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Abstract Understanding the origin of the enormous catalytic power of enzymes is very important.

Electrostatic interactions and desolvation are the phenomena that are most proposed to explain the

catalysis of enzymes; however, they also decelerate enzymatic reactions. How enzymes catalyze

reactions through noncovalent interactions is still not well-understood. In this study, we explored

how enzyme-substrate noncovalent interactions affect the free energy barriers (DG�s) of reactions

by using a theoretical derivation approach. We found that enzymes reduce DG�s of reactions by

decreasing positive charges and/or increasing negative charges in the electron-donating centers

and by decreasing negative charges and/or increasing positive charges in the electron-accepting cen-

ters of reactions. Enzyme-substrate noncovalent interactions are essential approaches through

which the charge alterations lead to DG� reductions. Validations with reported experimental data

demonstrated that this charge alteration mechanism can explain the catalyses caused by diverse

types of noncovalent interactions. Electrostatic interactions and desolvation are the most observed

noncovalent interactions essential for DG� reductions. This mechanism does not contradict any

specific enzymatic catalysis and overcomes the shortages of the electrostatic interaction and desol-

vation mechanisms. This study can provide useful guidance in exploring enzymatic catalysis and

designing catalyst.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Understanding the fundamental origin of the catalytic power
of enzymes is critical to understanding biological systems

(Knowles, 1991; Ringe and Petsko, 2008; Singh et al., 2011;
Wang et al., 2021), assisting the development of enzyme inhi-
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bitors (Hanoian et al., 2015; Montgomery et al., 2017), and
exploiting this information for catalyst design (Drienovska
et al., 2017; Hilvert, 2013). Enzymes can accelerate reactions

significantly without engaging in covalent interactions with
their substrates (Lohman et al., 2013; Warshel et al., 2006).
In exploring the catalytic puzzle represented by enzymes, the

exploration of the question of how enzymes are able to lower
the free energy barriers (DG�s) of reactions substantially via
noncovalent interactions is a key research objective (Acosta-

Silva et al., 2020; Lohman et al., 2013; Warshel et al., 2006;
Zhao et al., 2020). Several mechanisms have been put forward
to explain why enzymatic reactions have much lower DG�s
than their corresponding reference reactions (Fried et al.,

2014; Kumar et al., 2019; Lohman et al., 2013; Wu et al.,
2000). Electrostatic interactions (Fried et al., 2014; Warshel
et al., 2006; Wu et al., 2020; Yi et al., 2021) and desolvation

(Healy, 2011; Lohman et al., 2013; Ruben et al., 2013;
Sugrue et al., 2016), are the phenomena that are most pro-
posed to explain the catalysis of enzymes. The isomerization

of 5-androstene-3,17-dione (5-AND) catalyzed by ketosteroid
isomerase (KSI) (Fig. 1A) has been studied extensively to val-
idate the electrostatic interaction and desolvation mechanisms

(Fried et al., 2014; Kraut et al., 2006; Layfield and Hammes-
Schiffer, 2013; Natarajan et al., 2014; Schwans et al., 2009).
The electrostatic interactions between the substrate oxygen
atom and the polar hydrogen atoms from Tyr16 and Asp103

of KSI (dashed red lines, Fig. 1A) contribute largely to the cat-
alytic power of KSI, supporting the catalytic role of electro-
static interactions (Fried et al., 2014). The desolvation of the

carboxyl group of Asp40 also lowers the reaction’s DG�

remarkably, which supports an important catalytic role of des-
olvation (Ruben et al., 2013). Although experimental data do

confirm the validity of the two mentioned proposals, many
other experimental data indicate that electrostatic interactions
and desolvation decelerate reactions. For example, in the reac-

tion between S-adenosylmethionine and Cl� in aqueous solu-
tion (Fig. 1B), the electrostatic interactions between S+/Cl�
Fig. 1 Effects of electrostatic interactions on the free energy barrier

