electrostatic preorganization effect
(see ref 37). Obviously, MN are unaware of the ways of
evaluating such effects and replace this inability with the sound
of the term “general acid/base catalysis”. As stated above, the
word “catalysis” in general acid catalysis “has very little to do
with actual enzyme catalysis”.

As much as ignoring general acid/base catalysis, our works
studied and quantified many general acid/base reactions and of
course studied the reference reactions in water and reproduced
known experimental facts. Some have presumed that including
a classical name from physical organic chemistry in a
calculation without calling it a given name meant that it has
been ignored by us. However, our studies always considered
general acid/base catalysis and related effects including
covalent catalysis and included it, as it should in the reference
solution reaction. The same analysis has, of course, been
performed by physical organic chemistry workers such as
Bruice.*® This issue has been clarified in many of our papers,
including a major part of the introduction to our review.

Reference 33 also ventured to talk on predictability, arguing
that the preorganization concept is just some theoretical
concept that has made no predictions. First, we made many
predictions and reproduced the catalytic power of many
enzymes (e.g, ref 1). The predictions have been made by
models that included all contributions to the rate constant, and
only then were the results then analyzed to see which
contribution is the major one (this appeared to be the
preorganization effect). On the other hand, we are not aware of
any prediction made by MN regarding the rate of a single
enzymatic reaction, whereas our models reproduced quantita-
tively many enzymatic reactions, and this model (program) can
predict very well the effect of mutation and absolute catalysis,
showing that it is quantitatively related to the preorganization
effect. Of course, our models can also be used to simulate
organic model compounds, including those studied by MN,
and predict their activity as we did in a recent paper.’*
Probably what ref 33 calls prediction is just a suggestion that
something will help catalysis.

4. CONCLUDING REMARKS

The present study focused on the enzyme ODCase and its
enormous catalytic power, trying to establish several important
points about the key factors in enzyme catalysis. Special
instructive emphasis is placed on the effect of the phosphate,
which provides a very instructive information. This includes
the analysis of the fact that the effect of cutting the bond
between the phosphate and the ring is restored by inorganic
phosphate. This finding leads to several major conclusions.
First, it is established that the catalytic effect is not due to the
RSD Circe effect, where it is postulated that the phosphate
binding energy is used to hold the ring in a very unstable
reactant state configuration.'” In this respect, we would like to
note that the recent tendency to relate the use of binding
energy for TSS is highly inconsistent with the original Circe
proposal and with the very long history of promoting RSD.
Next, we demonstrated that the difference between the rate
constant of the system with and without the phosphate is
accounted quantitatively by the electrostatic reorganization
energy and not by any induced fit or other concepts. In this
respect, we note that the induced fit proposal can also be
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coached as a version of the use of binding energy in catalysis.
Here, we first repeat the point that the idea of using binding
energy was always converted to an RSD idea in any attempt to
actually rationalize this proposal.

However, we also have an additional instructive concept.
That is, the use of binding energy in the Circe proposal is
rationalized by repeating Jencks’ statement that presumed
strain is being released in TS and suggesting that Jencks
supported TSS.'” However, although folding energy and
sometimes binding energy are used to preorganize the active
site, the corresponding energy is not “released” upon moving
to the TS but actually less energy is invested in moving to the
TS than in the corresponding process in water. Furthermore,
Jencks and others could never propose an actual catalytic
mechanism that is not based on RSD. In this respect, we also
repeat our comment that crediting Pauling in having the TSS
proposal'” misses the key point that he could not envision any
way by which an enzyme can actually stabilize the TS. Here, as
we emphasized repeatedly, the key question has always been
how do enzyme catalyze their reactions, rather than what are
the names of the different possibilities.

At any rate, the present study provides an excellent example
of what can be achieved with reliable computational
approaches in analyzing enzyme catalysis. Having an unbiased
computer program that reproduces catalytic effects is the best
(and arguably the only) way of assessing the importance of
catalytic effects.
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