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ABSTRACT

In almost all studies on the role of solvent in the binding of the ligand to a receptor, the focus had
always been on the thermodynamic stability of the complex formed. Hardly any attempt has been made to
quantify the number of solvent molecules released in the course of ligand (e.g., substrate, pathogen,
drug, etc.) and receptor (enzymes, cell membrane, antibodies, etc.) binding interaction in recent times.
The goal of the study was to determine how to calculate the amount of solvent molecules displaced from
reactant species using nonequilibrium binding energy (NEBE), since desolvation is a prerequisite for the
development of a stable complex. Deriving relevant energy equations, such as the one for calculating the
number of molecules of desolvation, was one of the objectives. The methods are solely theoretical,
experimental (Bernfeld), and computational. According to the study's findings, the water of hydration
ranged from 338 to 400 water molecules, which corresponded to substrate (gelatinized potato starch)
concentrations between 5 and 10 g/L. The translational entropy gains, the corresponding thermodynamic
component, ranged from 91.4 to 133.1 J/mol K. The comparable values were 526.316 and 216.129 J/mol
K, respectively, at the highest hydrolysis velocity. In conclusion, the equation of NEBE can be explored
for the computation of water of desolvation in support of the observation that desolvation is part of the
driving forces that propel ligand-receptor binding. Further thermodynamic characterization of ligand-
receptor binding on the basis of desolvation needs to be done at different temperatures in the future.
Keywords: Aspergillus oryzae, Desolvation, Diffusivities, Nonequilibrium binding energy, Translational
entropy, Water
PACS Number: 87.15.A, 87.17.Jj.
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GRAPHICAL ABSTRACT
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1.0 INTRODUCTION

Over the years, researchers have swept through the discipline of soft matter physics, which aims
to clarify how water molecules affect ligand-receptor interaction, binding, stability, etc., in order to
effectively create rational drugs. Rational medication design requires a precise treatment of the ligand-
host protein interaction (Yoshida, 2017), which can be improved and directed by knowledge of
nonequilibrium binding energy. A thorough grasp of the nonequilibrium binding energy involved in the
formation of enzyme-substrate complexes may be useful in understanding other interactions, including
those between drugs and proteins, antigens and antibodies, the dreaded SARS-CoV-2 and cell
membrane. During the binding relationship between the enzyme and the substrate, which may also be
desolvated, it is maintained that water must be displaced from the enzyme's binding sites. According to
Szalai et al. (2024), the binding site water network plays a crucial role in ligand-protein binding, as
evidenced by the notable changes in binding enthalpies between light and heavy water. Both the ligand
and the protein are solvated before binding in a physiological setting, and at least a partial desolvation of
both components occurs throughout the binding process (Szalai et al., 2024; Zhang et al., 2024). When it
comes to desolvation and the substitution of ligand—protein and water—water interactions for ligand—water
and protein—water interactions, the difference between apolar and polar moieties is essential. (Homans
2007, Ferenczy & Keserl 2012, Giordanetto et al., 2019, Maurer & Oostenbrink, 2019).

The thermodynamic stability of the complex formed has always been the main focus of nearly all
studies on the role of solvent in ligand-receptor binding. Years ago, the idea of the potential of mean free
path, which is similar to Gibbs free energy in relation to complex formation, was of interest. At standard
pressure and an appropriate temperature, the potential of mean force, PMF (AG (Ro)), depends on the
distance (Ro) between the two large molecules. The contributions to it come from the entropic (- TAS(Ro))
and enthalpic (AH(Ro)) terms; the relative percentage of the two contributions depends on Ro, and the
stabilizing effects of the PMF's entropic and enthalpic contributions act in opposite directions to one
another (Choudhury and Pettitt, 2006). This is why the concentration of the reactants (or ligand and
receptor) is very relevant. In the logarithmic relationship between AG and binding affinity (Kq), a negative
AG indicates stronger binding or, better yet, greater stability or spontaneity in binding. Water molecules
influence enthalpy and entropy, impacting AG (Qu et al., 2024). In a study years back, Michel et al. (2009)
suggested how removal of water can increase the negative magnitude of the binding free energy change.
Accounting for water's influence is crucial when calculating protein-ligand affinity (Zsido & Hetényi, 2021).
As per Kq4, a dimensionless equilibrium constant had been proposed and used elsewhere (Udema &
Onigbinde, 2019; Udema, 2025) since AG/RT is dimensionless and there is no basis for a standard state
dissociation constant.

