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Abstract

Non-covalent interactions play a central role in biochemical processes,
mainly in the recognition of charged molecules or ligands to biological
molecules such as proteins. This molecular recognition is driven by
thermodynamics, through characterizing the binding energetics: the increment
of binding free energy change (AG,) and, therefore, equilibrium binding
constant (K,), binding enthalpy change (AH,), binding entropy change (AS,),
and heat capacity change (ACp). To characterize a molecular interaction
experimental techniques like fluorescence titration or calorimetry, are helpful.
Experimental results can be correlated to a wide variety of computational
methods in order to provide a qualitative or quantitative understanding of the
driving forces responsible for the association process. The thermodynamical
parameters have been used for the discovery of pharmaceuticals for various
diseases as well as for the development of new biomaterials.

Keywords: Non-covalent interactions; molecular recognition; thermodynamical properties; experimental and
computational methods.

Abbreviations: A: acceptor group; APBS: Adaptative Poisson-Boltzmaan Solver; ASA: solvent accessible surface area;
D: donor group; AASAmm_pol: change in non-polar accessible surface area; AASApolz change in polar accessible surface
area; ACp: heat capacity change; Acp,, and TAYY proportionality coefficients polar and non-polar for the heat capacity
change, respectively; AG,: binding free energy change; AG,, non-polar- non-polar energy; AG_ : coulombic energy; AG_:
solvation energy; AH,: binding enthalpy change; AhPol and Ahm_pol: proportionality coefficients polar and non-polar for
the enthalpy change, respectively; AS, : binding entropy change; AS__: conformational entropy change; AS__: is referred
to the loss of translational and rotational degrees of freedom on the binding; Aspol and Asnon_pol: proportionality coefficients

polar and non-polar for the entropy change, respectively; AS_ : solvation entropy change; DNA: Deoxyribonucleic acid,;
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y: coefficient interfacial tension; IlcD: melatonin derivative; ITC: Isothermal Titration Calorimetry; K, : equilibrium
binding constant; K : dissociation constant; L-DOPA: L-3,4 dihydroxyphenylalanine; M: Molar; MTC: Multithermal
Titration Calorimetry; NCI: Non-Covalent Interactions; QTAIM: Quantum Theory of Atoms in Molecules; R: gas
constant; RNA: Ribonucleic acid; SBA15: Santa Barbara Amorphous; Si0,: silica; T: temperature (in Kelvin); TIM:
Triosephosphateisomerase from Saccharomyces cerevisiae; VMD: Visual Molecular Dynamics.

1. Introduction

Thermodynamics plays a very important role in biological reactions through energy
transformations. Together with chemical kinetics, they conform a powerful body of knowledge
around enzymes and their reactions. Through thermodynamics it has been possible to study
molecular recognition 1in most biological processes such as: protein-ligand interactions
[1], protein-protein interactions [2,3], protein-carbohydrate interactions [4,5], DNA-protein
interactions[ 6], and protein-lipids interactions [7]; it has also been very important in the study
of metal ions binding to ligands or proteins [8], and protein-nanomaterials interactions, and
these fields have grown exponentially in recent years [9]. In the pharmaceutical development,
thermodynamics has been applied to the design of drugs based on the knowledge of the
biological target of interest. Recently, in the materials science, the thermodynamics of
interactions between various nanomaterials and biomolecules is of utmost importance in the
biomedical applications [10] as the tissue engineering [11].

The binding between a protein and a ligand involves non-covalent interactions such as:
electrostatic interactions, hydrogen bonds, van der Waals interactions, hydrophobic interactions
and m-cation interactions.

