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The origin of the enormous catalytic power of enzymes has been extensively studied through experimental
and computational approaches. Although precise mechanisms are still subject to much debate, enzymes
are thought to catalyze reactions by stabilizing transition states (TSs) or destabilizing ground states (GSs).
By exploring the catalysis of various types of enzyme—substrate noncovalent interactions, we found that
catalysis by TS stabilization and the catalysis by GS destabilization share common features by reducing
the free energy barriers (AG*s) of reactions, but are different in attaining the requirement for AGH
reduction. Irrespective of whether enzymes catalyze reactions by TS stabilization or GS destabilization,
they reduce AG's by enhancing the charge densities of catalytic atoms that experience a reduction in
charge density between GSs and TSs. Notably, in TS stabilization, the charge density of catalytic atoms is
enhanced prior to enzyme-substrate binding; whereas in GS destabilization, the charge density of
catalytic atoms is enhanced during the enzyme-substrate binding. Results show that TS stabilization and

GS destabilization are not contradictory to each other and are consistent in reducing the AG's of
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mechanism of enhancing atomic charge densities. Our findings may help resolve the debate between TS
DOI: 10.1035/d2sc01994a stabilization and GS destabilization and assist our understanding of catalysis and the design of artificial

rsc.li/chemical-science enzymes.

reaction paths and the origin of enzyme catalytic power is
obvious.® Thus, in exploring the origin of the enormous catalytic

1. Introduction

Enzymatic reactions are of universal importance in biology
where they control diverse life processes. Elucidating the origin
of the enormous catalytic power of enzymes is of fundamental
and practical importance to many fields, such as elucidating the
mechanism of biological systems and designing artificial
enzymes."™ Enzymes can catalyze reactions via noncovalent
interactions or covalent bonds with substrates. However, the
catalysis by forming covalent bonds with substrates alters the
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power of enzymes, it is important to elucidate why enzymes can
catalyze reactions significantly via enzyme-substrate non-
covalent interactions. The origin of enzyme catalytic power
contributed by enzyme-substrate noncovalent interactions has
been extensively studied and several mechanisms are proposed
to explain the origin of the enormous catalytic power of
enzymes. The most widely accepted mechanism proposes that
enzymes catalyze reactions through stabilizing the transition
states (TSs) of the reactions®™ and stabilization of TS has
emerged as a strategy for designing artificial enzymes.'*** The
most established finding in support of the TS stabilization
mechanism is that the TSs of enzymatic reactions are more
stable than the TSs of their reference reactions.” The free
energy barrier (AG*) of an enzymatic reaction (AG* ) is lower
than that of the reference solution reaction (AGiuncat) and the
TS of the enzyme reaction is more stable than that in the
reference reaction (Fig. 1). The TS stabilization mechanism is
also supported by catalysis powered by electrostatic interac-
tions.’** For example, the enzyme-substrate electrostatic
interactions of the substrate oxygen atom in the isomerization
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Fig. 1 General reaction coordinate diagram comparing the free
energy of an enzymatic reaction (green) with that of the corresponding
reference reaction (black). S: substrate; E: enzyme. The enzymatic TS
(E-S%) is more stable than the reference TS (E + S%).

of 5-androstene-3,17-dione (5-AND) catalyzed by ketosteroid
isomerase (KSI) (Fig. S1t) reduce the AG* of the reaction, and
are extensively reported as supporting the electrostatic TS
stabilization mechanism.®>*>

By contrast, many studies propose that enzymes can catalyze
reactions through destabilizing the GSs of reactions.”*”** Ruben,
et al. reported that, in the KSI-catalyzed isomerization of 5-AND,
desolvation of the COO™ group of Asp40 partially catalyzes the
reaction via GS destabilization (Fig. S11).>* By comparing the
binding affinity of ground state analogues for KSI with a wild-
type anionic Asp general base or with uncharged Asn and Ala
in the general base position, this study showed that desolvation
of the wild-type anionic Asp general base decreased the binding
affinity of ground state analogues and thus destabilized the
reaction's GS. In this example, the reduction in binding free
energy caused by the desolvation of the wild-type anionic Asp
general base was estimated using an experimental approach.
Although the binding affinity of ground state analogues is
different from the binding affinity of ground state substrates,
this estimation is sufficient to demonstrate GS destabilization.
Whether an enzyme-substrate interaction increases or
decreases the binding free energy of the substrate for the
enzyme can be determined without accurate quantification. It is
well known that moving charged atoms from water to the
nonpolar active sites of enzymes is unfavorable in free energy
and the desolvation of charged atoms definitely destabilizes the
GSs of enzymatic reactions. The catalysis by the desolvation of
charged atoms, which has been reported in many studies,**>*
supports the GS destabilization mechanism.