In light of the fact that water molecules interact with proteins and ligands during protein—ligand
interaction, influencing entropy and enthalpy changes and, ultimately, AG (Chen & Wang, 2023), the
guestion that remains is how many solvents (in this case, water) are likely to be released after the
formation of an enzyme—substrate complex. As can be seen from the above, the main focus has been on
the importance of the solvent in ligand-receptor binding. Almost no effort is made to measure the quantity
of solvent molecules released during the binding contact between the ligand (substrate, pathogen, drug,
etc.) and the receptor (enzymes, cell membrane, antibodies, etc.) in recent times. The goal of the work
was to determine how to calculate the amount of solvent molecules displaced from reactant species using
some aspects of bioenergetics principles, since desolvation is a prerequisite for the development of a
stable complex. The objectives included figuring out how many molecules of desolvation—that is, how
many water molecules are displaced from the receptor-ligand interface during binding interaction—and
deriving the appropriate bioenergetics equations that allow them to be achieved.

2.0 BRIEF THEORY

Previously, the motion of dissolved and hydrated particles was described as those that do work
over the length of a displacement against viscosity and, in some cases, against opposing attractive or
repulsive forces (Udema, 2017). In this brief theory, care is taken to avoid confusing potential and kinetic
energies viewed against the backdrop of a scenario of conservative field forces (Udema, 2020). There are
two types of forces, namely short- and long-range forces; the latter come into cumulative effect after the
long-range forces have narrowed the intermolecular distance. This explains why nonpolar (or
hydrophobic) molecules, whether they exist as a homogeneous substance or in combination with other
polar substances, have a high melting point. In these situations, bulk and steric factors are not precluded.
Moving forward, two equations (Udema, 2017) are herein stated as follows:
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Ui = 47WER(R0 - R)DECEsv (1)
The equation specifies the translational velocity (u;) of any solute in solution up to a target solute where
the interparticle distance (R) is the sum of two radii, namely, the hydrodynamic radii of the substrate, S (or
ligand, L), and of the enzyme, E (or receptor, R), designated respectively as Rs (R.) and Re (RR) if there
are no perturbative attractive or repulsive forces. In this case the only force originates from the thermal
energy of bulk solution. Dg, Ces, and Ro (to be defined shortly) are the translational diffusion coefficient of
E or R if mobile, the molar concentration of ES or RL, representing respectively, the enzyme-substrate
complex and receptor-ligand complex if all are mobile, and ¥e and ¥s are given as:

M3\ %

g = (M_Z) /[(M3/Mz)1/2 +1] (2a)
M\ %

¥ = (M—z) [[(My/M3)* + 1] (2b)

The alternatives are respectively, ve = 1-¥s and ¥s = 1-¥g; each represents a fraction of the total
distance covered while advancing towards each other (the enzyme, E, and substrate, S); the lower molar
mass solute having a higher fraction than the higher molar mass solute. Of course, this study deals with
not less than two species that are mobile in solution. The second equation is:

u; = 41sR(Ry — R)DsCs, 3
where the subscript S refers to the substrate (ligand). Henceforth, the enzyme and substrate will be
adopted, and therefore, they may be generalizable to receptors and ligands. If up to a point electrostatic
forces come into effect, the intermolecular distance (Ro) where such forces commence needs to be
determined. As stated earlier, this section needs to be brief as further details can be found in the literature
(Udema, 2017). The intermolecular distance where attractive or repulsive electrostatic forces commence
is given as:

_ R
0™ 1-54/52,

(4)

where S;.1is the slope from the plot of the square of the frequency (U) of collision between E (or R) and S
(or L) versus 1/[Rint (Rint — R)]. Rint is the average intermolecular distance.