A brief description of these interactions is given below:

a) Electrostatic interactions. They can be classified into ion-ion, ion-dipole and dipole-
dipole interactions. These interactions are adequately described by the Coulomb equation
(based on attraction or repulsion between charges) [12]. Electrostatic interactions are very
important in biological systems, for example, a negatively charged will interact with positively
charged amino acids in the protein binding site, playing a very important role mainly in drug
design. It is noteworthy that these interactions can be weakened when other ions are around,
modifying the electric field. This has been observed experimentally, that is, in a cell containing
a protein and a ligand, the electrostatic interactions are weakened in the binding by increasing
the 1onic strength in the medium|[3].

b) Hydrophobic effect or hydrophobic interactions. These interactions refer to rejection
of ligands or nonpolar molecules in aqueous solution. This effect is important in protein-
ligand molecular recognition and can be divided into two energetic components: enthalpic
hydrophobic and entropic hydrophobic effect. The interactions that are established with an
enthalpic hydrophobic effect occur when a ligand releases water contained in a cavity, since
this water does not interact strongly with the hydrophobic pocket of the protein. In this case,
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there is also an entropic factor since the water that was previously ordered within the cavity
becomes disordered in the surroundings (later in this chapter we will discuss in more detail on
the enthalpic and entropic contributions in the association) [13,14].

c) Hydrogen bonds. These interactions are the result of an attraction between a bound
proton to a donor group (D) and an acceptor group (A, Lewis base), i.e. D-HA. Besides,
they play an important role in the stability, binding, catalysis and conformational changes in a
protein [15,16].

d) van der Waals interactions. These dispersion forces are typically of short range, and
contribute to the interactions of proteins with other ligands (nanotubes, graphene) or with
surfaces in water. Their strength increases as the distance decreases and they are effective up
to the nanometer scale [17].

e) Cation-m interactions. These non-covalent interactions are established between
aromatic rings (7 electron-rich) and a cation. The contribution of cation-m interactions are
of outmost importance in the secondary structure of proteins and in the binding of ligands to
diverse proteins. In proteins, cation-r interactions can be established between the aromatic
amino acids (tryptophan, tyrosine and phenylalanine), as the ® component, and the positively
charged amino acids (lysine, arginine) as the cation [18]. Another example is the molecular
recognition of arginine or lysine, as the cation, and the ligands or molecules that contain
aromatic rings in their chemical structure like dopamine, L-DOPA, or melatonin derivatives
as the m component.

These interactions are responsible for the stability when a complex is formed (Figure 1).
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(A)

COO group NH;r group

Figure 1: Non-covalent interactions in biological systems. (A) Electrostatic interactions (between charged groups); the
electrostatic surface potential is shown in the right panel, where the negative charges are represented in red color and
positive charges in blue color. (B) Hydrophobic interactions, these structures do not relate very favorably with water;
the water molecules, represented as red spheres, are released in the binding site of a protein by hydrophobic groups
of the ligand. (C) Hydrogen bond interactions: attractive interaction between a Hydrogen atom (white color) and an
electronegative, Nitrogen atom (blue color). (D) van der Waals interactions are weaker than any other type of chemical
bond (sheets of graphene or carbon nanotubes with a drug molecule). (F) Cation-r interactions are established between
aromatic rings (7 electron-rich) as a melatonin derivative (IlcD) [19] and a positively charged amino acid (lysine) that
would act as cation.

2. Thermodynamic Signatures

The binding is a thermodynamic driven process, which is mainly influenced by non-
covalent interactions, as well as desolvation, residual mobility and dynamics [20]. The ther-
modynamic signatures are derived from chemical equilibrium of a reaction, where the rate of
the forward reaction (r,) and rate of the reverse reaction (r,) are equal:

k
aA +bB z=———> cC+dD
k,
Forward reaction : 1 =k, [A]*[B]° (1)
Reverse reaction ; Tz = k_,[C]°[D]* (2)

At the equilibrium state, equations (1) and (2) are equal (r=r))

k, [A]*[B]® = k_, [C]°[D] 3)
k, _ [c[o)®
k_, - [Al2[EB]" (4)
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The equilibrium constant K., is expressed as:

_ [e°m)?
eq LA]E[B]]J (5)

This equation is fundamental in the study of molecular recognition such as the receptor-
ligand interaction.