Even though the TS stabilization and GS destabilization
mechanisms are both supported by experimental and compu-
tational studies, whether enzymes catalyze reactions via TS
stabilization or via GS destabilization is still under intense
debate.’>***> Some studies are not generally supportive of GS
destabilization as a catalytic mechanism because the GSs of the
enzymatic reactions are more stable than the GSs of the corre-
sponding reference reactions.” Other studies support the GS
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destabilization mechanism based on the observation that the
destabilization of specific atoms can reduce the AG*s of reac-
tions.”* The studies denying GS destabilization and the studies
supporting GS destabilization are similar in defining GS
destabilization based on the effects that enzyme-substrate
interactions have on the binding affinity of GS substrates for
enzymes. However, the studies denying the GS destabilization
mechanism tend to consider all enzyme-substrate interactions
in an enzymatic reaction; while the studies supporting the GS
destabilization mechanism focus merely on specific enzyme-
substrate interactions. Thus, the interactions supporting the GS
destabilization mechanism are different from the interactions
denying the GS destabilization mechanism, which is an
important reason for the debate. In addition, the catalysis of
specific enzyme-substrate electrostatic interactions via TS
stabilization does not imply that other noncovalent interactions
(e.g. nonpolar-polar interactions, electrostatic stress) cannot
catalyze reactions. It is thus possible that TS stabilization and
GS destabilization are not opposite to each other. However, it is
not easy to resolve the debate by using experimental and
traditional computational approaches because the debate
cannot be resolved without considering the facts supporting
both TS stabilization and GS destabilization simultaneously. To
better understand how these contrasting mechanisms catalyze
reactions, we investigated similarities and differences that are
evident between the catalysis via TS stabilization versus GS
destabilization. We found that TS stabilization and GS desta-
bilization utilize the same molecular mechanism when
lowering the AG*s of reactions, but differ in achieving the
requirement for AG* reduction. These findings may contribute
significantly to our mechanistic understanding of how TS
stabilization and GS destabilization augment the power of
enzymatic reactions.

2. Results and discussion

2.1. Effects of noncovalent interactions on the charge
density of polar atoms

We focused our study on the enzymatic catalysis contributed by
noncovalent interactions because the debate between TS
stabilization and GS destabilization is mainly centred on such
enzymatic reactions. Moreover, the noncovalent interactions do
not change the reaction paths and can accelerate reactions
significantly (e.g., >10"7 as reported in previous studies).>** To
explore how enzymes catalyse reactions via enzyme-substrate
noncovalent interactions, we first demonstrated how interac-
tions of polar atoms affect the charge densities of these atoms.
The relative charge density of atoms of the same element can be
determined from the H-bonding capabilities of the atoms. The
H-bonding capability of a polar atom is the water to nonpolar
solvent phase transfer free energy contributed by the electro-
static interactions of the atom (see Fig. S2t).**** An atom with
a higher charge density carries stronger electrostatic interac-
tions with water and as such possesses higher water to nonpolar
solvent phase transfer free energy. Thus, an atom with higher H-
bonding capability has a higher charge density. We validated
this relationship by demonstrating a strong linear association

© 2022 The Author(s). Published by the Royal Society of Chemistry
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between the H-bonding capability of hydrogen atoms in a series
of substituted phenols and the Hammett constants of the
substituents (Fig. S31).

Because an atom with higher charge density will have higher
water to nonpolar solvent phase transfer free energy, we explored
how noncovalent interactions impact the charge densities of polar
atoms by exploring how the intramolecular H-bonds of organic
compounds affect the water to nonpolar solvent partition coeffi-
cients (log P) of the respective compounds (Fig. S41). By comparing
the log P values of 2-substituted phenols, which may contain
intramolecular H-bonds, versus structurally similar 3- or 4-
substituted phenols, which do not have intramolecular H-bonds,
we found that the electrostatic interaction between two atoms
decreases the charge densities of these atoms. Moreover, stronger
electrostatic interactions reduced charge densities to a larger
extent. For example, the positive charge density of the hydrogen
atom in the molecule H-X without any electrostatic interaction
(Zeft, Fig. 2A) is larger than that of H-X containing a weak H-bond
interaction (middle), which in turn is larger than that of H-X
possessing a strong H-bond interaction (right). It was reported that
this charge density reduction results from the charge transfer
between atoms forming the electrostatic interaction.*’

In reactions involving electron-movement,
substrate atoms accepting or donating electrons during the
reactions. If the substrate atoms have a larger charge density in
the TS versus GS, the atoms that form electrostatic interactions
with the substrate atoms will have a lower charge density in the
TS versus GS. As shown in Fig. 2B, if a negatively charged
substrate atom S accepts electrons, S has a larger negative
charge density and forms a stronger electrostatic interaction
with the positively charged environmental atom H in the TS
versus GS. As a result, the positive charge density of H decreases
from the GS to the TS.