Meanwhile, for any two solutes in solution advancing towards each other regardless of any
obstacles, if both solutes can be influenced mutually by electrostatic forces (attraction in this case), then
there should be two forms of kinetic energy, one of thermal origin and the other of electrostatic origin;
hence, Eq. (4) specifies the intermolecular distance at which mutual attractive forces commence. Thus,
Newtonian mechanics comes into relevance such that mu? = mué + 2FAx (M, Ug, Uz, F, and Ax are the
mass of solute, initial thermally driven velocity, final or peak velocity, force, and distance covered
following attractive electrostatic interaction). The electrostatic component creating directionality akin to
electrostatic steering (Wade et al., 1998), earlier shown in the literature (Udema, 2017), is derived in a
simpler manner as follows:

o = 13.8564(xm*nR;P)%e,e0[R3, (Rine — R)]/ €2 (5)
Y

. P

v = 0.288675 (‘fﬂnRERint(Rinr—ﬁ)> ©)

where v is the frequency of collision given by Smoluchowski’s equation between the enzyme (the bullet
molecule) and the larger molecule, the polysaccharide. The enzyme and the substrate, regardless of size,
remain the receptor and ligand, respectively. Smolucowski’'s equation is 2rnRD; Cs. Solving for the square
root of P gives:

P = 1"[7””1RERint(Rint_R)]l/2 (7)
0.288675
Substitute Eqg. (7) into Eq. (5) to give:
_ 0[13.8564¥mnRERE, (Rine—R)mereo)
¢ = 0.288675 e2 ®)

Meanwhile, Eqgs (5) through (8) are regarded as general equations in that, though R represents average
intermolecular distance, all equations can have Riy replaced by the intermolecular distance (Ro) where
electrostatic attraction commences. The physical meaning of ¢ stems from the fact that there are a
significant number of cases in which a mixture of solutes comprises small polar, small and large ionic
compounds; in all, there could be polar-polar, polar-hydrophobic, ionic-ionic, ionic-polar, and ionic-
hydrophobic interactions. Each of them has a descriptive equation, but it is not certain what the net
charge of macromolecules like proteins and dipole moment of the polar molecules may be; van der Waals
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force may not easily be quantifiable on a case-by-case basis. Considering the fact that there are long-
and short-range attractive forces, without information about the net charges and dipole moment, these
forces that generate kinetic energy of motion rather than the potential energies (being conventionally
negative as the lower values but zero at the highest value by virtue of position relative to another position
in space) are summed up to give:

2K.E.=

9)
4nereoR

The sum of all long— and short—range attractive forces, including hydrophobic interactions, may be ¢—
fold greater or less than e?/4ne.gq; if ¢ > 1, it may be greater; if ¢ < 1 (a fraction), it may be less. If there
are binding interaction between particles with a unit formal charge and weakly polar charge particles, ¢ <
1; the converse is case if the formal charge is greater than one. The following equations are not meant to
be derived but are used to show the difficulty of understanding information about unknown, independent
variables, like dipole moments; therefore, they are labeled with separate Roman numbers and used in a
gualitative analysis.

Po(R) > =& =& i = & — &ia — Sqa (i)
where (=€), (=§,_;,), (=&,,), (=&,), (=€,,), B, and o(R) are the potential energy of interaction (lg)
between two ionic molecules, ion-induced lg, induced dipole-dipole (van der Waal’s kind) Ig, ion-dipole I,
dipole-dipole Ig, 1/keT (where ks and T are the Boltzmann constant and thermodynamic temperature
respectively), and PMF respectively. As an example of one of those equations is the equation of dipole-
dipole I given as (Lund, 2006):

2
Dipole-dipole interaction energy = —kBT(l‘“;AT‘;‘Q (9ii)

where R, I, and p are the distance between interacting particles, Bjerrum length, electric dipole moment
respectively. For strongly ionized protein—polysaccharide Ie with a net charge in the protein while the
polysaccharide is polar, in a given buffer, the ®(R) (Udema 2017) is given as:
~(pZong)? (e T<R-D)°

6R* (1+xa)? (9iii)
kand a are the inverse Debye screening length and the closest distance between the “central ion”
(protein b or any other charged substrate such as phosphate containing starch) and surrounding ions
which is approximately the protein radius respectively. The overall kinetic energy, a summation of long
range and all available short range energies is given as:

VZ 38 =

_be? .
e Bw(R)/2 (9iv)
To some degree of specifics, one may have:
pe? (lB“A“B)Z (IBZzps)? (e_K(R_a))Z
PE—— —kgT 3R6  6R% (+x)?2 (10)

Given that achieving near-accuracy in all measurements is a daunting task, the first part of the qualitative
analysis involves figuring out how to locate all independent variables and, maybe, every type of
operational Ie by exploring very complex instrumentation. Structural analysis of the large molecules and
the complex formed are not avoidable. A way out is the formulation of a sort of quasi-Coulomb equation
on account of which the factor phi, ¢, has to be substituted into Eq. (10). Next substitute Eq. (8) in which