(TS) of the ketosteroid isomerase (KSI)-catalyzed isomerization of 5-an

substrate oxygen atom reduce the DG� of the reaction. (B) The GS a

aqueous solution. The electrostatic interactions of S+/Cl� with water
and water become weaker from the ground state (GS) to tran-
sition state (TS) and increase the DG� of the reaction. In the
KSI-catalyzed isomerization of 5-AND, replacing the polar

hydrogen atoms from Tyr16 and Asp103 (the atoms colored
blue, Fig. 1A) with non-polar atoms, which results in the des-
olvation of the substrate oxygen atom, increase the DG�s of the

reaction from 11.3 kcal/mol to 18.8 kcal/mol (Fried et al.,
2014). Thus, in addition to reducing DG�s, electrostatic inter-
actions and desolvation can increase the DG�s of enzymatic

reactions as well. Moreover, some enzymatic reactions are cat-
alyzed neither by the electrostatic interactions nor by desolva-
tion. For example, it was reported that orotidine 50-
monophosphate decarboxylase catalyzes the decarboxylation

of orotidine 50-monophosphate through electrostatic stress
(Wu et al., 2000). Thus, the effects of electrostatic interactions,
desolvation and other noncovalent interactions on DG�s may

be quite different or even opposite for different enzymatic reac-
tions. Because of the complexity of enzymatic reactions, it is
not easy to use the above-mentioned mechanisms to explain

the catalysis of new reactions and the applications of the mech-
anisms are limited. To solve this problem, it is essential to elu-
cidate what factors determine the catalytic power of enzymes

and what roles the noncovalent interactions play in DG�

reduction.
Because of the diversity and complexity of enzymatic reac-

tions, it is challenging to solve the problems by investigating

specific enzymatic reactions via experimental and/or computa-
tional approaches. Thus, we use a theoretical derivation
approach to solve the problems. In the theoretical derivation,

the models for quantifying the effects of noncovalent interac-
tions on the DG�s of both enzymatic and solution reactions,
which apply to all enzyme-substrate noncovalent interactions

(Chen et al., 2019), are used to reveal the factors determining
enzyme catalytic power and the roles of noncovalent interac-
tions in enzymatic catalysis. A mechanism is developed in this

study for explaining the enormous catalytic power of enzymes.
This mechanism can explain the catalyses caused by diverse
s (DG�s) of reactions. (A) Ground state (GS) and transition state

drostene-3,17-dione (5-AND). The electrostatic interactions of the

nd TS of the reaction between S-adenosylmethionine and Cl� in

increase the DG� of the reaction.
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types of noncovalent interactions, including electrostatic inter-
actions, desolvation, and electrostatic stress.

2. Results and discussion

2.1. Theoretical derivation for exploring the origin of enzyme
catalytic power

2.1.1. Model for quantifying the effect of a general enzyme-
substrate interaction on enzyme catalytic power

As illustrated by the results of a previously published study

(Chen et al., 2019), the noncovalent interactions of the sub-
strate atoms for which no changes in charge density exist
between the GSs and TSs have little effects on DG�s. Thus,

to investigate the contribution of an enzyme–substrate interac-
tion to the DG� of an enzymatic reaction, we focus our atten-
tion on a substrate atom characterized by a change in charge
density between the GS and TS (hereafter called the ‘‘reacting

atom”. Reacting atoms in a reaction are the substrate atoms
that accept or donate electrons and can be determined based
on the electron-movement of the reaction). In this study, the

reacting atom is represented by ‘‘R” in the GS and ‘‘R�” in
the TS. We assume that the reacting atom interacts with (i)
atom W in the reference reaction (Fig. 2A) or (ii) atom E in

the corresponding enzymatic reaction (Fig. 2B, top). Atoms
E and W are environmental atoms interacting with reacting
atoms and are called ‘‘interacting atom” in this study. On
the basis of the models for quantifying the reduction in DG�

caused by noncovalent interactions (Chen et al., 2019), we
Fig. 2 Comparison of an enzyme–substrate interaction with the

corresponding reference interaction. The terms R and R� represent

the GS and TS of a substrate atom characterized by a change in

charge density between those two states. E and W represent

interacting atoms from the enzyme and from the solution

environment. (A) Conversion of R to R� in solution. (B)

Conversion of R to R� in the enzymatic reaction in conditions

whereby the interaction between R and E is restrained (top) and

the same conversion when the corresponding interaction is

unrestrained (bottom).
express the reduction in DG� caused the interaction between
R and W (represented with RFEBRW) as