there are

2.2. Enzyme-substrate noncovalent interactions that
modulate AG*s

For an enzyme to catalyze the reaction of a substrate, the
substrate enters the enzyme active site to form an enzyme-
substrate complex prior to the reaction step during which the
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Fig. 2 Effects of noncovalent interactions on the charge density of
polar atoms. Larger red or blue circles represent higher negative or
positive charge densities, respectively. (A) The relative positive charge
density of hydrogen atoms that have different electrostatic interac-
tions. (B) The charge density change of an environmental atom (atom
Hin E-H) from the GS to TS. The substrate atom S has a larger negative
charge density in the TS versus GS, enhancing its electrostatic inter-
action with the positively charged hydrogen atom and reducing the
positive charge density of the hydrogen atom.
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catalysis occurs.®® Fig. 3A shows the binding and reaction
processes (from the GS to the TS) of the isomerization of 5-AND
catalyzed by KSI. This is a well-studied example of an enzymatic
reaction that supports catalysis via TS stabilization'®*** and GS
destabilization.*

In the binding process, all enzyme-substrate interactions affect
the binding free energy of 5-AND. Among these interactions, the H-
bond interactions between the substrate oxygen atom and the
polar H-atoms of Tyr16 and Asp103 stabilize the GS to a minor
extent (note: free energy contributed by the formation of the H-
bonds is partially cancelled by the breaking of the H-bonds of
the atoms with water, see Fig. S51). The interaction between the
nonpolar substrate o-H and the negatively charged oxygen atom of
Asp40 destabilizes the GS largely. The other enzyme-substrate
interactions are mainly hydrophobic, resulting from the exclusion
of water from the nonpolar surfaces of 5-AND and in the KSI active
site. Because of the large nonpolar surface area of 5-AND and the
active site of KSI, the hydrophobic interactions stabilize the GS
largely (Fig. S61). However, the exclusion of water from nonpolar
surfaces occurs merely in the binding process, and thus, the
hydrophobic interactions have little effect on the AG* of the reac-
tion. Only the interactions of the substrate atoms experiencing
a charge density alteration, which includes the substrate oxygen
atom and the o-H, change during the reaction process and affect
the AG* of the reaction, as demonstrated in previous studies.***
Thus, we focus our investigation on the interactions of substrate
atoms that experience a charge alteration to evaluate their role in
AG* reduction. For the sake of completion, we also consider the
roles of the interactions of substrate atoms without charge density
alterations.

2.3. Comparison of reaction coordinate diagrams for TS
stabilization and GS destabilization

The electrostatic interactions of the substrate oxygen catalyze
the reaction via TS stabilization, while desolvation of the COO™
group of Asp40, which corresponds to the interaction between
the nonpolar substrate a-H and the COO™ group, catalyzes the
reaction via GS destabilization. The electrostatic interactions
enhance enzyme-substrate binding (Fig. S51) and reduce the
AG* of the reaction. Visual reaction coordinates for demon-
strating the free energy difference between the enzymatic and
solution reactions caused exclusively by the electrostatic inter-
actions are illustrated in Fig. 3B. The polar-nonpolar interac-
tion reduces enzyme-substrate binding and reduces the AG* of
the reaction as well. Visual reaction coordinates demonstrating
the free energy difference between the enzymatic and solution
reactions caused exclusively by the interaction of the nonpolar
substrate o-H are shown in Fig. 3C. Comparison of these theo-
retical reaction coordinate diagrams indicates that catalyses by
TS stabilization versus GS destabilization are fundamentally
different in the binding process, but may yield a similar AG*
reduction. Thus, we next investigated whether TS stabilization
and GS destabilization are similar in AG* reduction. If TS
stabilization and GS destabilization demonstrate similarity in
reducing AG*, this justifies further investigation into why the
binding processes are different.
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Fig. 3 Effects of enzyme—substrate interactions on the free energy difference between enzymatic and reference reactions. (A) The binding and
reaction processes of the isomerization of 5-androstene-3,17-dione (5-AND) catalyzed by ketosteroid isomerase (KSI); the processes after the TS
are not shown. The water molecules on the nonpolar surfaces of 5-AND and in the KSI active site are colored pink. (B) Theoretical reaction
coordinates catalyzed exclusively by electrostatic interactions of the substrate oxygen atom. (C) Theoretical reaction coordinates catalyzed
exclusively by the interaction between the substrate a-H and the negatively charged oxygen atom of Asp40.

2.4. Similarity between TS stabilization and GS
destabilization in AG* reduction

We used the electrostatic interactions and the desolvation of
COO™ in the KSI-catalyzed isomerization of 5-AND and the
desolvation of Cl™ in halogenase-catalyzed halide alkylation,*®
to explore whether TS stabilization and GS destabilization
possess a common mechanism in reducing AG*. Fig. 4 shows
these interactions for GSs and TSs in enzymatic versus reference
solution reactions. We focused on factors affecting the free
energy of these reactions, which includes the strength of
enzyme-substrate interactions and the atomic charge densities
of the interactions.