Rint is substituted for Ro into Eq. (9) to give
E:Ez 127rm1RERR0(R0 R)] (11)
The total energy (&), combining thermal and electrostatic energies for the two particles moving towards
each other, is given as:
- 2 2 2 b 1 2 -R
£y, = 6mnRy#4mys R(Ry — R) Dy Cig + 6mnRyedmssR(Ry — R)’ Dy + LEERE o] | dlztvsmaltst (o 1]

= 24'TCT] I:RE-K.E (TCR(RO - R)ZDECES @) + R 75‘5 (TCR(RO - R) DscES @)] (12)

Note that the substitution of Eqs (1) and (2) separately into 6mmRe and 6mnRs respectively and multiplying
respectively by e (Ro-R) and ¥s (Ro—R) give the work down against the resistance of the medium.
Meanwhile, £ is equal to the sum of all thermal energies (&st) driving the motion of the solution
components, including some (if not all) of the departing water of hydration. Going forward, the reader is
reminded that the effective energy (&ewr) of motion in a given liquid solvent or mixture in a liquid state,
under the influence of thermal energy, is given as (Udema, 2016):
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Serr = [mi (6kBLTDi)2]% (13)

where, L, ks, T, m; and D; are respectively, the cube root of the molar volume of the solvent (water),
Boltzmann constant, thermodynamic temperature, mass of any solution component, and translational
diffusion coefficient of solution components. Expectedly high-ranking scholars, notably in advanced
scientific communities in the Americas, Europe, and Asia, etc., may raise objections, but it is
inconceivable that biological fluid components, such as water, can possess thermal energy equal to 3 ksT
as to imply “a reverse unguided evolution” akin to “an American and in particular Indian action movie in
which the lead actor disappears into the thin air from the roof of a high-rise building; of course, the movie
producers advise the young ones against any attempt to replicate such action.”
6kgTDy \
+ @, [mW (Seeltw) ] (14)

_ (6kBTDS)2 % + (6kBTDE)2 i
éST - mS L mE L L

where mw and ‘©4’ are respectively, the mass of one molecule of water and number of water molecules
released per enzyme-substrate (ES) complex formation
2
g = (22T ) (D2*m + DYPmip + DY *mi (15)
Given that &st = &ni (EQ. (12)), then, for the purpose of S|mpI|C|ty, con5|der the following:
e ~ 2 —R)
& = Ry (mR(Ry — R)* Dy + L)

2R

s

§ = Rss (TCR(RO - R)ZDSCES + M)

2R
_ 1 2 \* . 2/3 ¥ 2/3, 0%
(O W[ | (36k T2> (e+38)— (DS + Dg ) (16)

3.0 MATERIALS AND METHODS
3.1 Equipment

An electronic weighing machine was purchased from Wenser Weighing Scale Limited, and a
721/722 visible spectrophotometer was purchased from Spectrum Instruments, China. A hand pH meter
was purchased from Hanna Instruments, Italy.
3.2 Chemicals and their preparation
As explored in earlier studies (Udema, 2023), Aspergillus oryzae alpha-amylase (EC 3.2.1.1) and
insoluble potato starch, whose molar mass is ~ 64540 kg/mol. (Tomasik, 2009) were purchased from
Sigma-Aldrich, USA. Tris HCL, 3, 5-dinitrosalicylic acid, maltose, and sodium potassium tartrate
tetrahydrate were purchased from Kem Light Laboratories in Mumbai, India. Hydrochloric acid, sodium
hydroxide, and sodium chloride were purchased from BDH Chemical Ltd., Poole, England. Distilled water
was purchased from the local market. The molar mass of the enzyme is 52 k Da (Sugahara et al., 2013).
A gelatinized insoluble potato starch whose concentration is equal to 1 g/100 mL was subjected to serial
dilution give concentrations ranging between 5 and 10 g/L for the assay in which [So] » [Eo] (0.0005 g/L).
A concentration of A. oryzae alpha-amylase equal to 0.0005 g/L was prepared in a Tris HCI buffer
solution at a pH of 7.0.
3.3 Method