RFEBRW ¼ HRz � HR

� �
HW=7:02 ð1Þ

where HR and HR� represent the H-bonding capabilities
of R and R�; HW represents the H-bonding capability of
W, the constant 7.02 (unit: kJ/mol) is the hydrogen bonding

capability of the hydrogen atom or a lone pair of electrons
of water (note: the units for HR�, HR, and HW are kJ/mol;
see Figure S1 for the definition and calculation of H-

bonding capability).(Chen et al., 2016) As illustrated in pre-
vious studies (Chen et al., 2019; Chen et al., 2016), the H-
bonding capability of a polar atom is the water to alkane

phase transfer free energy contributed by the polarity of
the atom (Figure S1). An atom with higher charge density
will have higher H-bonding capability (Figure S2). In a pre-

vious study and in Figure S1, we illustrated that H-bonding
capability is an ideal parameter for accurately quantifying
the effects of the environment-substrate noncovalent interac-
tions on the DG�s of the reactions, no matter the noncova-

lent interactions are electrostatic interactions, desolvation
and/or electrostatic stress. Moreover, the calculation of
DG�s of enzymatic and solution reactions is not required

for exploring the effects of noncovalent interactions on
enzyme catalytic power. Thus, the proper thermal averaging
and multiscale simulation, which is required for calculating

DG�s in computational enzymology (Warshel and Levitt,
1976), are also not performed in this study.

In the enzymatic reaction, atom E cannot move as freely as
the atoms in solution and is restrained so that its interaction

with R is close to the optimal interaction geometry (e.g. H-
bond geometry) between the GS and TS. In previous studies,
this phenomenon was referred to as ‘‘electrostatic preorganiza-

tion”(Fuxreiter and Mones, 2014; Kamerlin et al., 2010). On
the basis of the thermodynamic cycle drawn to compare the
reduction in DG� caused by the restrained R. . .E (represented

by RFEBRE, Fig. 2B, top) with that caused by the unrestrained
R. . .E interaction (represented by RFEBRE

unrest, Fig. 2B, bot-
tom), we express RFEBRE as

RFEBRE ¼ HRz �HR

� �
HE=7:02þ DGreorg�GS � DGreorg�TS ð2Þ

where HE represents the H-bonding capability of E; DGreorg_GS

and DGreorg_TS represent the free energy differences between

restrained R. . .E and unrestrained R. . .E in the GS and TS.
Thus, the catalytic power contributed by R. . .E, which is
defined as the difference between RFEBRE and RFEBRW, is

RFEBRE � RFEBRW ¼ HRz �HR

� �
HE �HWð Þ=7:02

þ DGreorg�GS � DGreorg�TS ð3Þ
As demonstrated in a previous study (Chen et al., 2019), the

effect of electrostatic preorganization on DG� is small. More-

over, if the reacting atom has a lower charge density in the
TS than in the GS, the term DGreorg_GS � DGreorg_TS is nega-
tive and the corresponding electrostatic preorganization does
not contribute to the enzyme’s catalytic power. Thus, the cat-

alytic power contributed by R. . .E roughly equals to (HR� -
� HR) (HE � HW) /7.02, which is the model used for
exploring the origin of enzyme-catalytic power contributed

by enzyme-substrate noncovalent interactions.

RFEBRE � RFEBRW � HRz � HR

� �
HE � HWð Þ =7:02 ð4Þ
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2.1.2. Exploring the origin of enzyme catalytic power on the

basis of equation (4)

Equation (4) indicates that the catalytic power contributed by
the R. . .E interaction can be enhanced by adjusting the charge
density (or H-bonding capability) of E. Fig. 3A shows the gen-

eric enzyme-substrate interactions occurring in a reaction in
which electrons move from one reacting atom (R1) to another
(R2). In the electron-donating center, R�

1 (TS of R1) is either

negative or positive. If R�
1 is negative, it has a lower negative

charge density than R1 (HR1� <HR1, see Fig. 3B). To make
the interaction favorable to enzyme catalytic power (RFEBRE

- RFEBRW > 0), E1 should have a lower positive charge den-

sity than the corresponding atom in the reference reaction in
aqueous solution (HE1 < HW, HW is 7.02 in most cases) or
have a negative charge density (HE1 < 0. HE1 is less than zero
Fig. 3 Effects of the charge alterations of the enzyme-based interactin

atoms; R1
� and R2

� are the TSs of R1 and R2, respectively. E1 and E2 ind

reaction in which electrons move from R1 to R2. (B, C) The relation

power contributed by R1. . .E1 when R1
� is negative as shown in (B) or p

bonding capability of E2) and the catalytic power contributed by R2. . .