2.4.1. Changes in enzyme-substrate interactions. Enzyme-
substrate interactions between the GSs and TSs are represented
by the dashed lines in Fig. 4. Changes in the interactions
depend on the charge density alterations of the substrate atoms.
Because both the substrate oxygen and o-H atoms in the KSI-
catalyzed isomerization of 5-AND have a larger charge density
in the TS versus GS, their interactions become stronger from the
GS to the TS. In the halogenase-catalyzed halide alkylation, the
Cl™ interacts with a nonpolar enzyme-based atom and the
strength of this interaction is similar between the GS and TS.
Thus, TS stabilization and GS destabilization do not always
share common features when there is a change in enzyme-
substrate interactions.

2.4.2. Relative strength of enzyme-substrate and corre-
sponding reference interactions. In the KSI-catalyzed isomeri-
zation of 5-AND, the polar hydrogen atoms from Tyrl6 and
Asp104 have larger positive charge densities than the hydrogen

8196 | Chem. Sci, 2022, 13, 8193-8202

atoms of water in the reference reaction (Fig. S77). Thus, the H-
bond interactions in the enzymatic reaction are stronger than
their corresponding interactions in the reference reaction. The
interaction of the substrate o-H in the enzymatic reaction is
almost as strong as in the reference reaction because the
nonpolar a-H has no electrostatic interactions with environ-
mental atoms. The interaction of Cl™ in the halogenase-
catalyzed halide alkylation (Cl™---nonpolar atom) is weaker
than the corresponding interaction (Cl™---HOH) in the refer-
ence reaction. Thus, TS stabilization and GS destabilization do
not share common features when assessing the relative strength
of enzyme-substrate interactions with corresponding reference
interactions.

2.4.3. Relative charge density of atoms that have a larger
charge density in the TS versus GS. In the KSI-catalyzed isom-
erization of 5-AND, the substrate oxygen atom and o-H have
alarger charge density in the TS than in the GS. However, for the
interaction of Cl™ in the halogenase-catalyzed halide alkylation,
no atom has a larger charge density in the TS than in the GS.
Thus, TS stabilization and GS destabilization do not always
share common features of relative charge densities of the atoms
experiencing an increase in charge density.

2.4.4. Relative charge density of atoms that have a lower
charge density in the TS versus GS. In the KSI-catalyzed isom-
erization of 5-AND, the polar hydrogen atoms from Try16 and
Asp103 and the oxygen atoms of Asp40 (marked with “*” in
Fig. 4A) have a reduction in charge density (Fig. 2B). All the
atoms have a higher charge density than the corresponding
atoms in the reference reaction. In the halogenase-catalyzed
halide alkylation, the CI~ (marked with “*” in Fig. 4C) has

© 2022 The Author(s). Published by the Royal Society of Chemistry
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dashed lines represent stronger electrostatic interactions. (A and B) The KSI-catalyzed and reference solution reactions for the isomerization of
5-AND. Interactions explored included the two H-bonds of the substrate oxygen atom and the polar—nonpolar interaction of the substrate a-H;
(C and D) the interactions of the Cl™ in the halogenase-catalyzed halide alkylation and the reference solution reaction. Common for all the
interactions is marked with “*". The common AG* reduction mechanism: the charge densities of the atoms undergoing a reduction in charge

density between the GSs and TSs are higher than those of the corresponding atoms in the reference reactions in aqueous solution.

areduction in charge density. It also has a higher charge density
than the Cl™ in the reference reaction. Thus, TS stabilization
and GS destabilization share a common AG* reduction mech-
anism: atoms undergoing a reduction in charge density
between the GSs and TSs have a higher charge density than the
corresponding atoms in the reference reactions.

2.5. Generality of the common AG* reduction mechanism

We investigated a large number of diverse enzymatic reactions
and found that enhancing the charge densities of atoms expe-
riencing a reduction in charge density between the GSs and TSs
reduces the AG*s of the reactions. To further demonstrate its
generality, we used theoretical derivation to explore whether the
common AG* reduction mechanism applies to all catalyses
mediated by the noncovalent interactions of substrate atoms
experiencing a charge density alteration. In this derivation, we
focused on a general enzyme-substrate interaction that may
reduce AG* via TS stabilization or via GS destabilization. The
substrate atom of the interaction is represented by “R” in the GS
and “R*” in the TS. The enzyme-based atom is represented by E.
The environmental atom in the reference reaction is repre-
sented by W. The interactions change from R---E to R*:--E in the
enzymatic reaction and from R---W to R*:--W in the reference
reaction. The effect of the R*---E interaction on the difference
between AGY.,. and AGiumat, which is expressed by AAGIRE,
represents the free energy change of the following H-bond
pairing process as has been shown in previous studies.?*?**

RY W+R--E=R}E+R---W (1)