The enzyme was assayed using gelatinized potato starch in accordance with Bernfeld's (3, 5-
dinitrosalicylic acid) technique (Bernfeld, 1955). Using maltose as a standard, the amount of reducing
sugar generated after the substrate hydrolyzed in three minutes was measured at 540 nm, with an
extinction coefficient of 181 L/mol.cm. The assay was carried out at 25°C. The maximum intermolecular
distance (Rin) was determined using the equation: R;,,, = (V/(ns + ng)N,)” where ng, ns, V, and Na are
number of moles of the enzyme and substrate, volume of the reaction mixture, and Avogadro’s number
respectively. The minimum intermolecular distance wherein mutual electrostatic perturbation commences
is determined as described elsewhere (Udema, 2017). The diffusion coefficient of the starch was
computed using the equation for large molar mass polymers given as D, = D, (M, /M,)"” where Mz > Mz;
the latter represent different molar masses while the Ds are different diffusivities (D1 > D2). The
hydrodynamic radius of the starch computed using Stokes-Einstein equation is that of a sphere whose
volume is equal to that of a nonspherical starch polymer. The diffusivity of water at 298.15 K used was
2.3 exp. (-11) m%s (Camposano et al., 2025). That of A. oryzae was computed using an arbitrarily
chosen radius of 2.51 nm substituted into Stokes-Einstein equation.
3.4 Statistics
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The mean catalytic velocity of hydrolysis of gelatinized starch was calculated using a Casio
scientific calculator (fx-991MS-China). Gaussian statistics are not appropriate. Thus, the best method for
determining the variance (c?) and, in turn, the standard deviation for a population (n) of size three is to
use a nonparametric statistical approach (Hozo et al., 2005). Results are presented as mean = SEM.
Hozo et al. (2005) equation is:

o? = (n+1D)[(n?+3)(a—2m+b)%+4n?(b-a)?] (18)
48n(n—1)>2

where n, a, b, and m are the size of the sample (data points, 3 in this research), the smallest value, the
largest value, and the median respectively. Microsoft Excel (2010) was used to carry out graphical plots.
4, RESULTS AND DISCUSSION
4.1 Results
Moving forward, the number of molecules of the enzyme-substrate (ES) complex is computed as shown
in Table 1. Such parameter is used for the computation of the frequency of collision between the enzyme
and the substrate using Smolucowski’s equation. The frequency is needed for the graphical determination
of the first and second slopes stated in Eq. (4).
Table 1: The velocities (v) of hydrolysis of gelatinized starch and the number (Nes) of molecules
ES complex

[So)/g/l v/exp. (=5) /mol./l/min Nes/ exp. (+18)
5 6.493+0.118 3.72+0.035
6 6.852+0.052 3.90+0.023
7 7.324+0.106 4.12+0.023
8 7.452+40.091 4.27+0.023
9 7.65740.175 4.39+0.021
10 7.847+40.101 4.50+0.018

Molar concentrations were adopted for computational convenience.

The computed Rintvalues are used for the computation of the minimum intermolecular distance, Roand the
differences between them and the sum of the hydrodynamic radii of the substrate and enzyme as shown in Table 2;
the computation of Ro, requires that the slopes indicated in Eq. (4) have to be graphically determined. The first slope
is derived from Fig. (1).

1500 -
y =430.39x + 159.33
1000 A R2 = 0.9664
Ry
B
500 - #Sqg. of U
0 T T T T T 1
0 0.5 1 15 2 2.5 3

1/Ri(Rin—R)/exp. (+13)/m™2

Figure (1): Determination of the first slope Si.1= 430.39 exp. (-13) m?/s?
The second slope is derived from Fig. (2).

150 y =21.569x +9.942
100 R?=0.9689 W
£
2
50 ,
LY
0 T T T T T 1

0

[y

2 3 4 5
1/R e /exp. (+6)

Figure (2): Determination of the second slope Si»= 21.569 exp. (—6) m/s

8
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Table 2: Intermolecular distance (Rin) and difference between Rin and sum of hydrodynamic radii
(R) of two different molecules

Rint/exp. (=7)/m 2.671 2530 2414 2331 2.233 2161

(Rin—R)/exp. (-7)/m 2416 2275 2159 2.073 1.979 1.906

The first slope (Si.1) for the computatlon of intermolecular distance (Ro) where longer range electrostatic attraction
began is obtained from the plot of U2 versus 1/Rint (Rin—R); the second slope (Si.,) is obtained from the plot of U versus
1/Rint. (Udema, 2017) Eq. (4) is fitted to the two slopes for the computation of Rg (40.436 nm); Ro—R = 3.74089 nm; R

