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The AG affinity of drugs with biopolymers and the

underling noncovalent interactions play an essential role in drug
discovery. Supramolecular complexes can be designed for the ﬂ. .ﬂ ﬂ m qﬂ a 9
identification and quantification of specific interactions, including — pm— - -
their dependence on the medium; they also secure the additivity of
AAG increments. Such analyses have helped to clarify hydro-
phobic effects in intermolecular associations, which are barely
measurable with small alkyl groups, but large in the presence of mAH WTAS WAG
curved surfaces in which the replacement of hydrogen bond-
deficient water molecules by a ligand leads to sizable enthalpy gain.
Difficult to predict entropy contributions TAS to AG vary between 5% and over 90%, particularly in drug associations, as is obvious
from literature data. As illustrated with several drug complexes, many so-called hydrophobic effects involve in fact van der Waals or
dispersive interactions. Measurements with supramolecular porphyrin complexes allowed us to derive dispersive binding
contributions for many groups, which exhibit a correlation with polarizability. In consequence, heteroatoms or z-systems always lead
to enhanced van der Waals contributions, while for hydrophobic effects the opposite is expected. Binding contributions from
supramolecular complexes can in the future also help artificial intelligence approaches in drug discovery, by expansion of hybrid
databases with potential ligands containing groups with desired binding contributions.

drug binding, noncovalent interactions, entropic and hydrophobic effects, dispersive van der Waals contributions,
supramolecular complexes, drug finding, artificial intelligence

Supporting Information (Figures S1—S5) one usually observes

The discussion of noncovalent interactions relating to drug linear correlation between the measured total AG values and the

design and drug finding suffers from frequent neglect or number n, which allows one to derive a single value for the
conflicting interpretations of entropic and hydrophobic effects. specific interaction energy, and also secures additivity of single
Both contributions play, besides ion pairing, a major role in AAG values."” The same strategy has been established for a long

aqueous surroundings and are addressed in the present article
with an emphasis on their possible binding mechanisms. For the
efficiency of drugs, their binding strength to bioreceptors plays
an important role and is usually defined as free interaction
energy AG, also in multivalent systems where several binding

time by Hammett'* with linear free energy correlations, where
reactivity values are derived from substituent effects. As with
Hammett-type relations and observed also in the analysis of
intramolecular noncovalent interactions,'® additive AAG values

sites enhance affinities.' ~¢ Other important factors such as drug are similar and additive in different model systems, while those
solubility and drug permeation through barriers were efficiently of TAS and enthalpic AH contributions are not. Affinity AG
quantified by, for example, H-bond acidity and H-bond basicity values for the most important noncovalent interactions are
values derived by Abraham, Raevsky and others from available from many equilibrium measurements of supra-

distribution or gas—liquid partition coefficients.”” '’ Hydrogen
bonding is weak in protic media, for which reason we discuss
here only entropic, hydrophobic, and van der Waals or
dispersive effects, which, besides ion pairing, dominate
interactions in water. December 28, 2024 BIO&MED ™

molecular complexes;'® such AG values may be used in the

design of new drugs and the underlying interaction mechanisms.

In recent decades, the empirical evaluation of underlying March 23, 2025
March 27, 2025

noncovalent interactions has made considerable progress on the
April 11, 2025

basis of supramolecular complexes (see Table S1), in which the
nature and number n of specific interactions can be systemati-
cally varied, also in different media.'"'* As illustrated in the
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A major and until now largely unresolved problem is the
contribution of entropic factors TAS to the total affinity AG,’
for which measurements show 5% to 90% contribution to the
total AG value with supramolecular complexes,'” including
. 18 .19 . . . .

ionophores™” or cyclodextrin.~ Drug interactions with bio-

20-24 2 22,25,23 :

polymers show an even larger variety, as exemplified
by extensive measurements (Table 1).**> Computational

Table 1. Selected Thermodynamic Parameters for Drug
Interactions with Biopolymers Measured by Isothermal
Titration Calorimetry (ITC)***