© 2022 The Author(s). Published by the Royal Society of Chemistry

AAGrg = —(Hg — Hw)(Hyry — HR)/7.02 )

where Hyg, Hry Hg, and Hy, represent the H-bonding capabilities of
R, R¥, E and W, respectively. H-bonding capability is a critical
parameter for correctness in eqn (2). This parameter includes the
factors that influence the free energy contribution of noncovalent
interactions, notably electrostatic interactions, desolvation,
entropy change of solvent, and van der Waals interactions.** The
accuracy of using eqn (2) to explore the catalytic power contributed
by enzyme-substrate interactions were validated using reported
experimental data and via a theoretical derivation.***® For the R---E
interaction to contribute to enzyme catalytic power, AAG*g; must
be less than 0. Thus, eqn (2) can be used to demonstrate whether
the common AG* reduction mechanism applies to all noncovalent
interactions of the substrate atoms experiencing a charge density
alteration.

For R---E to affect AAG*zs, R must have a charge density
alteration. The charge density of R either becomes higher or
lower from the GS to TS. If R has a higher charge density in the
TS than in the GS (Hg; > Hg), Hg must be larger than Hyy (E must
have a larger charge density than W) for catalysis to occur
(AAG*g, <0). Because R* has a higher charge density than R, the
charge densities of E and W are lower in the TS than in the GS
(Fig. 2B). Therefore, if R has a higher charge density in the TS
versus GS, E has a reduction in charge density and must have
a larger charge density than W so that the interaction R---E
contributes to the catalytic power.

If R has a lower charge density in the TS versus GS (Hg; < Hg),
Hg must be less than Hy for catalysis to occur. Hg is less than

Chem. Sci., 2022, 13, 8193-8202 | 8197
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Hy in the following cases: (1) E has a lower charge density
than W (Hy > Hg = 0) and (2) E has a similar charge to R,
resulting in unfavourable electrostatic repulsion (Hy < 0). In
both cases, R and R} have weaker favourable electrostatic
attraction or stronger unfavourable electrostatic repulsion with
E than with W. As a result, both R and R* have a higher charge
density in the enzymatic reaction than in the reference reaction.
Thus, if the charge density of R¥ is lower than R, the latter must
have a larger charge density than the corresponding substrate
atom in the solution reaction so that the enzyme-substrate
interaction contributes to the catalytic power.

Therefore, irrespective of whether an enzyme-substrate inter-
action catalyzes a reaction via a TS stabilization or GS destabili-
zation mechanism, either the substrate or enzyme-based atom of
the interaction has a reduction in charge density. This respective
atom must have a higher charge density than the corresponding
atom in the reference reaction for catalysis to be favourable. For
a general reaction in which electrons move from one substrate
atom (R;) to another (R,), the negatively charged atom in the
electron-donating center has a reduction in charge density and the
positively charged atom in the electron-accepting center has
a reduction in charge density. The AG* reduction mechanism is
summarized in Fig. 5. In the electron-donating center, either R; or
E; (the enzyme-based atom interacting with R, ) is negative and has
a larger negative charge density than the corresponding atom in
the reference reaction. In the electron-accepting center, either R,
or E, (the enzyme-based atom interacting with R,) is positive and
has a larger positive charge density than the corresponding atom
in the reference reaction.

2.6. Consistency between the AG* reduction mechanism
versus the charge alteration mechanism

In a previous study, we reported that enzymes reduce the AG*s
of reactions by decreasing positive charges and/or increasing
negative charges in the electron-donating centers, as well as by
decreasing negative charges and/or increasing positive charges
in the electron-accepting centers of the reactions.** We further
demonstrate the relationship between the AG* reduction

A — e

W or R4 is negative

W, or R; is positive

B

E4 or Ry is more negative E, or R, is more positive

Fig. 5 Similarity between TS stabilization and GS destabilization: AG*
reduction mechanism for a general reaction in which electrons move
from one substrate atom (R;) to another (R,). E; and E, indicate the
enzyme-based atoms interacting with Ry and R,. Wy and W, are the
atoms interacting with R; and R, in the reference solution reaction.
Larger red or blue circles represent higher negative or positive charge
densities, respectively. (A) The reference solution reaction; (B) the
enzymatic reaction.
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mechanism identified in this study and the charge alteration
mechanism. As shown in Fig. 5B, either E1 or R1 is negatively
charged in the electron-donating center. If there are positively
charged environmental atoms interacting with the negatively
charged atom, the negative charge density of the atom is
reduced by the interactions. Decreasing positive charges will
decrease the electrostatic interactions and increase the charge
density of the negatively charged atom. Similarly, in the
electron-accepting center, decreasing negative charges will
increase the charge density of the positively charged atom.
Therefore, the AG* reduction mechanism described in the
present work is consistent with the charge alteration mecha-
nism reported in our previous work. Because the charge alter-
ation mechanism has been validated using diverse types of
enzymatic reactions, e.g., reactions catalysed by electrostatic
stress, catalytic triad, and metal complexes, this AG* reduction
mechanism also applies to similarly diverse enzymatic reac-
tions. Thus, this AG* reduction mechanism commonly applies
to the reactions catalysed by TS stabilization and GS
destabilization.