2.1 Binding constant/ Binding free energy

The binding affinity or binding constant (K,) presents information about the strength
of interaction between a protein, antibody, carbohydrate, DNA, RNA or nanomaterial with
ligands (drugs, analogues of substrates, small molecules) [21]. K, reflects the effects of non-
covalent interactions (mentioned above) between protein-ligand (Figure 2), and is a particular
case of the equilibrium constant (Keq) eq (5).

(COVID-19) main protease Ligand Complex

Figure 2: Proteinase-ligand interaction. The crystal structure of COVID-19 main protease in complex with carmofur
(ID 7BUY) [22].

According to the Figure 2, the equilibrium nature of the protein and ligand is expressed
in equation (6)

_ [complsx]

Kh o [Protease]l [Ligand] (6)

The determination of K, is the basis for the design of drugs. A clear example is the
situation that we are currently experiencing, a pandemic, and that several research groups are
working urgently to develop new drugs against coronavirus SARS-CoV-2 and thermodynamics
plays a very important role in these efforts.

Additionally, the equilibrium (6) can be expressed by the dissociation constant (K ),
which is the inverse of K :

Ke = (7)



An eBook on Thermodynamics

Fortunately, K has been classified as: low (K, <10* M), moderate (10*<K,<10°M") and
high (K, >10° M), through protocols determined by Vazquez-Campoy et al., (2004)[23].

By determining K, the Gibbs free energy of binding (AG,) is obtained through the

known expression:
ﬁGh = _RTanb (8)
in which R is the gas constant, and T is temperature (in Kelvin).

Furthermore, AG, is related to two important thermodynamic quantities: the binding

enthalpy change (AH,) and binding entropy change (AS,):

ﬁGh = ﬁHb — T&Sb (9)

A negative AG, indicates the spontaneity of the binding process. Besides, these
thermodynamic parameters are a fundamental key to optimizing the development of drugs,
biomaterials, etc.

2.2 Binding enthalpy

The binding enthalpy change (AH,) is given by the interactions that are responsible
for the formation of the protein-ligand complex and also for the dehydration of the contact
surfaces. Non-covalent interactions van der Waals forces, hydrogen bonds, and electrostatic
interactions, are favorable in the binding interface [21,24] causing an exothermic reaction,
AH,<0. Conversely, the dehydration of the contact surfaces is an endothermic reaction with
AH_>0.

2.3 Binding entropy

The entropic contribution is associated to three important contributions, as expressed
in the equation (10):

‘ﬁsb = ‘ﬁssnl + &SE‘DHF—I_ &Snr—t (10)

where the entropy change (AS)) is related to the solvation entropy (polar and non-polar
part, AS_)) due to the burial of water-accessible surface area on binding, which is the most
important component. The polar part of the solvation entropy consists of the displacement of the
water molecules from the binding pocket when the ligand binds to protein. The conformational
entropy change, AS_ . is grounded in the freezing of interfacial side chains of the protein on
the binding with the ligand. The AS_ | term is referred to the loss of translational and rotational
degrees of freedom on the binding. The decrease in degrees of freedom in AS__ and freezing

rotatable bonds in AS__ cause an unfavorable, and negative entropy in these processes [21,24,
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25].
2.4 Enthalpy/entropy compensation.

The binding protein-ligand causes a phenomenon of compensation between enthalpy
and entropy. An entropy gain is accompanied by a positive enthalpy change (endothermic) due
to the requirement of energy for the disruption of non-covalent interactions in the binding. In
the same way, a negative enthalpy change involves a negative entropy change (unfavorable)
due to the loss of degrees of freedom that are established between the interacting molecules
[21,24].

3. Experimental trend of thermodynamic parameters with computational models

Thermodynamic signatures contribute with powerful insights into protein-ligand
interactions. Experimental techniques exist to acquire these thermodynamic properties. For
instance, through fluorescence titration, we can determine the K , and according to the equations
(7) and (8) it allows us calculate K, and AG,. It is noteworthy that through the variation of K,
with the temperature, AH, and AS_ can be determined, and these parameters are calculated
through the van’t Hoff equation [26].

il
InKy, = — 2= + = (11)

where K| is the binding constant of complex at absolute temperature (T) and R is the
gas constant. The values of -AH/R and AS/R are determined through the slope and intercept,
respectively, of the In K, vs 1/T plot.