(F) Summary of the approaches for enhancing enzyme catalytic power

increasing negative charges; in the electron-accepting center, decreasin
because E1 is negative and has negative-negative electron
repulsion with R�

1). If R�
1 is positive, it has a larger positive

charge density than R1 (HR1� >HR1, see Fig. 3C). Then, E1

should have a larger negative charge density than the corre-
sponding atom in the reference reaction in aqueous solution
(HE1 > HW). Thus, the catalytic power contributed by

R1. . .E1 originates from the charge difference between E1

and the corresponding atom in the reference reaction. The
charge differences shown in Fig. 3B&C are summarized in

Fig. 3F (left), which indicates that the catalytic power of a
reaction involving electron-movement can be enhanced by
decreasing positive charges and/or increasing negative charges
in the electron-donating center. Similarly, the relationships

between HE2 and the catalytic power contributed by R2. . .E2

(Fig. 3D&E) indicate that the catalytic power can also be
g atoms on enzyme catalytic power. R1 and R2 represent substrate

icate the interacting atoms from the enzyme. (A) GS and TS of the

ships between HE1 (H-bonding capability of E1) and the catalytic

ositive as shown in (C). (D, E) The relationships between HE2 (H-

E2 when R2
� is negative as shown in (D) or positive as shown in (E).

s: in the electron-donating center, decreasing positive charges and

g negative charges and increasing positive charges.
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enhanced by decreasing negative charges and/or increasing
positive charges of the electron-accepting center (right,
Fig. 3F).

2.1.3. Mechanism developed in this study

Based on Fig. 3F, we conclude that enzymes reduce the DG�s
of reactions by decreasing positive charges and/or increasing

negative charges in the electron-donating centers and by
decreasing negative charges and/or increasing positive charges
of the electron-accepting centers of the reactions. This charge

alteration mechanism is the mechanism developed in this study
for explaining the catalytic power contributed by enzyme-
substrate noncovalent interactions. It can be simplified as:

Enzymes reduce DG�s of reactions by increasing the net nega-
tive charges in the electron-donating centers and by increasing
the net positive charges in the electron-accepting centers of

reactions.

2.2. Validation of the charge alteration mechanism using diverse
enzymatic reactions

Using diverse and well-characterized examples of enzymatic
reactions, we validate that the enzyme catalytic power origi-
nates from the charge alterations as shown in Fig. 3F. All

the catalyses of enzymatic reactions used for validation were
proved via experimental studies and/or via joint experimental
and theoretical investigations in literature. The first example

is the isomerization of 5-AND, whereby electrons move from
the substrate’s a-H to the oxygen atom (Fig. 4A). The charge
alterations in the enzymatic reaction can be identified based on

the charge difference between enzymatic and reference reac-
tions in the GS. In the electron-donating center, the COO�

interacts with the hydrogen atoms from bulk water in the ref-
erence reaction and with nonpolar atoms in the KSI-catalyzed

reaction, indicating that the charge alteration is reducing pos-
itive charges. It was reported that the desolvation of the COO�

of Asp40 contributes to the catalytic power of KSI (Ruben

et al., 2013), supporting that reducing positive charges in the
electron-donating center enhances the catalytic power of
KSI. In the electron-accepting center, the hydrogen atoms

for Tyr16 and Asp103 have larger positive charge density than
the hydrogen atoms from water (Figure S3), indicating that the
charge alteration is increasing positive charges. It was reported
that the electrostatic interactions in the electron-accepting cen-

ter of KSI contribute to the catalytic power of KSI (Fried
et al., 2014; Wu et al., 2020), supporting that increasing posi-
tive charges in the electron-accepting center enhances the cat-

alytic power of KSI. The catalytic power contributed by the
electrostatic interactions in the electron-accepting center of
KSI includes the small contribution contributed by electro-

static preorganization. This catalytic power can also be
explained by the charge alteration mechanism because the pre-
organization of the positively charged atoms increase the pos-

itive charge density in the electron-accepting center
(Figure S4). Changing the polar hydrogen atoms for Tyr16
and Asp103 to nonpolar atoms increases the DG� of the reac-
tion from 11.5 kcal/mol to 18.8 kcal/mol (Fried et al., 2014),

indicating that decreasing positive charges in the electron-
accepting center, which is opposite to the charge alterations
shown in Fig. 3F, increase DG�s of reactions.
The second example is the halide alkylation catalyzed by
halogenases (Fig. 4B), in which electrons move from X�

(X�= Br�, Cl�, or I�) to S+. Halogenases significantly accel-

erate this reaction via the desolvation of both X � (in the
electron-donating center) and S+ (in the electron-accepting
center) (Lohman et al., 2013). By comparing the substrate-

environment noncovalent interactions in the GS of the enzy-
matic reaction with those of the reference reaction, we can find
that halogenase catalyses the reaction by decreasing positive

charges in the electron-donating center and by decreasing neg-
ative charges in the electron-accepting center of the reaction.
The third example is the catalysis by electrostatic stress, which
exists in the decarboxylation of orotidine 50-monophosphate

catalyzed by orotidine 50-monophosphate decarboxylase
(Fig. 4C) (Desai et al., 2014; Wu et al., 2000). In the
electron-donating center of the reference reaction, the sub-

strate COO� group interacts with hydrogen atoms of water.
By contrast, the substrate COO� group in the enzymatic reac-
tion does not have electrostatic interactions with positively

charged atoms, but have negative-negative repulsive interac-
tions with the COO– group of Asp70. This difference indicates
that the catalytic power of electrostatic stress originates from

both decreasing positive charges and increasing negative
charges in the electron-donating center. The forth example is
the catalysis by catalytic triad, which exists in the electron-
donating center of the peptide bond cleavage catalyzed by ser-

ine proteases (Fig. 4D). (Hedstrom, 2002; Sprang et al., 1987).
By comparing the electron-donating centers in the enzymatic
and reference reactions, we find that the charge alteration is

the increase in negative charges (COO� of Asp102 and the N
with a lone pair of electrons in His57). Thus, the catalytic
power of the catalytic triad originates from the charge alter-

ation of increasing negative charges in electron-donating
centers.

Reported experimental data also support that the charge

alterations as shown in Fig. 3F enhance the catalytic power
of metalloenzymes and the opposite charge alterations largely
decrease the catalytic power of metalloenzymes. Fig. 5 shows
that the GSs and TSs of CO2 hydration catalyzed by wild type

carbonic anhydrase II (CAII) and by E117Q CAII at pH 8.9
(Huang et al., 1996; McCall et al., 2000). The electron-
movements of the reactions show the zinc complexes are the

electron-accepting centers of the reactions. As demonstrated
in Figure S5 and in previous studies (Chen et al., 2018a;
Huang et al., 1996), the His119 in wild-type CAII is neutral

while the His119 in E117Q CAII is negatively charged. Thus,
the negative charge density in the electron-accepting center
of the reaction catalyzed by wild-type CAII is lower than that
catalyzed by E117Q CAII. The second-order rate constant for

CO2 hydration catalyzed by wild-type CAII at pH 8.9 is > 105

folds larger than that catalyzed by E117Q CAII, supporting
that decreasing the negative charge in the electron-accepting

center enhances the catalytic power of metalloenzymes or
increasing the negative charge in the electron-accepting center
reduces the catalytic power of metalloenzymes.

We have examined a large number of enzymatic reactions
catalysed by diverse enzyme-substrate noncovalent interac-
tions and found that their catalytic power originates from

the charge alterations shown in Fig. 3F. Evidence indicates,
therefore, that enzymes reduce the DG�s of reactions via the
charge alteration mechanism as shown in Fig. 3F.



Fig. 4 Validating that charge alterations in the electron-donating and –accepting centers of enzymatic reactions determines enzyme

catalytic power. Charge alterations are determined by comparing the GSs of enzymatic reactions (left) with the GSs of the reference

reactions (right), and are represented with blue (for positive charge) and red (for negative charge) arrows. The up and down arrows

represent an increase and decrease in charges, respectively. (A) The isomerization of 5-androstene-3,17-dione. (B) The reaction of S-

adenosylmethionine with X� (X�= Br�, Cl�, or I�). (C) The electrostatic stress in the decarboxylation of orotidine 50-monophosphate

catalyzed by orotidine 50-monophosphate decarboxylase. (D) The catalytic triad in the peptide bond cleavage catalyzed by serine

proteases.
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2.3. Comparison between this mechanism and some widely

accepted mechanisms

Several mechanisms have been developed to explain the
enzyme catalytic power contributed by enzyme-substrate non-
covalent interactions. The electrostatic interaction and desol-
vation mechanisms are the most widely accepted

mechanisms. We take the interaction between a substrate atom
R and an enzyme atom E (R���E) to illustrate the difference
between this charge alteration mechanism and the two widely

accepted mechanisms. The electrostatic interaction mechanism
indicates that the enzyme catalytic power contributed by
R���E originates from the electrostatic interaction between