2.7. Difference between TS stabilization versus GS
destabilization in the binding process

Since AG* reduction mechanisms for TS stabilization and GS
destabilization are comparable, it is necessary to demonstrate
why some interactions catalyze reactions by TS stabilization and
others by GS destabilization. We used the H-bonds in the KSI-
catalyzed isomerization of 5-AND, which supports TS stabiliza-
tion, and the desolvation of ClI™ in halogenase-catalyzed halide
alkylation, which supports GS destabilization, to explore
possible reasons.

Fig. 6A shows the interaction change of Cl™ during the
binding process of the halogenase-catalyzed halide alkylation.
Cl™ has a favourable interaction with water before binding and
this interaction is eliminated after binding. This desolvation
event enhances the charge density of CI~. Without desolvation,
Cl™ in the GS of the enzymatic reaction would not have a larger
charge density than the Cl™ in the GS of the reference reaction
and catalysis would not be favourable. Thus, GS destabilization
appears to enhance the charge density of catalytic atoms that
have a reduction in charge density. Fig. 6B shows the interac-
tion change of the hydrogen atom of Tyr16 during the binding
process of 5-AND to KSI. The electrostatic interaction of the
hydrogen atom becomes stronger and the charge density of the
hydrogen atom decreases during the binding process. Even so,
the hydrogen atom in the GS still has a higher charge density
than the corresponding atom in the reference solution reaction.
Thus, for interactions that catalyse reactions by TS stabilization,
the atoms involving a reduction in charge density must have
a larger charge density preceding enzyme-substrate binding
than the corresponding atoms in the reference reactions. Even
though the charge density of the catalytic atoms becomes lower
following binding, these atoms still have a higher charge
density than the corresponding atoms in the reference reaction.

An apparent fundamental difference between catalysis by TS
stabilization versus that by GS destabilization is the timing of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Difference between TS stabilization versus GS destabilization in the binding process. Larger red or blue circles represent higher negative
or positive charge densities, respectively. The values given in red represent the H-bonding capabilities of nearby atoms. (A) GS destabilization:
The interaction of CL™ in the halogenase-catalyzed halide alkylation is weakened during the process, which increases the negative charge density
of Cl™. The Cl™ in the GS of the enzymatic reaction possesses a larger charge density than the Cl™ in the GS of the reference reaction. (B) TS
stabilization: the charge density of the hydrogen atom in the enzymatic reaction becomes lower during the binding process because its
interaction becomes stronger, but is still larger than the charge density of the corresponding atom in the reference reaction in the GS.

enhancing charge densities of the catalytic atoms experiencing
a reduction in charge density. For TS stabilization, the charge
density of catalytic atoms is enhanced before enzyme-substrate
binding. For example, in the KSI-catalyzed isomerization of 5-
AND, the hydrogen atoms from Tyr16 and Asp103 already have
higher positive charge densities than the hydrogen atoms of
water before the enzyme-substrate binding occurs, which is
caused by the electron withdrawing groups bound to the
hydrogen atoms (Fig. S71). For GS destabilization, the charge
density of catalytic atoms is totally or partially enhanced during
enzyme-substrate binding.

The charge density of the Cl™ in the halogenase-catalyzed
halide alkylation is totally enhanced during enzyme-substrate
binding. While the charge density of the oxygen atom of Asp40
in the KSI-catalysed isomerization of 5-AND is partially
enhanced during enzyme-substrate binding because the oxygen
atom has fewer electrostatic interactions than the correspond-
ing atom in the reference reaction before the enzyme-substrate
binding. In the haloperoxidase-catalyzed halogenation of
organic compounds performed in 1-propanol (Fig. S87),* the
halide has weaker electrostatic interactions with 1-propanol
than the halide in water. The charge density of the halide is
partially enhanced before the enzyme-substrate binding and
partially enhanced during the enzyme-substrate binding
process. No matter how the charge density of a catalytic atom is
enhanced, the catalytic power contributed by the catalytic atom
depends on the relative charge density of the atom in the GS of
the enzymatic reaction versus the corresponding atom in the
reference reaction, and has little relationship with the charge
density of the atom before the enzyme-substrate binding.