The integrated van’t Hoff equation includes an important parameter which is the change
in heat capacity (ACp) [27]. The description of this parameter is very extensive and will not
be covered in this chapter. In our research group, we have determined the thermodynamic
parameters, including the ACp, within a study of protein-ligand interactions; recently Serratos
et al., (2011) [3] and Serratos et al., (2018) [28] reported important characteristics of ACp in
the binding.

Fluorescence titration is known to be a sensitive technique for the acquisition of
thermodynamic parameters. The advantage of this technique is that it requires less than
1.0 mg of protein to carry out an experiment. Another powerful technique is Isothermal
Titration Calorimetry (ITC) since it allows the determination of several parameters in a
single experiment: K, /AG,, AH,, AS, and stoichiometry n. Multithermal Titration Calorimetry
(MTC) 1is an extension of ITC; is a novel technique that permits to obtain, in a single
experiment, not only the parameters already mentioned but also ACp [29]. We have recently
applied this technique in the study of binding energetics of Triosephosphate isomerase (TIM)

from Saccharomyces cerevisiae with two of its inhibitors with variations in ionic strength and
7
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osmolality concentrations of the medium [3,28].

Once the experimentally thermodynamic properties are obtained for a given system the
signs (>0, <0 or ~0) are an indication of what type of non-covalent interactions participate in
the association process. Ross and Subramanian [30] carried out an exhaustive analysis of how
no-covalent interactions contribute to the association process.

Also, there are several studies that have addressed the problem of relating the binding
thermodynamic parameters experimentally obtained with those obtained by computational
methods. To carry out the computational calculations, you must have files that contain the
crystallographic coordinates of the molecules involved in the formation of the complex and the
complex itself, or files obtained by other techniques that have a .pdb extension.

To estimate the structural AH, AS and the ACp some models are based on empirical

parameterizations that correlate the magnitude of the solvent accessible surface area (ASA)
that is hidden at the interface of the complex: AASA= ASA — ASA — ASA The

complex rotein ligand®
parameterizations are divided into two contributions (polar and pnon—poleur;. The corresf)onding
areas are denoted as AASA and AASA | respectively. Proportionality coefficients such
as Ahpol’ Ahmm_po1 for AH and As » AS for AS have been obtained through the analysis of
protein-ligands complexes [31], protein-protein complexes and protein unfolding [32] and
protein-carbohydrate complexes [33]. These coefficients of Acp ., Acp for AC, have been
obtained by Murphy and Freire (1992) [34], Spolar and Record Jr (1994) [35], Makhatadze

and Privalov (1995) [36], and Myers et al., (1995) [37].

AH = Al * AASA ) + Ak « AASA,. o1 (12)

piol non—pol

ACp = ﬂ{:ppal * MSApﬂl + ﬂcpncn—pal * JIII—li‘ulf‘!‘h'gJf""knn‘:lrn—|::r.'rl (13)

According to the eq (10), and as mentioned above, the solvation entropy is based on a
polar and non-polar part multiplied by ASA:

AS = ‘ﬁspnl * ﬁASﬁle +‘ﬁ5nnn—pnl ® ﬁASAnnn—pnl + &annf-l_ ﬂl'Sm'—t (14)

The entropic term is difficult determine in silico because it is computationally expensive.
However, Singh and Warshel [25] provided the first microscopic estimate of the magnitude of
all the contributions to binding entropy based on solving very complex thermodynamic cycles
for each component.