R and E. The desolvation mechanism indicates that the
enzyme catalytic power originates from the desolvation of R
or E. This charge alteration mechanism indicates that the

enzyme catalytic power originates from the charge difference
between E and the corresponding atom in the reference solu-
tion reaction. The noncovalent interaction between E and R,
e.g. electrostatic interaction, electrostatic stress, is essential
for the charge difference to cause the enzyme catalysis. For

example, the polar hydrogen atoms from Tyr16 and Asp103
in KSI promote the electron movement from the substrate a-
H to the substrate oxygen atom through their electrostatic

interactions with the substrate oxygen atom (Fig. 4A). With-
out the electrostatic interactions, the polar hydrogen atoms
cannot catalyze the reaction. Thus, noncovalent interactions

(including electrostatic interaction) are the essential
approaches through which the charge alterations lead to
enzyme catalysis. However, noncovalent interactions are also

the approaches through which the opposite charge alterations
of Fig. 3F decelerate reactions. Desolvation is an approach of
charge alterations. Whether a charge alteration contributes to
enzyme catalytic power depends on the charge alteration of R.

Thus, desolvation can enhance, decrease or have no effect on
enzymatic power.

This charge alteration mechanism has a few advantages as

compared to the electrostatic interaction and desolvation
mechanisms. First, the charge alteration mechanism can
explain the catalyses caused by diverse enzyme-substrate non-



Fig. 5 Effect of charge alterations on the catalytic power of metalloenzymes. (A) The GS, TS and the relative second-order rate constant

for CO2 hydration catalyzed by wild type carbonic anhydrase II (CAII) at pH 8.9.(Huang et al., 1996; McCall et al., 2000) (B) the GS, TS

and the relative second-order rate constant for CO2 hydration catalyzed by E117Q CAII at pH 8.9.

Factors determining the enzyme catalytic power caused by noncovalent interactions 7
covalent interactions, including electrostatic interactions, des-

olvation, and electrostatic stress. However, neither the electro-
static interaction mechanism nor the desolvation mechanism
can explain all the catalyses shown in 4–5. The electrostatic

interaction mechanism applies only to the catalysis caused by
electrostatic interactions and desolvation mechaism applies
only to the catalysis caused by desolvation. Second, the charge
alteration mechanism does not contradict any specific enzy-

matic catalysis because no reaction can be catalysed via the
opposite charge alterations shown in Fig. 3F. However, the
electrostatic interaction mechanism contradicts the catalysis

caused by desolvation or electrostatic stress; the desolvation
and electrostatic stress mechanisms contradict the catalysis
caused by electrostatic interactions. Thus, the charge alteration

mechanism can be easily used to explain the catalysis of new
reactions involving electron-movements and can provide use-
ful guidance for reducing the DG�s of the reactions involving

electron-movements.
It is also reported that enzymes can catalyze reactions by

polarizing substrate bonds caused by enzyme-substrate electro-
static interactions.(Deng et al., 2017; Peng et al., 2014) The

charge alteration mechanism in this manuscript is quite differ-
ent from the polarization mechanism in literature. First, the
targets for the ‘‘polarization” in literature are the substrate

bonds that are polarized by enzyme-substrate H-bonds; while
the ‘‘charge alteration” in this manuscript is targeted for the
atoms in the electron–donating and –accepting centers of reac-

tions. Second, many enzymatic catalyses, e.g. the catalysis by
desovation and the catalysis by electrostatic stress, cannot be
explained by the ‘‘polarization” in literature, but can be
explained by the ‘‘charge alteration” mechanism in this

manuscript.
The merits of the charge alteration mechanism originate

from the model for quantifying the contribution of an

enzyme-substrate interaction to enzyme catalytic power [equa-
tion (3)]. This model is a general model that applies to all non-

covalent interactions. However, the electrostatic interaction,
desolvation and electrostatic stress mechanisms are developed
by investigating specific enzymatic reactions through experi-

mental and/or computational approaches. Because enzymatic
catalysis is very complex, it is impossible to consider all possi-
ble enzyme-substrate interactions by investigating specific
enzyme-substrate reactions. Thus, the theoretical derivation

used in this study plays an irreplaceable role in exploring the
origin of enzyme catalytic power.