2.8. Relationship between TS stabilization of the enzymatic
reaction and GS destabilization of enzyme-substrate
interactions

For an enzymatic reaction to be catalysed by GS destabilization,
the TS of the reaction must always be more stable than the TS of

© 2022 The Author(s). Published by the Royal Society of Chemistry

the corresponding reference reaction, as illustrated by the
reaction coordinate diagram in Fig. 1. This diagram is quite
different from the theoretical reaction coordinate diagram that
shows the free energy difference between the enzymatic and
reference reactions caused by the interactions via the GS
destabilization mechanism (Fig. 3C). This difference derives
from enzyme-substrate interactions that have no effect on AG*.
In Fig. 1, the free energy difference between the enzymatic and
reference solution reactions results from a combination of all
the enzyme-substrate interactions, which includes interactions
affecting AG*, as well as interactions that do not impact AG*.
The interactions that do not affect AG* can significantly stabi-
lize both the GS and TS. For example, in the KSI-catalysed
isomerization of 5-AND, the interactions that do not affect
AG*, which are mainly hydrophobic interactions, stabilize both
the GS and TS largely (Fig. S61). Even though the desolvation of
negatively charged COO™ of Asp40 is unfavourable to enzyme-
substrate binding, the interactions that do not affect AG*
contribute to the binding of 5-AND to KSI as being favourable in
terms of free energy. Without the interactions that do not affect
AG*, 5-AND would not enter the active site of KSI for catalysis.
Thus, for the catalysis mediated by the interactions associated
with GS destabilization, the interactions of substrate atoms
without any charge density alteration are required to provide
energy for enhancing the charge densities of the polar atoms
experiencing a reduction in charge density in the enzyme-
substrate binding process. This phenomenon is defined as the
Circe effect in previous studies.**?

2.9. TS stabilization versus GS destabilization

Even though the catalysis by TS stabilization or GS destabili-
zation has been studied extensively, it is not easy to resolve the
debate between TS stabilization and GS destabilization. The
difficulty has much to do with the complexity and diversity of
the effects of enzyme-substrate interactions on enzymatic
catalysis. First, enzyme-substrate noncovalent interactions in
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enzymatic reactions include those that increase or decrease
AG's, as well as those that do not impact AG*s. Second, non-
covalent interactions have multiple roles in enzymatic catalysis,
such as enhancing (or decreasing) enzyme-substrate binding
and reducing (or increasing) the AG*s of reactions. Third,
enzyme catalysis may require a combination of multiple inter-
actions with diverse roles. For example, the interactions
reducing AG*s by GS destabilization require interactions not
affecting AG*s for effective catalysis. Experimental and tradi-
tional computational data for supporting the TS stabilization or
GS destabilization mechanism are usually obtained from
specific reactions or specific interactions and do not adequately
consider all possible effects of noncovalent interactions on
catalytic reactions, making such interpretations difficult to
argue for or against distinct enzymatic mechanisms. For
example, the TS stabilization mechanism is supported by
numerous experimental and computational studies that relate
the catalysis to electrostatic interactions, e.g. the electrostatic
interactions in the KSI-catalyzed isomerization of 5-AND.
However, catalysis by other interactions (e.g. polar-nonpolar
interactions) are not considered in this TS stabilization mech-
anism. Thus, it is difficult to delineate the relationship between
TS stabilization and GS destabilization through experimental
and traditional computational approaches.

In the present study, by comparing similarities in diverse
enzymatic catalysis, we contribute a new enzymatic concept that
addresses the origin of catalytic power and identifies a common
mechanism that is shared by TS stabilization and GS destabi-
lization. Importantly, this common AG* reduction mechanism
is supported by a theoretical approach that applies to diverse
examples of catalyses mediated by TS stabilization and GS
destabilization. The mechanism of enhancing atomic charge
densities can elucidate why some interactions catalyse reactions
via TS stabilization and other interactions catalyse reactions via
GS destabilization. The full mechanism of enzyme catalysis
includes the mechanism of reducing AG* and the mechanism of
enhancing atomic charge densities. This full mechanism
represents a significant advance that adds favourably to the TS
stabilization versus GS destabilization debate. Although the
methods for determining TS stabilization and GS destabiliza-
tion are different in literature, this full mechanism has no
relationship with the methods.

It is worthwhile emphasizing that this study focused exclu-
sively on enzymatic catalysis contributed by the noncovalent
interactions of the substrate atoms involving a charge density
alteration because the controversy between TS stabilization and
GS destabilization is mainly centered on such reactions. The
AG* reduction mechanism developed in this study is targeted
for the reaction processes of enzymatic reactions, in which
chemical bonds form and break. If the substrate of an enzy-
matic reaction must undergo a large conformation change prior
to the reaction process, the reaction can be catalyzed by facili-
tating the conformation change in the enzyme-substrate
binding process. For example, in the polycyclization of poly-
isoprene catalyzed by terpene cyclase (Fig. S91),* the poly-
isoprene in its most stable linear conformation cannot undergo
polycyclization because the atoms for forming chemical bonds
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are far from each other. The linear conformation must change
to a much less stable productive precyclic conformation so that
chemical bonds can form. Terpene cyclase catalyzes the poly-
cyclization of polyisoprene by facilitating the conformation
changes. The release of ordered water molecules in the enzyme
active site, which is favorable in entropy, provides energy for the
conformation change and plays a dominant role in the catalysis.