= Re+ Rs=36.6953 nm; Rs = 34.18532358 nm

All the relevant values in Tables 1 and 2 were deployed and substituted into the relevant
equations in the theoretical section to give for the first time, number of water of desolvation. Expectedly,
the number of water of desolvation showed increasing trend with increasing substrate concentration
(Table 3). The cognate entropy changes, which also showed a similar trend, were computed based on the
premise that there is an increase in the number of free solvent molecules in the bulk following
desolvation, which translates into an increase in entropy in a reaction volume of one cubic meter. The
values of the water of desolvation, ®4 per ES, ranged between approximately 338 and 400, while the
total, ®q*Nes, ranged between 1.3 and 1.85 exp. (+ 21); the cognate entropic energy, the translational
entropy change, ranged between 91.4 and 133.1 J/mol K. As stated in the footnote of Table 3, the
maximum amount of water of desolvation and, hence, the entropic term were calculated based on the
idea that the water of desolvation can be thought of as a product in a reaction mixture that complies with
Michaelian kinetics. At saturation level ([ES]=[Ec]), the maximum @y, @4 *Nes, and TASyans Values were
526.316, 3.048 exp. (+21), and 216.129 J/mol. K, respectively.
Table 3: Number (®4) of water molecules per ES, total displaced and translational

entropy (ASwans) gain of displaced water molecules

[Sol/g/L 5 6 7 8 9 10

Dqy 337.68 358.34 382.28 391.66 391.66 399.79
®g *Nes 1.256 1.398 1.606 1.672 1.755 1.845
(exp. (+21))

TAStrans 91.37 101.45 116.20 120.92  126.75 133.05
(J/mol. K)

Maximum ®q, @4 *Nes, and TASwans values at saturation level ([ES]=[Eo]) were 526.316, 3.048 exp. (+21), and
216.129 J/mol. K respectively. The translational entropy of the departing water molecules in the course of desolvation
is computed on the premise that there is an increase in the number of free solvent molecules in the bulk, which
translates into an increase in entropy in a reaction volume of one cubic meter. Thus, entropic energy is given as:

TAS — RTIn 18(dyNgg+N,/18)

4.2 Discussion

This discussion serves to relate water of desolvation and translational entropy in this study to
literature concern for the binding process enhanced by desolvation. The argument that the decrease in
water-accessible surface area upon folding leads to a significant increase in water's translational entropy,
overcoming the loss of protein's conformational entropy (Harano & kinoshita, 2005), may also explain the
driving force behind ligand-receptor (LR which could be ES) complex formation. The entropic gain, driven
by water molecules' freedom of movement, may be a key factor in stabilizing the folded protein structure
besides the impact of hydrogen bond networks. This suggestion, however, is of hypothetical significance.
Nonetheless it may be relevant in the stability of LR. Examples of concern for the release of water in the
course of binding had been for decades as stated earlier. Thus, there is the case of hinge motions
involving the ATP lid domain and the nucleoside monophosphate binding domain closing over their
respective substrates, in which water is excluded from the enzyme’s active site during the phosphoryl
transfer reaction (Vonrhein et al., 1995, Muller et al., 1996). In other scenarios the source of an entropy
increase following the binding of a ligand to a receptor, is the release of the water molecules from the
binding pocket and from around the ligand to get more freedom in the bulk phase, purported to be
investigated with unspecified, newly developed method (Ahmad et al., 2017).

where R is the universal gas constant.