AH TAS AG
T(K) (k] mol™) (kJ mol™") (kJ mol™")
(1) NOF with HSA 288 —-15.0 114 —26.4
(2) 3HF with HSA 293 —95.1 -725 226
(3) NHM with 288 -39 20.6 —24.5
DNA
(4) NHMwithRNA 293 13 337 —324
(5) CRYP with 288 ~111 9.45 —205
RNA

?(1) Indoloquinoline alkaloid (NOF) with human serum albumin;
(2) 3-hydroxyflavone 3HF with human serum albumin; (3)p-
carboline drug norharmane ( 9H-Pyrido[3,4-b]indol) NHM with
DNA; (4) f-carboline drug norharmane NHM with RNA; (S)
indoloquinoline alkaloid cyrptolepine (CRYP) with RNA.

approaches of entropic contributions to ligand binding to
proteins must take into account hydration effects”>*"”**” as
well as fluctuation of the interaction energy and the flexibility of
biopolymers as essential factors, but still show large differences
to experimental TAS and AH values.”® Noticeably, the AH and
TAS contributions for drug binding to biopolymers were found
to be significantly temperature dependent.”” Isothermal titration
calorimetry (ITC) has become a promising yet still not very
frequently used tool for the analysis of drug binding.*”** As
shown in Table 1,** drug interactions with biopolymers can be
either enthalpy or entropically driven, while supramolecular
complexes exhibit mostly adverse TAS contributions, with the
exception of salt bridges. Fairly linear correlations between AH
and TAS are observed if the interaction mechanisms are similar
and/or if the receptor nature is similar, like with cyclodextrins.
Several explanations for the AH — TAS compensation have
been put forward.*° Intuitively a strong binding force, AH is
expected to lead to less flexibility or to smaller degrees of
freedom, but a general occurrence of such compensations has
also been declared as phantom.”’

The interaction of N-phenylpiperazine derived drugs with an
alpha-1-adrenoceptor protein presents a case of an unusually
large positive entropy contributions as the driving force, with
small, even endothermic enthalpy values.”” It is also an example
of the application of AAG free energy increments derived from
supramolecular complexes for an alternative prediction of the
total affinity. The observation of AH? < 0 and AS? > 0 was
attributed to electrostatic forces being the main factor for
binding.”* However, the pyrimidine ring with amidine functions
in the drugs present strong bases; in combination with the
piperazine moiety protonation provides for ligands of type A
(Scheme 1) with three cationic centers, allowing for examples
with aspartic acid Asp of the protein 3 X 2 = 6 salt bridges with a
value of AAG =S + 1 kJ/mol (Figures S1, S2, S3). In water at
moderate ionic strength, one then expects an affinity value of
AG = 6 X 5§ = 30 kJ/mol,” quite close to the reported
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Scheme 1. N-Phenylpiperazine Derived Drugs,”” Salt Bridges
with Aspartic Acid Residues of an Alpha-1-Adrenoceptor
Protein

NH

O NS N\) Cpd. A 3 cationic centers can form 6 salt bridges :

AGeate = 6x5 =30 kJ/mol  AGexp = 27 to 30 kJ/mol

Yo 2N

O
NH,

(o}

Cpd. B 2 cationic centers can form 5 salt bridges :
AGeae = 5x5 =25 kJ/mol ~ AGexp = AG = 24 kJ/mol

experimental free energy of 27 to 30 kJ/mol for derivatives 1 to
6; ligands of type B lack the pyrimidine unit and exhibit as
expected with AG =24 kJ/mol, a correspondingly lower affinity.
Clearly, the thermodynamic values indicate ion pairing or salt
bridges as major binding factors, in contrast to complexation due
to electrostatic forces; these, like those based on hydrogen bonds
or donor—acceptor interactions, are well-known to be driven by
enthalpy, usually against adverse entropic factors.