3. Conclusions

TS stabilization and GS destabilization are the most widely
accepted mechanisms for explaining the enormous catalytic
power of enzymes contributed by enzyme-substrate noncovalent
interactions. In this study, we explored similarities and the
differences between TS stabilization and GS destabilization and
found that both reduce AG*s through enhancing the charge
densities of the catalytic atoms experiencing a reduction in
charge density. A notable difference is in their temporal approach
to enhance the charge densities of the catalytic atoms. For the
catalysis by TS stabilization, the charge density is enhanced prior
to enzyme-substrate binding; while for GS destabilization, the
charge density is enhanced during enzyme-substrate binding.
Increasing atomic charge densities during enzyme-substrate
binding requires energy, which is provided by enzyme-substrate
interactions not affecting AG*s. Irrespective of how enzymes
catalyse reactions, the TSs of enzymatic reactions are always more
stable than the TSs of their reference reactions. Our finding could
help resolve the current mechanistic debate between TS stabili-
zation and GS destabilization and potentially provide useful
guidance in exploring enzymatic catalysis that can aid in the
design of potent artificial enzymes.

4. Methods

4.1 Methods for calculating H-bonding capabilities

The H-bonding capabilities of the polar hydrogen atoms in the
substituted phenols were calculated from the experimental
log P;s (logarithm of the hexadecane-water partition coeffi-
cient) and log P, (logarithm of the n-octanol-water partition
coefficient) values of the compounds according to the method
reported in previous studies.*»** The H-bonding capabilities of
the atoms in other small organic compounds were calculated
based on the structures of the compounds according to the
approach described in previous studies.**** The H-bonding
capabilities of the polar hydrogen atoms in the active site of
KSI were obtained from a previous study.*

4.2 Experimental water to chloroform partition coefficients

The experimental chloroform partition coefficients of the organic
molecules listed in Fig. S41 were obtained from the literature.*®

4.3 Method for calculating the change in surface accessible
surface area (ASASA) during the binding process of 5-AND to
KSI

The total ASASA in the binding process of 5-AND to KSI was
calculated by summarizing the ASASAs of the atoms in the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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complex of KSI and 5-AND. The ASASA of an atom was calcu-
lated from the water accessible surface areas (SASAs) of the
atom before binding and after binding, based on the crystal
structures of the KSI mutant-steroid substrate mimic complex
(pdb code: 1E3R (ref. 47)). Before calculation, the nitrogen atom
of Asn40 in 1E3R was changed to oxygen. The ligand in 1E3R,
androsten 3-betal-ol-17-one, was modified to 5-AND by
changing the CHOH in position 3 to C=0. The 3D structure of
5-AND before binding was created using the SYBYL molecular
modeling package (Tripos Inc., St Louis, MO) and minimized
with the Tripos force field. The SASAs of atoms were calculated
from atomic coordinates and the radii of the solvent was set to
1.4 A.

4.4 Method for exploring the similarity between TS
stabilization and GS destabilization in AG* reduction

The catalysis contributed by the electrostatic interactions and
the desolvation of the COO™ of Asp40 in the KSI-catalyzed
isomerization of 5-AND and the desolvation of Cl™ in
halogenase-catalyzed halide alkylation were used to explore the
similarity between TS stabilization and GS destabilization in
AG* reduction. We explored the similarity based on the
following factors: (1) change in enzyme-substrate interactions;
(2) relative strength of enzyme-substrate noncovalent interac-
tions versus the corresponding reference interactions; (3) rela-
tive charge density of the atoms that have a larger charge
density in the TS versus GS; and (4) relative charge density of the
atoms that have a lower charge density in the TS versus GS.

The model for quantifying the free energy change of
a competitive H-bond pairing process was used to explore
whether the common AG* reduction mechanism applies to all
catalyses contributed by the noncovalent interactions of
substrate atoms experiencing a charge density alteration. The
competitive H-bond pairing process is defined by the general
process shown in the following equation, where two H-bond
acceptors (A" and A*) and two H-bond donors (D' and D?)
form mixed pairings.

AL.D?2+ A2..D! = AL.D! + A2...D? 3)
The standard free energy change of this process is:
AG = —(Hp' — Hp2)(Hp — Hp2)/7.02 (4)

where Hy:, Hp2, Hp, and Hpe are the H-bonding capabilities of
A', A% D', and D? respectively; the constant 7.02
(unit: k] mol™") is the hydrogen bonding capability of the
hydrogen atom or a lone pair of electrons of water.**

4.5 Method for exploring the difference between TS
stabilization versus GS destabilization in the binding process

The electrostatic interactions in the KSI-catalyzed isomerization
of 5-AND, and the desolvation of Cl™ in halogenase-catalyzed
halide alkylation were used to explore the difference between
TS stabilization and GS destabilization. The difference between
TS stabilization and GS destabilization was obtained by
analyzing the difference in charge density alteration between the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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polar hydrogen atoms in the KSI-catalyzed isomerization of 5-
AND and the CI™ in the halogenase-catalyzed halide alkylation.
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