2.4. Effects of noncovalent interactions on enzyme-substrate
bindings

The effects of enzyme-substrate noncovalent interactions on

DG�s are different from their effects on reaction rates because
the interactions also affect enzyme-substrate bindings. Electro-
static interactions and hydrophobic interactions are favourable

to enzyme-substrate bindings. When the enzyme-substrate
bindings are weak, enzyme active sites are not saturated.
Increasing the enzyme-substrate binding strengths by electro-
static interactions and/or hydrophobic interactions will

enhance reaction rates considerably. By contrast, when the
enzyme active sites are almost saturated, further enhancing
the enzyme–substrate interactions by electrostatic interactions

and/or hydrophobic interactions will have little effect on reac-
tion rates, which is in agreement with the conclusions of Singh
and coworkers (Singh et al., 2011). Desolvation and electro-

static stress are unfavourable to enzyme-substrate bindings
and can reduce reaction rates largely. The negative effects of
desolvation and electrostatic stress on enzyme-substrate bind-
ings are usually cancelled by the favorable hydrophobic inter-

actions and/or electrostatic interactions in enzymatic reactions.
Other factors such as steric strain and dynamic effects also
have contributions to some enzymatic reactions (Glowacki
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et al., 2012; Kovermann et al., 2015; Swiderek et al., 2015).
Dynamic effects are important for the entering of substrates
to the active sites of enzymes. Because enzyme catalytic power

is based on the comparison between enzymatic and reference
solution reactions, the dynamical effects do not have obvious
contribution to enzyme catalytic power, which were demon-

strated in many studies (Olsson et al., 2006a; Olsson et al.,
2006b; Warshel and Bora, 2016; Warshel et al., 2006). To fully
understand the enormous catalytic power of enzymes, it is also

important to study the effects of other factors on enzyme cat-
alytic power.

3. Conclusion

In this study, we used a theoretical derivation approach to
explore how noncovalent interactions affect the catalytic

power of enzymes. Enzymes reduce the DG�s of reactions by
decreasing positive charges and/or increasing negative charges
in the electron-donating centers and by decreasing negative
charges and/or increasing positive charges of the electron-

accepting centers of the reactions. Electrostatic interactions
and desolvation are the most observed noncovalent interac-
tions through which the charge alterations lead to DG� reduc-

tions. This charge alteration mechanism applies to the
catalyses caused diverse noncovalent interactions. The findings
in this study can find useful applications in the fields of enzyme

catalysis and can provide guidance for the design of catalysts.

4. Methods

4.1. General procedure for exploring how enzyme-substrate
noncovalent interactions affect enzyme catalysis.

Electrostatic interactions and desolvation are the most
observed enzyme-substrate noncovalent interactions affecting
the free energy barriers (DG�s) of enzymatic reactions. Because

enzymatic reactions are diverse and complex, the effects on
enzyme-substrate noncovalent interactions on enzyme cataly-
sis are complicated. It is challenging to reveal how enzyme-

substrate noncovalent interactions affect enzyme catalysis
merely by investigating specific enzymatic reactions via exper-
imental and/or computational approaches. Thus, in this study,

we explored how enzyme-substrate noncovalent interactions
affect enzyme catalysis via a theoretical derivation. The theo-
retical derivation is not targeted for any specific enzymatic
reaction, but we validated our findings with various specific

enzymatic reactions. Below are the processes of the theoretical
derivation:

(1) The models reported in a previous study (Chen et al.,
2019) for quantifying the effects of noncovalent interac-
tions on the DG�s of enzymatic and solution reactions

were used to explore how enzyme-substrate noncovalent
interactions reduce the DG�s of enzymatic reactions.
Then the origin of enzyme catalytic power and the roles

of electrostatic interactions and desolvation in enzyme
catalysis were derived.

(2) The proposal for explaining how enzyme-substrate non-
covalent interactions catalyze reaction was validated

with various enzymatic reactions, including the reactions
that were previously explained by electrostatic interac-

tions, desolvation, electrostatic stress and catalytic triads
and the reactions catalyzed by metalloenzymes.
4.2. Methods for calculating H-bonding capabilities

The H-bonding capabilities of polar hydrogen atoms used in

Figure S1 were calculated from experimental water to alkane
partition coefficients and water to n-octanol partition coeffi-
cients of the organic compounds. The details for the calcula-

tion were described in previous studies (Chen et al., 2018b;
Chen et al., 2020).
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