Fogolari et al., (2018) [38] calculated the free energy, enthalpy and entropy from implicit
solvent end-point simulations making the estimation of the binding energy more feasible. In
recent years, implicit solvent models have shown to be accurate in treating protein-ligand
thermodynamics. Unfortunately some contributions (including entropic contributions and

8



An eBook on Thermodynamics

water molecules in the binding) to the calculation of binding energy are omitted, causing a
disparity with the experimental AG,. However, in some systems there is an agreement between
the experimental and the computational results, since AG, can be evaluated directly, without
enthalpic and entropic contributions. This also depends on the study system or sometimes
an experimental and computational correlation is established, since AG, is a term that has a
greater contribution in the protein-ligand interaction [39].

In our research group, we estimate the binding energies with the Adaptive Poisson-
Boltzmaan Solver (APBS) program, which has an implicit solvent model. According to Baker
et al., (2001) [40] the binding free energy AG, is a function of the solvation energy AG_, and

of the coulombic energy AG__ , as the electrostatic component. This relationship is given by
eq (15):

ﬂl":}1':1_.eln!|:' = ﬂl'Gsu:il + ﬂ"Gt'n:n.:ll (15)

Wagoner and Baker [41] also implemented the calculation of the non-polar solvation free

energy. We evaluate the non-polar energy AG_| through the energy released by hiding the

n-polar

interface area to the solvent when the complex is formed through the following expression:

E"G]:l,lﬂu:ul:'J—g:u:ulEu:' = "-'r( ASA ASA

protein ASAligandj (16)

complex ~

In eq (16) the AASA is multiplied by coefficient y, which is an interfacial tension of
5 calemol! A? [42, 43]. The calculations of ASA for each species are done with the Visual
Molecular Dynamics (VMD) program [44], implying a probe radius of 1.4 A'. Finally, the
binding energy, AG, is obtained with equation (17):

ﬂ"G]:l = ﬂl'Gsuzrl + AG l+ E"':}lr'n:u::l—;:n:rleu." (17)

cou

Of course, there are many methods for tracking down thermodynamic parameters
either experimentally or computationally. In our research group, we have mainly used the
methodology described by Baker et al., (2001) for AG,, through the APBS [40] and VMD
programs [44] (as mentioned above). We have carried out docking assays or clustering analysis
by molecular dynamics to determine the AG, in several systems, and the results have been
correlated with the AG obtained experimentally by fluorescence titration or ITC . In other
systems, the calculated AG complements other types of experimental studies in order to explain

molecular recognition. Table 1 shows some works by our group.

'The probe radius represents a solvent molecule (such as water) in order to calculate the
solvent accessible surface area on the protein surface, a value of 1.4 A is usually assigned to
describing hydration effects [45,46].
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Table 1: Studies carried out on the protein-ligand interaction applied to different study areas.

Type of interaction System under study
Protein-inhibitors Triosephosphate [somerase with two phosphorylated inhibitors [3].
Protein-dyes Tau with anionic and cationic dyes [47].

Granular activated carbon-antibiotics Graphene layers of granular activated carbon with two antibiotics [48].

Organic polymer matrix-antifungal Polyaniline with fluconazol [49].

SBA15 with fluconazol. It is noteworthy that SBAI1S5 is a Si0, matrix;
fortunately force fields for Si and metals have been implemented in some

Mesoporous material-antifungal programs. In this work, we added interaction studies with QTAIM and NCI
analysis, which are correlated with those obtained by APBS and VMD
[50].

Protein-protein Cathepsins and their prosegments [51]

Protein-organic polymer Integrins with pyrrole structure [52].

4. Conclusion

To conclude, the study of protein-ligand interactions provides data that shed light on the
function of a target (proteins). The knowledge of the thermodynamic parameters that govern
such process is extremely useful since with the information obtained from the characterization
of the recognition site it is possible, on the one hand, to establish the relationships between
structure and function and, on the other hand, to develop strategies to interfere with or to
facilitate the binding of the protein with the ligand. This is the foundation of the stages involved
in the design of drugs, in which diverse areas of knowledge converge; and as we mentioned in
this chapter, these procedures are currently being used in the development of biomaterials too.
However, much work remains to be done experimentally as well as computationally in order
to refine and provide a better explanation to molecular recognition through thermodynamic
parameters.
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