In relation to drug interactions, hydrophobic effects”>*™>7 are

quoted more often than van der Waals or dispersive
interactions,”® ™" of which many also concern drug delivery
and pharmacokinetics. It has been stated that while dispersion
interactions are well understood in model systems, it is not yet
possible to test calculations for protein interactions.”> Molecular
dynamics simulations of peptides omitting hydrogen bonding in
the peptide-solvent system indicate that folding into helical and
hairpin-like structures is also possible on the basis of dispersive
interactions.”® In the past years, special secondary interactions
were found to influence protein folding.”” These include C—H---
O hydrogen bonding, n—z* interactions, halogen and
chalcogen bonding, and interactions involving arenes which
actually are also of dispersive nature.

Both hydrophobic and dispersion interactions can play an
important role in aqueous media; due to the low polarizability of
water molecules, they are most often summarized as hydro-
phobic effects, although their distinction is by no means a matter
of semantics. In fact, they refer to an opposite interaction
mechanism, as is visible in the very different water solubility of,
for example, alkanes and oligopeptides of similar size; due to the
presence of more polarizable amide functions, the latter can in
contrast to alkanes well undergo dispersive interactions.

Several approaches for the characterization of hydrophobic
interactions and corresponding scales of hydrophobicity are
used in many biomedical publications.”® Wolfenden et al.
developed an early scale on the basis of partitioning small
molecule analo§s of amino acid side chains between water and
cyclohexane.””*” White developed a peptide-based system for
interactions between side chains and lipids,”" using traditional
water and 1-octanol partition coefficients.” Other methods use
interactions with lipophilic membranes as the hydrophobicity
model.*® The binding strength of drugs with serum albumin was
found to correlate with the drug hydrophobicity,”* and was
attri})uted to the drug’s ability to desolvate the protein binding
site.”

https://doi.org/10.1021/acsbiomedchemau.4c00148
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Measurements of equilibria in supramolecular complexes with
water-soluble porphyrins as receptors have allowed researchers
to clearly distinguish hydrophobic and dispersive interactions.*®
Alkanes such as propyl residues show negligible affinities to the
hydrophobic porphyrin surfaces, cyclohexyl residues contribute
less than AG = 1 kJ/mol, but a single phenyl group exhibits an
affinity of AG = 8 kJ/mol; a similar value is reached, for example,
with small peptides such as pentaglycine.'” The almost
negligible affinity of alkanes allows one to quantify the dispersive
contributions of different functions by hundreds of equilibrium
data points, which as expected exhibit a roughly linear
correlation with corresponding polarizability values.

The absence of hydrophobic interactions from alkyl residues
with the flat porphyrin surface shows that such attractive
hydrophobic forces do not exist but do not generally eliminate
hydrophobic effects. These can be large if the hydrophobic
surface is not flat but curved; in the corresponding cavities of the
surface, there are water molecules with less than the optimal
number of hydrogen bonds. The replacement of such frustrated
high energy water molecules by a suitable guest molecule can
lead to large affinities,””*® characterized by a significant enthalpy
gain (see Figure 1)."*”7% Such enthalpy driven hydrophobic

& €]
==

Figure 1. Illustration of a nonclassical hydrophobic effect by
replacement of hydrogen-bond deficient high-energy water molecules
by a ligand. Adapted with permission from ref 21. Copyright 2019
American Chemical Society.

associations with a decrease of heat capacity are usually
characterized as nonclassical effects, contrasting the classical
model of hydrophobic effects driven by entropic contribution
changes and negative changes of heat capacity.”'~"> Classical
effects are seen in the exothermic but entropically unfavorable
dissolution of simple gases and hydrocarbons in water, while
nonclassical effects are characterized by endothermic hydration
of nonpolar pockets and cavities which contain hydrogen-bond
deficient or high-energy water.”*~”*

A problem for the computation of dispersive effects is that
polarizability numbers for functions such as amides are not
simply additive for participating atoms,”” while experimental
data from measurements with porphyrins as the model show
sizable values for amides which influence peptide and protein
interactions. Suitable increments were deduced for force fields
for amide functions with applications for peptides and
proteins;*”®! the advanced MM4 force field was successfully
tested by comparison with gas phase or crystal structures, and
with vibrational spectra and by crystal sublimation heats.*” The
AMBER force field was used in combination with MD
simulations also for van der Waals interactions in proteins on
the basis of experimental vaporization enthalpies and liquid
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densities of small molecules containing corresponding moieties
) .83
in proteins.