trans
A
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It is equally expedient to realize that desolvation is not total, particularly with respect to the
enzyme, which requires conserved water for catalysis and stability. This notwithstanding, there are inner
and outer hydration layers in which there are grades of water densities; some have greater electrostriction
than the others. The idea that "prior to binding, the ligand-free binding pocket is occupied by water
molecules characterized by a paucity of H-bonds and high mobility resulting in an imperfect hydration of
the critical residue Asp189" (Scheibel et al., 2018) of the enzyme supports the problem of loosely bound
water molecules, which are likely to easily undergo desolvation. For instance, crucial residue Asp189 of
the lipase active site is not fully hydrated because water molecules with a high degree of mobility (loosely
bound water molecules) and few H-bonds occupy the ligand-free binding pocket before binding. This
phenomenon can enhance the elucidation of how water affects protein-ligand recognition and is probably
a major factor driving ligand binding via water displacement (Scheibel et al., 2018). Further to this, is the
observed decrease in protein dynamics consistent with the measured decrease in the intrinsic
volume, Vm (1.4-2.1%), of RNase A upon the binding to 2*-CMP or 3-CMP (Dubins et al., 2000). This
information, applicable to any other enzyme-substrate binding reaction, such as the one with gelatinized
starch and amylase in this study, suggests that the binding of 2'-CMP or 3'-CMP to RNase A releases
between 210 + 40 water molecules to the bulk state (Dubins et al., 2000). This value (210), though not
within the range of 338 to 400 (Table 3) reported in this study for amylase, is nevertheless good evidence
that the model developed in this study could be valid.

The reaction rate can change in response to the amount of water content in a reaction mixture.
Desolvation is likely a type of enzyme or substrate dependence that varies among different enzymes.
Studies on Candida rugosa lipase using different liquids as medium of reaction, showed that the highest
reaction rate was obtained in n-hexane and the ionic liquid [BMIM]PFs when the concentrations of water
were 0.15 mol/dm3 and 0.38 mol/dm3, respectively. In the more polar tetrahydrofuran, [BMIM]BF, esters
were produced at a very low reaction rate which was observed to be only slightly dependent on the
concentration of water (Lajtai-Szabd et al., 2020). The number of water molecules released could
dependent on the composition of reaction medium, pH, temperature, ionic strength, nature of the
substrate and enzyme. Furthermore, a high concentration of the enzyme or substrate results in high
viscosity, low water potential, and reduced translational velocities, which reduce the likelihood that there
are enough water molecules in the outer hydration layer to be displaced and, in turn, lower the velocity of
product formation.

The solvation free energy change is attributed to the solvation structure change due to the ligand
binding by the host protein (Yoshida, 2017). The solvation structure is changed when the ligand binds to
its recognition site because the hydrogen bonds are broken, rearranging the hydrogen bond network in
the solvent water. Understanding the thermodynamic process of molecule recognition is essential since
this change in solvation also modifies the solvent's entropy (Yoshida, 2017). In particular, it has been
proposed that the expulsion of thermodynamically unfavorable water molecules during complex formation
enhances the ligand’s affinity (Young et al., 2007, Abel et al., 2011). This may be in line with the finding in
this study that the translational entropy gain ranging between 91.4 and 133.1 J/mol K of the departing
water molecules (desolvation) enhances and stabilizes the complex. Additionally, it should be noted that
not only the protein but also the ligand itself needs to be, at least partially, desolvated and thereby
influence binding. Research has shown that hydrogen bonds can enhance binding when both the donor
and acceptor have significantly stronger or weaker hydrogen bonding capabilities than water, while mixed
strong-weak pairings can decrease affinity due to interference with bulk water (Chen et al., 2016).

Based on all related issues in the literature, one can state in summary that water displacement
typically contributes to favorable entropy (TAS>0) and enthalpy (AH<0) changes, which, when combined
with hydrogen bonding changes that affect AH either positively or negatively, will ultimately affect the
overall AG (Zhang et al., 2024); if stronger hydrogen bonds are formed between the protein and ligand,
AH decreases, stabilizing the complex; however, if hydrogen bonds are broken without equivalent
replacements, the enthalpy may increase, making the binding less favorable (Chen et al., 2016). Thus, it
appears that low water potential bulk concentration and insufficient solvent desolvation may inhibit the
formation of the LR complex. A minimum water potential is necessary for the complex's functional groups
and the loose outer hydration layer to form a network of hydrogen bonds, as well as for translational
motion that can bring the enzyme and substrate close together.

COCLUSION

The derived equations could be deployed for the computation of the water of desolvation

following ligand-receptor binding, exemplified by the results from this study, which showed a range of 338
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to 400 water molecules with a corresponding thermodynamic component, translational entropy gain
ranging between 91.4 and 133.1 J/mol K. Further thermodynamic characterization of ligand-receptor
binding on the basis of desolvation needs to be done at different temperatures in the future. That will
entail the use of nonequilibrium binding energy to generate a number of waters of desolvation at different
temperatures, which, as long as such water molecules are regarded as byproducts, could be fitted to the
Michaelian equation, as was done in this research.
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