The majority of publications on noncovalent interactions with
drugs and protein attribute those to hydrophobic effects and less
frequently to van der Waals or dispersive interactions as decisive.
In drug resistant mutations on HIV-1 proteases, van der Waals
interactions were ascribed also to interactions between alkyl
residues of amino acids.** The binding of primary alcohols to the
major urinary protein is characterized by an enthalpy increase
with increasing alcohol chain length and decreasing TAS
contribution which together with the linear dependence of both
parameters was attributed to favorable dispersive protein—
ligand interactions.”

The binding of the hydrophobic drug ibuprofen to lysocyme
as a protein model is an example where interactions with
lysozyme amino acids such as TRP, ILE and ALA were ascribed
to dominating hydrophobic effects (Figure 2), with a total of 13

Figure 2. Docking of ibuprofen to lysocyme as protein model, with
interactions ascribed to hydrophobic forces; AG = 23.4 kJ/mol.
Adapted with permission from ref 86. Copyright 2023 Elsevier.

hydrophobic interactions with TRP62 (three), TRP63 (four),
TRP108 (two), ILE98 (two), single binding with ILES8 and
ALA107, and small hydrogen bonding through ASNS59.*
However, dispersive contributions from the stacking between
at least TRP61 and TRP62 with the iboprofen arene are
expected to yield already about AG =2 X 8 = ca. 16 kJ/mol, and
hydrogen bonds with ASNS9 and GLUS3 can contribute up to
at least 10 kJ/mol, yielding a AG value of up to at least 25 kJ/
mol, not far from the experimental value. Noticeably, the
binding of ibuprofen increased with increasing temperature.
This would agree not only with hydrophobic effects but also with
the dispersive nature of the interactions.

The binding of the more hydrophilic paracetamol decreased
with increasing temperature, which agrees with more con-
tributions from hydrogen bonds found for this compound. The
binding energies were calculated by docking on the basis of
accessible surface area of interacting residues and agreed well
with experimental data, which seems to speak for prevailing
hydrophobic interactions. However, the size and polarizability of
phenyl residues resembles that of, for example, cyclohexyl
moieties, which would mean that calculations based on
dispersive interaction could lead to a similar interaction.

https://doi.org/10.1021/acsbiomedchemau.4c00148
ACS Bio Med Chem Au 2025, 5, 334—341
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An example of mainly dispersive interaction was described for
a protein synthase and an aminothiazole inhibitor, which occurs
with a binding affinity of 25 M, exhibiting not only dispersive
S---aryl interaction with methionine (Met138), but also stacking
between the inhibitor phenyl ring with the backbone amide
groups of Alal62 and Cys163.” Figure 3 illustrates the sulfur
and amide group interactions with aromatic moieties.
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Figure 3. Dominating dispersive interactions of an aminothiazole
inhibitor in a protein; typical distances in A (based on X-ray structure,
resolution 1.35 A, PDB code: 2VBA). Adapted with permission from ref
87. Copyright 2011 Wiley VCH.

A case where van der Waals besides cation-z interactions were
taken into account without any consideration of hydrophobic
effects is the investigation of ethylpiperidinium iodides as
antaggonists for nicotinic acetylcholine receptor proteins (Figure

4).8

The antagonist in Figure 3 exhibits a large affinity with 36

L117

Figure 4. Interactions of a methylpiperidiniumiodide antagonist
(yellow color) with the nicotinic acetylcholine receptor protein; see
text for explanations see. Adapted from ref 88. Copyright 2018
Frontiers under the terms of the Creative Commons Attribution
License (CC BY) .

kJ/mol in comparison to choline (16 kJ/mol) which was
ascribed to cation-7 interactions with the arenes of the amino
acids tyrosine Y91, Y187, Y194, and tryptophan W147, W58,
and to van der Waals interactions with leucine L106 and
glutamine Q1185. The interaction between the aliphatic chains of
leucine L106 and of the antagonist speaks rather for hydro-
phobic effects, also in view of the observed dependence on the
alkyl chain length; the interaction with glutamine Q115 is
expected to be due to dispersive forces in view of the relatively
large contributions of amide functions.®®

The binding of different phenylacetamides to a serine
protease factor was convincingly assigned to predominating
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dispersive contributions, particularly in view of the affinity
increase with halogen substituents at the phenyl p-position; with
R =Brand R = C], the inhibition showed a gain of 10.5 kJ/mol in
comparison to R = H, but by only 3.5 kJ/mol for R = F. QM
computations at the MP2 level and searches in crystal databases
showed the absence of directional orientation, also indicating
dominating dispersive contributions.

The folding of peptides was introduced as a model for
proteins, and provides more direct access to the responsible
contributions in protein folding.*””* A particular peptide*’
contains only amino acids with lipophilic side groups, which
obviously speaks for hydrophobic and not dispersion
interactions. The driving force for the folding is not necessarily
an attraction between the amino acid alkyl groups but can also be
due to the presence of high energy water molecules on the open
structure of the peptide.

Unfolding of a-hairpin peptide bearing halogen substituents at
a phenylalanine (Figure S) exhibits an increasing stabilization of

Figure 5. Peptide hairpin stabilization by dispersive iodine—aryl
interaction. Adapted with permission from ref 91. Copyright 2004
American Chemical Society.

the hairpin, in the order F (0. §) < Cl (1.42) < Br (1.97) < I
(2.26, all numbers AAG values in kJ/mol),”" very clear evidence
for dispersive interactions.

Entropic contributions of TAS to intermolecular binding affinity
AG values can reach up 90% and are temperature dependent;
entropy driven complexations accompanied by very small or
even adverse enthalpic contributions indicate dominating ion
pairing. Noncovalent interactions of drugs are often attributed
to hydrophobic effects, while dispersive or van der Waals
interactions are often overlooked. Classical hydrophobic
contributions are characterized by dominating entropic values;
enthalpic contributions may indicate nonclassical hydrophobic
factors due to the presence of high energy water in the receptor.
However, most drugs and all biopolymers contain always
elements, at least heteroatoms or z-bonds, which decrease
hydrophobicity and lead to sizable polarizability and therefore
often to dispersive instead hydrophobic interactions. Nucleic
acids offer, with nucleobases and heteroatoms in the bridges
particularly, many functions, making them ideal candidates for
dispersive interactions. Peptides and proteins invariably contain
many amide functions; a single amide group alone exhibits a
dispersive energy increment which is close to that of iodine or
sulfur groups; side groups containing arenes, sulfur, or oxygen
elements furthermore increase dispersive contributions. Olio-
gopeptides exhibit dispersive interactions with an affinity that
corresponds simply to the sum of amide functions.

https://doi.org/10.1021/acsbiomedchemau.4c00148
ACS Bio Med Chem Au 2025, 5, 334—341
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Most drugs contain elements that also will lend themselves to
dispersive interactions, for which increments of binding affinity
can be derived from measurements with porphyrin models.
Classical hydrophobic effects are barely measurable between
small alkane residues and flat receptor surfaces, such as arenes.
Nonclassical hydrophobic effects are until now mostly attributed
to enthalpy driven associations; they can materialize in the
presence of high energy water molecules at a receptor surface
which lacks the optimal number of hydrogen bonds.

Artificial Intelligence plays an increasing role in drug
discovery;”>”* hybrid databases can serve for de novo drug
design”* and can evaluate also drug affinity values.”> A hybrid Al
approach uses a significantly enlarged hypothetic database by
inclusion of a multitude of unknown structures containing
groups with empirically predictable noncovalent interactions.
Suitable groups can be selected from experiments with
supramolecular complexes"®'” (Figures S1—S5) and from
tabulations of, e.g., hydrogen bond associations.” ™

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomedche-
mau.4c00148.

Ion pair association free energies in water; solvent effects
on ion pairing/salt bridges; ion pair stability in water as a
function of ionic strength, Debye-Hiickel-correlation; ion
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dependence of the association energy AG (kJ/mol) of
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temperature dependence of relevant thermodynamic
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